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Preface

There are many books and book series dealing
with chemical and biological methodologies for
plant analysis. Thus, was it necessary to publish
another book? That was my thought when Martin
Röthlisberger from John Wiley & Sons approached
me to become the Editor-in-Chief of the present
Handbook. I was in the �rst instance not very
enthusiastic and had some hesitations before �nally
accepting the task. Plants and plant-derived com-
pounds and drugs are becoming more and more
popular and also more and more researchers are
involved in plant analysis. Quality control of herbal
drugs is becoming essential to avoid severe health
problems. In addition, in the future, many new
drugs will be developed from plant sources. The
present Handbook is quite unique as it deals with
chemical and biological methodologies for plant
analysis. It is a handbook and not an encyclope-
dia. Thus, it does not present all methods that are
available for plant analysis, but a selection of the
most important and most accurate ones. Before any
analysis, there is an important step involving plant
selection and collection, followed by extraction
and sample preparation. Several instrumentations
for chemical plant analysis are presented with an
emphasis on hyphenated techniques such as the
coupling between HPLC and mass spectroscopy
and HPLC and NMR. A section of this Hand-
book is devoted to strategies for selective classes
of compounds. However, not all classes of plant
constituents are reviewed but the most interesting
ones such as polysaccharides, saponins, cardiotonic
glycosides, alkaloids, terpenoids, lipids, volatile

compounds, and polyphenols (�avonoids, xanthones,
coumarins, naphthoquinones, anthraquinones, proan-
thocyanidins, etc.). An interesting section deals
with biological analysis including phenotyping,
DNA barcoding techniques, transcriptome analysis,
microarray, metabolomics, and proteomics. The �fth
section is devoted to the screening of plant extracts
and to strategies for the quick discovery of novel
bioactive natural products. Safety assessment of
herbal drugs is highly dependent on outstanding
chromatographic and spectroscopic methods, which
are highlighted here.

The aim of this Handbook is to introduce scientists
involved in plant studies and current knowledge
of methodologies to various �elds of chemically
and biochemically related topics in plant research.
Emphasis is put on the rapid identi�cation of con-
stituents that could become drugs in the future. When
we started work on this Handbook, I had three
co-editors to assist me in this task. Unfortunately,
one of them passed away, namely Professor Andrew
Marston, before the book was completed. In order
to honor his memory, this Handbook is dedicated to
him, and you will �nd a short text related to him.

I would like to express my thanks to the two
co-editors for their great help in the elaboration of
this Handbook and to all the contributors for their
collaboration by providing excellent manuscripts.

Dr Kurt Hostettmann
Champex-Lac, Switzerland

July 2014





In Memoriam, Andrew Marston,
November 16, 1953 to March 26, 2013

It is a very sad moment for a retired professor to
write an obituary for a younger colleague and friend.
Andrew studied chemistry at the University College,
London, and obtained his BSc degree in 1975. I met
him for the �rst time in the same year when he
joined the University of Neuchâtel, Switzerland, as
a British Council award holder. He was involved in
the research on phytochemistry of gentians and pub-
lished his �rst paper with me on �avonoids ofGen-
tiana pyrenaica. He not only liked to work in the
laboratory but also enjoyed to work in the �elds, as
he had an excellent knowledge in taxonomy. In fact,
we made a beautiful journey together to the French
Pyrenees in order to collect the �rst plant he was
working on. This trip was followed later by numer-
ous scienti�c expeditions all over the world. After
Neuchâtel, Andrew went back to England to write
his PhD thesis at The University of Liverpool in the
�eld of peptide synthesis, followed by a postdoctoral
stay at the German Cancer Research Centre, Hei-
delberg, Germany, from 1979 to 1983. In October
1983, he joined the Institute of Pharmacognosy and
Phytochemistry, University of Lausanne, Switzer-
land, to work with me on a Swiss National Science
Foundation research project for one year. He was
a brilliant young scientist, and the initially planned
one year stay became a stay of 26 years! Andrew
was involved in the isolation of biologically active
compounds from plants used in traditional medicine
and in the application of new chromatographic tech-
niques for the separation and isolation of plant con-
stituents. He has done pioneering work in the �eld of

centrifugal partition chromatography, which resulted
in the publication of research papers and a couple
of review articles. He also achieved original work
in the development of enzyme inhibition tests on
TLC plates (TLC bioautography), which is useful
for the search of acetylcholinesterase inhibitors from
plants (Treatment of Alzheimer•s disease). For his
important contribution in various �elds of phyto-
chemistry, Andrew received, in 1994, the prestigious
Rhône … Poulenc Rorer Award of the Phytochemical
Society of Europe. We published together a book
on preparative chromatography techniques, which
was translated into Japanese, Chinese, Indonesian,
Farsi, and Spanish. He is also co-author of a very
complete monography on saponins. In 1994, my
institute was transferred from Lausanne to Geneva
University where Andrew held the position ofMa�štre
d•enseignement et de recherche(which corresponds
to Senior Lecturer) until my retirement in 2009.
When I retired, Andrew decided to look for another
job and became Professor of Chemistry at the Univer-
sity of the Free State, Bloemfontein, South Africa. He
was conducting in his new job phytochemical inves-
tigation on indigenous plants and teaching organic
chemistry and natural product chemistry.

Andrew was an outstanding phytochemist, and his
work resulted in the publication of more than 150
research papers and 35 review articles and chapters
in books. He presented lectures and oral communi-
cations in numerous international symposia. He was
also teaching in workshops held in Uruguay, Panama,
Mexico, Peru, Brazil, Thailand, China, Indonesia,
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Zimbabwe, Botswana, and Mali! He passed away on
March 26, 2013 in Bloemfontein after a surgery of
the brain to control his Parkinson•s disease, which
resulted in cerebral hemorrhages. He was born in
Africa (Northern Rhodesia that became Zambia after
independence in 1964) and died in Africa. More-
over, the scienti�c community has lost a great phy-
tochemist. Everybody will miss Andrew because he
was always modest, friendly, and helpful. I shall
miss a friend whom I considered as my younger
brother.

Dr. K. Hostettmann
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Selection, Identi“cation, and
Collection of Plants

Monique S. J. Simmonds
Royal Botanic Gardens, Kew, Richmond, Surrey, UK

1 SELECTION OF PLANTS

An appropriate, well-researched strategy for the
selection of plants for a study on natural product
or drug discovery is often the key to a successful
project. Most studies on natural product provide very
little information as to why the speci�c plants were
selected, other than to indicate that the species were
selected because they were known to have medicinal
or pesticidal properties. In these studies, the authors
rarely provide any evidence that the plants being
extracted in the laboratory have the medicinal prop-
erties attributed to that species in the literature. For
example, have the plants been obtained from those
that are using them? There are many pitfalls that
are common to this �eld of research, but the proof
that these pitfalls have been addressed is not evident
from the Material and Methods section of a scienti�c
paper. For example, few papers provide information
that enables the researcher to evaluate the robustness
of the historical information about the traditional
uses of a species, or evidence that the authors read
the original papers that describe the traditional uses
or collected the plants from those who have tradition-
ally used them. The confusion in the identi�cation
of the species was highlighted by Hsu (2006, 2010)
who studied the earlier Materia Medica in China and
reported that Shen Gua (1031…1095) back in 1086
documented the difference between the species as
they are prepared in different ways. The literature is

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

full of examples of assumptions being made about
the history and the identi�cation of plants. This
short review aims to help highlight the importance
of documenting the uses of the plants along with
information about the plants being studied and the
importance of placing the work on natural product
into the context of policies, especially those that
support the conservation of the natural resources we
study. The majority of examples are from medicinal
plant research, but the issues are often common to
other natural resources.

Recent work on the development of the antimalar-
ial compound, artemisinin, fromArtemisia annuaL.
is now questioning whether the plant used over 2000
years ago in traditional Chinese medicine (TCM) to
treat fevers was in factA. annua(cao hao) or another
speciesArtemisia apiaceaHance (quing hao)? It
would appear that the species that was historically
used in TCM to treat conditions now known to be
associated with malaria was actuallyA. apiacea. The
confusion in the identi�cation of the species was
highlighted by Hsu (2006), who studied the earlier
Materia Medica in China and reported that Shen
Gua (1031…1095), back in 1086, documented the
difference between the species as they are prepared
in different ways. Despite this �nding, antimalarial
research still focuses on artemisinin isolated fromA.
annuaand the cultivation of chemotypes that have
the potential to yield high amounts of artemisinin.
Although over 600 compounds have been identi�ed
in A. annua, there is to date very little information
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about the chemical potential ofA. apiacea. The ques-
tions can be raised as to why more emphasis has
not been placed on the traditionally used species
A. apiacea, rather thanA. annua. However, there is
no doubt that the isolation of artemisinin fromA.
annuahas made a major contribution to the treat-
ment of malaria. Further advances in the use of these
species might occur if a comparative study is under-
taken of the two species as prepared traditionally.
Such a study could include a standard way of extrac-
tion the plants (e.g. ethanol extraction) as well as
the traditional methods used to make the extractions
as well as the traditional formulae (van der Kooy
and Sullivan, 2013). The information could assist in
highlighting differences in the pro�le of compounds
extracted from the plant that could impact the ef�-
cacy of the extracts. The different extracts could be
tested through a system biology or pharmacometabo-
nomics approach (Everett, Loo, and Pullen, 2013), in
which blood and urine samples of animals or volun-
teers are analyzed along with the plant material. The
information coming from these studies could increase
our knowledge about the importance of the complex-
ity of the diversity of compounds in the extracts and
how some of these compounds could modulate the
enzymes in the different parts of the alimentary chan-
nel that in�uence bioavailability of active compounds
(Magalhaeset al., 2012).

A key then to the start of a project is that the
researcher should be con�dent that the plant they
propose to study is the correct species, especially
if they are going to evaluate the traditional uses
of that plant. They should also think about how
they are going to check and collate information
about the species and how con�dent are they that
the literature they are citing relates to the species
they propose to study. This means that they should
check with a botanist the identity of the material
they propose to work with, as well as the scienti�c
Latin binomial name of the plant. It is also suggested
that help is sought to bring together all the relevant
names together of the selected species before starting
the search. This should include not only the Latin
scienti�c botanical name but also the pharmaceutical
names as well as common names. The fact that,
currently, in this age of advanced internet searching
systems, there is no one central resource that brings
all plant names together re�ects the complexity of the
task (Chanet al., 2012).

The following example illustrates how complex the
botanical aspects of a literature review can be. One

of the popular Chinese medicinal plant formulation
used in China is Liu Wei Di Huang Wan •Six Flavor
Rehmanni,Ž which contains material from �ve plants
and a fungus. Researchers wanting to collate infor-
mation about what the activity of the formulation is
could undertake a search of the literature using the
Pin Yin name of the formulae Liu Wei Di Huang Wan
or they could use the names of the plants and fungus
used in the formulation. Table 1 illustrates the com-
plexity in undertaking this task. Currently, a medici-
nal plant could have many scienti�c names as well as
the accepted Latin binomial name and authority given
to a species when it was �rst described. If researchers
want to undertake a thorough review of the literature,
they will need to have not only all the scienti�c names
but also the common or trivial names of the species.
It is also suggested that they include synonyms in
the search terms. For example, a quick search of the
Web of Science will show that there are more papers
about the medicinal uses of the speciesPaeonia ostii
T. Hong and J. X. Zhang using the namePaeonia suf-
fruticosaAndr. (over 100 papers since the revision of
the genus in 1999) than the accepted nameP. ostii(14
papers since 1999, of which none are about its medic-
inal uses). It was initially thought thatP. siffruticosa
was a synonym forP. ostii, but the recent revision of
the genus indicates thatP. suffruticosais a different
species and not the one cited in the majority of papers
(see Table 1 for details).

Collating the names together will enable the
researchers to search for information that could
relate to the species they propose to study, but
how reliable is this information? The identi�cation
of plants is a common problem associated with
research on the biological activity and chemistry of
plants and fungi. The extent of the problem is dif�-
cult to establish but it will most likely increase with
fewer students being taught traditional taxonomy and
plant identi�cation. The development of new mobile
applications might assist but the technology is not
there yet. The simple question to ask is did someone
check the identi�cation of the species being studied?
Not all specimens will be easy to identify, especially
if when the plant was collected, it was not in �ower.
One way to help deal with potential problems with
the identi�cation of plant is for researchers to keep
numbered vouchers of the material they study, these
vouchers be kept by their institute, be identi�ed
by their number in scienti�c papers, and be made
available to others to check. This is an old tradition
used in herbaria around the world and allows others
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to compare and check specimens. Currently, there is
a drive to store all herbaria samples in a digital form;
this is understandable as space becomes expensive,
but with a classical herbarium specimen, there is
the ability to take samples for DNA and chemical
studies; thus, a case can be made for keeping the
original voucher samples of key species.

Trends in science also modulate the focus and the
methods used to select the plants. Between the 1960s
and early 1990s, many companies had natural prod-
uct screening projects in which they obtained samples
from all over the world to screen against a portfolio
of different targets. Research councils also supported
the funding of related projects in universities with
the aim of increasing the number of leads as well
as the speed with which they could be screened.
The high-throughput screening of natural resources
then made way for the screening of computational
libraries of compounds. By the mid-1990s, compa-
nies used their molecular discovery budgets for the
purchase of these libraries rather than the collection
of plants and fungi for natural resource screening.

Although there has been a decrease in companies
randomly screening plants in high-throughput assays
for potential new drugs, many university departments
still have some capacity to undertake natural product
research. Recently, there is an increased interest in
the pharmaceutical industry in randomly screening
natural compound libraries; however, very few of
these libraries exist in the public sector.

The random screening programmes have clearly
added to our knowledge about the diversity of com-
pounds in plants. However, very little information
has been released from the companies to enable a
review of the success of these screening programs
and the diversity of plants actually screened and
against what targets. The National Cancer Institute
in the United States screened over 35,000 species
between 1960 and 1980, resulting in the devel-
opment of paclitaxel and camptothecin (Fabricant
and Farnsworth, 2001). Another report indicated
that until 1992, the National Cancer Institute had
found three plant extracts active against HIV (human
immunode�ciency virus) out of 50,000 tested, and
three out of 33,000 plant extracts tested were found
to have antitumor activity (Williamson, Okpako, and
Evans, 1996). Many companies closed their random
screens because of the expense and high numbers of
extracts needed and issues in being able to follow up
leads when they occurred.

So, trends in natural product research have evolved
to re�ect changes in other aspects of science. In the
late 1960s, advances in analytical chemistry assisted
chemists to evaluate the complexity of the extracts
used in medicinal plants, then advances in bioassays
enabled the development of large random screening
programs, and now the advances in both the under-
standing of diseases and the speed of hyphenated
analytical chemical techniques are enabling more
scienti�c rigor to be placed on the evaluation of
medicinal plants. This is also happening at a time
when the health services in many countries are look-
ing at the value of integrated health systems.

Currently, the interest in understanding traditional
health care systems that involve medicinal plants is
increasing; yet, in many cases, changes in land use are
having a negative impact on the supply of the plants
to support these systems. This impact is greatest
on those poorer populations often in developing
countries that rely on the plants for their primary
health care (Cordell, 2012). Measuring this impact is
steeped in guess work. For example, how robust is
the frequently quoted �gure that 80% of the world•s
population relies on plants for their main source of
medicine (Farnsworthet al., 1985). Providing more
accurate information about the plants being used
in traditional and other forms of medicine along
with information about how many have been studied
would not only enable us to evaluate the robustness
of this �gure but also establish with greater clarity
the importance of plants in our health systems,
the habitats that supply the plants, as well as the
proportion of these plants that have been subject to
some form of scienti�c validation. The only way that
this can be done is through linking information about
the traditional medicinal uses of plants with studies
undertaken on the plants along with information
about the habitats they grow in. The common link
among the different information sets is plant names,
and as indicated earlier, currently, it is not possible to
make these links with any degree of con�dence.

Having a greater understanding and thus con�-
dence of which plants have been studied and against
which diseases would enable scientists to focus their
research activities and thus help further our under-
standing of medicinal plants as well as support the
habitats that support their growth. There is clearly a
need to bring together more information about what
is known about medicinal plants so that there can
be a greater focus on scienti�cally evaluating those
that show most promise. This could be as sources
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of new lead molecules for new drugs or to provide
information that would inform how standardized
extracts with a de�ned pro�le of compounds could
be obtained.

2 IDENTIFICATION

In many scienti�c papers dealing with medicinal or
pesticidal plants collected from the wild, there is no
indication of who helped the authors identify the
plant that they worked on. Similarly, research based
on samples obtained from the trade including market
stalls does not provide information that con�rms the
identi�cation of the plant or the part of the plant used.
It is presumed that the identi�cation of the material
was correct. However, there are increased concerns
that this might be a weak point in medicinal plant
research publications, and thus, there is a real need
to improve the way the samples are validated. This
is especially true if the reputation of medicinal plant
research is to be improved. Some journals, such as
the Journal of Ethnopharmacology, now insist that
the authors provide information that would enable
others to check the status of the plant used in the
published paper. For example, authors are asked to
provide a voucher sample of the material studied
along with information about the location of where
the voucher is kept. They also recommend that the
authors provide a chemical �ngerprint of the sample
worked on. This will enable others to check the
identi�cation should that be required as well as
provide an estimate of quality of the chemistry. This
will enable other researchers to compare material
from different areas and help evaluate why in some
cases plants are active, whereas in others they are not.
Currently, the majority of plants are identi�ed using
classical morphological methods, but there is an
increased interest in the use of DNA bar coding. The
consortium for the Barcode of Life recommended
that the two-locus combination ofrbcL+ matKcould
be used to discriminate among plants, but a study
of 907 samples from 550 species had a success
rate of only 72%. It has been suggested that the
second internal transcribed spacer (ITS2) of nuclear
ribosomal DNA region is a more robust marker (Chen
et al., 2010). If this marker is to be used, then plants
need to be further studied to validate the method
to make sure it can be used to differentiate among
closely related species as well as substitutes and

adulterants. It is clear that DNA/genomic methods
will play an important role in the future not only for
the identi�cation of the species but also for checking
the proportion of different plant material present in
a multi-ingredient product. However, although these
methods can assist with identi�cation of species, the
chemical data are still required to evaluate quality.

The method of identi�cation will in part re�ect the
question being asked. The development of •onomicŽ
techniques could enable DNA-based pro�ling to be
linked to metabolomic pro�ling that will link identi-
�cation to quality. However, to do this, more research
is needed to evaluate what exactly is the chemical
pro�le of a quality plant. In some cases, the active
ingredients in a plant are known but not the chemical
pro�le or chemical �ngerprint associated with qual-
ity (i.e., content of the active compound and other
compounds in the plant extract) (Burianiet al., 2012).

A recent European-Union-funded project on •good
practise in traditional Chinese medicine (GP-TCM)Ž
provided a forum to discuss many of the issues
associated with the validation of the vast amount
of literature, especially, in China, on the plants
used in TCM (www.GP-TCM.org). In TCM and in
some other forms of traditional medicines (TMs),
plants are used in mixtures and there were very
few publications in English evaluating the medicinal
properties of these formulae that follow the standard
experimental methods used in the western literature
to compare the formulae with a positive control. This
project made a series of recommendations as to the
scope of information that should ideally be known
about the plant material being studied. The scope
of information is more than most journals would
accept in a Material and Methods section, but the
information is very relevant for many medicinal plant
projects. Thus, when undertaking a review of the
literature on a species, the designing of a simple
database to collate relevant information when reading
the papers can help identify the gaps in the knowledge
about a species. It might sound a lot of work, but
it usually saves time as the information is recorded
when reading the paper, and a record is kept of which
papers contained the information.

The scope and amount of information to be col-
lected will depend on the project as well as the stage
within a project. However, if material is going to be
used for a large-scale study, then it is important that as
much of the information is obtained as this will assist
in the later stages of the project. These are some sug-
gestions as to what information should be recorded:
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2.1 Species Name

Authors should include the Latin binomial name,
authority and family of the plant being studied (with a
reference to the source of the name: Flora, The Plant
List, World Checklist) and if possible any synonyms
and the name used in the local pharmacopoeia. It
is also useful to have information about the local
vernacular names of the species if available. When
reading the paper note whether the authors had
their plant veri�ed and if there is a voucher. This
information can be useful if the results from the study
differ from others.

2.2 Part of Plant Used and Processing

Information should be obtained about the part of the
plants used, when it is harvested, how it is harvested,
and how it is prepared for use. For example, is it
processed in any way to remove toxins?

2.3 Plant Source

Information should be obtained on where (country,
area) does the plant come from, whether it is wild
or cultivated material, and whether it is known to be
harvested from an area that is traditionally associated
with quality. If the material is wild harvested, what
procedures are in place to avoid over harvesting and
is the material grown under a speci�c organic certi�-
cation system. Has the material been sourced from a
supplier that follows the World Health Organization
(WHO) good agricultural and collection practise and
has the material got a certi�cate to con�rm this? Has
the material been tested for pesticides, heavy met-
als, and bacteria? If you are obtaining plant material
from a commercial trade, then you should have the
paperwork to indicate how it has been grown and
whether it has been tested for pesticides and heavy
metals.

2.4 Medicinal (or Other) Uses

Information must be obtained on what is known about
the medicinal uses of the plant, what evidence is there
that the literature relates to the plant you want to

study, what part of the plant is used, whether it is
used alone, how is it prepared, and how often and
how much is to be taken (dose). What is known about
the mode of action of the plant associated with the
known uses? Are there any known adverse responses
associated with the plant and is the plant known to
cause herb…drug interactions?

2.5 Chemistry

Information should be obtained on what is known
about the chemistry of the species, what is known
about the chemistry of the plant used in the study,
how was the extract of the plant made, and whether
the method re�ects the traditional use of the plant.
Is there information available on the chemistry of
the extract being tested? Does the plant contain
compounds that other researchers have shown are
active in screens and thus could be associated with
the traditional uses of the plant? If a new compound
is identi�ed or a known compound is isolated and
shown for the �rst time to explain the traditional
use, do the authors indicate that they have protected
the information, for example, by a patent? Having
this knowledge at the start of the project can assist
in evaluating the next stages of the project. Does
the paper contain information about the identi�cation
of compounds that although not associated with the
focus of the study might be useful as markers for the
identi�cation of the plant? Note should also be made
of any toxic or potentially toxic compounds in the
plant. These toxins could be removed by appropriate
extraction methods.

2.6 Supply of Plants

At the start of a study, few researchers pay much
attention to the supply of the plant material they are
working on. This can be critical to the success of a
project and should be addressed as soon as it becomes
clear that more material will be needed. Researchers
should look at the supply chain and establish whether
the plant is cultivated or wild harvested and if culti-
vated whether it meets WHO best good agricultural
practices for medicinal plants. Information should
also be obtained about the growing conditions of the
plant. This could in�uence the levels of activities in
the plant.
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3 COLLECTION OF PLANTS

Obtaining plant material from botanic gardens or
from collaborators abroad can take time. There can
also be a lot a paperwork, and researchers need to
be prepared for this. Bureaucratic processes associ-
ated with obtaining plants for research can vary from
country to country and from institute to institute.
Researchers need to consider the costs of these pro-
cedures in their grant applications. Time spent com-
municating with potential collaborators at the early
stages of a project can usually assist with these pro-
cedures. In the 1980s and early 1990, many pharma-
ceutical companies had large natural product/plant
screening programs with academic institutes, and
they would fund plant collecting trips in areas of high
biodiversity, but very few of these projects produced
leads of commercial value. However, there is a legacy
that high biological diversity is linked to high •nat-
uralŽ wealth. Realizing this potential is a challenge.
Currently, there is a very narrow range of about 3000
medicinal plants being traded internationally, and in
most cases, their source does not link to mega-diverse
countries. This is not to say that high diversity does
not have the potential to produce more leads. In fact,
the diversity of plants being traded in local commu-
nities is most likely very high, but there is no system
in place to monitor the trade. In area of high diversity,
most species will have a narrow geographical distri-
bution, and thus, the uses of the plants will also be
restricted. Few academic studies on these medicinal
plants go beyond reporting their activity in an eth-
nobotanical survey. Therefore, the real potential of
these plants is dif�cult to evaluate, especially when
access to these plants for evaluation in university lab-
oratories, even in the country in which they occur, is
often complex. Despite these limitations, the results
of these surveys are collated. Trends in the use of
closely related species become clearer and can high-
light species that justify further study. The develop-
ment of ecosystem services is also likely to help eval-
uate the real link between biodiversity and social use
of different species.

The implementation of the Convention on Biodi-
versity (CBD), agreed at the World Sumit at Rio
de Janerio in December 1992, has had signi�cant
impacts on the exchange of natural resources for
screening projects. This was especially true in the late
1990s when it was very unclear as to how to imple-
ment the legislation and policies associated with not
only the sovereign rights of countries on their genetic

resources but also the ownership these countries have
on the traditional knowledge about the uses of these
resources. These issues are very current today and
information on the Nagoya Protocol on Access to
Genetic Resources and the Fair and Equitable Shar-
ing of Bene�ts Arising from their utilization can
be found on the CBD website (www.cbd.int/abs/).
This website also provides information about how to
implement the CBD.

The setting up of regional of�cers around the world
has provided a point of contact for scientists and oth-
ers to �nd out about local CBD requirements. How-
ever, it is still complex and scientists are encouraged
to work with the appropriate authorities to ensure that
have the relevant permits before they undertake stud-
ies on the chemistry of plants, especially if their study
could be targeted at drug discovery. To have a bet-
ter understanding of what is needed before starting
to obtain plants from different countries, it is sug-
gested that reference be made to the national bio-
diversity strategies and action plans for the coun-
try it is planned to work in (www.cbd.int/nbsap/).
Working through the protocols is complex and it
is suggested that use is made of the many guide-
lines that have been produced (www.cbd.int/nbsap/
guidance-tools/guidelines.shtml) as well as seeking
professional help.

These guidelines provide an insight into the dif-
ferent procedures used by countries, and information
is available about the points of contact within the
countries that have endorsed the CBD (www.cbd.int).
Since these procedures are in place, the potential
for international and national teams to work together
on evaluating medicinal plants has increased. Such
studies should further increase the understanding of
the traditional uses of plants as well as support the
conservation of these species. Placing the proposed
work into the context of an international strategy
can assist to gain access. For example, the �ndings
of many studies on medicinal plants could support
some of the objectives of international strategies on
health (WHO) and plant conservation (Global Strat-
egy for Plant Conservation, GSPC). Medicinal plant
research project is often driven by laboratory-based
scientists wanting to explain the traditional uses of
plants rather by local users wanting to validate the
plants they use. It would greatly assist the funding of
these projects if the drive for undertaking the work
was reversed so that the local communities became
the key stakeholders.
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Historically, the majority of the plants that have
been the source of some of our prescription drugs,
such as the poppy,Papaver somniferum, and the
foxgloveDigitalis spp., are those with a long tradition
of use. Thus, there is a clear value in collating
information about the uses of plants and being able
to evaluate their chemistry and pharmacology.

The interest in understanding traditional health sys-
tems goes in parallel with the increased empha-
sis by many companies in expanding their range
of over-the-counter (OTC) medicines. For example,
smaller pharmaceutical companies are interested in
evaluating the potential of getting more products
based on plants with a known history of traditional
use to market as herbal medicines, functional foods,
or novel foods. There is also an increased interest
in looking at plants for sources of new pest control
agents to replace the decreasing range that are cur-
rently available for use.

This is an interesting and timely shift that could
help support both medicinal and pesticidal plant
research, especially research that involves gathering
information about the traditional uses of plants and
then scienti�cally evaluating these uses. At a time
when there are increasing demands on the land
available to us to grow plants to feed, clothe, and
house increasing populations, this interest could help
identify the importance of a greater range of plants
and if well thought out could support the conservation
of these plants. However, there are many challenges.
For example, climate changes are resulting in the
loss of habitats and thus of plant diversity; hence,
activities that could result in the increased demand
of a species need to planned to ensure that there is
a sustainable supply of the species to meet demand.
Currently, the supply and value-added chains for
plants are not usually linked in ways that support
the funding of the conservation of the habitats that
support the supply chain. However, organizations,
such as Fair Trade, are making advances in the
monitoring of the value chain. In fact, in many cases,
the companies involved in the development of the
end product are investing more in the supply chain,
because of the importance they place in ensuring that
they are supplied with quality plants. These are issues
that go beyond the initial criteria used by a scientist
in selecting their plants but as part of a holistic study
need to be considered.

Thus, an emphasis does not always need to be on
the study of poorly documented medicinal species.
A strong case can be made for collating information

about widely used plants that have not yet been com-
mercialized but could be suitable for development
as nonprescription •OTCŽ medicine. The regulations
for de�ning what is classed as an OTC varies from
country to country but the plants to be used in an OTC
must have a long tradition of use and no known toxic-
ity. Currently, is it not only the smaller companies that
are interested in the OTC market but the larger phar-
maceutical companies are also showing an increased
interest in having a greater portfolio of OTC, as they
are less expensive to get to market than a new drug.

The WHO in their 2002…2005 strategy for TM
(WHO, 2002) provided a framework by which dif-
ferent countries could develop their strategies for TM
systems, which includes different aspects of medici-
nal plant research. The �ve main strategies proposed
by WHO were:

€ Facilitating integration of traditional medicine/
complimentary alternative medicine TM/CAM into
national health care systemsby helping Member
States to develop their own national policies on
TM/CAM.

€ Producing guidelines for TM/CAMby developing
and providing international standards, technical
guidelines, and methodologies for research into
TM/CAM therapies and products, and for use
during manufacture of TM/CAM products.

€ Stimulating strategic research into TM/CAMby
providing support for clinical research projects
on the safety and ef�cacy of TM/CAM, particu-
larly with reference to diseases such as malaria
and HIV/AIDS (acquired immunode�ciency
syndrome).

€ Advocating the rational use of TM/CAMby pro-
moting evidence-based use of TM/CAM.

€ Managing information on TM/CAMby acting as a
clearing house to facilitate information exchange
on TM/CAM.

These strategies were developed to meet four objec-
tives with an emphasis on ensuring that appropriate
policies and regulations are in place to support patient
safety.

The strategy incorporates four objectives:

1. Policy. Integrate TM/CAM with national health
care systems, as appropriate, by developing and
implementing national TM/CAM policies and
programs.
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2. Safety, Ef�cacy, and Quality. Promote the safety,
ef�cacy, and quality of TM/CAM by expanding
the knowledgebase on TM/CAM, and by provid-
ing guidance on regulatory and quality assurance
standards.

3. Access. Increase the availability and affordability
of TM/CAM, as appropriate, with an emphasis on
access to poor populations.

4. Rational Use. Promote therapeutically sound use
of appropriate TM/CAM by providers and con-
sumers.

Codrell (2012) provides a very good overview of the
progress being made toward the delivery of these
objectives. Although over 10 years old, all of the
objectives are still relevant today and can provide a
focus for collecting and studying those species that
have been identi�ed as having impact and have a
wide use. Currently, there are about 3000 species of
medicinal plants that are globally traded and tracked
by the International Trade Centre. In 2008, the value
of this market was $19.5 billion and it was expected
to be at least $32.9 billion by 2013. With an increased
international interest in OTC and investment from
the pharmaceutical sector, this market will increase.
A key to the magnitude of this increase will be
dependent on advances in our knowledge of the uses
of the plants so that more can be registered as OTC
as well as the sustainable supply of good quality
material. Thus, a clear case can be made for selecting
these species that have been shown to have ef�cacy
but require more research before they get to market.

If a species is to be included in an OTC product,
then it is important that a portfolio of information be
gathered that shows the traditional use of the plants
and the proposed method of making the product link
directly with the traditional method of preparation.
The portfolio for registering an OTC will require
information on the chemistry of the plants. Therefore,
it is important that information is gathered about the
chemical pro�le of a quality plant and the methods
to be used to grow plants that provide good quality
material. To gather this scope of information and
provide a robust case requires access to samples of
plants from different areas of the world it grows in as
well as the expertise of pharmacologists, specialists
in the target disease, natural product chemists, and
horticulturalists. If plant-based medicine research
are going to attract greater support from funders
than increasing our knowledge about those already
traded and the volume of trade will assist increase

interest and funding. The use of •onomicsŽ does
provide a new approach to furthering the scienti�c
understanding of how and which compounds in the
plants are having a bene�cial effect on the body
(Buriani et al., 2012).

As indicated above, a strong case can be made
for furthering our understanding of medicinal plants
that are already in the international trade, but a case
can also be made to study less well-known species,
especially if they are used by local communities. The
GSPC has 16 targets that support the conservation of
plants that are relevant for medicinal plant research
including targets to conserve the knowledge about the
traditional uses of these plants. There are three GSPC
targets that are highly relevant to the selection of
plants and could provide a focus for research projects:

3.1 Objective IV

Objective C: Using plant diversity sustainably
(www.cbd.int/gspc/targets.shtml)

1. Target 11: No Species of Wild Flora is Endangered
by International Trade

Focus is placed on those species that are actually
threatened by international trade and are listed by
CITES appendix 1, but the aim would be to avoid
increasing pressure on other species, so that if a
species enters the trade, there is a sustainable source
to meet the needs of the market.

2. Target 12: 30% of Plant-Based Products Derived
from Sources that are Sustainably Managed

This has been classi�ed to include

1. Plant-based products include food products, tim-
ber, paper, and other wood-based products; other
�ber products; and ornamental, medicinal, and
other plants for direct use.

2. Sources that are sustainably managed and include:
Natural or seminatural ecosystems that are sus-
tainably managed (by avoiding overharvesting of
products, or damage to other components of the
ecosystem), excepting that commercial extrac-
tion of resources from some primary forests and
near-pristine ecosystems of important conserva-
tion value might be excluded. Sustainably man-
aged plantation forests and agricultural lands.
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3. Target 13: The Decline of Plant Resources, and
Associated Indigenous and Local Knowledge
Innovations and Practices, that Support Sustain-
able Livelihoods, Local Food Security, and Health
Care, Halted

Plant diversity underpins livelihoods, food secu-
rity, and health care. This target supports the
international development targets, to •ensure
that current trends in the loss of environmen-
tal resources are effectively reversed at both
global and national levels by 2015.Ž The target
covers both plant resources and the associated
ethnobotanical knowledge about the plants.

The majority of medicinal plants, especially those
used by local communities, are wild harvested. If
one of these plants was developed commercially
as a product, then unless there was a cultivation
program in place, there would be a real danger
that the plants would be overharvested and thus
become endangered. There are many examples of this
happening. The most recent isHoodia gordonii, a
plant that belongs to the family Apocynaceae and is
distributed in arid areas of South Africa and Namibia
(van Heerden, 2008). It is a slow growing plant and
the natural populations have mostly been lost due
to the commercialization of products containingH.
gordonii as an appetite-suppressant. It is dif�cult to
follow the literature on the traditional uses of this
species. It was �rst collected by Robert Gordon in
1779 and published by Masson asStapelia gordonii
Masson and was reclassi�ed by Decaisne in 1844 as
H. gordonii (Masson) Sweet ex Decne. Because of
the complexity of linking the local names with the
Latin names, it is dif�cult to validate the literature on
the appetite-suppressing activity ofHoodia, although
the use ofHoodia in quenching thirst is clearer (van
Heerden, 2008). Owing to the increased interest in
plants with antiobesity properties, the demand for
products that contain plants such asHoodia has
increased, resulting in overexploitation of the limited
amount of material been grown and an increased
number of adulterants entering the market.

Thus, when a plant is being selected for com-
mercial development, it is of critical importance
that plans are quickly put in place for it to be
grown sustainably. WithHoodia, emphasis was
placed on getting material for cultivation in parts
of South Africa and Namibia, but not enough effort
was placed on making sure that the plants being

selected had the potential to produce higher levels
of the active compound, the triglycoside of 12� -
tigloyloxy-14� -hydroxypregn-5-en-20-one, known
as P57. Projects such as this example onHoodia
link directly with the delivery of Targets 12 and
13. Targets 11 and 12 also link with the WHO•s
declaration that identi�ed the following six articles
adopted by the WHO Congress on TM, Beijing,
China, 8 November 2008 (www.who.int/medicines/
areas/traditional/congress/beijing_declaration/en/):

€ The knowledge of TMs, treatments, and practices
should be respected, preserved, promoted, and
communicated widely and appropriately based on
the circumstances in each country.

€ Governments have a responsibility for the health
of their people and should formulate national
policies, regulations, and standards, as part of
comprehensive national health systems to ensure
appropriate, safe, and effective use of TM.

€ Recognizing the progress of many governments to
date in integrating TM into their national health
system, we call on those who have not yet done
so to take action.

€ TM should be further developed based on research
and innovation in line with the •Global Strategy
and Plan of Action on Public Health, Innovation
and Intellectual PropertyŽ adopted at the 61st
World Health Assembly in 2008.

€ Governments, international organizations, and
other stakeholders should collaborate in imple-
menting the global strategy and plan of action.

€ Governments should establish systems for the
quali�cation, accreditation, or licensing of TM
practitioners. TM practitioners should upgrade
their knowledge and skills based on national
requirements.

€ The communication between conventional and
TM providers should be strengthened, and appro-
priate training programs should be established
for health professionals, medical students, and
relevant researchers.

International strategies such as these can support
the selection of a species of which some work has
been done on their activity but more is needed if the
species is going to enter the trade. The quality of
material entering the trade and the regulations asso-
ciated with monitoring the quality will vary from
country to country. The standards of using are based
on monographs that provide information about the
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species, its known uses, chemistry, and safety. A key
to getting more plants being traded will be to not only
increase the diversity of species covered by mono-
graphs but also improve the quality of the mono-
graphs. Within China, there has been an increase in
government funding for the improvement of their
pharmacopoeia and the same is happening in India.
In Africa, there are attempts to provide monographs
for the rich diversity of African medicinal plants,
but projects such as this need funds. The production
of monographs is one way to help share data about
developing best practice; this can drive research to
address areas of work that need to be evaluated fur-
ther and to improve the quality of plant entering the
market. It can also provide a platform for innovation,
as greater knowledge about the active compounds in
the plants and their mode of action will enhance not
only the use of the plants themselves but also the
potential for the plants to drive innovative drug devel-
opment programs as has occurred with Taxus, Narcis-
sus, and Artemisia.
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Extraction Methodologies:
General Introduction

Valérie Camel
AgroParisTech, Paris, France

1 INTRODUCTION

Plant materials are of great interest in food, cosmetic,
and pharmaceutical industries, as they generally con-
tain numerous compounds that may afford interest-
ing properties, being either bioactive or providing
physical properties to the �nal product. Hence, plant
materials contain numerous active compounds with
high nutritional or therapeutic values (e.g., lipids, �a-
vors, antioxidants, phytochemicals, pharmaceutics,
and pigments).

Exploiting plant materials requires a multi-step
procedure: sampling, pre-treatment of the sample,
extraction of compounds of interest, further possible
concentration or cleanup of the obtained extract,
and �nal analysis of the compounds in the extract
to ensure the quality of the �nal product before
using, to authenticate the plant material or to identify
new compounds. In addition, biological activity or
sensory quality of the extract may be assessed. In this
multi-step procedure, extraction can be considered to
be a major key step as it will condition the quality
and quantity of the compounds recovered, and will
also greatly contribute to the time spent for the overall
procedure.

Therefore, this chapter details the principle of
extraction, enhancing also the several problems
frequently encountered with this step. The different
parameters to consider for choosing an extraction

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

technique are discussed. The main extraction tech-
niques available for plant materials are brie�y
exposed, with a view of helping the reader to choose
the best technique appropriate to its application.
Finally, future trends in extraction techniques for
plant materials are discussed.

2 PRINCIPLE OF EXTRACTION

The basic principle of extraction refers to the distribu-
tion of a compound between two immiscible phases,
enabling their further separation and recovery of the
extracted compound. This process could appear sim-
ple and easily to achieve; yet, as entropy is gained
only in mixing, not in separation, extraction can only
be achieved by applying external work and allowing
diffusion to be consistent with thermodynamics.

2.1 Basic Terminology Related to Extraction

Commonly, the compounds of interest are called the
solutesor analytes; other compounds present with no
interest are namedinterferencesor interfering com-
pounds(Figure 1). The initial plant material contain-
ing the compound to be extracted is named thesample
orsample matrix. The nonmiscible phase is called the
extractantor the extraction solvent, being generally
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Before extraction After extraction

Solute or analyte Sample (matrix) Residue

Interfering compounds

Extractant or extraction solvent Extract

Figure 1 Scheme of the extraction process and its basic terminology.

a liquid solvent or a supercritical �uid; however, in
some cases, it can be a solid phase (sorbent). Once the
extraction step is performed, the sample is discarded
from the extraction solvent containing the extracted
solute (named theextract); the remaining sample
matrix discarded is often referred to as theresidue.
In some cases, this residue is submitted again to one
or more successive extractions (possibly under more
stringent conditions), to recover part of the solute not
extracted during the �rst step.

The main challenge of the extraction step is to
selectively (i.e., without those interfering com-
pounds) and possibly quantitatively (i.e., all the
analyte molecules initially in the sample) extract
the analytes. To achieve this goal, ef�cient contact
between the sample and the extractant is required; as
discussed later, this can be achieved by mixing, but
other ways are also used. The extractiontechnique
refers to the technological system used to perform
the extraction; depending on the experimental con-
ditions applied (e.g., solvent nature, extraction time,
and temperature), the same technique will lead to
several extractionmethods.

The theoretical progress of an extraction is illus-
trated in Figure 2. As the extraction lasts (by
increasing the time, increasing the solvent volume,

Transition phase

Extraction controlled
by solubilization

Extraction controlled by
diffusion (+ desorption ?)

Extraction progress

A
m

ou
nt

 e
xt
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ct

ed

Figure 2 General extraction curve giving amount of extracted
solute as a function of extraction progress (e.g., time).

or performing a new cycle), the extracted amount
of the solute is increasing. The gain in amount
extracted is quite fast at the beginning, where
the process is governed by solubilization of the
compound by the solvent (i.e., partitioning of the
solute between the solvent and the sample); then
as the extraction proceeds, the extracted amount
levels off, as the step is limited by diffusion (and
desorption from the matrix also in some solid
samples).
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2.2 Extraction from Liquids: A Simple Process

Extraction from liquids is rather simple, because of
availability of solutes. The process is driven initially
by partitioning of the solute between the liquid sam-
ple and the extractant (mostly a liquid in classi-
cal liquid…liquid extraction (LLE), or a sorbent in
solid-phase extraction (SPE)), and the only require-
ment being that the extractant must not be miscible
with the sample to ensure isolation of the extract.
Then, as the extraction goes on, diffusion of the solute
across the liquid…liquid boundary layer becomes lim-
iting (in case of stirring, diffusion in the bulk phases
can be neglected); it mainly depends on solute shape
and size, as well as on solvent viscosity.

As liquid samples are scarce when dealing with
plant materials, extraction methods dedicated to solid
samples are mostly required for such samples.

2.3 Extraction from Solids: A Multi-Step
Process

While extraction of compounds from liquid matrices
is quite easily achieved because of the partition of the
solutes between the extracting liquid and the matrix,
extraction from solid matrices is more dif�cult. In
that case, the compounds of interest must be released
from the solid substrate to achieve their extraction by
the solvent; thereby, diffusion inside the solid matrix
may be the limiting step. In addition, when solutes

are strongly adsorbed onto the matrix, the energy of
interaction between the compounds and the matrix
must be overcome; besides when the solutes are
retained in plant organs or cells, extraction conditions
must be strong enough to disrupt the cells; otherwise,
the solutes will not be available for the extracting
solvent.

The extraction and recovery of a solute from a
solid matrix can be regarded as a �ve-stage pro-
cess (Figure 3): (1) desorption of the compound from
the matrix active sites; (2) diffusion into the matrix
itself; (3) solubilization of the analyte by the extrac-
tant; (4) diffusion of the compound in the extractant
present within the pore; and (5) transportation to the
bulk extractant before �nal collection of the extracted
solute. The obtaining of quantitative and reproducible
recoveries necessitates the careful control and opti-
mization of each step; in particular, collection of the
extract needs to be carefully controlled as it is often
neglected as compared to the extraction step, whereas
it may lead to partial losses.

In practical environmental applications (e.g.,
extraction of pollutants from soils and sediments),
the �rst step is usually the rate-limiting step, as
solute…matrix interactions are very dif�cult to over-
come and predict. However, for other matrices (e.g.,
plant materials), the rate may be limited by either
the solubilization or the diffusion steps; in addition,
compounds may be trapped in plant cells, thus being
dif�cult to extract unless the cell membranes are
disrupted. Consequently, the optimization strategy

Non-permeable core
of the matrix particle

Permeable layer of
the matrix particle

Solute partitioned
in bulk extractant

Solute trapped
inside the particle

Diffusion inside the matrix

Desorption from the matrix

Solubilization by the extractant

Diffusion into the extractant

Solutes to be collected5

5

4

4

3

3

2

2

1

1

Figure 3 Illustration of the different successive processes involved during the extraction of solutes from a solid particle.
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will strongly depend on the nature of the matrix to
be extracted.

Several models have been proposed to describe
extraction from solid matrices (following the curve
presented in Figure 2). The most famous is the
•hot-ball diffusionŽ (HBD) model developed by Bar-
tle et al., and detailed below:

m
m0

= 1 Š
� 6

� 2

� � � 1
n2

�
exp

�
Šn2� 2Dt

r2

�

wherem is the mass of extracted solute at timet, m0
the initial mass of solute in the sample,n an integer,
D the diffusion coef�cient of the solute in the sample
matrix, andr the radius of the spherical particle of the
sample matrix.

According to this model, during the initial phase
of extraction (the solubilization-controlled phase), a
concentration gradient exists at the surface of the
particle, so that diffusion from the particle is rapid. As
the extraction proceeds, the concentration across the
entire particle becomes even, and the diffusion inside
the particle controls the process. The HBD model is
suggested for a matrix that contains small quantities
of extractable solutes, so that the extraction is not
limited by solubility (Huanget al., 2012).

Another model has been proposed by Sovová for
plant materials: the •broken plus intact cellsŽ (BIC)
model (Huanget al., 2012). Solid particles with intact
and broken cells arise from previous grinding of the
sample because of partial break of cell walls; solutes

from broken cells are assumed to diffuse directly
to the extractant, whereas solutes from intact cells
diffuse only to the broken cells. This model has been
recently adapted to consider the plant microstructure
(Sovová, 2012a).

In practice, diffusion in the solid sample is very
limiting; as a result, the development of extraction
methods for solids has focused on improving the dif-
fusion step. Ideally, the �nal amount extracted should
be the sample content for the solute of interest; how-
ever, this is not always observed in practice, as part of
the solute molecules may be hardly recovered by the
solvent under the experimental conditions used. One
of the big challenges in optimizing extraction con-
ditions is to �nd suitable conditions for quantitative
extraction without hindering selectivity.

2.4 Types of Interactions Governing the
Extraction Process

Knowledge of the intermolecular interactions prone
to occur during the extraction step is required for
proper optimization of the process conditions. Both
interactions between the solutes of interest and the
sample matrix as well as with the extracting sol-
vent must be considered (Figure 4). In addition,
interactions between the extractant and the sam-
ple should be considered, as they are crucial for
achieving ef�cient and selective extractions. Con-
sequently, as much knowledge as possible must be

Solute

Extractant

Sample (matrix)

Interfering
compounds

Expected interactions

Interactions to avoid

Figure 4 Scheme of the interactions to consider in extraction.
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Figure 5 Main types of interaction encountered in extraction.

gained about the sample (chemical nature and content
of major and minor constituents, chemical nature
and content of solutes of interest along with their
stability, and localization of the analytes inside the
matrix).

The interactions occurring during extraction deal
with noncovalent binding: mainly van der Waals
interactions (orientation or Keesom interactions,
induction or Debye interactions, and dispersion
or London interactions depending on the dipolar
moment of the solvent and the solutes), hydrogen
bonding, electrostatic interactions (� …� electrons),
and hydrophobic interaction. All these interactions
are illustrated in Figure 5.

Ionic interactions are also possible for some ionic
or ionizable solutes and some samples. Understand-
ing the nature of interactions that will occur during
the extraction process is very helpful in �nding opti-
mal experimental conditions.

3 FACTORS TO CONSIDER IN EXTRACTION

In order to develop adequate extraction conditions,
several factors need to be considered before optimiza-
tion of the experimental conditions; they are detailed
below and gathered in Figure 6.

As for the same plant matrix the content of the
obtained extracts can differ greatly depending on the
extraction conditions, careful look at these factors
before conceiving the extraction is advised.

3.1 What is the Objective of the Extraction
Step?

A preliminary step is to clearly de�ne the objectives
dedicated to the extraction stage; indeed, different
objectives may lead to different extraction techniques
and/or methods.
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Scale of the extraction process
Fate of the extract

Nature of the solutes
Levels of analytes in plant matrix
Target or non-target approach

Localization of solutes
Nature and levels of other compounds
Water content

Homogenization
Drying
Grinding

Nature of the plant matrix Pre-treatment of the plant matrix

Important factors to
consider in extraction

Objective of the extraction step Compounds to be extracted

Figure 6 Important factors to consider for establishing a suitable extraction methodology.

The scope of extraction step with regards to plant
materials is very large. One can consider different
extraction strategies, depending on the fate of the
extract, as well as on the type of extract consid-
ered. In particular, one key point is whether the
plants to be extracted contain known compounds
or unknown structures that are looked for, espe-
cially as thermal stability of the solutes may be
important. Whatever the strategy conducted, one cru-
cial point remains that the extraction step should
avoid the degradation of initial compounds present
as much as possible. Thus, the extraction temper-
ature will be a major factor to control in order
to avoid such degradations as recently reported for
comprehensive plant metabolomics (t•Kindtet al.,
2009).

3.1.1 Scale of the Extraction Process

The extraction stage can be performed at several
scales: (i) analytical scale … in that case, the objec-
tive is to determine (both identi�cation and quan-
ti�cation) the analytes extracted; (ii) preparative
scale … here, the obtained extract will be further used,
so it is required to get a suf�cient amount (but quan-
titative extraction is not essential) of most of the time
a class of extracted compounds, before further anal-
ysis of such compounds; and (iii) pilot scale … the

aim is to produce large amounts of the extracted
compounds (again quantitative extraction is not a
prerequisite, but it is obviously advantageous) for
further applications (e.g., use as medicine). Consid-
ering the required scale is important as some tech-
niques deserve major practical facilities or drawbacks
at pilot scales. In addition, the production of plant
extracted compounds may require the use of stan-
dard extraction procedures (e.g., the production of
phyto-pharmaceuticals).

3.1.2 Fate of the Extract

Knowing the fate of the extract is important to choose
the right extraction technique, as well as the proper
experimental conditions. If the extraction is dedi-
cated to isolate target solutes from the sample matrix,
the extraction conditions will be highly selective
and appropriate for such compounds. On the oppo-
site, if the main goal is to characterize as much
as possible all the compounds in the plant material
(i.e., screening or pro�ling), the extraction conditions
should be as mild as possible to cover numerous
possible chemical structures (in some cases, sev-
eral extraction steps should be performed). When
the objective of the extraction step is to screen the
biological activity of the plant material, the extrac-
tion solvent should be suitable for the biological
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test to avoid evaporation; in addition, extraction
conditions should be carefully optimized and con-
trolled, as they greatly affect the composition of the
extract and consequently its biological activity as
recently reported for antioxidant or insecticidal activ-
ity from plant matrices (Michielset al., 2012; Pavela
et al., 2010). For example, herbal extracts, found
in the pharmacopoeias of several countries, provide
unique therapeutic properties because of possible
synergistic effects between active molecules present
(unlike synthetic drugs that contain a single active
molecule); however, the multiple active constituents
they contain are highly dependent on the extraction
conditions.

Another point to consider is the possibility of
performing a subsequent cleanup or �ltration of the
extract or not. As several techniques do require
the extract to be �ltered or centrifuged, this point
needs to be considered when choosing an extraction
technique.

3.1.3 Type of Information Investigated

The aim of the extraction may be to identify some
compounds in the matrix (for characterization,
authentication, etc.); that way, the information is
only qualitative, and complete extraction of the
solutes is not expected. On the opposite, when the
extraction is aimed at giving indication about the
analyte levels in the sample, extraction conditions
that achieve complete recoveries are preferred. It
must be pointed out that when dealing with ana-
lytes at trace levels, quantitative extraction will be
expected to gain in sensitivity even for qualitative
determinations.

3.2 Nature of the Plant Matrix

3.2.1 Structure and Composition of the Matrix

Getting knowledge about the composition of the sam-
ple matrix is a prerequisite before performing an
extraction. Information about the nature and lev-
els of major constituents of the sample will help in
choosing an extractant that affords high selectivity.
In particular, sample preparation methods are gen-
erally developed considering the matrix fat content,

the limit between •fattyŽ and •nonfattyŽ matrices
being usually set at 2…5% (Gilbert-Lópezet al.,
2009).

Knowing the macroscopic structure of the matrix
and the localization of the analytes inside is also
very useful, especially if they are expected to be
contained inside the cellular matrix of the plant
material (e.g., essential oil). In that particular case,
their extraction will require strong conditions capable
of disrupting the cells to release the analytes into
the extractant. Plant materials have been recently
classi�ed according to the behavior of their secretory
structures during the extraction stage (Stamenićet al.,
2008).

The water content of the sample is also inter-
esting information. When dealing with hydropho-
bic analytes, water molecules may act as a barrier
and prevent ef�cient extraction of solutes; therefore,
reducing the water content of the sample, or even dry-
ing, may be advisable. In addition, when microwaves
are used, sample heating will depend on its water
content.

3.2.2 Pre-Treatment of the Matrix

Plant materials are mainly solid matrices that deserve
most of the time pre-treatment before performing
the extraction (Romaniket al., 2007). Indeed, recov-
ery of solutes from solid matrices may be quite a
challenge, depending on the initial matrix as dis-
cussed earlier, so that the pre-treatment step gener-
ally improves the extraction ef�ciency. Drying may
be recommended as mentioned earlier. In addition,
to enhance the solute availability, grinding �nely
the matrix is of prime importance to favor the
extraction as this reduces the diffusion step inside
the matrix and enhance speci�c surface area; in
addition, grinding enables the breaking of some
cells, and the subsequent release of solutes con-
tained inside. However, too �ne particles may lead
to clogging, or to the formation of channels inside
the sample that will prevent the solvent to pene-
trate through the sample matrix (Hyötyläinen, 2009;
Pinelo et al., 2006; Zukniket al., 2012). In some
cases (e.g., extraction of proteins), breakage of the
plant cells is required; this can be achieved by dif-
ferent means as discussed below (mainly sonication
or enzymes) (Newtonet al., 2004). On the other
hand, this should be avoided in other cases (e.g.,
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extraction of nonstructural carbohydrates) (Raessler,
2011).

3.3 Nature and Level of the Compounds of
Interest

3.3.1 Nature of the Solutes

The knowledge of the chemical structure of the
solutes of interest is of prime importance, to assess
their physicochemical properties and to predict the
type of interactions they may develop with both the
sample matrix and the extraction solvent. In par-
ticular, assessment of their polarity is required to
help in choosing the best solvent for their extraction.
Besides, the knowledge of their volatility and stabil-
ity (e.g., thermolability, susceptibility to be degraded
in contact with air or when exposed to light) is also
to be considered, as this may turn toward the right
technique to use (e.g., volatile compounds should
be preferably extracted using headspace (HS) tech-
niques because of their high selectivity for such
compounds as discussed later). In addition, when
bioactive solutes are to be extracted, the nature of
the solvent is crucial, as it may affect the bioactiv-
ity of the extracted solutes; in some cases, complete
removal of the solvent will be necessary to avoid
change in bioactivity.

In particular cases where the operator has no
knowledge of the solutes to be extracted, then
assumptions must be made according to the type of
the sample matrix; then, extraction methods dedi-
cated to several types of solutes depending on their
properties (mainly polarity and volatility) must be put
forward.

3.3.2 Levels of the Analytes in the Plant Matrix

Knowing the expected levels of the solutes in the
sample is also helpful, as trace levels will require
extreme cautious to minimize losses and contami-
nations through all the extraction step, and possi-
ble further concentration step. Whenever possible,
extraction techniques that afford enrichment of the
analytes will be preferred when dealing with trace
levels solutes; that way, techniques that minimize
the use of solvents (with subsequent extract dilution)
should be preferred, as well as sorptive techniques as
discussed below.

3.4 Assessing the Extraction Ef“ciency

3.4.1 Criteria to be Used

Frequently, the criterion used in evaluating the effec-
tiveness of the extraction is extraction yield: this can
be either the total yield of compounds extracted (typ-
ically the total mass extracted) or the yield for some
target compounds (expressed in that case either as
the mass extracted for these compounds or as the
recovery in percentage if the initial contents of these
compounds in the sample are known). As chromato-
graphic techniques are mostly used for analyzing
the extracts, yields are generally assessed based on
chromatographic peak areas; it is important to point
out that higher peak areas do not necessarily imply
higher extraction ef�ciency, as interfering co-eluted
substances may be present. For example, higher peak
areas observed with methanol/water extraction as
compared to dichloromethane for extracting xan-
thones and �avanones from the root bark ofMaclura
pomiferaC.K. Schneid. were suspected to be due to
unwanted compounds extracted with the former sol-
vent (Teixeira and da Costa, 2005). Therefore, peak
purity and solvent selectivity are critical to avoid bias
in extraction ef�ciency assessment for target com-
pounds.

When the extraction step aims at screening com-
pounds, the qualitative composition of the extract is
more appropriate than quantitative recovery of target
solutes. In addition, when extracts are tested for their
bioactivity, the response in the bioassay may be the
preferred criterion.

3.4.2 Methods for Estimating Recoveries

Depending on the application, partial or quantita-
tive recovery of the compounds of interest from the
plant material is desirable. In addition, it is frequently
of concern to assess the solute levels in the initial
sample. Consequently, very often the extraction ef�-
ciency needs to be known. This may be quite a chal-
lenge when dealing with unknown samples.

Several ways may help in assessing the extrac-
tion recovery as illustrated in Figure 7 and detailed
below.

Assessing recoveries of target compounds for
samples spiked with known levels of these target
compounds remains the simplest method; for that
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Spiked
samples

Certified reference
materials (CRMs)

Successive
extractions

Easy to perform

Underestimate
recoveries for
real samples
Limited to target
approach as
analytes must
be known and
standards
available

Use of labeled
compounds
avoids non-
spiked sample
extraction

Valuable
assessment of
recoveries
No additional
consumption of
matrix samples Stronger

conditions may
be chosen for
the next
extraction to
enhance
recovery

Improve
recoveries in
case of strong
solute-matrix
interactions

Costly
Limited amounts
available
Available CRMs
may not fulfil the
solute…matrix
considered Time- and

solvent-
consuming
Diluted extracts

Figure 7 Successive steps to assess extraction ef�ciency. For each step, bene�ts are shown ingray text, whereas pitfalls are indicated in
black text.

reason, it is undoubtedly the most used in practice.
When nonlabeled compounds are used, additional
extraction of nonspiked samples will give infor-
mation about the background level of the matrix
and should be considered to avoid overestimation
of spike recoveries. This step is avoided in case
of spiking with labeled compounds (using stable
isotopes such as2H or 13C), as native compounds
are nonlabeled (because of the poor natural abun-
dance of the labeled compounds). Yet, recoveries
from spiked samples do not re�ect recoveries from
nonspiked samples when dealing with solid matri-
ces, as solute…matrix interactions remain low for
spiked solutes; in addition, as spiking is frequently
performed a short time before performing the extrac-
tion, the spiked solutes do not have the time to
deeply diffuse inside the matrix, making them more
easily available by the extractant as compared to
native solutes. Consequently, this method must be
considered the �rst step, useful for choosing initial
extraction conditions, but insuf�cient for optimizing
conditions and assessing recoveries for real samples
(Camel, 2001).

In order to better optimize extraction conditions,
the use of certi�ed reference materials (CRMs) is rec-
ommended. Such materials are either real samples
or arti�cially spiked samples but that were aged, so
that solute…matrix interactions in CRMs do mimic
the interactions that will be encountered for real

samples. That way, their extraction enables a viable
assessment of recoveries for target compounds. Nev-
ertheless, owing to the time and cost required for
the preparation of CRMs, such materials are not
available for any type of application; in addition,
they are available in limited amounts and are highly
expensive. Therefore, their use should be limited to
the �nal optimization step of the extraction process,
and/or to the validation of the developed extrac-
tion method. Examples of CRMs commercially avail-
able for plant materials are NIST-3251 (green tea
leaves for catechins and xanthines), BCR-679 (white
cabbage for trace elements), BCR-431 (Brussels
sprout for vitamins), or B-MYC0852 (rye for ergot
alkaloids).

In case no CRM is available for the application
considered, the performance of successive extrac-
tions on the same unknown sample should give an
indication of the completeness of the extraction. It
may be advisable to progressively choose more dras-
tic conditions for the successive extractions, to make
sure that all the extractable solutes can be recov-
ered. Such an approach is rather time-consuming
and solvent-consuming; however, it has the advan-
tage of being applied to the samples of interest. In
addition, it can help in �nding the optimal extrac-
tion conditions (e.g., temperature and time) for these
samples.
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4 CHOICE OF THE EXTRACTANT

The nature of the best solvent for a particular applica-
tion is to be found; in practice, •like dissolves like.Ž
Thus, this is the �rst parameter to consider when
developing an extraction method, as its choice will
in�uence the qualitative composition of the extract.
For convenience, the main properties to look for
when choosing the solvent are depicted in Figure 8,
with values indicated in Table 1 for most frequently
used solvents and discussed later. It must be kept
in mind that, once the solute is extracted by the
solvent, most of the time, it must be further iso-
lated from the solvent; in consequence, the solvent
should also be chosen in order to facilitate this
procedure.

4.1 Polarity and Selectivity of the Extractant

The solvent polarity is undoubtedly one of the main
properties of the solvent to consider �rst. Its polar-
ity should match that of the solute of interest. Low
polarity solvents yield more lipophilic compounds,
whereas medium-polarity solvents extract both apo-
lar and polar compounds; water extracts mainly polar
compounds. As an illustration, apolar solvents (e.g.,
hexane, cyclohexane, toluene, and diethyl ether) are
recommended for extracting alkaloids, terpenoids,
fatty acids, or �avonoids from plants; for alkaloids,
�avones, polyphenols and, saponins, polar solvents
(e.g., ethanol, acetone, and acetonitrile) are better
used (Puriet al., 2012). When mixing solvents that
are miscible, the polarity of the mixture can be calcu-
lated considering the volume fraction of each solvent
in the mixture and their own polarity. Solvent polar-
ity is also important to consider when microwave

radiations are used to enhance the extraction, as it
will have an effect on radiation absorption by the
solvent.

Yet, besides polarity, selectivity of the solvent is
also important in case of expected selective extraction
of target compounds, to avoid further cleanup of
the extract as much as possible. For that purpose,
solvents have been classi�ed on polarity scales,
considering the type of interactions they may develop
with solutes as reviewed (Barwick, 1997).

The Rohrschneider…Snyder scheme classi�es sol-
vents according to their chromatographic strength
(P� ) also called •polarity.Ž It is based on gas…liquid
partition data for several test solutes in 81 liquids;
values of partition coef�cients were further used to
calculate polarityP� and selectivity valuesxi (Bar-
wick, 1997). Selectivity here considers all types of
solvent…solute interactions except dispersive interac-
tions (as it lies on interaction with test solutes that are
acidic, basic, or dipolar):xe for the ability to behave
as proton acceptor,xd for the ability to behave as
proton donor, andxn for the ability to behave as a
strong dipole. Values assessed for common solvents
are indicated in Table 1. Solvents with the same func-
tionality were classi�ed in the same group; that way,
all solvents and groups of solvents could be plotted on
a •solvent selectivity triangleŽ (also called theSny-
der•s triangle). This is very useful for choosing the
solvent with the best selectivity suited for an extrac-
tion (Nyiredy, 2004). In case of different functional
groups within a molecule, the more polar is supposed
to dominate the selectivity characteristics. Similarly,
in case of a solvent mixture, the selectivity is deter-
mined largely by the selectivity of the more polar
solvent.

Another classi�cation was also developed, and it
is now the most used in practice (Barwick, 1997).
It is based on the Hildebrand solubility parameter

The right solvent
for the proper

extraction

Solvent properties

Polarity and selectivity
Toxicity and inertness
Miscibility with other solvents
Viscosity
Volatility
Flammability
Grades available and cost

Figure 8 Solvent properties to consider in extraction.
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� t (introduced by Hildebrand and Scott in 1950),
de�ned initially for volatile compounds, as indicated
below (Hansen, 2004):

� t =
�

Ev

Vm

� 1� 2

whereEv represents the cohesion energy (or the latent
energy of vaporization for volatile compounds) of the
solvent, andVm its molar volume.

This parameter considers the effect of molecular
size on relative solubility. In particular, the larger the
molecule volume is, the greater will be the effect of
a change in solvent polarity on the solubility of the
compound. This solubility parameter can be decom-
posed into several factors, which provide information
about the type of interactions the solvent will be able
to establish with the solutes. Four selectivity param-
eters were �rst introduced; Hansen (2004) later sim-
pli�ed to three parameters as indicated below:

(� t)
2 = ( � D)2 + ( � P)2 + ( � H)2

where� D accounts for atomic nonpolar interactions
(or dispersion interactions),� P for molecular dipolar
interactions, and� H for molecular hydrogen bonding
interactions.

That way, solvents can be plotted in 3D graphs
(called theHansen •roomŽ), similarly as for the
Snyder•s triangle. Values of Hildebrand solubility
and its selectivity terms are given in Table 1 for
common solvents; they are established at 25� C but
correlations with temperature have been proposed as
higher temperatures decrease their values (Villmow
et al., 2012). Solute solubility in a solvent is maximal
when the solute and the solvent have the same� t
value. Thus, it is possible to mix two solvents, with
respective higher and lower� t values than that of a
given solute, to give a solvent mixture with a� t value
equal to that of the solute. To assess the Hildebrand
solubility of a solute, the molecule can be divided
into different chemical groups, and the contribution
of each functional group can be estimated for each
selectivity term according to existing tables (Lüet al.,
2008; Stefanis and Panayiotou, 2008).

The Hildebrand solubility parameter has also been
determined for supercritical �uids (� SF), so that its
use is very convenient whatever the extractant. The
following relation is well established for supercritical
�uids:

� SF = 1.25Pc
1� 2

�
� SF

� liq

�

wherePc is the critical pressure of the supercritical
�uid, � SF its density under supercritical state, and� liq
the density of the �uid under liquid state.

This clearly explains the great interest that deserves
supercritical �uids: their polarity can be adjusted
according to the pressure and temperature conditions,
as they affect the density value. Thus, such extrac-
tants offer greater capability for selective extractions
than do liquid solvents. For further details, seeSuper-
critical Fluid Extraction .

To conclude, the Hildebrand solubility parameter
is very useful for a preliminary prediction of the best
solvent suited for a particular extraction as observed
in several applications (Langet al., 2005; Srinivas
et al., 2009). However, the solvent ef�ciency must be
tested experimentally, as strong solute…matrix inter-
actions may limit the predictability of the Hildebrand
parameter.

4.2 Toxicity and Inertness

Solvent toxicity is of prime importance to avoid
exposure to highly toxic solvents for the operator
who will manipulate the solvents for the extraction.
In addition, toxicity of the solvent of the �nal extract
needs to be considered when the �nal extract deserves
some applications; in particular, plant extracts that
are further used for food or medicine are submitted
to restrictions with regards to the possible solvents
used. In addition, when the �nal extract needs to be
tested for bioactivity or sensory attributes, the solvent
must be as low toxic as possible.

The inertness of the extractant is also crucial, to
avoid changes in the analytes (especially degrada-
tion, dehydration, isomerization, or derivation) dur-
ing the extraction process, as well as to limit damages
to the extraction system. Consequently, very reac-
tive extractants should be banned; this is the case
for some organic solvents, and also with some super-
critical �uids such as water (being highly corrosive
under supercritical conditions). In addition, several
solvents should be avoided for particular applica-
tions; for example, methanol may induce methylation
of some solutes, and acetone the formation of ace-
tonides. In a similar way, the pH of aqueous media
should be carefully controlled to avoid degradation
of compounds sensitive to pH changes; as an illus-
tration, epimerization and hydrolysis of glycosides
under acidic conditions have been observed.
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4.3 Other Properties

4.3.1 Miscibility

Solvent miscibility is important to consider not
only to choose a solvent nonmiscible to the sample
in case the latter is liquid but also to investigate
solvent mixtures that are miscible in all propor-
tions because, as discussed earlier, solvent mix-
tures are frequently needed to get the best extractant
for a particular application, based on polarity and
selectivity.

4.3.2 Viscosity

Solvent viscosity� is of great importance, and should
be as low as possible. The higher the viscosity is,
the lower will be the diffusion coef�cients (D) of the
solutes for a given temperature (T) as expressed by
the Stokes…Einstein equation:

D =
10Š7T

� Vm
1� 3

In addition, viscous solvents are less ef�cient to
penetrate inside pore matrix, so that extraction of
solid matrix is hindered in that case.

4.3.3 Volatility

Solvents with extreme volatility should be avoided,
because of practical dif�culties and also because
of their �ammability. On the other hand, solvents
should be volatile enough to ensure easy and ef�cient
removal of the solvent for further isolation of the
extracted solutes (or extract enrichment in case of
trace compounds); this is generally performed by
evaporation or distillation.

4.3.4 Flammability

Non�ammable solvents should be used as much
as possible to avoid hazards for the operator and
extra safety measures. Flammable solvents have �ash
points below 37.8� C; this is the case of some com-
mon solvents, such as acetone, diethyl ether, or
toluene.

4.4 Grades Available and Cost

It is generally required to use solvents of high grade
quality, to minimize the presence of impurities in the
�nal extract, especially as they will be concentrated
in case of further concentration step. Of course, the
higher the quality standard of the solvent is, the
higher the cost will be.

5 EXTRACTION TECHNIQUES FOR PLANT
MATERIALS

Numerous techniques can be used to extract com-
pounds from plant materials as illustrated in Figure 9.
Most of them operate with batch systems, where the
entire sample material is loaded into the extraction
device. Then, depending on the system, the sam-
ple and extracting phase are brought into contact
under either static or dynamic conditions (in the lat-
ter case, the extractant generally �ushes continuously
through the sample with a �xed �ow rate) (Hyötyläi-
nen, 2009).

Basically, one can distinguish the so-calledtradi-
tional techniques, which have been used for years;
they afford simple and low cost equipment; how-
ever, on the other hand, they are generally time- and
solvent-consuming, with sometimes lower extraction
ef�ciency than recent extraction techniques. The lat-
ter refers to techniques that have appeared in recent
20 years, with a view of reducing both the time
and the solvent volume required for the extraction,
along with providing similar or even higher ef�-
ciency (Kaufmann and Christen, 2002). A gain in
capability to automation has also been observed with
these recent techniques developed as discussed later.
For illustration, see the reviews related to extraction
methods for botanicals and herbal preparations (Ong,
2004) as well as advances in extraction of nutraceuti-
cals from plants (Wang and Weller, 2006), and tech-
niques dedicated to pesticide extraction from cereals
and derivatives or iso�avones from soybeans and soy
foods (González-Curbeloet al., 2012; Parejaet al.,
2011; Rostagnoet al., 2009).

One major point lies also in the need to cleanup
complex extracts recovered. For that purpose, several
techniques may be used, such as the traditional LLE
or the more recent SPE (Romaniket al., 2007). As
the aim of this chapter is to focus on the extraction
stage for plant materials, techniques dedicated to the
cleanup are not presented here.
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Plant materials

Maceration
Infusion or decoction
Percolation
Distillation
Soxhlet
Ultrasound-assisted extraction (USE)
Headspace-based techniques

Supercritical fluid extraction (SFE)
Pressurized liquid extraction (PLE)
Microwave-assisted extraction (MAE)
Solid-phase microextraction (SPME)
Stir-bar sorptive extraction (SBSE)
Matrix solid-phase dispersion (MSPD)
QuEChERS

Traditional extraction techniques

Recent extraction techniques

Figure 9 Traditional and recent extraction techniques available for plant materials.

5.1 Traditional Extraction Techniques

5.1.1 Maceration

Maceration is the simplest extraction technique ded-
icated to plant materials. After grinding, the plant
sample is put in contact with the extracting solvent,
and allowed to stand for hours or days for equilibra-
tion under ambient temperature. Shaking the vessel
can be performed a few times over the extraction
stage, to facilitate the process; placing the vessel on a
heat source (such as a heating plate or steam bath) can
also improve the extraction as observed for extracting
phenolics from buckwheat herb (Hinneburg and Neu-
bert, 2005), or pesticides (i.e., paraquat and diquat)
from cereals (Kolberget al., 2012).

This technique remains long and is not very ef�-
cient for extracting compounds that are tightly bound
to the matrix or those that are contained in tissue
cells; besides, it requires a further �ltration or cen-
trifugation step to separate the extract from the sam-
ple matrix. Consequently, its use remains today lim-
ited to particular applications; its mild conditions
are suitable for volatile and thermally labile com-
pounds. It remains particularly used for extracting
phenolic compounds or antioxidants from plant mate-
rials, using, for example, dichloromethane, ethanol,
methanol, or methanol/water mixture as the solvent

(Li et al., 2007; Teixeira and da Costa, 2005).
Its application has been also recently reported for
extracting cyclotides from plants with hydroalcoholic
solutions (Yeshaket al., 2012).

5.1.2 Infusion or Decoction

Extraction with hot water is calledinfusionor decoc-
tion depending on the implementation. In infusion,
water (boiling or cold) is added to the milled sam-
ple; in decoction, the sample is boiled in water for
15…30 min. These are the traditional extraction meth-
ods for medicinal herbs or tea, for example; the
extracts are further directly consumed by humans. As
an example, decoction was found ef�cient in extract-
ing antioxidants from several medicinal plants (Li
et al., 2007).

5.1.3 Percolation

In percolation, the sample matrix is poured into a
conic �ask; the extraction solvent is further perco-
lated through the matrix bed. A daily domestic illus-
tration is the �lter coffee preparation. In practice, �ne
powders and plants may swell, thereby resulting in
clogging of the system.
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5.1.4 Distillation

Distillation can be conducted either directly on the
plant material or after water addition; it is dedi-
cated to essential oil extraction. The sample, mixed
or not with water, is submitted to direct heating or
to water steam. The resulting vapors are cooled and
collected in a separator, where essential oil separates
from water. Most of the time, the crude oil obtained
requires further distillation for cleanup. Hydrodistil-
lation is the most usual method for the determina-
tion of essential oil (indeed, the essential oil of a
plant is internationally de�ned as the volatile frac-
tion of the plant obtained by hydrodistillation, steam
distillation, dry distillation, or a suitable mechanical
process without heating plant materials); its applica-
tion to phytochemicals has been recently reviewed
(Zhaoet al., 2011). This technique presents several
drawbacks. Firstly, it is time consuming (e.g., 3 h).
In addition, its use for the determination of aroma
compounds composition has been criticized because
of transformation of aroma-active compounds due to
heating, steam, or pH. Besides, nonvolatile aroma
compounds are not extracted, and highly volatile and
water-soluble compounds can get lost (Orme�noet al.,
2011; Richter and Schellenberg, 2007).

5.1.5 Soxhlet

The Soxhlet extractor is one of the oldest systems;
it was conceived in 1879 by Franz von Soxhlet for
the extraction of fats from milk (Luque de Castro
and Priego-Capote, 2010). Basically, it consists of a
porous cellulose cell (also calleda thimble) where
the solid sample is placed (after being previously
ground); this cell being further put into the extractor
made of glass (i.e., the thimble holder). The organic
solvent, placed in a �ask at the bottom of the extrac-
tion chamber, is heated up to its boiling point; its
vapors �ow in a lateral tube, before being condensed
at the top of the extractor. That way, the liquid sol-
vent progressively �lls the thimble, being in contact
with the solid sample for extraction. Once the extrac-
tor is almost �lled by the condensed solvent, a siphon
aspirates all the liquid present in the thimble-holder,
allowing its return to the �ask at the bottom. Indeed,
the main feature of this system is the recycle of the
extracting solvent over time, avoiding possible sat-
uration of the solvent during the maceration step as

classically observed upon simple contact between
the sample matrix and the solvent, and displacing
transfer equilibrium so that high extraction yield is
expected. That way, the extraction proceeds as a
batch process with discontinuous solvent infusion:
static extraction when the liquid �lls the thimble,
along with recirculation of the solvent through all the
process.

Despite severe drawbacks (no stirring, long extrac-
tion times … several hours, large solvent volumes,
lack of selectivity, and possible degradation of
extracted solutes due to long heating at the boiling
point of the solvent), Soxhlet extraction is still
frequently used in many applications (such as the
extraction of natural antioxidants from plant mate-
rials) because of its simplicity. One key point is
that the system can be left unattended, and multiple
extractions can be simultaneous performed using
several systems.

Developments have been proposed in recent years
to overcome some of the main drawbacks of the
classical Soxhlet; they are deeply discussed in a
recent review (Luque de Castro and Priego-Capote,
2010). Brie�y commercial systems have appeared
that enable heating of the extraction chamber in order
to speed the extraction process, either by conven-
tional heating (in the Soxtec system) or by microwave
heating (in open-vessels microwave-assisted extrac-
tion systems). However, such systems increase the
equipment cost and reduce the �exibility of the
Soxhlet, so that the classical system remains fre-
quently used.

5.1.6 Ultrasound-Assisted Extraction

Ultrasounds are acoustic vibrations with frequen-
cies above 20 kHz; their use for assisting extrac-
tion started in the 1950s. Extraction assisted by
ultrasounds (also calledsonication) consists basi-
cally of performing maceration under energetic con-
ditions that enhance diffusion and disruption of
solute…matrix interactions. Vibrations are transmit-
ted through the liquid and bubbles with negative pres-
sures are formed (phenomenon calledcavitation);
their implosion creates high pressures and tempera-
tures locally in the system (Bendichoet al., 2012).
In practice, two types of systems can be used: either
the ultrasonic bath or the ultrasonic probe. Both sys-
tems are ef�cient, with their own drawbacks (Ramos,
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2012). Baths are more widely used, but they face a
lack of uniformity of the distribution of ultrasound
energy along with a decline of power over time.
Probes ensure energy to be focused on a localized
sample zone, so that cavitation is more ef�cient;
on the other hand, the large amount of heat gen-
erated requires cooling of the vessel, and volatiles
may be lost under such conditions. Reactors designed
for industrial-scale applications have also appeared
(Vilkhu et al., 2008; Vinatoru, 2001).

Ultrasounds may exert several effects on plant cell
walls as observed using microscopic examination
(Huie, 2002; Shirsathet al., 2012; Tomaet al.,
2001; Vilkhu et al., 2008; Vinatoru, 2001): (i) they
can destroy the thin skin of external glands, thus
facilitating release of their content (e.g., essential
oil) into the solvent and (ii) they cause enlargement
of the cell wall because of a better swelling and
hydration of plant materials, so that mass transfer is
improved.

Ultrasound-assisted extraction (USE) has been
reported for several compounds from plant materi-
als, such as phenolic compounds, antioxidants, oils,
proteins, fats, polysaccharides, dyes and pigments,
saponins, and medicines (Shirsathet al., 2012;
Vilkhu et al., 2008). For example, USE has been
recently reported to offer a signi�cant (13…100%)
improvement in dye extraction ef�ciency from plant
materials as compared to magnetic stirring at 45� C
(Sivakumaret al., 2011). However, as temperature
increases can be high locally, especially with probe
sonication, USE may cause decomposition or oxi-
dation of compounds (Bendichoet al., 2012). In
addition, a single extraction is generally insuf�cient
for achieving quantitative extractions, so that suc-
cessive extractions are generally performed; this
induces consumption of large solvent volumes and
diluted extracts. In practice, variations in extraction
yield have been observed as a result of differences in
plant structure, rheology, or composition.

In recent years, several developments have been
reported, and a gain in interest toward the use of USE
can be noted as recently reviewed for natural products
(Shirsathet al., 2012).

5.1.7 Headspace-Based Techniques

When volatile compounds are the sole compounds of
interest (e.g., essential oil), the use of HS techniques

is highly recommended because of their selectivity
toward such compounds. Several systems exist. The
most common are mentioned below; for better detail
about strategies for volatile compounds, seeAnalyt-
ical Strategies for Multipurpose studies of a plant
volatile fraction.

The simplest operates under static conditions and is
called •HSŽ; it is most of the time directly coupled to
a gas chromatograph for analytical purposes, to avoid
delicate handling of gaseous phases. HS is nonquan-
titative in nature, as volatile extraction is limited by
solute partitioning between the sample and the HS.
Other systems operate under dynamic conditions that
allow a better extraction of volatiles; in that case, the
sample HS is continuously �ushed with an inert gas
and entrained out of the sample vial through a sorbent
bed where the extracted volatiles are retained (some-
times cooling the trap is necessary to retain highly
volatile compounds). Then, volatiles are recovered
from the sorbent bed by thermal desorption. Contin-
uous �ushing of the solutes favors the volatile par-
titioning in the gaseous phase, so that quantitative
extraction may be obtained in some cases.

5.2 Recent Extraction Techniques

The traditional techniques face now severe compe-
tition because of the development of new extraction
techniques over recent 20 years, such as supercritical
�uid extraction (SFE), pressurized liquid extraction
(PLE), and microwave-assisted extraction (MAE)
(Camel, 2001, 2002; Dean and Xiong, 2000; Huie,
2002). As extraction of solids is mainly limited by
diffusion processes, such techniques have merged
with a view of speeding up the diffusion step, along
with reducing the solvent volumes used because of
their cost and toxicity. As the extraction tempera-
ture is a crucial parameter in diffusion, these recent
techniques afford the opportunity of elevated tem-
peratures. In that way, rapid and ef�cient extractions
can be performed, because of enhanced solubilities,
higher diffusion coef�cients, lower viscosities, and
better desorption of the solutes from the matrix (when
solutes are stable under high temperatures).

5.2.1 Supercritical Fluid Extraction

The �rst technique that merged is SFE; its develop-
ment occurred in the late 1980s. Its particularity lies
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in the use of an extractant being in its supercritical
state, which means that both pressure and temper-
ature are above their critical values for this extrac-
tant. Supercritical �uids possess unique properties,
intermediate between those of gas and liquids, which
depend on the pressure, temperature, and composi-
tion of the �uid (Sairamet al., 2012). In particu-
lar, their viscosity is lower than those of liquids, and
the diffusion coef�cients are higher, enabling more
ef�cient extractions. Besides, the density (and there-
fore the solvent power of the �uid) may be adjusted
by varying both the pressure and the temperature,
affording the opportunity of theoretically performing
highly selective extractions as mentioned earlier. For
deeper details about this technique, seeSupercritical
Fluid Extraction .

SFE proceeds with batch systems functioning in
either static or dynamic modes (frequently mixed
modes are used: an initial static phase is followed
by a dynamic phase). Isolation of the extracted
solutes is easily obtained upon depressurization of
the �uid (but in some cases, restrictor clogging may
occur, especially when fresh plant materials are used
because of ice formation). With the use of carbon
dioxide, the deleterious effects (i.e., cost, toxicity,
and environmental concern) of organic solvents can
be minimized or even avoided. SFE also affords the
possibility of fractionating the extract.

Several reviews detail this technique and its appli-
cations, especially related to plant materials (Fornari
et al., 2012; Lang and Wai, 2001; Sovová, 2012b).
Despite unique selectivity of supercritical �uids and
major advantages of this technique, SFE has faced
severe competition of other recent techniques over
years, mainly because of the high dependence of
the extraction conditions with the sample, leading
to fastidious optimization procedures and dif�culty
when using this technique routinely; the relatively
high investment costs associated with the high pres-
sure process are also responsible for this limited
use of SFE. Nevertheless, SFE is still widely used
for particular applications related to plant materi-
als (such as extraction of essential oils or bioactive
compounds) (Fornariet al., 2012; Huie, 2002; Pour-
mortazavi and Hajimirsadeghi, 2007), especially as
this technique is suitable for industrial scale and as
manufacturing costs may be competitive (Meireles,
2003). For example, nowadays industrial processes
using supercritical CO2 are used to produce decaf-
feinated coffee beans and tea leaves or hop extracts.
In addition, SFE offers unique selectivity and avoids

degradation of extracted solutes because of moderate
temperature and absence of exposure to atmospheric
oxygen.

5.2.2 Pressurized Liquid Extraction

The limits of SFE, especially the use of mainly
carbon dioxide as the supercritical �uid, thereby hin-
dering the simple transposition of classical extrac-
tion methods using organic solvents, has put forward
the development of a new technique capable of per-
forming extraction under high temperature but still
using classical organic solvents: the PLE, also called
pressurized solvent extraction(PSE). This technique
has merged in 1995, and was developed by the
Dionex Corporation under the trademarked name of
its commercial systems: accelerated solvent extrac-
tion (ASE) (Camel, 2001; Kaufmann and Christen,
2002).

Commercial PLE systems operate under batch con-
ditions and static extractions. The sample is placed
into a sealed container (with frits at both ends, ensur-
ing the solid matrix to stay in the cell), and the liquid
solvent is pumped in the cell to �ll the void volume. In
such systems, classical organic solvents can be used
under moderate to high temperatures (up to 200� C);
the liquid state is maintained under elevated temper-
atures upon application of a moderate pressure. With
commercially available systems, extractions are per-
formed in static mode only; yet, some SFE systems
have been adapted to be used with solvents, enabling
PLE to be performed in dynamic mode (Santoset al.,
2011).

Optimization of extraction conditions is facilitated
as compared to SFE as organic solvents recom-
mended in traditional techniques may be most of
the time used and pressure has a low in�uence. In
addition, developed systems offer a high level of
automation. Yet, only one extraction at a time can be
conducted, as in the case for SFE.

Application of PLE to organic contaminants and
bioactive and nutritional compounds from plant ori-
gin food has been recently reviewed (Mustafa and
Turner, 2011; Sunet al., 2012). Dispersion of the
sample matrix in a drying or inert sorbent (such as
sodium sulfate or diatomaceous earth) is frequently
performed before packing the resulting mixture in
the extraction cell in order to prevent aggrega-
tion of particles or channel formation; for example,
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diatomaceous earth has been recently reported for
PLE of iso�avones from pulses (Delgado-Zamarreño
et al., 2012), and glass beads for alkaloids from
Macleaya microcarpaFedde (Urbanováet al., 2012).
Adding a sorbent layer just after the sample layer in
the cell may ensurein situcleanup as reported for the
extraction of polyhalogenated pollutants from plants
(Pérezet al., 2013).

Compared to traditional extraction techniques, PLE
offers similar (or even higher) extraction yields,
with savings in time (5…15 min classically) and
solvent volumes as reported for medicinal plants
(Benthin et al., 1999). In addition, the setup of
PLE equipment provides protection for oxygen-
and light-sensitive compounds; on the other hand,
thermolabile compounds may suffer from elevated
extraction temperature in some cases (Urbanová
et al., 2012). For deeper details about this technique,
seeNew Trends in Extraction of Natural Products:
Microwave-Assisted Extraction and Pressurized
Liquid Extraction .

5.2.3 Microwave-Assisted Extraction

MAE merged in the late 1980s (Kaufmann and
Christen, 2002). Instead of heating the extracting
solvent by traditional convection as performed in
classical maceration, the novelty here lies in the
use of microwaves. Microwaves are electromagnetic
radiations with a frequency from 0.3 to 300 GHz;
microwave sources for extraction systems typically
operate at 2.45 GHz. For the microwave irradiation
to be absorbed, polar compounds must be present;
this can be either the solvent or the water content
of the sample depending on the application. This
results in a very fast and ef�cient heating of either
the solvent or the sample depending on their nature,
owing to the particular effects of microwaves on mat-
ter (namely dipole rotation and ionic conductance)
(Camel, 2000).

Several MAE systems have been proposed (Camel,
2001; Dean and Xiong, 2000). With open vessels,
a system was developed that was quite similar to a
Soxhlet assisted by microwaves (Luque de Castro and
Priego-Capote, 2010). When open vessels are used,
solvents with low dielectric constants (i.e., essen-
tially microwave-transparent) are generally preferred
to avoid high temperatures, so that extraction condi-
tions are rather mild; that way, extraction of thermally

labile compounds may be possible. On the opposite,
with closed vessels, solvents with high dielectric con-
stants are preferred that therefore absorb microwave
radiations (vessel material is mostly Te�on, which is
transparent to microwaves); under such conditions,
samples are submitted to elevated temperatures and
pressures. Therefore, in such systems, the principle is
quite similar to the one of PLE, as the pressure inside
the vessels ensures that the solvent remains in its
liquid state as the temperature is elevated. Commer-
cially available closed-vessel systems (pressurized
MAE) are interesting as they afford the opportunity
of performing several simultaneous extractions; how-
ever, after extraction, a delay is necessary for the
pressure and temperature to decrease in the vessel
before opening it. Apart from increasing the total
time, this step can result in readsorption of extracted
analytes onto the sample matrix. Besides, further �l-
tration is required to obtain the �nal extract.

MAE faces a great interest for extracting plant
materials, especially as the water content of the
sample ensures rapid ef�cient heating (Kaufmann
and Christen, 2002). Then, superheating inside the
plant cells causes liquid vaporization within the cells,
which may disrupt the cell walls and/or plasma mem-
branes. That way, the mass transfer of plant com-
pounds (especially plant secondary metabolites) into
solvent as well as of solvent into plant materials
is facilitated, allowing ef�cient extraction. However,
thermo- or oxygen-sensitive compounds can undergo
degradation or oxidation under classical MAE condi-
tions; vacuum MAE has been recently developed to
ensure extraction of sensitive analytes as illustrated
with auxin from plants (Huet al., 2011).

The use of MAE for plant active ingredients, such
as secondary metabolites (e.g., �avonoids, quinones,
and terpenoids), has been recently reviewed (Chan
et al., 2011; Zhanget al., 2011). MAE faces
the advantage of being quite adaptable to pilot
scale, even though industrial-scale applications
remain limited. For more details about MAE, see
New Trends in Extraction of Natural Products:
Microwave-Assisted Extraction and Pressurized
Liquid Extraction .

5.2.4 Solid-Phase Microextraction

Solid-phase microextraction (SPME) is a real non-
solvent technique, very simple and convenient to
use, introduced by Pawliszyn in the early 1990s. A
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capillary �ber, covered with a polymeric phase, is
put into the sample or its HS, and the solutes partition
between the sample and the phase. Desorption into
a gas chromatograph injector enables analysis of the
solutes. Hence, SPME is a real nonsolvent extraction
technique, offering an elevated sensitivity as it avoids
dilution of the extracted solutes by a solvent. How-
ever, as it lies on partitioning, this technique requires
careful calibration if quantitative informations are
expected.

As plant materials are mainly solids, SPME
is mainly conducted under headspace mode
(HS-SPME) (Stashenko and Martínez, 2007);
several applications for medicinal plants have
been reported (Huie, 2002). Ef�cient screening of
essential oil from aromatic plants, as well as of
biogenic volatile organic compounds from plants,
were achieved using this technique (Orme�no et al.,
2011; Richter and Schellenberg, 2007); odor-active
compounds have been also ef�ciently extracted from
fenugreek, this technique offering an extract with an
odor very similar to that of the genuine fenugreek
seeds (Mebazaaet al., 2009). Recent developments
have also reported possiblein vivo sampling using
SPME, avoiding tedious sampling and pre-treatment
steps (Bojkoet al., 2012; Matamoroset al., 2012;
Musteata and Pawliszyn, 2007). In that case, the
�ber must be biocompatible to ensure that (i) �ber
materials do not generate undesirable local or sys-
temic reactions within the biological matrix under
study and (ii) macromolecules do not adhere. As
the SPME �ber extracts only a negligible fraction
of the analyte, disturbance of the native chemi-
cal equilibrium is minimized; that way, it allows
the measurement of analyte concentrations under
real physiological conditions. The measurement
of emerging organic contaminants within an onion
bulb has been recently reported using C18 silica
�bers (Matamoroset al., 2012). Such developments
are promising for metabolomic studies as recently
reviewed (Bojkoet al., 2012).

Further details about SPME are presented in
Solid-Phase Microextraction (SPME) and Its
Application to Natural Products.

5.2.5 Stir-Bar Sorptive Extraction

Stir-bar sorptive extraction (SBSE) can be consid-
ered to be a variant of SPME as a stir-bar covered
with a polymeric phase is put into the sample, and

partitioning of the solutes enables their extraction;
analysis is further performed after thermal desorp-
tion (or sometimes upon dissolution in a low solvent
volume) (David and Sandra, 2007). As compared to
SPME, this technique affords a higher phase volume,
enabling higher extraction yields (Duanet al., 2011).
This low cost and simple technique is mostly dedi-
cated to liquid samples; hence, it has been used as
a cleanup technique of solid extracts in recent years.
However, headspace mode (HS-SBSE) has also been
reported for solid samples, especially plant materi-
als such as coffee, grapes, or tobacco as recently
reviewed (Prietoet al., 2010).

5.2.6 Matrix Solid-Phase Dispersion

Matrix solid-phase dispersion (MSPD) is a patented
process that was proposed in 1989 (Barker, 2007;
Capriotti et al., 2010). This technique is based on
the manual blending of the matrix (solid, semi-solid,
or viscous samples) with an abrasive solid support
material that allows the mechanical disruption of
the matrix structure. The resulting homogenized
mixture is then packed in an empty syringe barrel
SPE column, and �ushed with a solvent that will
ensure elution of compounds of interest; as in SPE,
a previous solvent washing can be carried out to
remove interfering compounds less retained on the
sorbent (Ramos, 2012).

The ef�ciency of MSPD depends on the type and
quantity of the solid support, the sample quantity
(a sample/solid support ratio of 1 : 4 is common;
however, it should be optimized), and the eluotropic
strength and volume of the elution solvent. Com-
mon solid supports used in MSPD are modi�ed sil-
ica, mostly octadecyl-bonded (C18) silica. Extraction
of pesticides or phenolic compounds (i.e., phenolic
acids and iso�avonoids) from plant materials have
been reported in recent years with this support. Sea
sand was reported to be more ef�cient for extract-
ing phenolic compounds (�avanones and xanthones)
from the root bark ofM. pomiferaC.K. Schneid.,
probably owing to a more effective disruption of
the plant cells with this material; when compared to
maceration, smaller solvent amounts and less sam-
ple preparation time were required, still enabling
higher yields to be obtained (Teixeira and da Costa,
2005). Polar supports, such as Florisil or alumina,
were also reported to be ef�cient for plant materials,
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especially as they afford the preferential adsorption
of polar plant components (such as pigments and
chlorophylls), allowing the removal of these interfer-
ing compounds from the �nal extract (Abhilashet al.,
2007).

This extraction technique affords simplicity, rapid-
ity, �exibility, and low solvent consumption without
any costly investment required; in addition, extrac-
tion and cleanup can be performed in one single step
by placing an extra sorbent layer at the bottom of the
MPSD cartridge. For all these reasons, this technique
has faced growing applications in recent few years
as recently reviewed (Barker, 2007; Bogialli and Di
Corcia, 2007; Capriottiet al., 2010; Garcia-Lopez
et al., 2008). Yet, it is performed under room tem-
perature and atmospheric pressure conditions, which
may be inappropriate in some applications for quan-
titative extraction of solutes. In addition, this tech-
nique cannot be completely automated as it requires
the blending in a mortar with a pestle by an operator.

5.2.7 QuEChERS

The QuEChERS (Quick, Easy, Cheap, Rugged,
Effective, and Safe) method was introduced in 2003
for the extraction of pesticides from fruits and veg-
etables (Matamoroset al., 2012). Practically, it is not
a new technique, but rather a new detailed procedure
involving several sample treatment stages based on
micro-scale solvent extraction followed by cleanup
using dispersive SPE (d-SPE) (Feniket al., 2011;
Wilkowska and Biziuk, 2011). After shaking the
sample with the solvent (acetonitrile in the original
method developed), magnesium sulfate is added to

promote water separation from the organic solvent. A
subsequent treatment with a primary and secondary
amine sorbent ensures the removal of polar plant
compounds (such as organic acids, sugars, and pig-
ments); others protocols include sample shaking with
graphitized carbon black to remove plant compounds
such as sterols and pigments.

Owing to its simplicity and rapidity, the QuECh-
ERS method has been adapted for numerous
pesticides and other contaminants from fruits
and vegetables as well as fatty plant matrices (e.g.,
olives and olive oil) (Camino-Sánchezet al., 2011;
Gilbert-Lópezet al., 2009; Wilkowska and Biziuk,
2011). It seems appropriate to be used for screening
purposes in combination with chromatographic
techniques coupled to high resolution mass spec-
trometry (Cerveraet al., 2012). However, it suffers
from a lack of automation.

5.3 Keys for Choosing the More Appropriate
Technique

Ideally, an extraction method should be rapid, sim-
ple, and inexpensive (both low investment and low
functioning costs), achieving quantitative recovery
for solutes of interest (i.e., no loss nor degradation),
being in addition highly selective when target
approach is considered (i.e., no interfering com-
pounds co-extracted) and providing a �nal extract
suf�ciently concentrated to enable solutes to be
further measured without any concentration step;
�nally, the method should generate little or no lab-
oratory wastes, and be integrated to automation. In
reality, all techniques available present advantages
and drawbacks as summarized in Table 2.

Table 2 Comparison of main extraction techniques for compounds from solid plant materials.

Soxhlet USE SFE PLE MAE HS-SPME MSPD

Sample size (g) 5…100 1…30 1…10 5…50 1…20 0.5…10 0.5…10
Extraction time 6…48 h 3…45 min 10…60 min 5…40 min 5…40 min 15…90 min 2…20 min
Solvent consumption (mL) 150…500 10…100 2…30 15…60 10…60 0…1 1…5
Method development Simple Simple Complex Simple Simple Simple Simple
Selectivity Very low Low High Low Low Moderate Moderate
In situcleanup available No No Yes Yes No No Yes
Filtration or centrifugation required No Yes No No Yes No No
Operator skill Low Moderate High Moderate Moderate Moderate Moderate
Level of automation Low Moderate High High Moderate Moderate Very low
Cost of instrumentation Very low Low High High Moderate Low Very low
Cost per analysis Moderate Low Moderate Moderate Low Low Moderate

Source: Data adapted from Camel (2001), Dean and Xiong (2000), Hyötyläinen (2009), and Nyiredy (2004).



EXTRACTION METHODOLOGIES: GENERAL INTRODUCTION 37

Some guiding principles can be given to help
choosing a technique. As far as volatile compounds
are concerned, HS-based extractions with HS-SPME
or HS-SBSE should be recommended as they avoid or
minimize the use of solvent, and afford high sensitiv-
ity and selectivity toward such compounds. In case of
non- or semi-volatile compounds tightly bound to the
matrix, PLE or Soxhlet techniques should be recom-
mended, especially the former owing to its rapidity
and lower solvent consumption; in addition, elevated
pressure in PLE may force the solvent inside the
sample, being bene�cial to the extraction. SFE can
also be used, but organic solvent along with ele-
vated temperature will be required to ensure ef�cient
extraction of such retained compounds. SFE is best
suited to selective extraction of thermolabile com-
pounds (Camel, 2001). For solutes trapped in plant
cells, USE and MAE are very convenient, as the

strong energy delivered disrupts cells and releases the
solutes. Partial disruption can also be achieved using
MSPD; this technique offers simple and rapid meth-
ods, with low solvent volumes. On the other hand, it
requires much manual handling of the sample, pre-
venting any automation.

The choice of the extraction technique is of prime
importance as it will affect not only the time and cost
required to obtain the extract but also the quality of
the extract. In recent 20 years, traditional techniques
have been replaced by recent techniques in a great
part for extracting plant materials as illustrated by
Figure 10. Among the latter, SFE, MAE, PLE, and
SPME are widely used.

It clearly appears that no universal technique for
all types of samples and analytes exists. In prac-
tice, the best extraction technique will depend on
the application considered, especially the nature of
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Figure 11 Ef�ciency (expressed in amount) of caffeine extraction from powdered green tea leaves depending on the techniques used.
(Source: Data from Dawidowicz and Wianowska (2005).)

compounds of interest as well the nature of the
sample matrix. As an example, several techniques
were compared in the case of caffeine from pow-
dered green tea leaves (Dawidowicz and Wianowska,
2005). As illustrated in Figure 11, caffeine amounts
extracted varied greatly depending on the technique
used. Even though the extraction of caffeine from
powdered tea leaves is expected to be easy (owing to
low solute…matrix interactions), elevated pressure in
PLE as well in MAE hindered the extraction, possi-
bly by squeezing the soft tea matrix, thereby making
the diffusion of caffeine from the inside to the outside
of the matrix dif�cult or preventing penetration of the
inner matrix by the extractant.

6 FUTURE TRENDS: TOWARD GREEN
CHEMISTRY

Several developments have been made in recent years
to minimize or completely avoid the use of solvents
in the extraction step, to ful�ll the requirements of
green chemistry (Tobiszewskiet al., 2009). In addi-
tion, consumption of energy has been considerably
reduced. Besides, there is a growing interest in the use
of •generally recognize as safeŽ (GRAS) solvents,
such as carbon dioxide, water, or ethanol, especially

owing to severe regulation of solvent residues in com-
pounds or products extracted from plant materials,
especially for medical and food applications. The use
of enzymes to enhance extraction is also more and
more considered. Finally, the combination of tech-
niques is increasing to bene�t from all advantages of
those techniques.

6.1 Solvent-Free Microwave Extraction

Solvent-free microwave extraction (SFME) has been
proposed to recover essential oil from aromatic plants
(Chanet al., 2011; Navarreteet al., 2012). Its prin-
ciple is very simple: the plant material (sometimes
water pre-treated) is placed in an open microwave
reactor, without adding any water or solvent. The
internal heating of water present in the plant mate-
rials allows heating of the sample; this distends
the plant cells and leads to rupture of the glands
and oleiferous receptacles, thereby releasing essen-
tial oil that is evaporated by thein situ water of
the plant material. In cases of dried plant materials,
a microwave-absorbing medium (e.g., iron carbonyl
powder, graphite powder, or active carbon powder)
can be added to the sample (Wanget al., 2006). A
cooling system placed outside the microwave oven
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ensures condensation of the distillate continuously.
As with hydrodistillation, the extraction temperature
is equal to the boiling point of the water (100� C).
However, reaching this temperature is much more
rapid with SFME (only 5 min) than with hydrodis-
tillation (near 90 min); consequently, the energy con-
sumption is lowered (0.25 kWh instead of 4.5 kWh)
(Lucchesi et al., 2004). In addition, composition
of extract obtained differs between these two tech-
niques; higher amounts of oxygenated compounds
(highly odoriferous, thus most valuable) and lower
amounts of monoterpenes hydrocarbons (less valu-
able) were reported in essential oils obtained with
SFME as compared to hydrodistillation. It was sus-
pected to be related to the much lower water con-
tent and time required for SFME, thereby reducing
thermal and hydrolytic effects that are commonly
observed with polar water as the solvent (Lucchesi
et al., 2004).

6.2 Use of GRAS Solvents

Owing to the increasing concern about the quality and
safety of plant-derived products and the stricter reg-
ulations about the residual level of solvents, the use
of supercritical �uids (especially CO2) has merged
in recent years. As an illustration, SFE has been
recently reported to allow the extraction of free amino
acids from broccoli leaves using CO2 modi�ed with
35% methanol (i.e., operating in subcritical state),
with reduced solvent consumption and time as com-
pared to classical solvent extraction (Arnáizet al.,
2012). Supercritical CO2 offers a green alternative to
classical organic solvents for extracting lycopene as
recently reviewed (Zukniket al., 2012). There is also
great interest in using water as an extractant in what
is calledpressurized hot water extraction(PHWE)
or subcritical water extraction(SWE) (Mustafa and
Turner, 2011); indeed, as water is highly corrosive
under supercritical state, subcritical state is preferred
for extraction purposes (Kritzer, 2004). SWE is car-
ried out using hot water (100…374� C, i.e., below its
critical temperature) under high pressure (from 10
to 60 bar classically) to maintain water in the liq-
uid state. Interestingly, while water at room temper-
ature is a highly polar solvent, its polarity decreases
as the temperature is elevated, so that medium and
low polarity compounds may also be extracted under
such conditions (Carret al., 2011). This technique

has been recently reviewed (Kronholmet al., 2007;
Teo et al., 2010). Application of SFE and SWE to
functional ingredients (especially antioxidants) from
different natural sources (such as plants) has also
been recently reviewed (Carret al., 2011; Herrero
et al., 2006; Onget al., 2006). For example, SWE was
found ef�cient for extracting stevioside sweetener
from Stevia rebaudianaBertoni (Pólet al., 2007).
SWE has been also reported as a useful alternative
technique for the extraction of essential oils as com-
pared to traditional techniques (steam distillation and
Soxhlet), as it avoids loss and degradation of volatile
and thermolabile compounds because of rapid extrac-
tion times and low working temperatures (Ozel and
Kaymaz, 2004). However, owing to the elevated tem-
peratures used, undesirable compounds may be pro-
duced de novo when using SWE (such as Maillard
reaction products).

Other environmentally compatible solvents have
been recently used for plant material extraction,
such as surfactants (e.g., nonionic Genapol X-080
or anionic Triton X-100) in USE, MAE, or PLE
of medicinal herbs (Mustafa and Turner, 2011;
Ong, 2004; Tanget al., 2009); the use of sur-
factants in extraction has been recently reviewed
(Ballesteros-Gómezet al., 2010; Rodríguezet al.,
2008). Ionic liquids also face a growing interest
because of their interesting and unique properties
(Tobiszewskiet al., 2009); as an example, their use in
MAE ef�ciently extracted alkaloids from medicinal
herbs, owing to their excellent microwave-absorbing
ability (Tang et al., 2009). Polyethylene glycol
has also been reported as a valuable green sol-
vent in MAE from medicinal plants (Zhouet al.,
2011).

6.3 Enzyme-Assisted Extraction

Use of enzymes in extracting plant materials is of
great interest as enzymes are capable of degrad-
ing or disrupting cell walls and membranes, thus
enabling better release and ef�cient extraction of
solutes. Hence, enzymes are most of the time used
as a matrix treatment before the extraction stage as
reported for phenols from grape skins (Pineloet al.,
2006); ultrasounds may improve the enzyme action
(Bermejo et al., 2004; Chenet al., 2012). Faster
extraction, higher ef�ciency, lower solvent volumes,
and lower energy consumption have been reported
using enzyme treatment.
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For a proper use of enzymes, it is crucial to know
their catalytic property and mode of action, their opti-
mal conditions, and also the nature and structure of
the plant material. Indeed, various enzymes (e.g., cel-
lulases and pectinases) have been used to enhance
extraction from plants as recently reviewed (Puri
et al., 2012). Yet, at present time, their use for indus-
trial scale is precluded because of their expensive cost
and their susceptibility to environmental conditions
that may be different on pilot scale as compared to
analytical scale.

6.4 Hyphenation or Combination of
Extraction Techniques

In recent years, a strategy of combining different
extraction techniques has merged, to take bene�ts
from each technique, with a view of reducing sol-
vent consumption, time, and energy dedicated to the
extraction stage in the context of green chemistry
(Rostagnoet al., 2010). As an example, pre-treating
Aloe barbadensisMill. fresh leaves with SFE (using
CO2) before USE lowered the energy loss as com-
pared to USE (Ivanović et al., 2009). Such strat-
egy should also be considered on an industrial scale
as recently discussed (Wijngaardet al., 2012). Two
approaches can be considered: hyphenation of tech-
niques (i.e., they are sequentially performed) or com-
bination of techniques (i.e., they are integrated into
a single process). It must be pointed out that, when
techniques are combined, the extraction process is
more complex to optimize because of several inter-
acting variables.

In particular, ultrasounds have faced a gain in inter-
est (Bendichoet al., 2012; Shirsathet al., 2012).
Hence, ultrasound-assisted SFE (USFE) has been
reported to enhance extraction as mechanical stir-
ring is impossible in SFE; a bene�cial effect of ultra-
sounds was reported and was attributed to disruption
of the cell structures (Fornariet al., 2012). Similarly,
ultrasound-assisted MAE (UMAE) has been reported
(Chanet al., 2011).

Another combination lies in SFME of plant mate-
rial, for oil extraction, followed by solvent (water or
ethanol) extraction enhanced by either microwaves or
ultrasounds, as recently reported to recover antioxi-
dants from rosemary (Rodríguez-Rojoet al., 2012).
The combination of USE with enzyme treatment
has also been reported, with a bene�cial effect of

ultrasounds toward the enzyme ef�ciency (Shirsath
et al., 2012).

Finally, combination of MSPD with either PLE or
USE has been reported in recent years, and was found
to enhance the extraction ef�ciency and rapidity
(Ramos, 2012).

7 CONCLUSION

The extraction stage remains frequently the criti-
cal part of the analytical scheme, whatever the con-
sidered approach (targeting or pro�ling). Hence,
this step deserves particular attention. As numer-
ous extraction techniques can be used, several fac-
tors need to be considered to choose the best tech-
nique devoted to a speci�c application as detailed in
this chapter. The degree of selectivity expected and
the stability of solutes are particularly important to
assess; the nature of the plant material and the local-
ization of the analytes are also key factors. Extrac-
tion methods should be developed in agreement with
green chemistry principles as far as possible; in addi-
tion, offering a reproducible quality of the extract is
a prerequisite. There is no doubt that hyphenation
or combination of techniques will increase in the
near future as such an approach can afford bene�cial
aspects of the different techniques.
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1 INTRODUCTION

Traditionally, the essential oils and volatile com-
ponents extracted from various plants and herbal
products have been used in the preparation of cos-
metics, foodstuffs, cleaning solutions, fragrance
compounds, herbicides, and insecticide products.
Moreover, essential oils have been used in tra-
ditional medicine since ancient to present time
as diuretic, digestive, expectorant, and sedatives
(Rahimi-Nasrabadiet al., 2009). Furthermore, dur-
ing recent decades, several scienti�c studies have
been carried out on biological properties (such
as antioxidant, antiviral, anti-in�ammatory, and
antibacterial) of essential oils extracted from dif-
ferent plants and herbs (Gholivandet al., 2011,
2012; Rahimi-Nasrabadiet al., 2009, 2012a,
2012b, 2013a, 2013b). Today, essential oils are
widely used in aromatherapic science (as a branch
of medicine that employs the essential oils and
other aromatic compounds for curative effects).
These widespread applications of plant oils caused
introducing various techniques and methods for
effective extraction and isolation of oils from plant
matrices.

Different traditional techniques have been used for
the extraction of essential oils from plant matrix,
that is, steam-distillation, HD, and liquid-solvent

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

extraction (Kerrolaet al., 1994; Luque de Castro
and Garcia-Ayuso, 1998). However, some other new
and effective technologies obtained much attention
in the research and �eld developments for extrac-
tion and isolation of these compounds from raw
materials (Grevenstuket al., 2012; Dandekar and
Gaikaret al., 2002). The results of researches for the
ef�cient extraction of the analytes led to the devel-
opment of modern, fast, and more powerful extrac-
tion techniques (Pourmortazavi and Ghadiri, 2005;
Pourmortazavi and Hajimirsadeghi, 2007). More-
over, essential oil extraction techniques with the goal
of green extraction and separation science are now
available (Pourmortazaviet al., 2004a). SFE using
carbon dioxide is a promising alternative method
that is widely used for the extraction and isolation
of essential oil from plant matrices (Ebrahimzadeh
et al., 2003).

2 PROPERTIES OF SUPERCRITICAL FLUIDS

Supercritical �uids (SCFs) are described as the �u-
ids that are above their critical values of tempera-
ture and pressure. In the supercritical state, only one
�uid phase exists. It has both gas and liquid-like
properties. Under supercritical state, the gases will
not be condensed by increasing pressure. The phase
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Figure 1 A schematic phase diagram for a pure component
including its supercritical �uid (SCF) region; the triple point (T);
and critical point (C) in the phase diagram are marked. The circles
in the �gure represent the variation in density of the substance in
the different regions of the phase diagram. (Source: Cooper (2000).
Reproduced by permission of Royal Society of Chemistry.)

diagram for a pure compound at supercritical condi-
tions is shown in Figure 1.

SCFs possess unique properties. Their solvating
effectiveness could be controlled by small changes
in pressure and temperature. The densities of SCFs
are much greater than those of typical gases and
slightly less than those of the organic liquids. Mean-
while, the values of viscosity for the SCFs are almost
similar to those for typical gases and considerably
less than those of liquids. In other words, the SCFs
possess densities and dissolving capacities similar
to those of certain liquids, whereas their viscosi-
ties are lower and so the SCFs have better diffusion
properties. These properties cause high �uid phase
capacity along with favorable transport properties,
which make SCFs appropriate solvents for the extrac-
tion purposes. Table 1 presents a clearer comparison
among density, viscosity, and diffusivity of the gases,
SCFs, and organic liquids.

Various solvents and gases are available for use as
SCFs, that is, carbon dioxide, ethane, nitrous oxide,
propane, ammonia, �uoroform,n-pentane, sulfur
hexa�uoride, and water. Literature review shows that
among the wide variety of the above-mentioned com-
pounds, carbon dioxide is the mainly used super-
critical solvent. CO2 with Tc of 31.1� C andPc of
7.38 MPa is a cheap, low toxic, in�ammable, envi-
ronmentally friendly, and safe �uid (Bayatet al.,
2012). Supercritical carbon dioxide (SC-CO2) is
also attractive because of its high diffusivity com-
bined with its easily tunable solvating power. In

Table 1 Critical parameters for selected substances.

Substance Tc (� C)a Pc (bar)b � c (g cmŠ3)c

Ar Š122.3 48.5 0.53
CH4 Š82.5 46.4 0.16
C2H6 32.4 48.8 0.20
C2F6 19.9 30.6 0.62
CHF3 26.2 48.5 0.62
CO2 31.1 73.8 0.47
C2H4 10.0 51.2 0.22
SF6 45.6 37.2 0.73
NH3 132.5 112.8 0.24
MeOH 240.6 79.9 0.27
EtOH 243.5 63.8 0.28
C6H6 289.0 48.9 0.30
H2O 374.2 220.5 0.32

a Tc is critical temperature.
b Pc is the critical pressure.
c � c is the corresponded density at the critical pressure and critical
temperature.
Source: Reprinted with permission from Darr J.A., Poliakoff M. 1999.
New directions in inorganic and metal-organic coordination chemistry in
supercritical �uids. Chem Rev 99: 495…541. Copyright 1999 American
Chemical Society.

addition, CO2 at room temperature and pressure is
in gaseous form, which makes the analyte recov-
ery very simple and after extraction process provides
solvent-free analytes. This is an important advantage
for an extraction solvent especially in preparation
of food and natural product samples. In addition,
SFE using CO2, which is performed at low tem-
peratures using a nonoxidant medium, allows the
extraction of thermally labile or easily oxidized ana-
lytes (Pourmortazavi and Hajimirsadeghi, 2007). The
high solvating power of SCFs is the major argu-
ment for laboratories to be interested in developing
SFE methods for routine analyses in their innovative
research. During recent decade, a number of labora-
tories replaced their conventional extraction method-
ologies with SFE-based technologies to minimize the
consumption of organic solvents.

Unfortunately, the application of CO2 as SCF is
somewhat restricted because of its inadequate solvat-
ing power especially for highly polar analytes; how-
ever, this limitation could be paled by the addition of
an appropriate modi�er (Pourmortazavi and Hajimir-
sadeghi, 2005). The addition of relatively small
amounts (less than 10%) of methanol (MeOH) as
modi�er to carbon dioxide considerably expands its
extraction range to include more polar analytes. Fur-
thermore, the modi�ers could reduce the interactions
between analyte and matrix and hence improve the
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quantitative extraction (Yaminiet al., 2002). There
are many literature reviews available that deal with
the basic principles of SFE; some of them are: (Pour-
mortazaviet al., 2014; Brunner, 2005; Pereira and
Meireles, 2010; Zukniket al., 2012; Sahenaet al.,
2009; Mukhopadhyay, 2000; Oliveiraet al., 2011;
Erkey, 2000; Lehotay, 1997; Zougaghet al., 2004).

3 SFE SYSTEM AND EXTRACTION
PROCEDURE

A schematic illustrating the main components of a
typical SFE is shown in Figure 2. A gas cylinder
provides a source of CO2, which is pumped into
the system with either a piston or a syringe-type
pump. When using modi�ed �uids, the piston pumps
are more convenient. Because using these pumps,
changing of modi�er is easier, and the system is
not contaminated by previous solvent. Meanwhile,
the piston pumps allow continuous addition of �uid
into the system; however, a �xed amount of �uid is
provided via a syringe pump. Consequently, more
samples could be extracted consecutively by SFE
when a piston pump is used in the system.

As shown in Figure 2, for the extraction of
analytes polar than pure carbon dioxide, a supple-
mentary modi�er pump is used in the system. The
sample is placed into the extraction vessel. Then,
the vessel is attached to the �uid pass inside a
temperature-controlled oven and heated to desired
temperature, which is above theTc of the extraction
�uid. Another important part of the SFE system is
the restrictor. The restrictor maintains back pressure

in the system by limiting the amount of passing
�uid that caused the supercritical conditions be
maintained. In fact, the restrictor acts as the interface
between the high pressure cell and the laboratory
atmosphere.

The extracts collection system is placed next to
the restrictor. Various collection methods could be
used in SFE systems. Two of most common of ana-
lytes collection systems are solid phase and liquid
solvent (Pourmortazavi and Hajimirsadeghi, 2007).
Usually, the chromatography column packing mate-
rials, that is, octadecyl silica, solid sorbents such as
Tenax and graphite, or inert surfaces such as glass
wool and glass or stainless steel beads are used in
the solid phase collection systems. In order to effec-
tive trapping of extracts, the solid phase trapping
systems are commonly cooled for the collection of
volatile extracted compounds. In the liquid collection
method, the restrictor outlet is immersed directly
into a solvent such as MeOH, ethanol (EtOH),
or dichloromethane. The used solvent for trapping
should be solvated the extracted analytes.

SFE procedure could be carried out by two princi-
pal modes of static and dynamic. In the static extrac-
tion, sample matrix is exposed to a �xed amount
of SC-CO2 for a de�nite time. In contrast, dur-
ing the dynamic extraction, fresh CO2 continuously
passes through the sample matrix. In the most of
SFE experiments, a combination of both static and
dynamic modes is employed. At �rst, a static mode
is used to allow the penetration of SC-CO2 to the
plant matrix and solubilize the analytes, followed
by a dynamic mode that sweeps the analytes from
the extraction vessel, through the restrictor, and into

Modifier pump

Carbon dioxide
pump

Carbon dioxide
cylinder

Extraction
vessel

Extracts
collection
system

Oven

Restrictor

Fluids mixing
system

Figure 2 A typical scheme for supercritical �uid extraction (SFE) system.



46 SAMPLE PREPARATION AND IDENTIFICATION

the collection system. After passing CO2/analytes
through the restrictor, the CO2 decompresses to the
atmospheric pressure and loses its SCF properties
such as solvating power. The analytes therefore are
released into the trapping system.

4 EFFECT OF SFE CONDITIONS

Various parameters such as pressure, temperature,
CO2 �ow rate, and extraction time could affect
the solubility of an analyte molecule in the CO2
phase (Aghelet al., 2004). The pressure and tem-
perature of SCF in�uence the density of the �uid
that determines the number of interactions between
CO2 and molecules of the analytes. Increasing these
interactions provide enough cohesive forces between
analyte molecules and SCF to conquer binding
forces between analyte and sample matrix. In other
words, the analyte molecules solubilized in the SCF.
Therefore, the value of target molecules solubility
in SC-CO2 is depended on the molecular weight
of analyte compound and the level of interactions
between SC-CO2 and analyte molecules (del Valle
and Urrego, 2012; Lucien and Foster, 2000). Thus,
optimization of the experimental parameters is a crit-
ical step in developing of SFE method for the ef�-
cient extraction and recovery of the plant oils and
volatile components. On the other hand, kinetics of
SFE from plants matrices is variable due to the effect
of various parameters on the extraction process. Pre-
vious studies (Sovova, 2012) proposed that the kinet-
ics of extraction process may be limited by the fol-
lowing steps: (1) the value of analytes solubility in
the �uid phase, (2) the internal diffusion of �uid
phase through the low permeable solid matrix, and
(3) the effect of more complex samples by both �uid
phase equilibrium and mass transfer process. Com-
monly, the extraction of the �rst fraction of ana-
lytes is limited by their solubilities in �uid phase
and the extraction rate of the rest analytes is limited
by diffusion process. Meanwhile, the phase equilib-
rium is dependent on the interactions between ana-
lytes and the solid matrix. The equilibrium solubil-
ity of the analytes without considerable interactions
with the matrix (i.e., vegetable oil in seeds) could
be determined easily (Huanget al., 2012). In plant
samples, the oil content in solid matrix is relatively
high and hence the concentration of oil in �uid phase
equilibrium is independent upon the matrix and is
proper to its solubility in SC-CO2. In other words,

at the �rst period of the SFE process, the rate of
extraction process is reasonably controlled by the
equilibrium between �uid phase and solid phase at
the extraction vessel. On the other hand, substan-
tial analytes…matrix interactions caused the extrac-
tion rate be dependent on the bounding of analytes to
the solid matrix such as either on the outer surface or
inside the solid structure. Thus, mass transfer kinet-
ics of analytes from the solid matrix to the SCF phase
has important role in the extraction. Prediction of the
mass transfer coef�cient required accurate modeling
and quality control on line. In fact, mass transfer fac-
tors are characterized by the axial dispersion, external
mass transfer coef�cient, and internal mass transfer
coef�cient (or solute diffusivity in the solid matrix)
in terms of two dimensionless numbers. Usually, cor-
relation equations using characteristic dimensionless
numbers are used for this aim. Various correlation
equations have been proposed for the prediction of
mass transfer coef�cient which combined the effects
of various factors on mass transfer process (Sovova,
2012; del Valle and Urrego, 2012).

Among various parameters that affect SFE yield,
pressure, temperature, modi�er, extraction time, and
SCF �ow rate play important roles. Thus, the effects
of these parameters on the SFE of plant sample are
discussed in this chapter.

4.1 Pressure of SC-CO2

Pressure of SCF is the most important physical
parameter in the SFE procedure, and it has both the-
oretical and practical implications in the SC-CO2
extraction. This parameter could be used to tune
the selectivity of the SCF solvent in the extrac-
tion of various analytes. As a general belief among
the analytical chemists, the maximum solubility of
a solute in the SCFs is achieved by maximum
�uid density. The increasing of pressure results in
the higher recovery of the oil and extracts. This
behavior is predictable because of raising the extrac-
tion pressure, which leads to a higher �uid den-
sity, and more solubility of the oil and extracts in
the SC-CO2 (Tonthubthimthonget al., 2001). Many
reports could be found on the investigations per-
formed for the effect of SC-CO2 pressure on the
yield of extraction and extract composition of various
plants samples. Table 2 presents some of these papers
and optimum pressure for the ef�cient extraction of
plant extractable components.
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Table 2 Some of investigations performed on effect of pressure on the SFE of plant.

Plant sample Range of Optimum Extraction conditions Result of References
pressure pressure (temperature, pressure
(MPa) (MPa) �ow rate, etc.) optimization

Alkanna tinctoria 5…35 17.5 80� C; 5 g minŠ1 Increasing total yield of
alkannins extraction

Akgunet al.
(2011)

Hypericum perforatumL. 10, 15, 20 20 40� C Maximum yield of extraction Martínet al.
(2011)

Mucuna seeds (Mucuna
aterrima, Mucuna
cinerium, andMucuna
deeringiana)

15…25 25 40� C; 3 mL minŠ1 Higher extraction yields and
increasing concentration of
l-Dopa in defatted meal

Augusto dos
Santos Garcia
et al. (2012)

Aerial parts of sage
(Salvia of�cinalisL.)

15, 30 „ 50 � C 15 MPa as optimal pressure for
selective extraction of
diterpenes; 30 MPa as optimal
pressure for higher total
extracts yield

Glisic et al. (2011)

Rosemary (Rosmarinus
of�cinalis L.)

15…40 30 50� C Increasing carnosic acid recovery Visentínet al.
(2011)

Lavender (Lavandula
angustifolia)

16…28 22 45� C; 1 h extraction
time

Increasing extraction yield Zhi-linget al.
(2011)

Wasabi (Wasabia
japonicaMatsum)

15…25 20 35� C Increasing extraction yield of
isothiocyanate

Li et al. (2010)

Zanthoxylum bungeanum
seeds

15…30 29.28 41.19� C; 10.94% added
amount of modi�er

Increasing extraction yield Xiaet al. (2011)

Aerial parts ofBidens
tripartita L.

9.1, 15.1 15.1 50� C; 1 mL minŠ1;
2 min static and
15 min dynamic
extractions time

Increasing extraction yield Ka•konien�e et al.
(2011)

Sorghum bug
(Agonoscelis
pubescens)

20…40 30 60� C; 15 g minŠ1 C;
EtOH as modi�er;
extraction time
30 min

Increasing extraction yield Mariodet al.
(2010)

Alpinia oxyphyllaseeds 20…40 28.5 67.5� C; 2.7 h extraction
time

Increasing extraction yield of oil Juet al. (2010)

Calendula of�cinalisL. 35…80 � 50 50…60� C; � 2 h
extraction time

Increasing extraction yield of
Faradiol Monoesters

Förget al. (2002)

Salvia of�cinalisL. 25, 35 35 100� C; 0.05 kg minŠ1;
EtOH as modi�er

Increasing solubility of sage
extractives

Dauk•aset al.
(2001)

Capsicum frutescens
fruits

15…23 23 40� C; 10 min extraction
time

Increasing extraction yield and
content of capsaicinoids

Gouveiaet al.
(2006)

Soybean oil (Glycine
max)

20…28 25 55� C; 60 min extraction
time

Increasing phytosterol esters
contents in raf�nate up to
82.4% with the yield of 72%

Torreset al.
(2009)

Onion oil (Allium cepa
L.)

16…24 20.6 40.6� C; 22 L hŠ1;
260 min extraction
time; EtOH as
modi�er

Highest yield of extracted oil Ye and Lai (2012)

Polygonum cuspidatum 10…30 30 50� C; 20 kg hŠ1; 10%
EtOH as modi�er

Increasing yield of resveratrol by
pressure increase until 15 MPa;
very low yield of piceid before
15 MPa; signi�cant increase
yield of piceid after 15 MPa
and leveled out after 25 MPa

Wenli et al. (2005)

(continued overleaf)



48 SAMPLE PREPARATION AND IDENTIFICATION

Table 2 (Continued)

Plant sample Range of Optimum Extraction conditions Result of References
pressure pressure (temperature, pressure
(MPa) (MPa) �ow rate, etc.) optimization

Sea buckthorn
(Hippophae
rhamnoidesL.)

30…46 46 60� C Increasing extraction yield and
carotenoid content

Cossutaet al.
(2007)

Atractylode lancea
rhizome

15…25 20 50� C; 15 L hŠ1; 1.5 h
dynamic extraction
time

Increasing extraction yield Chenet al. (2009)

Angelica dahurica 25…35 30 50� C; 2 L minŠ1; 75%
EtOH as modi�er

Increasing extraction yield Chenet al. (2008)

Tara pods (Caesalpinia
spinosa)

35…55 55 40� C; 2.5 L minŠ1;
30 min static time;
30 min dynamic
extraction time

Increasing extraction yield of
polyphenols

Romeroet al.
(2012)

Oregano (Origanum
virensL.) bracts

5…30 10 37� C; 0.5 kg hŠ1 Increasing extraction yield of
essential oil; avoiding
co-extraction of undesirable
cuticular waxes

Gaspar (2002)

Soybean oil (Glycine
max)

10…30 30 50� C; 1.629 L minŠ1;
4 h extraction time

Highest yield of soybean oil;
higher content of
triacylglycerols with
unsaturated fatty acids
(linoleic and linolenic acid)

Jokíc et al. (2012)

Satureja hortensis 30.3…40.5 35.0 72.6� C, 8.6% (v/v)
MeOH as modi�er

Increasing yield of extraction Khajeh (2011)

Persea indica 10…20 20 40� C; 1.44 kg hŠ1 �ow
rate; 0.56 mm particle
size

Increasing yield of extraction Martínet al.
(2011)

Mentha pulegiumand
Satureja montanaL.

12.5, 20,
and 30

30 40� C; 0.04 kg hŠ1 �ow
rate

Increasing extraction yield of
hydrocarbon fraction with
enhancing pressure

Palavraet al.
(2011)

Seabuckthornor
Hippophae rhamnoids
L. seeds

10, 20, 30,
and 40

40 35� C; 10 g minŠ1 �ow
rate; 60 min
extraction time

Increasing extraction yield of
tocopherols and carotenes

Kagliwal et al.
(2011)

Microula sikkimensisseed 21, 24, and
27

24 45� C; 20 L hŠ1 �ow
rate; 3 h extraction
time

Increasing extraction yield of oil Linaet al. (2010)

Khajeh (2011) investigated the effect of pressure in
the range 30.3…40.5 MPa and some other parameters
on extracts ofSatureja hortensiscultivated in Iran.
The results showed that optimal conditions for SFE of
the studied plant are a pressure of 35.0 MPa, temper-
ature of 72.6� C, and 8.6% (v/v) MeOH as modi�er,
whereas, under these extraction conditions, the main
extracted compounds were� -terpinene (35.5%), thy-
mol (18.2%), and carvacrol (29.7%). In addition,
the obtained response surface diagrams demonstrated
that the pressure and modi�er volume are highly sig-
ni�cant factors in the SFE of this plant, whereas an
increase in pressure and modi�er volume increases
the yield of extracts.

Martín et al. (2011) studied the capability of
SC-CO2 for the extraction of bioactive compounds
from Persea indica. In this study, the effect of pres-
sure was evaluated at three different levels ranging
from 10 to 20 MPa on the yield of extraction. The
results showed that increasing SCF pressure leads
to the higher extraction yield, and 20 MPa is the
best condition in the studied pressure range to obtain
higher yields.

Palavraet al. (2011) applied SC-CO2 for the extrac-
tion of volatile oils from aromatic plants including
Mentha pulegiumandSatureja montanaL. SC-CO2
was used at 40� C and pressures of 12.5, 20, and
30 MPa for the volatile oil extractions. Their �nding



SUPERCRITICAL FLUID EXTRACTION 49

showed that the hydrocarbon fraction in the extracted
oils increased with the enhancing the pressure of
SC-CO2. This trend permits to obtain richer hydro-
carbon extracts using higher pressures. Meanwhile,
the highest yield of SFE at 30 MPa was achieved
(72 g kgŠ1).

Kagliwal et al. (2011) extracted bioactive compo-
nents fromSeabuckthornor Hippophae rhamnoids
L. (SBT) seed oil using SC-CO2. In this study, the
effect of SC-CO2 pressure at a �ow rate of 10 g minŠ1

on the extraction yield was evaluated at a constant
temperature of 35� C during 60 min. Different pres-
sures (10, 20, 30, and 40 MPa) were used in this
investigation. The results showed that the yield of
recovery for SBT active components (tocopherols
and carotenes) increases with enhancing the pressure
up to 40 MPa (Table 3). These results were obtained
because the solvating power of solvent at the SCF
state is dependent on the �uid density. Therefore,
increasing extraction pressure leads to the higher
�uid density and hence the solubility of the analytes
increases. As shown in Table 3, the extraction yields
for tocopherols and carotenes at pressure of 40 MPa
were 77.23% and 75.55%, respectively. Meanwhile,
EC50 (from DPPH (2,2-diphenyl-1-picrylhydrazyl)
assay) of the extract at this pressure was about
49.9 mg mLŠ1. These results con�rm that 40 MPa is
optimum pressure for the current SC-CO2, whereas
the extracted components at 10 MPa pressure showed
no radical-scavenging activity. The analysis of resid-
ual SBT active components in the dried SBT seed
after SC-CO2 extraction showed that the residual
tocopherols and carotenes in the SBT sample after
SFE are very low (about 0.5% and 2.56%, respec-
tively) and mass balance could not describe these
data; thus, such behavior may be due to degradation
of tocopherols and carotenes under SC-CO2 (Cocero
et al., 2000), which has been reported previously
for other carotenoids such as lycopene (Topalet al.,
2006). ThePc for degradation of carotene depend-
ing on the operating temperature is varied from 27 to
35 MPa (Chang and Randolph, 1989). However, the
real mechanism for the degradation of the compound
due to the SC-CO2 pressure is controversial and may
be due to either oxidation of carotenes and production
of epoxides (Saldañaet al., 2006) or isomerization of
� -carotene (Matteaet al., 2009).

Lina et al. (2010) extracted oil from theMicroula
sikkimensisseeds using SFE. Evaluating the effect
of pressure on the yield of seed oil was carried out
by SC-CO2 extractions at three different levels of

Table 3 Variation in recovery percentage of SBT actives with
pressure at a constant temperature of 35� C.

Pressure DPPH� (EC50, Tocopherol (%)a Carotene (%)a

(MPa) mg mLŠ1)a

10 3706.59± 115.32 8.36± 0.21 3.58± 0.11
20 111.26± 4.53 38.14± 0.63 18.86± 0.57
30 45.09± 2.30 62.97± 0.77 44.32± 0.98
40 49.91± 2.49 77.23± 0.71 75.55± 1.52

a Results are mean± SD of at least three determinations.
Source: Reprinted from Sep Purif Technol, 80, Kagliwal L.D., Patil S.C.,
Pol A.S., Singhal R.S., Patravale V.B., Separation of bioactives from
seabuckthorn seeds by supercritical carbon dioxide extraction methodology
through solubility parameter approach, 533…540, Copyright 2011, with
permission from Elsevier.
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Figure 3 Effect of SC-CO2 pressure on extraction yield of
Microula sikkimensisseed oil. (Source: J Am Oil Chem Soc,
87, 2010, 1221…1226, Supercritical Carbon Dioxide Extraction
of Microula sikkimensis Seed Oil, Lina S., Fei R., Xudong Z.,
Yangong D., Fa H. With kind permission from Springer Science
and Business Media.)

pressure (21, 24, and 27 MPa). The results showed
that the yield of extraction is in�uenced considerably
with a mean yield from 27.6% at 21 MPa to 34.6%
at 24 MPa. Their investigation showed that the effect
of pressure on the yield of extracted oil was higher
than the other investigated factors such as dynamic
extraction time, temperature, and SC-CO2 �ow rate.
Meanwhile, the maximum yield of oil was obtained
at 24 MPa pressure (Figure 3). These results were
obtained because increasing pressure may enhance
the solubility of plant oil in the SC-CO2 (Jiping Sun
and Aiyong, 2002). However, further increasing of
the pressure has no considerable role on the yield of
plant oil between 24 and 27 MPa (Figure 3).
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4.2 Temperature of SC-CO2

One of the most important advantages of SFE tech-
nique is the possibility for the extraction of volatile
oils from plant matrices via SC-CO2 at moder-
ate temperatures. The SC-CO2 extraction tempera-
ture should be set in the lower range 35…50� C, for
the extraction of thermolabile components such as
those including essential oils. In other words, in order
to avoid degradation of heat-sensitive compounds,
the temperature of the �uid should be adjusted in the
vicinity of critical point and maintained as low as pos-
sible. On the other hand, temperature of the SCF has
a considerable effect on the density of the �uid that
is important for solubility of the target compounds in
SC-CO2 phase. Thus, optimization of this parameter
for achieving the highest yield of extraction with-
out degradation of heat-sensitive components of plant
extracts is interested and various papers could be
found on this subject. Table 4 reviews brie�y some of
the studies performed on the optimization of SC-CO2
temperature in the extraction and isolation of volatile
compounds from herbal samples.

Liu et al. (2012) used SC-CO2 extraction for the
isolation of volatile oil from pomegranate (Punica
granatum L.) seeds. In this study, the effect of
various parameters including temperature on the
changes of yield, chemical composition, and free
radical-scavenging activity of volatile oil was investi-
gated. Their results indicated that the temperature of
SC-CO2 had a signi�cant effect on the composition
of bioactive components and the extracted oil from
the seeds. However, as could be seen in Figure 4,
the temperature at 30 MPa has no signi�cant effect
on the extraction rate and the yield of extracted oil.
By increasing the extraction temperature from 35 to
50� C, the yield improved about 8%, whereas further
temperature enhancing caused slower increase in the
extraction yield.

Zarena and Udaya Sankar (2011) applied SC-CO2
for the extraction of xanthones fromMangosteen
pericarp under different pressures (20, 25, and
30 MPa) and various temperatures (40, 50, and
60� C). The result of experiments was the total xan-
thone yield extracted on dry weight basis. Figure 5
shows the effect of SC-CO2 temperature on the
extraction yield of xanthone. As could be seen in this
�gure, by increasing extraction temperature from
40 to 60� C at a constant pressure, the yields of the
extracts increased. The �nding of their investigation
showed that 30 MPa and 60� C are optimum pressure

and temperature for the extraction, whereas the total
yields of xanthone under these optimum conditions
of extraction is 7.6% (w/w). These observations
showed that increasing temperature and pressure
increases the yield of extraction. Because solubil-
ity of the most high weight molecular compounds
(such as nonvolatile organic compounds) in SC-CO2
is quite low, thus, higher temperatures and pres-
sures are required for substantial loadings (Sauceau
et al., 2004). Higher temperature decreases the
SC-CO2 density, which induces a lower solubil-
ity. However, the correlative increase of the vapor
pressure enhances the solubility. Meanwhile, tem-
perature increasing also accelerates mass transfer
and improves the extraction ef�ciency (Wanget al.,
2008). The less yield of extraction at 40� C may be
due to the kinetics of desorption of the components
from the pericarp. Increasing the temperature accel-
erates the desorption process (Rostagnoet al., 2002).

Ahmed et al. (2012) extracted essential oil of
Algerian rosemary leaves (Rosmarinus of�cinalis)
by the aid of SC-CO2 extraction. They investigated
the effect of temperature on the extraction yield
of Algerian rosemary essential oil under different
temperatures (35, 40, 50, and 60� C). The results
showed that temperature has a complex effect on the
extraction yield of plant oil. In pressures of 10 and
14 MPa, the yield of extraction increased with the
temperature. However, 18 and 22 MPa have reverse
effect. These two opposite effects were observed
because increasing the temperature leads to lower
SC-CO2 density and thus reduce the solvation capac-
ity of the �uid. On the other hand, the vapor pressure
of the solutes enhances and hence their solubility in
the SC-CO2 increases.

Turner and McKeon (2002) determined
cis-vaccenate in the milkweed (Asclepias sclepias)
seeds via SFE within situ enzymatic methanoly-
sis by considering this fact that temperature has a
large impact on enzyme kinetics in SC-CO2, where
higher temperatures result in faster reaction rates
(Overmeyeret al., 1999) and very high tempera-
tures may lead to negative effect on the stability
of the enzyme and probably thermal denaturation
(Chulalaksananukulet al., 1993). They investigated
temperature effect on the yield ofcis-vaccenate
from Asclepias speciosaseeds because the enzyme
reactions in SFE systems at dynamic mode should
be fast enough in order to avoid the breakthrough
losses of unreacted acylglycerols. Meanwhile, it was
found that SCF temperature has no considerable



SUPERCRITICAL FLUID EXTRACTION 51

Table 4 Some of the reported researches on the effect of temperature on the SFE of plants.

Plant matrix Range of Optimum Extraction conditions Observed effect Reference
temperature (� C) temperature (� C) (pressure, �ow rate, etc.) at optimum temperature

Lippia dulcisTrev. 35…40 40 14 MPa;
5.3× 10Š3 kg minŠ1;
60 min static extraction
time; 260 min dynamic
extraction time

Highest yield and
maximum percentage
of hernandulcin

de Oliveiraet al.
(2012)

Tangor murcote
(Blanco)

60…75 75 9.1 MPa; hexane as
modi�er; conjugated
extraction mode

Increasing extraction
yield and selective
extraction of target
analytes

Sargenti and
Lanças (1998)

Flax seed (Linum
usitatissimum)

40, 50, and 60 60 45 MPa; 7.8% EtOH Maximum extraction of
secoisolariciresinol
diglucoside

Cominet al.
(2011)

Trigonella
foenum-graecum
L.

45, 50, and 55 55 25 MPa; 5 g minŠ1; EtOH
as modi�er; 1.5 h
extraction time

Maximum extraction of
bioactive substance

Tanget al. (2007)

Mangosteen
pericarp

40…60 60 30 MPa; 300 g gŠ1 solvent
ratio to material

Maximum extraction of
xanthones

Zarenaet al.
(2012)

Tuna cookingjuice
(Thunnus
tonggol)

45, 55, and 65 40 9 MPa Maximum extraction of
fatty acid ethyl esters

Hsiehet al. (2005)

Spearmint (Mentha
spicataL.) leaves

40, 50, and 60 50 20.94 MPa; 7.39 g minŠ1

co-solvent
Highest crude extraction

yield of bioactive
�avonoid compounds

Bimakret al.
(2012)

Peel ofCitrus
paradisi

40.5, 49.5, 58.6,
and 63

58.6 9.5 MPa; 15% EtOH Highest extraction yield
of naringin (major
�avonoid from the peel
of Citrus paradisiL.)

Giannuzzoet al.
(2003)

Acori graminei
rhizoma

35, 45, and 55 45 10 MPa; 160 mL minŠ1;
300 min extraction time

Highest oil yield and
selective extraction of
� -asarone

Dai et al. (2008)

Capsicum annuum
L. fruit tissues

40, 50, and 60 40 40 MPa; 2 mL minŠ1;
116� m average sample
particles diameter

Increasing solubility and
extraction yield for
capsidiol

Salgšnet al.
(2005)

Geranium
(Pelargonium
graveolens)

40, 50, 60, and 70 40 30 MPa; 4 mL minŠ1 Maximum extraction
yield of oil

Petersonet al.
(2006)

Okra (Hibiscus
esculentusL)
seeds

40, 50, and 60 60 45 MPa; 6 kg hŠ1 kg Highest extraction yield
and best extraction
conditions for sterols

Andráset al.
(2005)

Spirulina maxima 20…70 30 18 MPa;
3.33× 10Š5 kg sŠ1

Maximum extraction of
carotene

Canelaet al.
(2002)

Pomegranate
(Punica
granatumL.)
seeds

35…50 50 30 MPa Increasing extraction
yield

Liu et al. (2012)

Mangosteen
pericarp

40, 50, and 60 60 30 MPa Increasing extraction
yield of xanthone

Zarena and Udaya
Sankar (2011)

Algerian Rosemary
leaves
(Rosmarinus
of�cinalis)

35, 40, 50, and 60 „ 10…22 MPa Yield of extraction
increased in pressures
of 10 and 14 MPa, with
temperature. Pressures
18 and 22 MPa have
reverse effect

Ahmedet al.
(2012)

(continued overleaf)
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Table 4 (Continued)

Plant matrix Range of Optimum Extraction conditions Observed effect Reference
temperature (� C) temperature (� C) (pressure, �ow rate, etc.) at optimum temperature

Milkweed (A.
sclepias) seeds

40, 60, and 80 60 36.6 MPa; 3% (V/V) of
MeOH

Novozyme 435
accomplished the
highest vaccenate yield
at 60� C; NovoSample
40013 at temperature
of 80� C reaches its
highest activity

Turner and
McKeon (2002)

Waste hops
(Humulus lupulus
L.)

40…70 50 35 MPa; 50% EtOH Maximum extraction
yield and recovery rate

Guo-qinget al.
(2005)
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Figure 4 Effect of temperature on the yield of volatile oil
extraction via SFE at 30 MPa. (Source: Reprinted from Food and
Bioproducts Processing, 90, Liu G., Xu X., Gong Y., He L., Gao
Y., Effects of supercritical CO2 extraction parameters on chemical
composition and free radical-scavenging activity of pomegranate
(Punica granatum L.) seed oil, 333…339, Copyright 2012, with
permission from Elsevier.)

effect on the kinetics of oil extraction. Therefore, it
was assumed that the vaccenate yields obtained in
the experiment solely re�ected the kinetics of the
lipase-catalyzed reaction. SC-CO2 modi�ed by 3%
(v/v) of MeOH was used for extraction at 36.6 MPa
under different temperatures of 40, 60, and 80� C.
The obtained results are shown in Figure 6. The
�gure con�rms that enzyme preparation method and
temperature have signi�cant effect on the yield of
extraction. Although, high stability of Novozyme
435 in pure SC-CO2 at temperatures higher than
100� C was demonstrated (Overmeyeret al., 1999);
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Figure 5 Variation of extraction yield by SCF temperature at
constant pressure. (Source: Reprinted from Separation and Puri�-
cation Technology, 80, Zarena A.S. and Udaya Sankar K., Xan-
thones enriched extracts from mangosteen pericarp obtained by
supercritical carbon dioxide process, 172…178, Copyright 2011,
with permission from Elsevier.)

however, Figure 6 shows that Novozyme 435
accomplished the highest vaccenate yield already at
60� C. This result completely agrees with alcohol-
ysis data obtained for retinyl esters in milk powder
(Turneret al., 2001). On the other hand, NovoSam-
ple 40013 requires a temperature of 80� C to reach
its highest activity under the investigated condi-
tions. However, kinetics correspond to the catalyzed
reaction of NovoSample 40013 is still not fast
enough to accomplish quantitative vaccenate yields
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Figure 6 Effect of various temperatures on the extraction yields
of cis-vaccenate fromA. speciosaseeds using Novozyme 435
and NovoSample 40013 (n= 3). SC-CO2 was modi�ed with 3%
(v/v) of MeOH at 36.6 MPa. The error bars correspond to the
values of relative standard deviations (RSD; %). NZ: Novozyme
435 and NS: NovoSample 40013. (Source: J Am Oil Chem Soc,
79, 2002, 473…478, The use of immobilized Candida antarctica
lipase for simultaneous supercritical �uid extraction and in-situ
methanolysis of cis-vaccenic acid in milkweed seeds, Turner C.
and McKeon T. With kind permission from Springer Science and
Business Media.)

at the studied temperatures. The previous study
demonstrated that the initial activity of Novozyme
435 is higher than the initial activity of NovoSample
40013 (Husumet al., 2001). Therefore, Novozyme
435 was selected as the preferred immobilizedC.
antarctica lipase B preparation for application in
dynamic mode of SFE systems. Meanwhile, per-
forming the reaction at 60� C is preferred because the
lower temperature improves long-term stability of
the enzyme. However, 80� C is the best investigated
temperature for NovoSample 40013.

Guo-qinget al. (2005) extracted �avonoids com-
ponents from waste hops (Humulus lupulusL.) using
SC-CO2. Various parameters such as temperature,
pressure, concentrations of EtOH as modi�er, and
the ratio of solvent to the sample material were
investigated in this study. Their �nding showed that
the extraction yield increases by rising temperature
from 40 to 50� C, whereas the extraction yield shows
reverse trend by increasing temperature from 50 to
60� C. Furthermore, temperature enhancing from
60 to 70� C again increases the extraction yield.
However, the recovery rate is lower than that at
50� C. They described this surprising trend in the
extraction yields by considering overall effect of
SCF temperature on the extraction, which is the
competition between the increasing in solubility of
analyte compounds and the reduction in SC-CO2
density because of the temperature rise (Chiuet al.,
2002).

4.3 Effect of Modi“er

As the solubility of polar organic compounds in
SC-CO2 is limited, the effective extraction of these
compounds with pure SC-CO2 is not possible.
The additional small amounts of a polar modi�er
(co-solvent) to the SC-CO2 have been shown to
offer enormous increases in the extraction yield of
polar organic targets. On the other hand, interaction
of a speci�c modi�er with plant sample matrix
containing target compounds with various polarities
leads to the various extraction yields; thus, selecting
the optimum modi�er to enhance extraction yield
of a group target compounds theoretically is not
possible and performing the experiment is essential
(Rahimi-Nasrabadiet al., 2012c; Pourmortazavi
et al., 2003, 2004b). In order to investigate the
effect of various modi�ers at a constant pressure
and temperature on the yield of extraction ef�ciency,
different volumes of the modi�er are added either
directly onto the plant matrix in the extraction vessel
before the extraction (Ebrahimzadehet al., 2003)
or indirectly via premixing with the CO2 source or
simultaneous pumping both of CO2 and co-solvent
(Huanget al., 2011a, 2011b). Increase in the extrac-
tion yield by the addition of EtOH as co-solvent
to the SC-CO2, especially for the extraction of
herbal components, has been reported by several
authors (Nguyenet al., 2011). The increase could
be due to the swollen cellular structure by EtOH,
which facilitates the penetration of SC-CO2 into
the sample matrix (Casaset al., 2007; Leeet al.,
2010). However, some authors (Guclu-Ustundag and
Temelli, 2005) reported that this increase is due to
the increase in the local density of SCF phase by
the addition of EtOH as co-solvent. Nguyenet al.
(2011) extractedMoringa oleiferakernels via SFE.
They initially added 10% and 15% EtOH directly to
the extractor to combine with SC-CO2 in order to
investigate other operating conditions (pressure of
22.5 MPa, temperature of 47.5� C, CO2 �ow rate of
0.5 m3 hŠ1, and average particle size of 1.12 mm).
The results showed that the addition of 10% EtOH
onto the SC-CO2 increases the extraction yield up
to 10%; this phenomenon may be due to the role of
EtOH in the swelling of the cellular structure of the
M. oleifera kernels, which facilitated the SC-CO2
penetration to the oil-rich area of the plant cells.
In this case, by considering this fact that at CO2
�ow rate of 0.5 m3 hŠ1, most of EtOH added to the
extractor is nearly exhausted during the �rst 30 min
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of the extraction process, and the hypothesis that
enhancing the extraction yield because of the rising
local density of the solvent is minor. Meanwhile,
increasing the EtOH ratio from 10% to 15% shows
no signi�cant effect on the oil extraction yield.

Veggi et al. (2011) studied the modi�er effects on
the quality of SFE extracts of some Brazilian plants
(Heteropterys aphrodisiaca, Pyrostegia venusta,
Inga edulis, Hymenaea courbaril stilbocarpa, and
Phaseolus vulgarisL.). The effectiveness of SFE in
the extraction of a rich composition in antioxidant
was determined by measuring the overall yields of
these plants at a constant pressure and temperature
using pure CO2 and CO2 as well as EtOH (10% v/v)
as modi�er. The results of this study showed that the
overall yields of extracts richen by antioxidants for
all plants increase using the EtOH as co-solvent of
CO2. Among all SFE extracts, jatobá (H. courbaril
stilbocarpa) possesses the highest antioxidant activ-
ity, about 10% and 14% scavenging ability using
pure CO2 and CO2 modi�ed by EtOH, respectively.
Meanwhile, the results showed that the addition
of EtOH as modi�er in SFE process enhances the
extraction ef�ciency of all raw materials. On the
other hand, in some of the samples including jatobá,
ingá-cipó (I. edulis), and nó-de-cachorro (H. aphro-
disiaca), using the EtOH as co-solvent caused a
great increase in the antioxidant activity of SFE
extracts. However, antioxidant recovery for other
plants such as bean and cipó-de-são-joão (P. venusta)
was decreased by the addition of EtOH as co-solvent
to the CO2. In other words, the extracts of jatobá,
ingá-cipó, and nó-de-cachorro obtained by SFE
using CO2 modi�ed by EtOH are better antioxidant
components sources, whereas SFE with pure CO2
leads to better antioxidant activity for bean and
cipó-de-são-joão.

Andradeet al. (2012) described the chemical com-
position and the antioxidant activity of spent coffee
grounds (Coffea arabica) and coffee husks extracted
by SFE with pure CO2 and CO2 + co-solvent. The
results of this investigation showed that the addition
of the co-solvent to the CO2 during the extraction
with SC-CO2 enhances the yields of extracts for
both coffee samples. The yields intensifying the
extracts of spent coffee grounds were more evident.
In the identical pressure and temperature (10 MPa
and 40� C), SFE with pure CO2 yields 0.5 (±0.1)%,
whereas in the presence of 8% and 15% EtOH as
co-solvent, the yield was increased to 6.3 (±0.5)%
and 14 (±2)%, respectively. This increase in the

yield is due to the increase in the solubility of polar
compounds in the modi�ed SC-CO2 in comparison
with their solubility in pure SC-CO2 phase. Mean-
while, the results of this research showed that the
number of extracted components by the modi�ed
SC-CO2 increases, which leads to the reduction of
the selectivity of extraction process.

Arnaáiz et al. (2011) studied SFE and fractiona-
tion of lipids from broccoli leaves (Brassica oleracea
L. var. Italica). In this study, some of the effective
variables in the extraction process were optimized
as temperature of 60� C, pressure of 30 MPa, and
SC-CO2 �ow rate of 3 mL minŠ1. In order to inves-
tigate the effect of modi�er on the extraction results,
two different fractions were obtained. The �rst frac-
tion was obtained by the extraction of the samples
with pure SC-CO2. The second fraction was obtained
via the extraction of leftover sample material after
�rst step of extraction, whereas in this step, the
SC-CO2 was modi�ed with 15% of MeOH. The frac-
tion obtained with the pure CO2 was constituted neu-
tral lipids because of the nonpolar nature of CO2. On
the other hand, the residual leaves material extracted
by modi�ed CO2 with the MeOH possesses polar
lipids and increasing the ratio of MeOH enhances
the total fatty acid content in the extracted lipids
(Figure 7). In this case, using 15% MeOH provides
the best results. Furthermore, under these optimum
conditions, dynamic extraction time of 60 min yields
about 80% for the lipids.
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Figure 7 Effect of MeOH ratio as co-solvent on SFE; (extraction
conditions: pressure 30 MPa, temperature 60� C, �ow rate of
3 mL minŠ1, and dynamic extraction time of 30 min). (Source: E.
Arnaáiz,et al. (2011). Reproduced by permission of WILEY-VCH
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Akay et al. (2011) studied the effects of process
parameters on the SC-CO2 extraction of phenols
from strawberry (Arbutus unedoL.) fruits. Evaluation
of the effect of various parameters such as pres-
sure (5…30 MPa), temperature (30…80� C), and con-
centration of EtOH as modi�er (0…20%) by CO2
�ow rate of 15 g minŠ1 for 60 min was performed
using a Box…Behnken statistical design. As shown in
Figure 8, co-solvent ratio is the most effective factor,
whereas temperature and pressure are not statistically
signi�cant as much as co-solvent for determining the
total yield of extracted phenol. In addition, the �nd-
ing of this investigation demonstrated that co-solvent
has the most predominant effect on the composition
of extracted phenolic compounds.

As discussed, SC-CO2 as a nonpolar solvent acts
ef�ciently for the extraction of lipophilic analytes,
whereas it has a low af�nity for polar compounds.
Therefore, for effective solubility of polar targets
in SC-CO2 phase, addition of a polar co-solvent is
required to increase its solvating power toward polar
molecules. In the literature reviewing the extraction
of volatile components of herbal samples, especially
oxygenated compounds, various investigations for
the selection of an ef�cient co-solvent and optimiza-
tion of its value could be found. Table 5 presents some
of the reported studies on the effect of modi�er on the
extraction of herbal samples via SC-CO2.

4.4 Effect of CO2 Flow Rate

The rate of the SC-CO2 �owing through the extrac-
tion vessel could strongly affect the extraction ef�-
ciency. The lower rate of the �uid passing caused
deeper penetration of SCF to the plant matrix. The
�uid speed could be de�ned as the linear velocity,
which is strongly dependent on both the �ow rate
and the extraction vessel geometry. In the extrac-
tion vessel, the �ow rate could be easily changed
by varying the inside diameter of restrictor. In many
SCF extractions, the value of the SC-CO2 �ow rate
has a signi�cant effect on the results (Machmudah
et al., 2012). Raising SC-CO2 �ow rate leads to the
increase in the number of CO2 molecules in con-
tact with the solute molecules. This more contact
increases the intermolecular interaction between CO2
and the solute, which caused raising dissolution of
the solute in the �uid phase (Machmudahet al.,
2012). Furthermore, enhancing the SC-CO2 �ow rate

may decrease the external mass transfer resistance.
However, the higher SC-CO2 �ow rate decreases its
residence time, which leads to the lower interac-
tion time between CO2 and the solute. In addition,
the higher �ow rates may cause channeling effect,
which forced the SC-CO2 solvent through the sam-
ple particles at such a high rate that it passes only
around the solid matrix without diffusing to the pores
within the plant sample. Meanwhile, the high values
of CO2 �ow rate may consolidate the plant sample
and restrict the SC-CO2 movement into and out of the
sample, which leads to the reduction of the output of
CO2 passed through the sample (Tonthubthimthong
et al., 2001). The above discussion con�rms that
the yield of extraction process is strongly depen-
dent on the value of solute solubility in the SC-CO2
phase.

Nyam et al. (2011) investigated SC-CO2 extrac-
tion of oil from Kalahari melon seeds (Citrullus
lanatus). The results showed that among all stud-
ied extraction parameters, such as pressure, tem-
perature, and SC-CO2 �ow rate, the last parameter
strongly affects the extraction of plant oil. As could
be seen in Figure 9, the yield of oil extraction was
increased by raising the SC-CO2 �ow rate from 10
to 15 mL minŠ1, because in this step of �ow raising,
the extraction of the surface attached oil occurs and
the increase in the CO2 �ow rate reduces the exter-
nal mass transfer resistance, which leads to a higher
plant oil yield. However, further raising the SC-CO2
�ow rate (20 mL minŠ1) decreases the oil recovery
(Figure 9). This reduction was observed because the
extraction mechanism is controlled mainly by dif-
fusion of oil from the plant cell matrix and the
increase in the CO2 �ow rate reduces the required
SCF diffusion time. Thus, 15 mL minŠ1 is the opti-
mum SC-CO2 �ow rate to achieve the highest per-
centage of Kalahari oil recovery.

Senyay-Oncelet al. (2011) optimized SFE param-
eters such as pressure, temperature, and �ow rate
for obtaining the maximum yields of unsaturated
fatty acids extracted fromPistacia terebinthusberries
using a Box…Behnken statistical design. The results
showed that the investigated temperature and �ow
rates are not statistically signi�cant in the SFE
yields. However, the interaction between the pressure
and the �ow rate is signi�cant. As can be seen
in Figure 10, at the �ow rates between 12 and
20 g minŠ1, the synergetic effect of temperature and
the �ow rate provides higher yields. On the other
hand, the interaction between the pressure and the
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Table 5 Some of the investigation on the effect of co-solvent on the plant components extraction via SC-CO2.

Plant sample Studied Ef�cient Observed result by Extraction conditions References
co-solvent co-solvent adding co-solvent (temperature; pressure)

Olive husk (Olea
europa)

EtOH; 1% and 5%
(v/v)

EtOH Improvement in the
total yield of
extraction and
contents of
carotenoids and
chlorophyll

40…60� C; 30…35 MPa Graciaet al. (2011)

Guava (Psidium
guajavaL.) seeds

EtOH EtOH Increasing extraction
yield

40� C; 30 MPa Castro-Vargaset al.
(2011)

Canola press cake
(Brassica napus L.)

EtOH; 2.3…10% (v/v);
1 h treatment with
sample in
extraction vessel

EtOH; 2.3% Enhancing
phospholipid
extraction yield

60� C; 40 MPa;
70 g minŠ1 CO2 �ow
rate

Li et al. (2010)

Flowers of marigold
(Calendulae �os),
hawthorn (Crataegi
folium cum �ore),
and chamomile
(Matricariae �os)

EtOH; 0…20% (v/v) EtOH; 20% Increasing total
extraction yield

50� C; 30 MPa Hamburgeret al.
(2004)

Jatropha curcas
LINN. leaves

MeOH; 0…70% (v/v) MeOH 70% Increasing extraction
yields about 2.01
times by enhancing
modi�er
concentration from
0% to 70%

50� C; 40 MPa Manponget al.
(2011a)

Jabuticaba (Myrciaria
cauli�ora )
byproducts

EtOH; 0…20% (v/v) EtOH; 20% Increasing extraction
yield of antioxidant
compounds

50� C; 20 MPa Cavalcantiet al.
(2011)

Khoa (Satureja
bolivianaBenth
Briq) leaves

EtOH; 0…1% (v/v) EtOH; 1% Signi�cant in�uence
on the mass of
extract

20� C; 7 MPa Hatamiet al. (2011)

Alnus glutinosa(L.)
Gaertn., alder bark

EtOH; 0%, 5%, and
10% (v/v)

EtOH; 10% Increasing the
extraction yield

60� C; 30 MPa Felföldi-Gávaet al.
(2012)

Soybean meal
(Glycine max)

MeOH; 5.4%, 7.8%,
and 10.2% (v/v)

MeOH; 10.2% Increasing iso�avones
yield and total
extraction yield

40� C; 50 MPa Kumhomet al.
(2011)

Fruit bodies of
Ganoderma sinense

EtOH; 0…10% EtOH; 10% Higher extraction
yield

40� C; 30 MPa Chenet al. (2011)

Passi�ora edulis
leaves

EtOH, MeOH, EtAc,
CHCl3

MeOH;10% Increasing extraction
yield of �avonoids

60� C; 7.5 MPa de Lourdeset al.
(1997)

Anoectochilus
roxburghii

EtOH, MeOH, EtAc EtOH Increasing extraction
yields of
� -sitosterol,
stigmasterol and
ergosterol

45� C; 25 MPa Huanget al. (2009)

Haematococcus
pluvialis

EtOH;
3.08…12.31 mL gŠ1

(per weight of
matrix)

9.23 mL gŠ1 Increasing astaxanthin
yield

50� C; 30.4 MPa;
6 mL minŠ1 CO2
�ow rate; 20 min
extraction time

Panet al. (2012)

Rhizomes of turmeric
(Curcuma longaL.)

EtOH EtOH Increasing extraction
yield of
curcuminoids and
decreasing solvent
consumption

70� C; 30 MPa Chassagnez-Méndez
et al. (2000)

(continued overleaf)
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Table 5 (Continued)

Plant sample Studied Ef�cient Observed result by Extraction conditions References
co-solvent co-solvent adding co-solvent (temperature; pressure)

Jatropha curcas
LINN. leaves

MeOH; 30…70% (v/v) MeOH; 30% Increasing extraction
yield of gallic acid,
corilagin, and
ellagic acid

60� C; 10 MPa Manponget al.
(2011b)

Moringa oleifera
kernels

10% and 15% EtOH 10% EtOH Increasing extraction
yield

47.5� C; 22.5 MPa;
CO2 �ow rate
0.5 m3 hŠ1; particle
size 1.12 mm

Nguyenet al. (2011)

Some Brazilian plants
(Heteropterys
aphrodisiaca,
Pyrostegia venusta,
Inga edulis,
Hymenaea
courbaril
stilbocarpa, and
Phaseolus vulgaris
L.)

10% (v/v) EtOH 10% (v/v) EtOH Increasing overall
yields of extracts
richen by
antioxidants for all
plants

50.0� C; 35 MPa; 10%
(v/v) EtOH

Veggiet al. (2011)

Spent coffee grounds
(Coffea arabica)
and coffee husks

8% and 15% (v/v)
EtOH

15% EtOH Increasing extracts
yields

60.0� C; 10 MPa Andradeet al.
(2012)

Broccoli leaves
(Brassica oleracea
L. var. italica)

5…20% (v/v) MeOH 15% (v/v) MeOH Increasing extraction
yields of polar
lipids and total
extracts

30 MPa; 60� C; CO2
�ow rate 3 mL minŠ1

Arnaáizet al. (2011)

Strawberry (Arbutus
unedoL.) fruits

0…20% (v/v) EtOH 19.7% (v/v) EtOH Highest total
phenols/g content
and
radical-scavenging
capacity

5…30 MPa; 30…80� C;
CO2 �ow rate
15 g minŠ1;
extraction time
60 min

Akay et al. (2011)

�ow rate leads to the achievement of maximum
oleic acid yield at pressure of 25 MPa and temper-
ature of 55� C regardless to the �ow rate. In this
case, it was predicted that the highest yield for
oleic acid (51.55%) will be obtained at the pres-
sure of 24 MPa, temperature of 54� C, and �ow
rate of 17 g minŠ1, which is compatible with the
obtained experimental yield of 51.19% at pressure
of 20 MPa, temperature of 55� C, and �ow rate of
15 g minŠ1.

Casselet al. (2000) studied dependence of theBac-
charis dracunculifolia, •Vassoura,Ž oil composition
obtained by SC-CO2 extraction on the operation con-
ditions, that is, CO2 �ow rate. Figure 11 shows that
among the tree investigate �ow rates (0.5, 1.0, and
2.0 mL minŠ1), the optimum CO2 �ow rate for the
extraction of Vassoura oil is 1.0 mL minŠ1, whereas
the extraction yield at the �ow of 2.0 mL minŠ1 was
lower because of the partial loss of extracted oil by

CO2 bubbling in the collector solvent during product
collection step.

Gopalanet al. (2000) extracted turmeric oil from
turmeric (Curcuma longa) using SC-CO2 in a
semicontinuous-�ow extractor. The extraction yields
of turmeric oil as a function of CO2 �ow rates
using the sample with average particle diameter of
0.21 mm were studied. As shown in Figure 12, the
extraction rate was enhanced with the increase of
SC-CO2 �ow rate. On the other hand, the extraction
yield at different �ow rates enhances by raising the
ratio of CO2 amount/sample weight (Figure 12).

4.5 Effect of Extraction Time

The extraction time could in�uence the yield of
extracted oil via SC-CO2 process. The effect of
extraction time in SFE may be studied in two
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different modes of dynamic extraction time or
static extraction time followed by dynamic extrac-
tion time. The previous report (Pourmortazavi

et al., 2004a) showed that increasing the extraction
time may be also caused variation in the compo-
sition of the extracted oil. As an example, at a
constant pressure, increasing the dynamic extrac-
tion time leads to enhancing the content of heavy
compounds with large retention indices in the
plant oil.

Guoliang et al. (2011) optimized the extraction
parameters including SCF pressure, temperature,
and time for the oil extraction fromLycium bar-
barum seeds using an orthogonal test design.
As shown in Figure 13, the extraction yield was
enhanced by increasing the extraction time. In
this study, it was found that the yield of extrac-
tion increased markedly with the time and reached
the maximum at 60 min. However, the extraction
yield increased slowly and tended to be saturated
at higher extraction times (i.e., 120 min). Thus,
in this case, 60 min was employed as optimum
extraction time.

Park et al. (2012) optimized decaffeination of
green tea (Camellia sinensis) using SC-CO2 by the
aid of response surface methodology (RSM) for
achieving the maximum removal of caffeine from
the plant. Figure 14 shows the effect of extrac-
tion time at other optimized conditions of decaf-
feination (pressure of 23 MPa, temperature of 63� C,
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Figure 10 3-D and contour response surface plots for the effects of �ow rate and temperature on oleic acid yield at the constant pressure
of 20 MPa. (Source: J Am Oil Chem Soc, 88, 2011, 1061…1069, Effects of Supercritical Fluid Extraction Parameters on Unsaturated Fatty
Acid Yields of Pistacia terebinthus Berries, Senyay-Oncel D., Ertas H. and Yesil-Celiktas O. With kind permission from Springer Science
and Business Media.)
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and about 3% EtOH as modi�er). As shown in the
�gure, 70% of the initial amount of caffeine was
extracted in the �rst 60 min of the extraction time
and then the extraction rate was decreased. The rea-
son for such observation is the large amounts of
caffeine retained at the surface or in the exterior
locations of green tea, which are extracted in the
�rst 60 min of extraction time by SC-CO2 at rela-
tively higher rates. The results showed that 96.6%,
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Figure 13 Effect of extraction time on extraction yield ofLycium
barbarumseed oil. (Source: Reprinted from LWT … Food Sci Tech-
nol, 44, Guoliang L., Junyou S., Yourui S., Zhiwei S., Lian X.,
Jie Z., Jinmao Y., Yongjun L., Supercritical CO2 cell breaking
extraction of Lycium barbarum seed oil and determination of its
chemical composition by HPLC/APCI/MS and antioxidant activ-
ity, 1172…1178, Copyright 2011, with permission from Elsevier.)

40.6%, and 43.1% of the total caffeine, catechin,
and chlorophyll were respectively removed from the
green tea after 120 min of extraction. It means that
caffeine is nearly entirely removed from the green
tea, whereas the main quantities of health-bene�ting
components such as catechins and chlorophylls are
remained in the decaffeinated leaves. However, a con-
siderable amount of total chlorophyll is co-extracted
during this decaffeination period. This removal of
chlorophylls causes negative effects on the taste prop-
erties of green tea and hence has an adverse role in
the commercializing of the decaffeinated plant (Lee
et al., 2009).

Van Opstaeleet al. (2012) reported selective iso-
lation of total hop essential oil from hop pellets (H.
lupulusL.) by SFE. The �nding showed that extrac-
tion time has a very important effect in the recovery
of total hop oil by SFE. Figure 15 displays the extrac-
tion yields for some selected hop oil markers as a
function of SFE time. As could be seen in the �gure,
at the �rst of extraction period (after 20…30 min),
most of the volatile marker components in �oral
region (such as linalool, 2-undecanone, and methyl
4-decenoate) are totally extracted. On the other hand,
isolation of both the sesquiterpene hydrocarbons
(e.g., � -humulene) and the oxygenated sesquiter-
penoids (e.g., humulene epoxide II) needs the longer
extraction time (90 min) in order to their relative
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amount in the plant matrix that becomes approxi-
mately 0% and 10%, respectively. Such behavior of
hop oil components is due to the fact that the extrac-
tion of monoterpenes takes place at the beginning of
the extraction process, whereas sesquiterpenes and
oxygenated components need the longer extraction
times because of their higher molecular weight and
polarity.

5 SAMPLE PROPERTIES IN SFE

5.1 Effect of Plant Particle Size

Particle size of plant sample is one of the main
parameters affecting the extraction ef�ciency in SFE
using CO2. Ab Rahmanet al. (2012) used SC-CO2
to extract the oil from palm kernel matrix (Elaes
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guineensis). The plant particle size effect on the yield
of plant oil was studied using various particle sizes
obtained by sieving from the mesh of� 106, � 150,
� 180,� 250, and� 450� m. At temperature of 70� C
and pressure of 34.47 MPa with the CO2 �ow rate
of 2 mL minŠ1, as shown in Figure 16, the highest
extracted yield was about 8.2%. The palm kernel
sample with the particle size of� 150� m required the
CO2 �ow rate of 2 mL minŠ1 to achieve maximum
yield of extracted oil, whereas at smaller particle size
of � 106� m, slower �ow rate is essential to achieve
the same yield of oil. The yield of extracted oil
from the palm kernel with particle size of� 425� m
is lower, probably because of restricting the solvent
�ow by matrix. Removal of the oil from particles
with the size larger than 150� m required higher
�ow rate, whereas the oil from the plant matrix with
the particle size� 150� m is extracted effectively
with the �ow rate of 2 mL minŠ1. However, plant
sample with the particle size� 106� m needs slower
CO2 �ow rate of 1 mL minŠ1 for effective removal
of the oil. It should be noted that the effect of
CO2 �ow rate on the extraction yield for the plant
sample with smaller particle size is not considerable.

However, increasing the plant particle size leads to
clearing the effect of CO2 �ow rate. As could be
seen in Figure 16, extraction yield for larger particles
enhances by raising the SCF �ow rate.

It was explained (Salgšn and Salgšn, 2006; Salgin,
2007) that the extraction rate decreased as the particle
size of plant matrix increased because of reducing the
solubility that arisen by increasing the particle size, as
well as reducing speci�c surfaces area of the oilseed
material. The analysis of variance showed that the
oil extraction yields were signi�cantly dependent on
the particle size of plant sample, where by decreasing
sample particle size, the amount of collected oil was
increased. The reason for oil yield increment is the
large surface area contact created by the smaller
pieces of the palm kernel cake and CO2 as extracting
solvent. Some reports in the literature explained that
the reduction in plant size increases the amount of
extracted oil (Boutin and Badens, 2009; del Valle
and Uquiche, 2002). For example, Machmudahet al.
(2007) proposed that the reduction in particle size
may cause opening up the plant cells and hence
increasing the solvent contact with the surface of
solid sample. The reason for such behavior could be
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explained as follow: slower SCF �ow rates provide
enough interaction time between the plant particles
and carbon dioxide and hence more solvating of the
plant oil in the SCF.

Salgšn and Korkmaz (2011) studied the SFE of
pumpkin seed (Cucurbita pepoL.) oil. The effect
of main extraction parameters, that is, plant particle
size (250…2360� m), volumetric �ow rate of SC-CO2
(0.06-0.30 L hŠ1), pressure (20…50 MPa), tempera-
ture (40…70� C), and type and amount of modi�er
(EtOH andn-hexane) on the extraction yield was
investigated. Figure 17 shows the yield of extraction
versus amount of SCF solvent or SFE time for dif-
ferent particle size of plant sample. It was found that
the yield of pumpkin seed oil increased by decreas-
ing particle size, increasing the amount of SCF sol-
vent, and rising the SFE time. The extraction curves
in the �gure show two linear distinct periods. In the
�rst linear period, the rate of oil recovery was very
fast because of the preparation of plant sample with
smaller particles and narrower particle size distribu-
tion via mechanical grinding of plant materials. This
process caused producing smaller particles because
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Figure 17 Effect of plant particle size on the extraction yield
of pumpkin seed (Cucurbita pepoL.) oil obtained via SC-CO2
(30 MPa, 40� C, 0.12 L hŠ1). (Source: Reprinted from J Supercrit
Fluid, 58, Salgn U., Korkmaz H., A green separation process for
recovery of healthy oil from pumpkin seed, 239…248, Copyright
2011, with permission from Elsevier.)

of the disruption in the cell walls of oilseed and hence
an increase in the speci�c surface area and reduc-
ing the diffusion path. Furthermore, the intraparticle
resistances to the mass transfer may be broken as a
result of this disruption, and thus enhance the extrac-
tion yield considerably.

The surfaces of particles were covered with more
oil after the grinding process. Thus, the amount of
releasing oil on the external surfaces of the particles
could be increased by the reduction in particle size
and hence increasing the surface area of the pumpkin
seeds in contact with SC-CO2 solvent. The required
extraction time to reach plateau in the yield curve
has been increased by decreasing particle size ranges.
The extraction yields for a 100-min extraction period
were 0.45, 0.41, 0.24, and 0.16 g oil/g of dry seed for
the particle size range 250…600� m, 600…1180� m,
1180…1700� m, and 1700…2360� m, respectively. On
the other hand, the yield of oil in the next linear
period is very slow. Especially, the SC-CO2 could
not almost reach to embedded oil inside the large
size of pumpkin seed because of the resistance of
large mass transfer. In the longer extraction time,
the extraction yield may be reached a certain value
to complete the recovery of the plant oil. For each
sample, the extraction yield increases with various
slopes until a plateau value is reached; above this
value, the extraction yield is independent to the above
factors. In fact, the plateau region shows the extent
ef�ciency of the investigated factors (amount of SCF
solvent and SFE time) to enhance the extraction yield.

Liu et al. (2011) reported SC-CO2 extraction of
�avonoids from Maydis stigma. The effects of var-
ious variables including sample particle size, extrac-
tion time, and co-solvent (water content in EtOH)
on the extraction process were investigated. The
effects of particle size ofM. stigmaon the yield of
�avonoid were evaluated using six different samples
with the mean particle sizes of 0.2, 0.4, 0.6, 0.8,
1.0, and 1.5 mm at the following conditions: pressure
of 35 MPa, temperature of 50� C, CO2 �ow rate of
20 L hŠ1, and 2.0 mL gŠ1 mixture of EtOH/water as
co-solvent (with the ratio of 80 : 20 v/v). As could
be seen in Figure 18, the extraction time kinet-
ics for the above-mentioned particle size yields the
following amounts for �avonoid: 3.81, 3.97, 3.89,
3.78, 3.76, and 3.67 mg gŠ1. In other words, the
yield of �avonoid extracted fromM. stigmawas sig-
ni�cantly increased by decreasing the plant parti-
cle size from 1.5 to 0.2 mm during an extraction
time of 80 min. However, for the extraction times
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Figure 18 Effect ofMaydis stigmaparticle size on �avonoid extraction yields versus time. (Source: Reprinted from Food Bioprod Process,
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higher than 100 min, a slight enhance was observed
in the �avonoid yield for all of the studied parti-
cle size. These results con�rm that the reduction in
particle size has a light effect on the total yield of
�avonoid extracted fromM. stigma. These results
were in agreement with the SFE of nobiletin and
tangeretin fromCitrus depressaHayata (Ying-Hung
et al., 2010). Generally, the reduction in plant par-
ticle size leads to more surface area, shortening the
diffusion paths in plant solid matrix and improv-
ing the SFE yield. However, very small particle
sizes make extractions inhomogeneous because of
�uid channeling effects in a �xed bed resulting in
readsorption of analyte on the matrix surfaces, which
disturbs the extraction. In the extraction of �avonoid
from M. stigma, using the particle size smaller than
0.4 mm causes readsorption of the extracted solutes,
which results in lower �avonoid. Hence, 0.4 mm was
selected as the optimum particle size for the SFE of
the plant.

Jokíc et al. (2012) investigated a series of opera-
tional parameters for the extraction of soybean oil
(Glycine max) via SFE including sample particle size,
pressure, temperature, and CO2 mass �ow rate. At the
similar conditions of extraction, the total extraction
yield was higher for the plant with smaller particles.
The reduction in particle size caused the enhance-
ment of surface area of the sample and hence the
amount of oil outside the particles increases. On
the other hand, Salgšnet al. (2006) reported the
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Figure 19 Effect of plant particle size on the extraction yield
of soybean oil (Glycine max); SFE conditions:T= 40� C and
P= 40 MPa. (Source: Reprinted from J Supercrit Fluid, 38, Rever-
chon E., De Marco I., Supercritical �uid extraction and fractiona-
tion of natural matter, 146…166, Copyright 2006, with permission
from Elsevier.)

results of oil extraction from sun�ower (Helianthus
annuus) seeds using SFE at pressure of 40 MPa and
temperature of 40� C with a similar particle size
distribution (from 0.23 to 1.09 mm). Their results
showed no signi�cant differences in the extraction
yield for the plant with different particle sizes of 1.09
and 2.18 mm. However, Reverchon and De Marco
(2006) reported that the extraction yield decreases by
enhancing the average particle size of plant approxi-
mately from 0.25 to 2.0 mm (see Figure 19).
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As was discussed, very small particles may cause
some problems with channeling inside the extraction
bed, which caused the low ef�ciency and decreased
yield. Meanwhile, the sample preparation costs
increase because of further milling of plant. On
the other hand, as seen in Figure 19, using the
larger particles leads to incomplete extraction of oil
because of the requirement of a very long time for
solvent diffusion inside the plant particles. Thus, the
extraction yield rose more slowly by enhancing SCF
�ow rate for the large particles in comparison with
small particles, which indicates that at the higher
�ow rates, the CO2 is not saturated with the plant oil
(Kriamiti et al., 2002; Özkalet al., 2005; Hanet al.,
2009; Mezzomoet al., 2009; Dökeret al., 2010).

Salgšnet al. (2004) applied SC-CO2 in the extrac-
tion of jojoba oil fromSimmondsia chinensisseeds.
The effect of plant particle size on the extraction yield
was studied and the results are shown in Figure 20.
Totally, the yields of extraction enhanced as the
extraction time increased; during long extraction
periods, the extraction yield could be similar for the
plant with various particle sizes. However, during the
�rst few minutes of extraction, particle size effect
could be observed very clearly; that is, small particles
yield higher oil. As shown in Figure 20, by reducing
the particle sizes from about 2.18 to 1.09 mm, a con-
siderable improvement was observed in the extrac-
tion yield. On the other hand, more reduction of
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Figure 20 Effect of particle size on the SFE yield of jojoba
oil from Simmondsia chinensisseeds versus extraction time; SFE
conditions: 60 MPa pressure, 90� C temperature, and 2 mL minŠ1

CO2 �ow rate. (Source: J Am Oil Chem Soc, 81, 2004, 293…296,
Supercritical �uid extraction of jojoba oil, Salgn U., Çalml A.,
Uysal B.Z. With kind permission from Springer Science and
Business Media.)

particle size to about 1/8 of initial value (0.23 mm)
shows no considerable increase in the extraction
yield. Such trend for larger particles is due to the
effect of intraparticle diffusion, which causes a sub-
stantial decrease in the yield of extraction. Figure 20
also indicates that an extraction time of about 100 min
is enough to reach the maximum possible yield with
the smaller plant particles (0.23 and 1.09 mm) under
the above-mentioned extraction conditions.

5.2 Effect of Plant Moisture

In the SC-CO2 extraction of herbal samples, the pres-
ence of water could affect the yield and composition
of the extracts. Water in SFE process of plant materi-
als may be present because of the residual moisture of
fresh plant or directly be added to the sample before
or during the extraction as a co-solvent. The use of
water as a natural modi�er in a high-pressure extrac-
tion processes showed very interested and advan-
tageous results in the most cases. Among various
common co-solvents, water and EtOH are attractive
modi�ers for food-grade extractions. However, the
following points should be considered in application
of moisture effect: (1) increase of moisture may be
lead to the formation of ice blockages because of the
Joule…Thompson cooling during the �uid expand-
ing; (2) the ionization of liable compounds by water
may cause reduction of their solubility and hence
reduction in the rates of extraction (although this phe-
nomenon may be desirable while the compounds are
not interested in the �nal products); (3) the possibil-
ity of components hydrolysis; and (4) probable effect
on the shelf life of the products (Leekeet al., 2002).
However, commonly, the in�uence of moisture on the
oil mass transfer and oil solubility is considered to be
a moderate factor that enhances the oil yield in the
range between 3% and 18% (Goodrum and Kilgo,
1987; Eggers, 1996). It has been reported that natu-
ral moisture content of tobacco affects nicotine SCF
extraction and increases the yield to 25% in compar-
ison with dried sample. In addition, moisturizing of
the coffee beans accelerates the caffeine removal and
increases the SCF extraction yield of vanilla from
vanilla beans (Balachandranet al., 2006). Variation
of the bed moisture levels may have different effects
on mass transfer of solute in the solid phase of plant
matrix (Leekeet al., 2002). In SC-CO2 extraction
of Origanum vulgareL., the discontinuous addition
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of water causes an increase in the extraction yield
of essential oils, however, reduces the amount of
co-extracted waxy materials (Leekeet al., 2002). It
has been reported that the enhancement of extraction
yield is due to the changes of the solvent transport
properties and reduction of intraparticle resistance
for the solute within the plant particles (Balachan-
dran et al., 2006). It was found that increasing the
moisture level in oilseeds and paprika samples has
a negative effect on the extraction ef�ciency and
required extraction time for reaching the desired
yield of extracts (Eggers, 1996; Nagy, 2010), whereas
it enhances the loss of volatile components (He
et al., 2003). Yodaet al. (2003) reported in�uence of
5…10% moisture in theStevia rebaudianamatrix on
extraction yield at supercritical and subcritical con-
ditions.

Ivanovic et al. (2011) extracted volatile compo-
nents ofHelichrysum italicum�owers by SC-CO2
at pressure of 10 MPa and temperature of 40� C
using �owers containing various amounts of mois-
ture (10.5% and 28.4%). The results showed that
the higher moisture content of the plant material
increases the extraction rate at the initial step of
extraction and enhances the extraction yield. The
moisture content in theH. italicum�owers was about
three times larger than the dry �owers. They deter-
mined the moisture contents of air-dried and wetted
plant samples by Karl Fischer volumetric titration. In
order to obtain plant samples with increased mois-
ture content, they sprayed one part of plant parti-
cles with distilled water and left in the plastic bag
overnight. Obviously, moisturizing ofH. italicum
�owers by water presoaking raises the extraction rate
about 40%. This faster extraction leads to diminish-
ing 25% consumption of SC-CO2 for obtaining a
similar extraction yield at the identical pressure and
temperature. On the basis of the previously published
reports (Wang and Weller, 2006; Pourmortazavi and
Hajimirsadeghi, 2007), the increase in the extraction
yield due to the water content of plant materials might
be due to the following factors: (1) dissolving the
water into the SC-CO2 phase and enhancing the sol-
ubility of solutes through a modi�er effect; and (2)
the water-swelling of plant matrix could affect the
internal or solid mass transfer resistance and trans-
ferring of solute components to the surface of plant
particle. On the basis of the previous report (Ivanovic
et al., 2011), an increase in the moisture content of
matrix of plant sample (approximately three times
rather than dried �owers) results in �ve times higher

solubility of analytes and slight increase of mass
transfer resistance in the solid phase.

Devittori et al. (2000) extracted crude oil from
Panicum miliaceumL. with SC-CO2. They investi-
gated the effects of plant matrix moisture on the oil
extraction yield. It has been reported that moisture
of the plant raw material is one of the parameters
that affects SC-CO2 oil extraction (Eggers, 1996).
However, drying and reducing the moisture content
of ground pellets of millet bran (Panicum miliaceum)
from 8% to 1…2% could not modify the oil mass
transfer during SC-CO2 extraction. This result con-
�rms the previously reported data, which shows that
moisture content between 3% and 12% has negligi-
ble effect on the mass transfer of oil during SC-CO2
extraction (Snyderet al., 1984). Unexpectedly, the
oil mass transfer was slightly more ef�cient in wet
pellets (with the moisture content around 8%) in com-
parison with dried pellets (with 1…2% moisture con-
tent). It should be noted that cereals drying, especially
millet bran, before oil extraction may cause a bitter
�avor in the cake (Dendy, 1995).

Leeke et al. (2002) extracted essential oil from
the herbO. vulgareL. ssp.virens(Hoffm. et Link)
letswarrt using SC-CO2 at 10 MPa and 40� C in the
presence various amounts of water (0…80% w/w). It
has been reported (Eggers, 1996) that water could
be used as a co-solvent in industrial-scale extraction
via SC-CO2. The most important advantage of water
over other organic modi�ers (i.e., acetone and ethyl
acetate) is remaining the extraction process totally
clean, which makes the extraction process green.
The organic co-solvent would be extracted besides
the products, and thus a further separation step will
be required for the removal of the solvent residues.
Nonpolar essential oil components (i.e.,� -terpinene,
p-cymene, and� -pinene) possess very low water
solubility; thus, using the SC-CO2 modi�ed with
water shows minimal increase in the extraction yield.
In other words, increasing the polarity of SC-CO2
has no considerable effect on their extraction yield.
On the other hand, functional groups of the oxy-
genated components in the essential oil cause interac-
tions with the water as co-solvent, which lead to the
increase of their extraction yield. These interactions
are including the formation of charge-transfer com-
plex, dipole (induced dipole), and hydrogen bonding.

Mobin Siddiqueet al. (2011) extracted candlenut
(Aleurites moluccanus) oil by SC-CO2 and opti-
mized the extraction parameters via RSM. In order
to investigate the effect of plant matrix moisture
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on the extraction process, various ground candlenut
samples including untreated and dried samples in
either a heat oven (at 45� C for 12 h with the sam-
ple moisture content of 2.91%) or a vacuum oven
(for 5 days with the sample moisture content of
1.98%) were prepared. The untreated plant sample
(with the moisture content of 4.87%) was used
as a control sample. The results showed that the
obtained yield of oil from the samples decreased in
the following order: heat-oven-dried plant (77.27%),
vacuum-oven-dried sample (74.32%), and the
untreated sample (70.12%). The plant dried with
the oven heat was containing the highest value of
linoleic acid, followed by the untreated plant and
vacuum-oven-dried sample. The yield of extraction
was lower for the untreated plant and heat-oven-dried
sample, which may be due to the aggregation of par-
ticles in these samples. The aggregation of plant
particles prevents passing of SC-CO2 through the
sample matrix. In other words, aggregation of the
plant particles caused an increase in the effective
size of the sample particles, and hence increased the
required path length for the diffusion of SCF to reach
the oil. Furthermore, aggregation of the particles and
formation of bigger particles caused the absorption
of oil in the created wide spaces, which make the
oil unable to reach the surface. As a result, the plant
particles become sticky in nature and the extraction
yield decreases.

6 COMPARISON OF SFE WITH OTHER
CONVENTIONAL EXTRACTION
TECHNIQUES

SCF could be applied for the extraction and isola-
tion of various components from plant matrices, and
the composition of the SC-CO2 extracts may be var-
ied depend on the operational conditions. Usually,
to investigate the ef�ciency of the method for the
extraction of herbal volatile components, the SFE
results are compared with other conventional tech-
niques, that is, distillation, solvent extraction (SE),
Soxhlet, and ultrasound-assisted extraction. Distil-
lation techniques, that is, steam and hydrodistilla-
tion (HD) have traditionally been applied for the
removal of the essential oil from plant materials.
These techniques have some shortcomings, namely
losses of volatile compounds, low extraction ef�-
ciency, and long extraction time. In addition, ele-
vated temperatures and water could be caused the

degradation or chemical modi�cations of essential oil
components (El-Ghorabet al., 2004; Fischeret al.,
1988, Rubio-Rodríguezet al., 2012). As an alter-
native, SFE is a particularly preferred method for
the extraction of natural plant materials. The impor-
tance of SFE has been increased in the food and plant
extraction during recent years (Herreroet al., 2006;
Ávila et al., 2011; Kimet al., 2008). Among various
available liquids and gaseous compound, the most
popular SCF is CO2, which is an excellent medium
for extraction of nonpolar species from plant matri-
ces such as alkenes and terpenes. It is also some-
what suitable for the extraction of moderately polar
species, including oxygenated compounds, aldehy-
des, esters, and alcohols, but is less useful for polar
components (Zougaghet al., 2004; Castro-Vargas
et al., 2011; Coutoet al., 2009). The extraction of
polar molecules requires addition of a modi�er, most
commonly MeOH or EtOH (Punín Crespo and Lage
Yustyet al., 2005; Ziémonset al., 2005; Chikushi
et al., 2009). Pourmortazaviet al. (2004a, 2004b)
showed that different extract compositions could be
obtained by different extraction methods applied to
herbal samples. Their results showed signi�cance dif-
ference between the composition of SC-CO2 extracts
and the hydrodistilled essential oils obtained from
Juniperus communisL. leaves. The hydrodistilled oil
possesses more volatile components in comparison
with the SC-CO2 extracts.

Costaet al. (2012) extracted the volatile compo-
nents from the aerial parts ofThymus lotocephalus
via HD and SFE techniques. The HD yields about
0.3% (w/w) oil for the aerial parts ofT. lotocephalus,
whereas SFE at pressures of 12 and 18 MPa yields
6.0% and 7.8% (w/w), respectively. The results of
this investigation showed that a higher number of
compounds might be extracted by HD method; how-
ever, the highest extraction yields are obtained by
SFE technique. In addition, separation and identi�ca-
tion of the extracts indicated different qualitative and
quantitative chemical compositions in the HD oil and
SFE extracts of the plant.T. lotocephalushydrodis-
tilled oil and its SFE extracts showed suitable antiox-
idant activity, identi�ed by a hydrogen atom transfer
mechanism. Regarding anti-ChE activity, both
hydrodistilled oil and SFE extracts showed a consid-
erable activity, mainly against the BChE enzyme. It
should be noted that the AChE and BChE inhibitory
activities exhibited by hydrodistilled oil were mainly
due to the presence of 1,8-cineole and caryophyllene
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Table 6 Values of extraction yield (expressed as percentage of fresh plant weight) obtained for six different Tunisian olive leaf (Olea
europaea) varieties using different extraction processes (SFE, PLE, MAE, and conventional SE).

Extraction process (conditions: Oueslati Chetoui Chemlali El Hor Jarboui Chemchali
solvent, temperature, time, (1) yield (%) (2) yield (%) (3) yield (%) (4) yield (%) (5) yield (%) (6) yield (%)
and pressure)

SFE (CO2 + EtOH, 40� C, 1 h,
15 MPa)

9.5 8.9 5.8 8.2 9.7 5.8

PLE (EtOH, 150� C, 20 min, 10 MPa) 19.9 19.5 14.8 19.6 16.7 22.4
PLE (water, 150� C, 20 min, 10 MPa) 10.4 7.5 8.4 8.9 11.2 11.0
MAE (MeOH : water 80 : 20, 80� C,

6 min)
16.7 10.6 11.2 11.6 5.2 12.1

Conventional (MeOH : water 80 : 20,
room temperature, 24 h)

9.4 8.1 8.2 8.2 9.1 16.8

Source: Reprinted from Food Chem Toxicol, 50, Taamalli A., Arráez-Román D., Barrajón-Catalán E., Ruiz-Torres V., Pérez-Sánchez A., Herrero M., Ibaóez E.,
Micol V., Zarrouk M., Segura-Carretero A., Fernández-Gutiérrez A., Use of advanced techniques for the extraction of phenolic compounds from Tunisian olive
leaves: Phenolic composition and cytotoxicity against human breast cancer cells, 1817…1825, Copyright 2012, with permission from Elsevier.

oxide, respectively. Generally, the essential oil
obtained by HD method has the most activity.

Taamalli et al. (2012) compared different
extraction techniques such as microwave-assisted
extraction (MAE), SFE, pressurized liquid extrac-
tion (PLE), and solid…liquid extraction to investigate
their ef�ciency in the extraction of phenolic com-
ponents from the leaves of six kinds of Tunisian
olive (Olea europaea). Among the investigated
techniques, PLE yields higher extraction ef�ciency,
whereas phenolic components in the extracts were
principally in�uenced by the solvent type used in
the various extraction techniques. The extracted
samples by MAE possess a larger number of phe-
nolic compounds, mostly with a polar character.
Table 6 presents the yield of extraction for different
methods obtained from six kinds of Tunisian olive
leaves. As shown in the table, PLE using EtOH as
extraction solvent presented the highest yield for
all of the studied varieties of plant, whereas among
these varieties, Chemchali showed the highest yield.
Meanwhile, MAE produces high extraction yields,
but considerably less than PLE using EtOH. As
an exception, the extraction ef�ciency for Jarboui
variety in MAE method was less in terms of total
extracted yield. Finally, PLE method performed
with water as solvent, solid…liquid extraction using
MeOH : H2O as solvent and SFE using CO2 as
main solvent and EtOH as co-solvent presented
comparable yields.

Huanget al. (2011a, 2011b) compared the compo-
sition of the volatile compounds obtained from two
varieties ofPerilla frutescens(Baisu and Zisu) via
SFE, HS-SPME, and HD. Perillaldehyde and perilla

ketone were the main components obtained from Zisu
and Baisu, respectively. SFE produced high yield oil
and its extracts contained some nonaroma compo-
nents with the high molecular weights. The optimized
conditions of SFE for the extraction of oil from both
varieties (Zisu and Baisu) were 30 MPa and 45� C,
which yields about 1.4%. In the SFE extracts of
Zisu and Baisu, 35 and 32 compounds were identi-
�ed, respectively. Meanwhile, some particular com-
pounds with high molecular weights, that is, vitamin
E, were extracted via SFE. In addition, HS-SPME
as a simple and sensitive technique was used for
the analysis of volatile compounds of fresh perilla.
HS-SPME was performed at the optimum extraction
conditions of 45� C for 20 min. In the fresh leaves
of Zisu and Baisu samples, 34 and 31 components
were determined, respectively. On the other hand,
the oil yields obtained by HD technique based on
the dry plant weight for Zisu and Baisu were 0.51%
and 0.38%, respectively. Meanwhile, 38 and 31 com-
pounds were identi�ed by GC/MS of hydrodistilled
oil of Zisu and Baisu, respectively.

Nisha et al. (2012) studied SFE and organic
SE (using hexane) of lipids from freeze-dried
Mortierella alpina biomass. The composition of
extracted lipids via organic solvent method was sim-
ilar to SC-CO2 extracts, whereas the pretreatment of
the plant cells with HCl and enzyme-treated biomass
caused a considerable increase in lipid recovery.
The value of recovery increase is proportional to the
percentage of ruptured plant cells. In spite of similar
composition for the lipids extracted by two meth-
ods, SFE and organic SE, a signi�cant difference
was observed in the yields of recovered lipids. In



SUPERCRITICAL FLUID EXTRACTION 69

Control
0

10

20

30

Li
pi

d 
yi

el
d 

(%
) 40

50

60

HCI treated

SFE

Soxtec

Enzyme treated

Figure 21 Total yields of extracted lipids by SFE and SE method
in the control and treated biomass ofM. alpina. (Source: Reprinted
from Food Chem, 133, Nisha A., Udaya Sankar K., Venkateswaran
G., Supercritical CO2 extraction of Mortierella alpina single
cell oil: Comparison with organic solvent extraction, 220…226,
Copyright 2012, with permission from Elsevier.)

terms of total lipid yield ofM. alpina, SFE method
showed a lower ef�ciency rather than organic SE
(Figure 21). The low yields of SC-CO2 extractions
can be attributed to the various factors affecting the
breaking dry cell walls for the extraction of their
complex contents including neutral and insoluble
lipids. Meanwhile, the low solubility of oils rich in
C20 fatty acids in SC-CO2 may be another reason

for lower extraction yield (Catchpoleet al., 2009).
On the other hand, the lipid materials together with
the triacylglycerols have a suitable solubility in hex-
ane. This high solubility is responsible for the higher
extraction yield when hexane was used as the organic
solvent in SE. In both SFE and SE methods, the yield
of extracted lipid is dependent on the pretreatment
of the sample with the biomass.

Parisottoet al. (2012) studied the antitumor activity
of Cordia verbenaceaextracts obtained by SFE (with
CO2 at 30 MPa and 50� C) and conventional organic
SE using EtOH. The antitumorin vitro assays for both
SC-CO2 and EtOH extracts were carried out and the
results indicated that SC-CO2 extract causes a supe-
rior decrease in tumor cells viability and their pro-
liferation, whereas the most probable type of death
for these cells is apoptosis. The reason for induc-
ing the cell death by the SFE extracts may be the
morphology of the cells stained by acridine orange
and ethidium bromide. The results of investigation
for the inhibition ability of tumor growth and antitu-
mor activity showed that only SFE extracts are ef�-
cient to reduce the expression of cyclooxygenase in
the human cancer cell lines MCF-7 (breast). Mean-
while, based on the ratio of unviable cells/viable
cells, both SE and SFE extracts ofC. Verbenacea
presented a high potential for the inhibition of tumor
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Figure 22 Inhibition of tumor growth in mice inoculated (0.2 mL of 5× 106 cells/mice) by treatment with SE and SFE extracts ofCordia
verbenacea(37.5, 75, 150 mg kgŠ1 of mice) during 9 days; (a) marks: the signi�cant differences in relation to control group (NC) and
(b) marks: the signi�cant differences between two extracts tested. (Source: Reprinted from J Supercriti Fluid, 61, Parisotto E.B., Michielin
E.M.Z., Biscaro F., Ferreira S.R.S., Wilhelm Filho D., Pedrosa R.C., The antitumor activity of extracts from Cordia verbenacea D.C. obtained
by supercritical �uid extraction, 101…107, Copyright 2012, with permission from Elsevier.)
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Table 7 Comparison of SFE method for the extraction and isolation of herbal volatile components with other conventional extraction
techniques.

Sample Analyte Applied
techniques

Optimum conditions
of SFE (pressure,
temperature,
modi�er, etc.)

Comparison of
results

References

Quince (Cydonia
oblongaMiller)
seeds

Fatty acids SFE and UAE 35.3 MPa; 35� C;
MeOH 150� L;
static and dynamic
extraction times 10
and 60 min

Similar oil composition, but
higher extraction yield was
achieved with SFE rather
than USE

Daneshvandet al.
(2012)

Olive oil mill
wastes (Olea
europa)

Phenolic
compounds

SE and SFE 35 MPa, 40� C,
MeOH, extraction
time 60 min

Higher extraction yield was
achieved by SE using polar
solvent

Lafkaet al. (2011)

Cordia
verbenaceaDC

Antioxidant
compounds

SFE, SE, HD,
and
maceration

30 MPa; 50� C; 8%
EtOH; 4 h
extraction time

EtAc fraction obtained by
maceration and extract
isolated by SE using 25%
aqueous mixture of EtOH
have the highest scavenger
activity against DPPH
radical; the highest total
phenol content value was
obtained by SE using EtAc

Michielin et al.
(2011)

Cordia
verbenacea
D.C.

Volatile
components

SFE and SE 30 MPa and 50� C SCF extract causes superior
reduction in tumor cells

Parisottoet al.
(2012)

Wormwood
(Artemisia
absinthiumL.)

Volatile
components

HD, SE, and
SFE

18 MPa; 40� C and
EtOH

SCF extracts exhibited
stronger antifeedant effects
than the traditional ones
(up to eight times more
active)

Martín et al.
(2011)

Drosera
intermedia

Plumbagin SE, UAE, and
SFE

20 MPa; 40� C; 3.62
g minŠ1 SC-CO2
�ow rate; extraction
time 2 h

Higher yield of plumbagin
was achieved by UAE; the
highest extraction yield
was obtained with SFE

Grevenstuket al.
(2012)

Thyme (Thymus
vulgaris),
rosemary
(Rosmarinus
of�cinalis), and
sage (Salvia
of�cinalis)

Extracts and
essential oil

SFE and HD 35 MPa; 100� C;
0.3 kg hŠ1 SC-CO2
�ow rate

Higher yields in the SFE
process

Ivanovicet al.
(2011)

Spearmint
(Mentha spicata
L.) leaves

Flavonoid
compounds

Soxhlet and SFE 20 MPa; 60� C;
extraction time
60 min

Soxhlet extraction yields a
higher crude extract; SFE
extract contains more main
�avonoid compounds

Bimakret al.
(2012)

Kenaf seeds
(Hibiscus
cannabinus)

Oil Sonication,
Soxhlet, and
SFE

60 MPa; 40� C Soxhlet gave the highest oil
yield; oil from sonication
was the most cytotoxic
toward ovarian cancer cell;
oil from SFE gives the
lowest IC50 against colon
cancer

Saiful Yazanet al.
(2011)

Microalgae
(Chlorella
vulgaris)

Lipids SE and SFE 30.6 MPa; 60� C;
extraction time 6 h

SFE provides higher
selectivity than SE for
triglyceride extraction
though the total extracted
lipids

Chenet al. (2011)
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Table 7 (Continued)

Sample Analyte Applied
techniques

Optimum conditions
of SFE (pressure,
temperature,
modi�er, etc.)

Comparison of
results

References

Mitragyna
speciosaleaves

Alkaloids UAE, MAE, and
SFE

30 MPa; 65� C; 28.8%
EtOH, 12 kg hŠ1

SC-CO2 �ow rate;
extraction time
45 min

MAE in a closed vessel at
110� C (60 W,
MeOH/water 1 : 1) gives
the highest alkaloid
fraction amount; UAE with
an immersion horn at 25� C
(21.4 kHz, 50 W, MeOH)
shows best yield for
mitragynine

Orio et al. (2012)

Curcuma longa Curcumin Soxhlet, MAE,
UAE, and
SFE

30 MPa; 50� C; 10%
EtOH, SC-CO2
�ow rate
5 mL minŠ1; static
time 60 min and
dynamic time
300 min

Maximum extraction rate
constant was observed by
MAE acetone extract of
water-soaked curcuma
rhizomes; MAE technique
is more ef�cient for
curcumin extraction

Wakteet al.
(2011)

Kenaf (Hibiscus
cannabinus)
seed oil

Lipids (fatty
acids,
tocopherols,
and sterols)

SFE and SE
with hexane

60 MPa; 40� C No differences between fatty
acid compositions of
various oil extracts; higher
yield of tocopherols was
achieved by SFE at high
pressure; extraction of
kenaf seed oil using SFE at
high temperature (80� C)
gives higher amounts of
sterols

Adam Mariod
et al. (2011)

Acorn fruit of
Quercus
rotundifoliaL.

Oils SFE and SE
with hexane

18 MPa; 40� C;
super�cial velocity
of 2.5× 10Š4 msŠ1;
plant particle
diameter of
2.7× 10Š4 m

Higher yield of cholesterol
was achieved by SFE; no
phospholipids in SC-CO2
extract; identical total
amount of tocopherols in
acorn oils by extraction via
n-hexane or SFE

Lopeset al.
(2005)

Nigella sativaL.
seeds

Volatile
compounds

SFE and HD 28 MPa/50� C for total
extract;
12 MPa/40� C for
major volatile part

Better recovery of phenolic
compounds by SFE

Tiruppuret al.
(2010)

Flaxseed (Linum
usitatissimum)

Oil SFE and SE
with
petroleum
ether

55 MPa; 70� C;
1 L minŠ1 SC-CO2
�ow rate; extraction
time 3 h

Higher extraction yield for
petroleum ether extraction;
higher content of
� -linolenic acid in SFE
extract

Bozanet al.
(2002)

Krill ( Euphausia
superba)

Oil containing
astaxanthin

SFE and SE
with hexane

25 MPa; 45� C Higher percentage of
polyunsaturated fatty acids
in SFE extract; lower
acidity and peroxide value
of krill oil and more
stability than SE oil

Ali-Nehari et al.
(2012)

Rice bran Lipids SFE and Soxhlet
with hexane

600 bar; 100� C Higher extraction yield with
Soxhlet extraction

Kuk et al. (1998)

(continued overleaf)
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Table 7 (Continued)

Sample Analyte Applied
techniques

Optimum conditions
of SFE (pressure,
temperature,
modi�er, etc.)

Comparison of
results

References

Juniperus
communisL.
leaves

Essential oils SFE and HD 20.3 MPa; 45� C;
30 min dynamic
extraction time

Higher concentration for
more volatile components
in hydrodistilled oil and
lower content in SC-CO2
extracts

Pourmortazavi
et al. (2004a,
2004b)

Thymus
lotocephalus

Volatile
components

SFE and HD 18 MPa; 40� C Higher number of compounds
extracted by HD; highest
extraction yields obtained
by SFE

Costaet al. (2012)

Tunisian olive
(Olea
europaea)

Phenolic
components

MAE, SFE,
PLE,
solid…liquid
extraction

15 MPa; 40� C; 6.6%
EtOH as modi�er

PLE using EtOH showed
highest yield; PLE using
water, solid…liquid
extraction using
MeOH : H2O and SFE by
CO2 and EtOH co-solvent
presented comparable
yields

Taamalliet al.
(2012)

Perilla frutescens
(Baisu and
Zisu)

Volatile
compounds

SFE, HS-SPME,
HD

30 MPa; 45� C SFE produced higher oil yield
and its extracts contained
some nonaroma
components with high
molecular weights

Huanget al.
(2011a, 2011b)

Mortierella alpina
biomass

Lipids SFE; SE 25 MPa; 50� C Composition of extracted
lipids via SE was similar to
SC-CO2 extracts; total
lipid yield of SFE was
lower than SE

Nishaet al. (2012)

Cordia
verbenacea

Extracts SFE; SE 30 MPa; 50� C SC-CO2 extract causes a
superior decrease in tumor
cells viability and their
proliferation

Parisottoet al.
(2012)

Satureja hortensis
L.

SFE; Soxhlet
extraction

10% EtOH as
co-solvent

Soxhlet extracts with EtOH
showed highest yield and
antioxidant activity

Plánderet al.
(2012)

growth in mice in comparison with the negative
control (NC) as shown in Figure 22.

Plánderet al. (2012) analyzed different extracts
of S. hortensisL. obtained by various solvents (i.e.,
SC-CO2 and organic solvent). Various organic sol-
vents including EtOH at different concentrations,
acetone, isopropanol, ethyl-acetate, and pentane
were used for Soxhlet extraction of summer savory
(S. hortensisL.). SFE was also carried out with
pure CO2 and CO2 modi�ed with EtOH. Among the
SFE extracts, the product obtained by CO2 modi�ed
with 10% EtOH as co-solvent showed the highest
antioxidant activity. In comparison with SC-CO2
extracts, the Soxhlet extracts in the presence of EtOH
as solvent showed the highest values of the yield

and antioxidant activity. The results of this work
con�rm that 50% and 70% aqueous EtOH is the
most ef�cient solvent for the isolation of the antiox-
idant components fromS. hortensisL. Meanwhile,
among the various organic solvents studied, 50%
EtOH presents the highest yield, whereas the extrac-
tion yield was decreased with the decreasing the
polarity of solvents. On the other hand, the antiox-
idant activity could be attributed to the presence of
other phenolic compounds such as �avonoids in the
extracts. The total �avonoid content in the Soxhlet
extracts ofS. hortensisL. decreases as the following
order: ethyl-acetate> acetone> EtOH…water (70 : 30
v/v) > isopropanol> pure EtOH> pentane> EtOH…
water (96 : 4 v/v)> EtOH…water (50 : 50 v/v),
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whereas this order for SC-CO2 extracts is as follows:
CO2 modi�ed with 15% EtOH> CO2 + 10%
EtOH> CO2 + 5% EtOH> pure CO2. Table 7
shows some of the recent reports on the compari-
son of SFE method ef�ciency for the extraction of
volatile compounds from plant materials with other
conventional techniques.

7 CONCLUSION

Application of SCF technology for the isolation and
extraction of volatile component from herbal sam-
ples has been developed during recent years. The
possibility in the tuning of the operational param-
eters involved in the SFE process, that is, extrac-
tion conditions and plant sample properties permit
the optimization of the yield and the composition of
the extracted products. The SFE method appears to
be a green and cost-effective technique at laboratory
scale; however, some supplementary information is
required for the accurate economic evaluation of
its application in large scales. The advantages of
SC-CO2 extraction over other conventional tech-
niques especially HD and Soxhlet extraction are
low operating temperature and, hence, prevention
of thermal degradation of most of the labile com-
pounds; shorter extraction period; higher selectivity
in the extraction of interested compounds; and no
organic solvent residue in the extracts, which make
the method more interested for plant oil isolation and
extraction.

ABBREVIATIONS

AChE acetylCholinEsterase
BChE butyrylCholinEsterase
Pc critical pressure
Tc critical temperature
DPPH (2,2-diphenyl-1-picrylhydrazyl)
EtOH ethanol
EtAc ethyl acetate
GC-MS gas chromatography-mass

spectroscopy
HD hydrodistillation
HS-SMPE head space-solid phase microextraction
MeOH methanol
MAE microwave-assisted extraction
NC negative control

PLE pressurized liquid extraction
SC-CO2 supercritical carbon dioxide
RSM response surface methodology
SCFs supercritical �uids
SD standard deviation
SE solvent extraction
SFE supercritical �uid extraction
UAE ultrasound-assisted extraction
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1 INTRODUCTION

Natural products, especially those originating from
plants, are still an important source of chemothera-
peutic agents. Because plants may contain thousands
of primary and secondary metabolites with very
different physicochemical properties, the extraction
process is very often tedious and time consuming.
The �rst goal of a plant extraction process is to sep-
arate the desired compounds from the solid matrix.
Active constituents from plant materials are often
still extracted using conventional solid…liquid extrac-
tion (SLE) techniques. Such techniques involve an
adequate choice of solvents and use of a shaking
and/or heating mechanism in order to increase
the mass transfer and solubilization of the active
compounds. The traditional extraction methods for
determining a wide variety of natural compounds
remain maceration, ultrasonication, percolation,
turbo-extraction (high speed mixing), heating under
re�ux, steam distillation, and Soxhlet extraction. The
last of these is frequently used for plant extraction.
These techniques are, however, often considered
to be a bottleneck for most analytical procedures,
being one of the least evolved parts of the whole
process, as illustrated in Figure 1 (Rouessac and
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Rouessac, 2004). They are both labor intensive
and time-consuming. In addition to a prolonged
extraction time (typically 16…24 h for Soxhlet),
they suffer from several limitations including high
solvent consumption, low selectivity, and an often
unsatisfactory reproducibility. Furthermore, large
volumes of polluting organic solvents have to be
used, most of which are hazardous and/or expen-
sive, which is not compatible with clean and •greenŽ
chemistry. In addition, some of these methods (steam
distillation and Soxhlet) require an extended heating
period, which can create artifacts or even degrade
heat-sensitive compounds.

With the advent of fast analytical methods (fast-
and ultra-fast GC, UHPLC, and capillary elec-
trophoresis) that allow extracts to be analyzed in a
few minutes, or even seconds (Bieriet al., 2006),
there is a need for fast and ef�cient extraction of
samples in a way that is both cost-effective and
environmentally friendly. Modern extraction tech-
nologies should involve low solvent consumption, be
as exhaustive as possible, be rapid and easy-to-use,
and offer the possibility of automation. They should
result in a signi�cant reduction of solvent consump-
tion and thus decrease the waste generated during
the process. Furthermore, they allow the use of
solvents that are widely acceptable for food and
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Figure 1 Graphical representation of the global analytical pro-
cess (Rouessac and Rouessac, 2004).

pharmaceutical processing. Among these technolo-
gies are those based on compressed �uids, such as
supercritical �uid extraction, microwave-assisted
extraction (MAE), pressurized liquid extraction
(PLE), and pressurized hot water extraction (PHWE).

During the last decade, some exhaustive review
articles have been published concerning the use
of modern techniques for natural product isola-
tion (Huie, 2002; Romaniket al., 2007; Sticher,
2008). This chapter focuses on two of the alternative
approaches to traditional extraction methods, namely
MAE and PLE. PHWE can be considered as a spe-
cial case of PLE in which the solvent is water and is
brie�y considered in this chapter.

The in�uence of important parameters (e.g., tem-
perature, pressure, nature of the solvent, solvent
�ow rate, when relevant, and extraction time) on
the extraction ef�ciency and characteristics of the
extracted products is discussed, based on an overview
of the recent literature related to plant materials.

2 MICROWAVE-ASSISTED EXTRACTION

Although many initially reported applications of
MAE dealt with recovery of pollutants from environ-
mental matrices, the interest in this process for the
extraction of active constituents from plant materials
increased dramatically over the last decade, as shown
by the large number of papers published on this topic.
A few review articles have also been released con-
cerning the application of MAE to natural product
isolation (Ananthet al., 2009; Chanet al., 2011;
Mandalet al., 2007; Nuechteret al., 2005).

2.1 Principle of the Method and Heating
Mechanism

MAE is a process that uses microwave energy to heat
a solid sample in order to desorb analytes from the
matrix (Chenet al., 2008a).

Microwaves are electromagnetic radiation with
a frequency ranging from 300 MHz to 300 GHz
(Figure 2). In order to avoid interference with of�cial
communications, domestic, industrial, and scienti�c
microwave devices operate at 2.45 GHz.

Directly related to their electromagnetic nature,
microwaves possess two oscillating perpendicular
magnetic and electric �elds. The latter is responsi-
ble for the transformation of electromagnetic energy
into calori�c energy via two simultaneous mecha-
nisms occurring in the sample, namely, dipole rota-
tion and ionic conduction. Dipole rotation occurs as
a result of the alignment within the electric �eld of
those molecules possessing a dipole moment (either
permanent or induced by the electric �eld), in both
the solvent and the solid sample. This fast oscilla-
tion generates heat through collisions and friction
between surrounding molecules. When working at
the usual frequency of 2.45 GHz, this phenomenon
occurs 4.9× 109 times per second and the resultant
heating is very fast. Indeed, the larger the dielec-
tric constant of the solvent, the more optimal is the
heating. If the medium is more viscous, then the
molecular rotation is affected and this phenomenon
is diminished. Consequently, unlike classical con-
ductive heating methods, microwaves heat the whole
sample simultaneously, thus leading to very fast and
ef�cient extractions. Another advantage of MAE is
the disruption of weak hydrogen bounds promoted
by the dipole rotation of the molecules. Furthermore,
the migration of the dissolved ions increases solvent
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penetration into the matrix and thus facilitates the sol-
vation of the analytes.

Changing the electric �eld also induces ionic cur-
rents in the solution. As the medium resists the
electrophoretic migration of dissolved ions, friction
occurs and heat is liberated by a Joule effect. This
phenomenon depends on the size and charge of the
ions present in the solution. Roughly, the higher the
dielectric constant of a compound, the greater the
resistance to the microwave energy that is observed
in the sample (Belangeret al., 2008). Solvents hav-
ing a permanent dipole moment (e.g., methanol or
water), as well as ionic liquids, strongly absorb
microwave energy, whereas apolar solvents such as
hexane are transparent to microwave irradiation. The
ability of the solvent to dissipate the heat, also
called dielectric loss (� �� ), is in fact of utmost impor-
tance (Jainet al., 2009). Indeed, if the difference
between the dielectric constant (� � ) and the dielec-
tric loss is large, microwaves will be very strongly
absorbed. Water, for instance, has a� � of 80 and a
� �� of 12. This difference implies a greater ability to
absorb microwave energy than to dissipate the heat
in the system. This leads to the •superheatingŽ phe-
nomenon, which occurs only in matrices containing
water. Methanol does not present this •superheatingŽ
behavior, because it has a� � of 23.9 and a� �� of 15.2
and therefore, a better ability to dissipate the heat
generated by absorbing the microwave energy.

This liquid phase extraction approach is based on
the unique ability of microwaves to selectively heat
part of the sample, which in most cases comprises

substances that are present directly in the matrix itself
(Pare and Belanger, 2010).

Figure 3 shows the three basic situations that can be
occur in MAE: (a) absorbing sample in an absorbing
medium (bulk heating), (b) absorbing sample in a
transparent solvent, and (c) a rehydrated sample
dipped in either a transparent (C1) or an absorbing
(C2) solvent.

One particular application is the extraction of
essential oils, for which a cold apolar solvent can
be used (e.g., hexane; Ferhatet al., 2007). Indeed,
microwaves interact selectively with the polar
molecules present in glands, trichomes, or vascular
tissues (selective heating and extraction). Localized
heating leads to the expansion and rupture of cell
walls and is followed by the liberation of essential
oils into the solvent (Figure 3b).

This situation presents obvious advantages in the
case of thermosensitive substances.

A similar case is obtained by moisturizing a dry
sample with the appropriate volume of polar solvent
before performing the extraction (Figure 3c).

2.2 Instrumentation

A microwave-assisted extractor is basically made up
of a magnetron (i.e., microwave generator), a wave
guide, and an extraction chamber (Pare and Belanger,
2010).

Despite the increasing use of domestic ovens
(modi�ed or not) in laboratories, two technologies

(b) (c)(a)
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Absorbing sample
absorbing solvent

(bulk heating
mechanism)

in Absorbing
transparent solvent

insample sampleof the
and extraction

or
solvent(C2)

(C1)
using

Moisturizing

transparent
absorbing

Figure 3 Three basic extraction schemes of solid matrices by MAE. (a) Absorbing sample in an absorbing solvent. (b) Absorbing sample
in a transparent solvent. (c) Rehydrated sample dipped in either a transparent solvent (C1) or an absorbing solvent (C2).
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are commercially available: closed vessel systems
working under controlled pressure and tempera-
ture, and open extraction systems operating at atmo-
spheric pressure. Owing to hazards related to highly
�ammable organic solvents and the potential lack
of homogeneity of the microwave �eld in domestic
ovens, it is strongly recommended to use only equip-
ments approved for MAE.

2.2.1 Closed Vessel Systems

In closed MAE, several samples can be extracted at
once using the same set of experimental conditions.
Figure 4 depicts the MARS 6 system (CEM Corp.)
that allows up to 40 simultaneous extractions. The
solid samples are placed into the cells with adequate
solvent and subjected to microwave irradiation, caus-
ing instantaneous ef�cient heating in the presence
of microwave-absorbing substances (Camel, 2002).
The cells are made of nonmicrowave-absorbing
material that is able to withstand high temperatures
(up to 300� C) and high pressures (as high as 13 bar).
Furthermore, the part of the cell in contact with the
sample must be totally inert. High quality glass,
quartz, or polymer transparent to microwaves, such
as PTFE, are generally used (Majors, 2006). The
closed vessels are placed on a turntable in order
to overcome possible nonhomogeneity of the elec-
tric �eld in the cavity. These devices are generally
equipped with a high level of security features
(Majors, 2006), such as high capacity exhaust fans,
solvent sensors, or pressure-burst safety membranes
placed on each vessel.

Pressure is generated in the closed vessels by
heating. In some cases, the inner temperature can
grow up to circa 100� C above the atmospheric boil-
ing point of the solvent used. Temperature can also
be set at a �xed value by adjusting the microwave
power applied. The selected power has to be set at
a suf�cient level to avoid solute degradation due to
excessive temperature and overpressure problems.

Both speed and ef�ciency of extraction are
enhanced in this procedure. It is notable that extrac-
tion vessels must be cooled down before opening, for
reasons of pressure and temperature. This is particu-
larly important in the case of volatile compounds that
partition between the headspace and the liquid phase
when the samples are heated, thus leading to poten-
tial losses and quanti�cation errors. After irradiation,

Figure 4 Typical closed vessel MAE system (Mars 6) from CEM
Corp. (Source: Reproduced by permission of CEM Corporation.)

the solid residue needs to be removed by �ltration or
centrifugation, and the liquid phase is collected.

2.2.2 Open Cells

The open cell system operates at atmospheric pres-
sure. Thus, the maximum temperature that can be
achieved is determined by the boiling point of the
solvent or mixture of solvents used. The samples
are immersed into the solvent and placed in quartz
microwave transparent containers, which are topped
by a vapor condenser. The microwaves are often
focused on the sample, thus allowing homogeneous
and very ef�cient heating. The sample to be extracted
may be directly dipped into the solvent or can be
placed into a Soxhlet-type cellulose cartridge to
avoid �ltration steps. This approach can be partic-
ularly interesting for recovery of thermosensitive
compounds.

Compared to closed vessel extractions, open cells
offer increased safety in sample handling and, fur-
thermore, allow larger samples to be extracted. How-
ever, the commercial supply of such systems (e.g.,
Star 2 from CEM Corp.; Figure 5) is limited and this
technique presents a lower degree of automation.

In both closed and open systems, the sample can be
concentrated by evaporation of the solvent. The dry
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Figure 5 Typical open vessel MAE system (Star 2) from CEM
Corp. (Source: Reproduced by permission of CEM Corporation.)

residue is dissolved into an appropriate vehicle before
chromatographic analysis.

2.2.3 Microwave-Assisted Hydrodistillation
(MAHD)

MAHD is a particular procedure in which the water
contained in the sample itself (either native or added
to the plant material) heats under microwave irradi-
ation, thus causing rupture of some of the speci�c
structures of the matrix itself (Denget al., 2007). The
essential oils or volatiles are released and condensed
by a vapor condenser and separated from the water
present in the collecting vial as a two-phase sys-
tem, similar to conventional steam distillation (Iriti
et al., 2006; Lo Prestiet al., 2005; Rielaet al., 2011;
Tigrine-Kordjaniet al., 2011; Yahayaet al., 2010).
It has been demonstrated that essential oil obtained
by this technique contains a higher concentration of
oxygenated compounds in comparison to the same oil

obtained by traditional hydrodistillation (Iritiet al.,
2006).

2.2.4 Microwave-Assisted
Extraction-Headspace-Solid-Phase
Microextraction (MAE-Headspace-SPME)

Solid-phase microextraction (SPME) is a relatively
recent sampling technique, introduced by Arthur and
Pawliszyn in the early 1990s (Arthur and Pawliszyn,
1990). This technique uses small diameter �bers
coated with a stationary phase on which the analytes
extracted from either liquid or solid samples are
adsorbed. This procedure is particularly suitable
for volatiles, and several techniques can be applied
to enhance the partition of analytes between the
solid or liquid phase and the vapor phase, includ-
ing microwave heating. The microwave-assisted
extracted volatiles are trapped directly on an SPME
�ber placed above the microwave heated plant
sample (Fanet al., 2009; Yanget al., 2010b).

Combination of both microwave irradiation and
SPME online adsorption allows the selectivity of
extraction to be increased and was successfully
applied to the analysis of volatiles fromMagnolia
grandi�ora L. (Fanet al., 2009) orPolygala furcata
Royle (Yang et al., 2010b). All these techniques
take advantage of the fact that water molecules
are selectively heated by the microwaves and that
the energy thus released can be transferred to sur-
rounding molecules that are relatively transparent
to microwaves (Belangeret al., 2008). Instead of
water (Yanget al., 2010b), it is also possible to add
inert microwave-absorbing material (e.g., carbonyl
iron powder (CIP), graphite powder, or activated car-
bon powder (Wanget al., 2006a, 2006b) to the sam-
ple. These substances act only as microwave heating
catalysts (Wanget al., 2006c). Using this method,
MAE is even possible in transparent organic solvents
(Majors, 2006).

2.3 In”uencing Parameters in MAE

The factors affecting MAE are strongly dependent on
the nature of both the solvent and the solid matrix.
Basically, three factors are important for the extrac-
tion of a compound from a plant matrix: the solubil-
ity of the analyte in the selected solvent, the mass
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transfer kinetic of the analyte from the matrix to the
solvent, and the strength of the matrix/analyte inter-
actions (Jainet al., 2009).

2.3.1 Nature of the Solvent

There are two basic approaches to using microwave
heating for sample preparation: bulk and selective
heating (Pare and Belanger, 2010). While the former
does not particularly take advantage of the speci�c
properties of microwaves, mimicking classical ther-
mal resistive extraction, the latter allows the selective
heating of part of the system (the matrix or the sur-
rounding solvent), thus exploiting the unique selec-
tivity of extraction provided by the application of
microwaves. This selectivity of heating is directly
related to the interaction of microwaves with polar
compounds or solvents.

Solvents generally used for this purpose cover a
wide range of polarities, from heptane to water. In
most cases, the selected solvent has a high dielec-
tric constant and strongly absorbs microwave energy
(bulk heating). However, the extracting selectiv-
ity and the ability of the medium to interact with

microwaves can be modulated using mixtures of
solvents, such as alcohols and water, which are
often used for natural product extractions. The fastest
extractions have been reported to take place in a
mixture of solvents of different polarities, typically
methanol and water or hexane and ethanol (Chen
and Spiro, 1995; Spiro and Chen, 1995). Figure 6
shows a GC…MS chromatogram of steroidal saponins
extracted by focused open MAE (Soxwave 3.6, Pro-
labo, Fontenay-sous-Bois, France) from the seeds
of Trigonella foenum-graecumL. using a mixture
of 2-propanol (iPrOH) and water. The solid sample
(200 mg) was placed inside a quartz tube topped with
a vapor condenser. Ten milliliters of extracting sol-
vent (42%iPrOH in water) was added and the extrac-
tion was performed over 30 min at 40 W.

Some particular applications of MAE using ionic
liquids (e.g., 1-butyl-3-methylimidazolium bromide)
for the extraction of natural compounds are reported
for phenols (Duet al., 2009), anthraquinones (Lu
et al., 2011), �avonoids (Zenget al., 2010), alkaloids
(Du et al., 2010; Luet al., 2008; Maet al., 2010),
lignans (Yuanet al., 2011), and phthalides (Chiet al.,
2011).
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Figure 6 GC…MS chromatogram ofTrigonella foenum-graecumseeds extract obtained by MAE (SIM on fragment 139). Experimental
conditions: all extractions were performed using a focused microwave system operating at atmospheric pressure (Soxwave 3.6, Prolabo,
Fontenay-sous-Bois, France). The solid sample (200-mg seeds) was placed into a quartz tube topped with a vapor condenser. Ten milliliters
of solvent (42% isopropanol in water) were added. The extraction was performed during 30 min at a power of 40 W. GC…MS was performed
with a HP 5890 series II gas chromatograph coupled with a HP 5972 (Agilent Technologies, Palo Alto, CA, USA) mass spectrometer. The
mass selective detector was operated in the electron impact ionization mode with an ionization potential of 70 eV. Helium was used as carried
gas at a constant �ow rate of 1 mL minŠ1. Injection was performed in the splitless mode (time: 1.5 min) and injection volume was 1� L. The
gas chromatograph was �tted with a 30 m× 0.25 mm ID fused silica capillary column coated with a phenyl-methyl silicone phase HP-5MS
with a �lm thickness of 0.25� m.
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Attempts have also been made to use nonionic sur-
factants for micellar extraction of triterpenic sub-
stances (Sunet al., 2007a). To improve interactions
between the matrix and the microwaves, CIP was
mixed to the plant material before extraction with a
transparent solvent (anhydrous diethylether) in order
to extract volatile compounds from ginger (Yuet al.,
2007): this produced an excellent extraction selec-
tivity. A similar approach was applied using hex-
ane for recovery of monoterpenes (Chematet al.,
2005), ethylacetate for triterpenes (Asghariet al.,
2011), and petroleum ether for alkaloids (Raman and
Gaikar, 2002). In all these cases, water contained
in the matrix heats locally and promotes release
of secondary metabolites into the cold surrounding
medium.

The ability of substances to interact at various
degrees with microwaves enables �ne modulation of
the extraction selectivity by varying the nature of the
solvent used. Figure 7 shows the signi�cant increase
in the selectivity of extraction of artemisinin, an

antimalarial sesquiterpene extracted fromArtemisia
annua L. The extraction rate was in fact identi-
cal for all solvents tested (Figure 7a), whereas the
cleanliness of the extracts increased with decreasing
dielectric constant of the solvents used (Figure 7b).
Hexane produced the best results in terms of both
extraction yield and selectivity. Residual water still
present in the plant material causes localized super-
heating, resulting in explosion of plant structure and
in release of the active substance(s) into the cold sur-
rounding medium.

A particular technique was applied for the extrac-
tion of polyphenols using a mixture of water and
diethylether (Luet al., 2007): the upper organic phase
remains cold, whereas the aqueous solvent and the
plant matrix are heated. This procedure allows MAE
and puri�cation of the extracts to be simultaneously
carried out by liquid…liquid extraction. Similarly,
lipophilic compounds were extracted using a mixture
of water and petroleum ether (Shenet al., 2008).
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2.3.2 Solvent Volume

The volume of organic solvent used for MAE can
be dramatically reduced to only a few milliliters
(typically <40 mL for plant metabolites) (Romanik
et al., 2007) in comparison with conventional SLE
techniques. Generally, the amount of solvents may
be about 10 times less than those used in classical
SLEs. In the particular case of microwave-assisted
hydrodistillation, no organic solvent is used. Unlike
conventional extraction methods, for which the
extraction ef�ciency increases simultaneously
with increasing solvent volume, in MAE, a higher
liquid-to-matrix ratio may give lower recoveries
(Xiao et al., 2008). This could partially be explained
by the poor microwave heating of the matrix if
the large volume of solvent absorbs most of the
microwave energy (Chanet al., 2011). Inversely, a
low liquid-to-matrix ratio may result in solvent with
an insuf�cient solubilization capacity.

Once a suitable solvent or mixture of solvents has
been selected, its quantity has to be determined as
this affects the extraction ef�ciency and therefore the
extraction yield (Chanet al., 2011). Duet al. (2010b)
shows that the solvent/matrix ratio has a signi�cant
in�uence on the extraction yield of �avonoids from
Pueraria lobata(Willd.) Ohwi and Pueraria thom-
sonii Berth.

2.3.3 In”uence of the Matrix Characteristics

In many cases, the matrix moisture improves
extraction recovery. The effect of this parameter
also depends on the extraction solvent used in
the method. The water added (or naturally occur-
ring in the sample) will always have an effect on
the microwave-absorbing ability and hence facili-
tate the heating process. Thus, precise control of
the sample•s moisture leads to more reproducible
results. In addition to the moisture content, a reduced
particle size enables a larger surface area in con-
tact with the solvent and thus a better extraction
yield (Kaufmannet al., 2001a). However, too small
particle size may cause dif�culty in separating the
extract from the plant residue without an additional
clean-up step (Chanet al., 2011). Furthermore, one
must take into account the plant organ (seed, leaf,
root, bark, etc.) considered when optimizing MAE
conditions. For leaves, a short MAE exposure with

approx. 20…50% water is generally suitable, whereas
for roots and rhizomes, more extreme conditions,
that is, longer extraction time, high water proportion,
and high power setting are required. Matrix porosity
directly in�uences the diffusion of analytes to the
surface of the solid sample. Higher temperature and
swelling of the matrix may therefore promote faster
extraction kinetics by increasing the diffusion rate
(Jainet al., 2009). The targeted heating of water or
polar molecules present in the matrix leads to local
superheating, causing signi�cant expansion with
subsequent rupture of cell walls and liberation of the
analytes into the surrounding medium. Thus, opti-
mized parameters depend mainly on the matrix rather
than on the compounds to be extracted. Kaufmann
et al. (2007) report the in�uence of the plant matrix
in MAE of diosgenin extracted from seeds, leaves,
and roots from fenugreek. Chematet al. (2005)
observe that microwave irradiation of caraway seeds
seems to affect the internal structure of the cells. The
higher terpene extraction yield was directly related
to ruptures observed in the glandular tissues after
explosion promoted by intracellular superheating.

2.3.4 Extraction Time

To avoid thermal degradation of compounds, the
extraction time should be minimized. In the case of
natural products from plants, the irradiation periods
vary from a few seconds (Jainet al., 2009) to 30 min
(Denget al., 2007; Huie, 2002; Sticher, 2008) with
most of the applications reporting an average extrac-
tion time of 10 min. The extraction of artemisinin, a
heat-sensitive sesquiterpene, with three solvents of
different polarities (ethanol, toluene, and hexane) for
40 s showed that the extraction yield was identical
in all three cases (Figure 7a). This con�rms that
a short irradiation time, even in the presence of a
solvent with high dielectric constant, avoids thermal
degradation of compounds. Overexposure may lead
to degradation of fragile compounds, as well as
oxidation risks. If a longer extraction time is needed,
performing repeated shorter irradiation cycles using
fresh solvent may avoid thermal degradation.

2.3.5 Microwave Power and Temperature

The effect of microwave energy is strongly depen-
dent on the dielectric constant of both the solvent and
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the plant matrix. Microwave power and temperature
are two parameters that are closely related. In open
systems, applying a higher microwave power allows
a faster temperature rise. Therefore, the extraction
kinetic can be accelerated (Chematet al., 2005). This
is related to a drop in viscosity and surface tension
(Chanet al., 2011). At ambient pressure, the maxi-
mal temperature that can be obtained is the boiling
point of the solvent or mixture of solvents used.
As long as the applied power is suf�cient to reach
this temperature and to desorb the metabolites, no
additional improvement is observed when applying
higher power settings.

The power must be selected carefully to avoid
excessive temperature, particularly when working
with a closed vessel system. Even if a temper-
ature above the boiling point of the solvent can
improve extraction ef�ciency because of increased
desorption from the matrix, this could lead to com-
pound degradation and overpressure in the vessel.
Some commercially available laboratory equipment
enables application of �nely tuned microwave power,
whereas domestic ovens work at various preset power
settings. For closed systems, typical power settings
are between 400 and 1000 W, whereas open focused
systems operate at 25…250 W.

2.4 Application of MAE to Natural Products
Recovery

MAE of natural products covers a broad range of
compounds, from nonpolar to very polar substances.
Some interesting reviews have been published on this
topic during recent years (Chanet al., 2011; Huie,
2002; Jainet al., 2009; Mandalet al., 2007; Sticher,
2008).

In the case of natural product recovery, the most
widely used solvent is ethanol, at a proportion rang-
ing from 40% to 100%. Water is also often used,
and some particular applications take advantage of
the localized superheating phenomenon occurring in
the core of the matrix in presence of water, whether
already present or added by a presoaking step or
sample pretreatment (Yanget al., 2010b). In this
case, water pretreatment could be responsible for the
extraction of desired compounds. The moisture level
of the matrix may in fact directly in�uence the opti-
mal operating conditions needed (Gaoet al., 2004).

Depending on the active compounds to be recov-
ered, extraction time ranges between 30…40 s and

30 min for most of the volatile oils, and even 60 min
(Yahaya et al., 2010) or more than 70 min for
polysaccharides extracted with pure water (Wang
et al., 2010b).

Some applications require several cycles using
fresh solvent. This is the case for curcumin extracted
from Curcuma longaL. (Mandal et al., 2008) or
the �avonoid scutellarin fromErigeron breviscapus
Hand.-Mazz. (Gaoet al., 2007). For the extraction of
coumarins fromAngelica dahuricaFish ex. Hoffm.
(Xie et al., 2010b), a �rst extraction was performed
with water for 1 min, followed by extraction with
30% ethanol for 1 min and �nally for 10 min using
ethanol 90%. In a similar approach, lignans were
extracted fromMagnolia biondii Pamp. with water
during two cycles of 5 min each (Zhaoet al., 2007).

Optimization of extraction parameters can be per-
formed applying chemometric models, response sur-
face methodology, or orthogonal optimization (Hu
et al., 2008; Japon-Lujanet al., 2006; Jyothiet al.,
2010; Kaufmannet al., 2007; Kimet al., 2007; Kong
et al., 2010; Leeet al., 2006; Liao et al., 2008;
Mandal and Mandal, 2008; Mirzajaniet al., 2010; Pai
et al., 2011; Sunet al., 2007b; Tenget al., 2009; Xie
et al., 2010a; Yanet al., 2009, 2010a; Yoshidaet al.,
2010; Zhonget al., 2010).

Table 1 shows a selection of MAE applications ded-
icated to natural products that have been published
during the last decade. The extraction conditions are
summarized with respect to the main in�uencing
parameters involved.

3 PRESSURIZED LIQUID EXTRACTION

PLE, also known as pressurized solvent extraction
(PSE) or pressurized �uid extraction (PFE), was
introduced in the mid-1990s under the trade name:
accelerated solvent extraction … ASE’, developed
by Dionex. PLE was primarily used for extraction of
environmental samples such as soils and sediments. It
was reported for the �rst time by Richteret al. (1996)
for the extraction of polycyclic aromatic hydro-
carbons, polychlorinated biphenyls, and petroleum
hydrocarbons. PLE is now a well-established extrac-
tion method in many laboratories. This is con�rmed
by the increasing number of papers appearing on
the topic (Haglund and Spinnel, 2011). In 1996, the
US Environment Protection Agency adopted PLE for
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Table 1 Selected applications of MAE to the extraction of natural products.

Class of
compounds

Plants MAE conditions References

System Solvent Power Time Temp. Pressure
(W) (min.) (� C) (bar)

Phenolic compounds
Bergenin Ardisia crenataSims. c 60% MeOH n.i. 15 60 n.i. Denget al. (2010)

Rodgersia
sambucifolia
Hemsl.

Tanshinones Salvia miltiorrhiza
Bge

o Water 800 12…16 70 Atm. Fanget al. (2009)

Phenolic acid Lonicera japonica
Thunb.

� 70% EtOH ca. 400 4 n.i. Atm. Huet al. (2009)

Cinnamic acid+
harpagoside

Scrophularia
ningpoensisHemsl.

� 75% EtOH ca. 400 4 n.i. Atm. Huanget al.
(2011)

Oleuropein Olea europaeaL. o 80% EtOH 200 8 n.i. Atm Japon-Lujanet al.
(2006)

Curcumin Curcuma longaL. o Acetone Various 1 (repeat) n.i. Atm. Mandalet al.
(2008)

Tyrosol Rhodiola crenulataL. � (o) 50% MeOH 400 5 n.i. Atm. Maoet al. (2007)
Phenolic acid Larrea tridentata

(DC.) Coville
c MeOH 800 1 70± 2 n.i. Martinset al.

(2010)
Phenolic

compounds
Various aromatic

plants
� 60% MeOH,

60% acetone
750 4 n.i. n.i. Proestos and

Komaitis
(2008)

Phenolic
compounds
(acids and
aldehydes)

Various plants c 2 mol LŠ1

HCl + 0…30%
MeOH

500 20 70 n.i. Sterbovaet al.
(2004)

Phenolic acids Sambucus nigraL. o/c 80% MeOH 240…360 30 n.i. n.i. Waksmundzka-
Polygonum aviculare

L.
Hajnoset al.

(2007)
Phenolic acids Ligustrum lucidum

Ait.
c 80% EtOH 500 30 70 n.i. Xiaet al. (2011a)

Chlorogenic acid Lonicera japonica
Thunb.

� 50% EtOH 700 5 60 Atm. Zhanget al.
(2008)

Gallic acid Camellia oleiferaC.
Abel

o Water n.i. 35 76 Atm. Zhanget al.
(2011)

Phenolic
compounds

Phaseolus vulgarisL. c 50% EtOH n.i. 15 50…150 n.i. Sutivisedsaket al.
(2010)

Phenolic
compounds

Geranium sibiricum
L.

c Water pH 5.2 500 9 33 n.i. Yanget al.
(2010a)

Polyphenols Uncaria sinensis
(Oliv.) Havil

c Water 600 20 100 n.i. Tanet al. (2011)

Anthraquinones Morinda citrifolia L. c 80% EtOH 720 30 60 n.i. Hemwimonet al.
(2007)

Terpenes

Monoterpenes(C10)
Carvone and

limonene
Carum carviL. o Hexane 120 60 n.i. Atm. Chematet al.

(2005)
Camphor and

borneol
Chrysanthemum

indicumL.
� Water 700 4 n.i. n.i. Denget al.

(2006a)
Paeonol Cynanchum

paniculatum(Bge)
Kitag.

� Water 700 4 n.i. n.i. Denget al.
(2006b)

Paeonia suffruticosa
Andrews
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Table 1 (Continued)

Class of
compounds

Plants MAE conditions References

System Solvent Power Time Temp. Pressure
(W) (min.) (� C) (bar)

Sesquiterpenes(C15)
Curcumol,

curdione, and
germacrone

Curcuma wenyujin
Y.H. Chen &
C. Ling,

� Water 700 4 n.i. n.i. Denget al.
(2006c)

C. phaeocaulis
Valeton,

C. kwangsiensisS.G.
Lee & C.L. Liang

Artemisinin Artemisia annuaL. o n.i. n.i. 12 n.i. Atm. Haoet al. (2002)

Diterpenes(C20)
Andrographolide

and dehydro-
grapholide

Andrographis
paniculataNees.

c 60% MeOH 80 6 n.i. n.i. Chenet al.
(2007c)

Tanshinones Salvia miltiorrhiza
Bge

� 95% EtOH n.i. 2 80 n.i. Panet al. (2002)

Stevioside
Rebaudioside Stevia rebaudiana

Bertoni
c Water n.i. 5…45 60…120 n.i. Teoet al. (2009)

Triterpenes(C30)
Ginsenosides Panax quinquefolium

L.
o Aq. MeOH 90 5…60 n.i. Atm. Dai and Orsat

(2010)
Ginsenosides Panax quinquefolium

L.
c 70% EtOH n.i. 10 125 65 Quet al. (2009),

Shi et al. (2007)
Ginsenosides Panax ginsengC.A.

Meyer
c 70% EtOH n.i. 15 n.i. 72.5 Shiet al. (2007)

Ginsenosides Panax ginsengC.A.
Meyer

� 70% EtOH 50 1…10 n.i. Atm. Kimet al. (2007)

Withanolides Withania somnifera
Dunal

o MeOH 140 2 50 Atm. Jyothiet al.
(2010)

Withanolides Withania somnifera
Dunal

c 75% MeOH n.i. 150 sec 68 n.i. Mirzajaniet al.
(2010)

Withanolides Iochroma
gesnerioides
(Kunth) Miers

o MeOH 120 40 s n.i. Atm. Kaufmannet al.
(2002),
Kaufmannet al.
(2007)

Oleanolic acid Gymnema sylvestre
R.Br.

o EtOH 500 8 n.i. n.i. Mandal and
Mandal (2010)

Betulinic acid Ancistrocladus
heyneanusWall. ex
J. Graham

� 95% MeOH or
90% EtOH

180 1…5 n.i. n.i. Paiet al. (2011)

Triterpenic acids
and triterpenic
dialcohols

Olea europaeaL. o 80% EtOH 180 5 n.i. Atm. Sanchez-Avila
et al. (2009)

Asiaticoside Centella asiaticaL. c 90% MeOH n.i. 20 70 n.i. Shenet al. (2009)
Astragalosides Astragalus

membranaceusvar.
mongholicus(Bge)

� MeOH 300 4 n.i. n.i. Songet al. (2007)

Astragalosides Astragalus
membranaceusvar.
mongholicus(Bge)

c 80% EtOH 700 15 70 n.i. Yanet al. (2009)

Flavonoids
Quercitrin Platycladus orientalis

(L.) Franco
o 80% MeOH 80 5 n.i. Atm. Chenet al.

(2007b)

(continued overleaf)
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Table 1 (Continued)

Class of
compounds

Plants MAE conditions References

System Solvent Power Time Temp. Pressure
(W) (min.) (� C) (bar)

Scutellarin Erigeron
breviscapus
Hand.-Mazz.

� Aq. EtOH 700 Cycles
power
ON/OFF

60…100 Atm. Gaoet al. (2007)

Quercetin and its
glycosides

Psidium guajavaL. c EtOH 300 5 100 n.i. Huang and Zhang
(2004)

Various �avonoids
and iso�avonoids

Labisia pumila
Benth

c MeOH 750 2 60 n.i. Karimi and Jaafar
(2011)

Flavonoids Acanthopanax c and� (o)90% EtOH 700 10 n.i. Atm. Liu (2009)
senticosusHarms 50% EtOH n.i. 6 n.i. 72.5

Iso�avones Astragalus
membranaceus
var.mongholicus
(Bge)

� (c) MeOH 300 4 n.i. n.i. Songet al. (2007)

Flavanone Cajanus indicus
Spreng.

c 80% EtOH 300 2 65 n.i. Konget al. (2010)

Anthocyanins Rubus idaeusL. o 1.5 M HCl : 95%
EtOH
(15 : 85)

366 12.1 n.i. n.i. Sunet al. (2007b)

Narirutin, naringin,
and neohesperidin

Citrus aurantiumL.
or Citrus sinensis
Osbeck

o 90% EtOH, 800 1.5 80 n.i. Wanget al. (2010a)

Flavonoids Astragalus
mongolicusBge

c 90% EtOH 1000 25 110 n.i. Xiaoet al. (2008)

Total �avonoids Gossampinus
malabarica(DC.)
Merr.

o 60% EtOH 240 100 s n.i. Atm. Lianget al. (2010)

Total �avonoids Chaenomeles
sinensisLindl.

o 46.24% EtOH 108.84 4.91 n.i. Atm. Tenget al. (2009)

Coumarins
Decursin Angelica gigas

Nakai
o 67% EtOH 100 6 n.i. Atm. Leeet al. (2006)

TetrahydropalmatineCorydalis yanhusuo o 70% EtOH 500 n.i. Atm. Liaoet al. (2008)
imperatorin and

isoimperatorin
Angelica dahurica

Fish ex. Hoffm.
Furanocoumarins Archangelica

of�cinalis Hoffm.
o and c 80% MeOH 600 31 n.i. Atm and

n.i.
Waksmundzka-Hajnos

et al. (2004b)
Furanocoumarins Pastinaca sativaL. o and c 80% MeOH 600 31 n.i. Atm and

n.i.
Waksmundzka-Hajnos

et al. (2004a)
Isofraxidin Sarcandra glabra

(Thunb.)
o 60% EtOH n.i. 20 65 Atm. Xiaoet al. (2009)

Coumarins Angelica dahurica
Fish. ex Hoffm.

o 1 step: water
then 30%
EtOH then
90% EtOH

800 1+ 1+ 10 70 Atm. Xieet al. (2010b)

Saponins
Saikosaponins Bupleurum chinense

D.C.
� 47…50% EtOH 360…400 5.8…6.0 73…74 Atm. Huet al. (2008)

Diosgenin Trigonella
foenum-graecum
L.

o 40%iPrOH 40 5…30 n.i. Atm. Kaufmannet al.
(2007)

Saponins Cicer arietinumL. c MeOH, EtOH
or 70% EtOH,
butanol or
50% butanol

300 10 or 20 60 n.i. Keremet al. (2005)
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Table 1 (Continued)

Class of
compounds

Plants MAE conditions References

SystemSolvent Power Time Temp. Pressure
(W) (min.) (� C) (bar)

Saponins Acanthopanax
senticosus

� 80% EtOH 510 30 n.i. Atm. Wanget al. (2003)

Volatiles and essential oils
Lavandula

angustifoliaL.
o no solvent 500 20 n.i. Atm. Iritiet al. (2006)

Rosmarinus of�cinalis
L.

o No solvent 900 18 n.i. Atm. Lo Prestiet al. (2005)

Ferulago campestris
(Bess.)
= F. galbanifera
(Mill.)
Kock. =F.
ferulagoL.

o No solvent 200 30 100 Atm. Rielaet al. (2011)

Zygophyllum album
L.

o No solvent n.i. 30 100 Atm. Tigrine-Kordjaniet al.
(2011)

Cuminum cyminumL.
andZanthoxylum
bungeanumMaxim.

� No solvent 85 30 100 Atm. Wanget al. (2006c)

Illicium verumHook.
f, andZingiber
of�cinale Rosc.

� No solvent 85 30 100 Atm. Wanget al. (2006b)

Mentha
haplocalyxBriq.
Citrus reticulata
Blanco

� No solvent 85 30 100 Atm. Wanget al. (2006a)

Aquilaria malaccensis
Lam.

o No solvent 750 30…60 n.i. Atm. Yahayaet al. (2010)

Magnolia grandi�ora
L.

� No solvent 700 4 n.i Atm. Fanet al. (2009)

Toona sinensis(A.
Juss.) M. Roem.

� Water 400 4 n.i. Atm. Muet al. (2007)

Polygala furcata
Royle

� Sample
rehydrated
(water)

400 4 n.i. Atm. Yanget al. (2010b)

Alkaloids
Homoharringtonine Cephalotaxus koreana

Nakai
� MeOH 150 20 30 Atm. Kimet al. (2010)

Oxymatrine Sophora �avescens
Aiton

c 60% EtOH 500 10 50 n.i. Xiaet al. (2011b)

Protopine and
allocryptopine

Macleaya cordata
(Willd) R.Br.

� 45.2% EtOH 350 6 54.71 Atm. Zhonget al. (2010)

Berberine Mahonia bealei
(Fort.)

o MeOH, 90%
EtOH, EtOH

650 6 (54%
moisture
content)

n.i. Atm. Gaoet al. (2004)

Chrysanthemum
morifolium
(Ramat.)

or 4 (10%
moisture
content)

Lignans
Lignans Magnolia biondii

Pamp.
o Water n.i. 2× 5 85 Atm. Zhaoet al. (2007)

Lignans Schisandra chinensis
(Turcz.) Baill.

o 75% EtOH 200 45 s 76 Atm. Zhuet al. (2007)

(continued overleaf)
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Table 1 (Continued)

Class of
compounds

Plants MAE conditions References

System Solvent Power Time Temp. Pressure
(W) (min.) (� C) (bar)

Sugars

Simple sugars Zea maysL. c Water 1000 3…30 140…220 n.i. Yoshidaet al. (2010)
Polysaccharides Cyclocarya paliurus

(Batal.) Iljinskaja
c Water 800 20.8 100.9 n.i. Xieet al. (2010a)

Polysaccharides Potentilla anserinaL. c Water 369 76.8 63.3 n.i. Wanget al. (2010b)
Polysaccharides Lycoris aureaHerb. c Water n.i. 10…20 80…100 n.i. Ruet al. (2009)
Mucilage Trichosanthes dioica

Roxb.
� Water 320 20 n.i. Atm Shahet al. (2010)

Miscellaneous
Carotenoid Bixa orellanaL. o EtOAc+ H2O 210 18 n.i. Atm. Vasuet al. (2010)
Glucosinolates Eruca sativaMill. c Methanol 250 10 80 n.i. Omirouet al. (2009)
NaphthohydroquinoneRubia cordifoliaL. n.i. 70% EtOH 460 4 n.i. n.i. Maet al. (2009)

c= closed system; o= open system;� = domestic oven (modi�ed or not); n.i.= not indicated.

determining persistent organic pollutants in environ-
mental samples (Anonymous, 1995). A list of spe-
ci�c compounds highlighted in this EPA method has
recently been published (Dean and Ma, 2010).

Numerous applications have been developed for
a great variety of compounds from different matri-
ces, including environmental (Luque-Garcia and
Luque de Castro, 2004; Nietoet al., 2008, 2010;
Ramoset al., 2002; Schantz, 2006) and biologi-
cal (Andreuet al., 2007; Bjoerklundet al., 2006;
Carabias-Martinezet al., 2005; Mendiolaet al.,
2007, 2008; Ridgwayet al., 2007; Rostagnoet al.,
2010; Runnqvistet al., 2010) matrices. Surprisingly,
only a few reviews dedicated to the extraction of
medicinal plants have been published in the last
decade (Huie, 2002; Kaufmann and Christen, 2002;
Mustafa and Turner, 2011; Seidel, 2012; Sticher,
2008).

3.1 Principle of the Method

The technique combines elevated temperature and
pressure with liquid solvents under an inert nitrogen
atmosphere devoid of light that is able to improve
the speed and ef�ciency of extraction by signi�cant
amounts. The elevated pressure used means that the
solvent is retained in a liquid state at a temperature
above its boiling point. This improves the contact
between the solvent and the solid matrices and thus
facilitates the desorption of the analytes from the
plant material and increases mass transfer kinetics.

The advantages of PLE compared to traditional
methods are less solvent consumption, less time
required for extraction, greater process automation to
achieve fast and ef�cient extractions, and the abil-
ity to control the temperature of extraction, which
is important for thermally labile compounds. It is
reported that PLE allows the reduction of solvent
consumption by up to 90% (Zgorka, 2009). Fur-
thermore, no additional �ltration step is required
because the matrix and the undissolved compo-
nents are retained inside the extraction cell. This is
particularly important in the case of online coupling
of PLE with analytical methods and automation.
Conversely, a major drawback is the low selectivity
of PLE. Undesirable coextracted compounds there-
fore have to be eliminated before analysis, which
is time-consuming and costly. Therefore, systems
allowing simultaneous extraction and clean-up are
particularly welcome in high throughput analysis. To
achieve this, various sorbents or chemicals (silica
gel, Florisil, ion-exchange resin, and carbon) may be
mixed (Haglund and Spinnel, 2011) and packed in the
extraction cell before PLE.

Another possibility is to use different solvents of
increasing strength sequentially (Papagiannopoulos
and Mellenthin, 2002). The extract complexity may
also be reduced using a preextraction with a weak
solvent to remove interfering compounds (Haglund
and Spinnel, 2011).

Very recently, a new modular approach to PLE
has been developed (Haglund and Spinnel, 2011).
In this system, ASE cells are coupled and may
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be loaded with either solid samples or adsorbents
allowing the selective retention of analytes or matrix
to achieve simultaneous extraction and clean-up or
fractionation. Such an approach reduces the total
sample preparation time and improves the selectivity
of the PLE process.

After drying, grinding, homogenization, and siev-
ing, the solid samples to be extracted are placed in a
stainless steel extraction cell. Depending on the liq-
uid content of the sample, solid dispersant or inert
diluter (quartz sand and diatomaceous earth) may be
added if necessary to avoid sample aggregation and
clogging of the extraction cell. The cell is then �lled
automatically with one or more suitable solvents. The
temperature is increased, thus increasing pressure in
the closed cell. The selected temperature and pressure
are maintained for the desired period of time. The sol-
vent containing the analytes is then �ushed into the
collection vial. One or more extraction cycles can be
repeated if necessary.

PLE also enables the extractions to be performed
under an inert atmosphere protected from light. In
addition, PLE apparatus offers the possibility of
extracting multiple samples. The automation made
possible, along with the reduced extraction time and
solvent exposure, has contributed signi�cantly to the
development of this method over the last decade.

3.2 Methodology

PLE instruments are made of a pump able to deliver
solvents in stainless steel extraction cells of various
volumes (typically 1…250 mL), a �ow restrictor to
maintain the desired pressure (up to 200 bar), an
oven to heat the extraction cell (up to 200� C),
and one or more collection vials. For samples that
require extraction in basic or acidic conditions, the
manufacturers provide special extraction cells.

There are two ways to conduct PLE: static and
dynamic modes.

3.2.1 Static Extraction

In the static extraction, the cell is �lled with dried
powdered solid matrix, loaded into the oven and the
solvent is added and pressurized at a user-de�ned set-
ting. The vessel is heated and the solvent is held in the
cell for a speci�ed period of time. If there is overpres-
sure, excess solvent is automatically expulsed into

the collecting vial. This operation characterizes the
�rst static extraction cycle. After the desired time, the
solvent is �ushed into the collecting vial using pres-
surized nitrogen �ux. If multiple extraction cycles are
required, the cell is re�lled with fresh solvent and
pressurized again. These cycles are repeated for as
long as necessary. Once the last cycle is completed,
the cell is purged of solvent with a stream of nitro-
gen (Smith and Strickland, 2007). The number of
cycles and the duration of the static extraction peri-
ods are important for the extraction ef�ciency and
depend on the analytes extracted and on the matrix;
they can vary greatly (Runnqvistet al., 2010). Per-
forming single extraction steps and analyzing each
extract allows the number of cycles required to obtain
exhaustive extraction of the compounds to be deter-
mined. The optimal conditions are frequently a com-
promise between thorough extraction and acceptable
run time. Mostly, the applied static periods range
from 5 to 10 min and two to three cycles are required
(Runnqvistet al., 2010). Static extraction is preferred
for compounds strongly bonded to the matrix. To
date, the majority of PLE applications (about 75%)
have been performed in the static extraction mode
(Haglund and Spinnel, 2011).

3.2.2 Dynamic Extraction

In the dynamic extraction process, the �rst steps are
similar to those for static extraction. After heating
and pressurization, the static valves are released and
a few milliliters of solvent are pumped continuously
through the extraction cell to elute the analytes.
Typically, the pump will be set at a constant �ow
rate of 0.5…2.0 mL minŠ1. The solvent coming out is
collected in the collection vial. Dynamic extraction is
preferably used for easily extractable compounds.

In both modes, at the end of the process, a nitrogen
purging step �ushing through the extraction cell
allows recovery of the extracted analytes in the
collection vials. It is notable that for recovery of
highly volatile compounds, a cooling step should be
included. ASE instruments are presently the only
systems commercially available that allow static and
dynamic extractions in the same run.

3.3 PLE Instrumentation

The �rst PLE instrument was marketed by Dionex.
A schematic diagram of the Thermo Scienti�c’
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Figure 8 Schematic diagram of Thermo Scienti�c’ Dionex’
ASE’ equipment. ( Source: Reproduced with permission of
Thermo Fisher Scienti�c Inc.)

Dionex’ ASE’ equipment is shown in Figure 8.
A Thermo Scienti�c’ Dionex’ ASE’ system
350 apparatus is shown in Figure 9. This extractor
is an automated sequential solvent extraction sys-
tem with a carousel that holds up to 24 samples.
Other companies manufactured systems that are com-
mercially available, such as SpeedExtractor E-916
from BUCHI Labortechnik AG (Flawil, Switzerland)
(Figure 10). Up to six samples can be extracted simul-
taneously. The extracts are collected in vials and can
be immediately evaporated on the parallel evaporator
Multivapor’ P-6 without sample transfer. Another
possibility is the parallel evaporation and concentra-
tion to residual volume using the Syncore® Analyst

Figure 9 Thermo Scienti�c’ Dionex’ ASE system 350 appa-
ratus from Dionex. Up to 24 samples (1…100 g each) may be
sequentially extracted in 1, 5, 10, 22, 34, 66, and 100 mL cell sizes.
(Source: Reproduced with permission of Thermo Fisher Scienti�c
Inc.)

with different vessel options (150 and 250 mL). Fluid
Management Systems Inc. (Watertown, MA, USA) is
another company manufacturing PLE equipment.

3.4 In”uencing Factors in PLE

Several parameters, including those related to the
matrix, to the solvent, and to the extraction mode,
may affect the ef�ciency of PLE. Among them,
the nature of the solvent, the temperature, and the
pressure are the most signi�cant for consideration in
the PLE process. They are brie�y discussed in the
following sections.

3.4.1 Nature of the Solvent

The selection of a suitable solvent is frequently a crit-
ical step in the optimization of a PLE process and
should be undertaken with care in order to obtain
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Figure 10 E-916 SpeedExtractor device from BUCHI
Labortechnik AG. Up to six samples can be simultaneously
extracted in 10, 20, and 40 mL cells. The collection vessels
(60, 220, and 240 mL) can be transferred directly to the parallel
evaporator Multivapor’ P-6. (Source: Reproduced by permission
of BUCHI Labortechnik AG.)

good extraction ef�ciency and selectivity. A wide
variety of organic solvents may be used in PLE
for the extraction of phytoconstituents from herbs.
The most important criteria are that the solvent or
a combination of solvents must be able to solu-
bilize the analytes of interest, improve the extrac-
tion ef�ciency, and minimize the coextraction of
undesirable components from the matrix. Economic
and environmental aspects should also be consid-
ered when selecting the solvents. In this respect,
ethanol, methanol, water, or alcohol/water mixtures
are the most frequently used solvents for the PLE
applications (Table 2). Mixtures of solvents generally
provide more ef�cient extraction than single solvents,
especially when analytes of a wide range of polar-
ities are desired. When choosing an extraction sol-
vent, it could be worthwhile to take into account its
compatibility with future analytical steps (HPLC and
GC separations). PHWE is a particular case of PLE in
which water is used as an extraction solvent. A more
detailed description of the basic principles of PHWE
is described in the following sections.

3.4.2 Temperature

Temperature is another important factor contributing
to increased extraction ef�ciency in PLE. Owing to
the elevated pressure, PLE can be performed well
above the normal boiling point of the employed
solvent. High temperature increases the capacity of
solvents to solubilize analytes and improves their dif-
fusivity, resulting in increased extraction speed. It

reduces solvent viscosity and surface tension, thus
enhancing its penetration into the solid matrices. At
high temperature, the strong matrix…analyte interac-
tions (Van der Waals forces, dipole interactions, and
hydrogen bonding), as well as dipole attractions of
the solute molecules and active sites on the matrix,
are disrupted, leading to improved analyte desorp-
tion from the matrix (Richteret al., 1996). Solvents
have an enhanced solvation power that speeds up
the release of analytes from the matrix, increasing
mass transfer rate, and thus accelerating the extrac-
tion kinetics. Maximum temperature is limited by
the thermal degradation of analytes. The main draw-
back of using high temperatures is that the quantity
of coextracted compounds is also increased and thus
may also affect selectivity of PLE.

3.4.3 Pressure

High pressure is mainly used to keep solvents in
the liquid state at temperatures above their boiling
points during the whole extraction process and does
not therefore appear to be a critical parameter. It is
generally not optimized except when the nature of
the matrix and its physical characteristics should be
considered. For instance, the ef�cacy of PLE for ana-
lytes that have to be isolated from wet and highly
adsorptive samples can be signi�cantly improved by
increasing pressure (Ramoset al., 2002). High pres-
sure will also facilitate the penetration of the solvent
into a porous matrix, which makes the extraction
much faster and more ef�cient than conventional
atmospheric pressure methods, thereby enhancing
extraction recovery.

Optimization of the extraction parameters is fre-
quently realized using the one-variable-at-a-time
method in which one parameter is modi�ed while
the others are kept constant. However, these parame-
ters may also be optimized by means of experimental
designs to evaluate the robustness of the extraction
method. Using this strategy, all investigated param-
eters are varied in each experiment. In this way,
it is possible to detect the in�uencing factors in a
minimum number of trials. For example, a central
composite design was used to optimize temperature,
pressure, and extraction time and allowed to evalu-
ate the robustness of the method by drawing response
surfaces (Brachetet al., 2001).
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Table 2 Selected applications of PLE to the extraction of natural products.

Class of compounds Plants PLE conditions References
Pressure (bar) Temp. (� C) Solvent Time (min)

Hydrocarbons
C21…C36 n-alkanes Lolium rigidumGaudin 103 100 n-Hexane 5 Smith and

Trifolium
subterraneumL.

Strickland
(2007)

Carbohydrates

Monosaccharides and
polysaccharides

Cordyceps sinensis
(Berk.) Sacc.;

103 100 EtOH/H2O (7 : 3) 10 Guanet al. (2010)

C. militaris (L.) Link.
Oligosaccharides Lupinus albusL.; 103 60 EtOH/H2O (48 : 52) 5× 5 Banslebenet al.

L. angustifoliusL. 2008)

Lipids

Oxylipins Arabidopsis thaliana(L.)
Heynh.

200 RT iPrOH 30 Thioconeet al.
(2008)

Phospholipids Glycine max(L.) Merr. 103 120…150 CHCl3/CH3OH
(2 : 1)

5 Zhouet al. (2010)

Fatty acids Zea maysL. 120 110 CHCl3/CH3OH
(1:1)

20 Poerschmann
et al. (2009)

Ziziphus jujubeMill. var.
spinosa (Bge) Hu ex
H.F. Chou

83 140 CH3OH/EtOAc
(95 : 5)

15 Zhaoet al.
(2006a)

Cordyceps sinensis
(Berk.) Sacc.;

103 160 Petroleum ether 10 Yanget al. (2009)

C. liangshanensisM.
Zhang, D. Liu and R.
Hu;

C. gunniBerk.;
C. militaris (L.) Link

Polyynes; polyene Oplopanax horridus
(Smith) Miq.

103 100 CH3OH 5 Huanget al.
(2010)

O. elatus(Nakai) Nakai
� -Tocopherol Corylus avellanaL. 103 60 n-Hexane+ 0.01%

BHT
15 Sivakumaret al.

(2005)

Phenolic compounds

Phenolic acids Cimicifuga racemosa(L.)
Nutt.

69 90 CH3OH/H2O (6 : 4) 5 Mukhopadhyay
et al. (2005)

Humulus lupulusL. n.i. 60 Pentane;
acetone/H2O
(4 : 1)

20 Papagiannopoulos
and Mellenthin
(2002)

Gingerol, shogaol, and
diarylheptanoids

Zingiber of�cinale
Roscoe

103 100 EtOH/H2O (7 : 3) 20 Huet al. (2011)

Biphenols Magnolia biloba(Rehd.
et Wils.) Cheng

103 70…100 n-Hexane 5…15 Cheahet al.
(2010)

Phenolic antioxidants Rosmarinus of�cinalisL. 103 50…200 EtOH; H2O 20 Herreroet al.
(2010)

Origanum vulgareL. ;
Artemisia dracunculus
L.;

103 50…200 EtOH; H2O or
mixtures

20 Mironet al.
(2011)

Thymus serpyllumL.
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Table 2 (Continued)

Class of compounds Plants PLE conditions References
Pressure (bar) Temp. (� C) Solvent Time (min)

Anthraquinones+
naphthalenes

Rheum of�cinaleBaill. 103 140 CH3OH 5 Gonget al. (2005)

Rumex nepalensisSpreng. 100 60 CH3OH 10 Gautamet al.
(2011)

Chromones Saposhnikovia divaricata
(Turcz.) Schischk.

103 140 EtOH/H2O (1 : 1) 8 Liet al. (2010)

Xanthones Garcinia mangostanaL. n.i. 100 EtOH 5 Destandauet al.
(2009)

Coumarins Heracleum leskowiiL. n.i. 80…110 CH2Cl2; petroleum
ether; CH3OH

10 Skalicka-Wozniak
and Glowniak
(2012)

Flavonoids Epimediumsp. 103 120 EtOH/H2O (7 : 3) 10 Chenet al.
(2008b)

Glycyrrhiza uralensis
Fisch.;

103 100 EtOH/H2O (7 : 3) 5 Chenet al. (2009)

G. in�ata Bat.;G. glabra
L.

Costus speciosus(Koen.)
Sm.

20…30 n.i. 0.2% SDS in H2O;
0.1% Triton
X-100 in H2O

30 Changet al.
(2011)

Scutellaria baicalensis
Georgi

10…20 120 CH3OH 20 Onget al. (2004)

Petroselinum crispum
(Mill.) A.W. Hill.

69…103 40…160 EtOH/H2O (1 : 1) or
acetone/H2O
(1 : 1)

5…15 Luthria (2008)

Trifolium incarnatumL.;
T. pannonicumL.;

103 75…125 CH3OH/H2O (3 : 1)
or EtOH/H2O

5 Zgorka (2009,
2011)

T. pratenseL.; (3 : 1)
T. rubensL.;
T. arvenseL.;
T. mediumL.
Humulus lupulusL. n.i. 60 Pentane;

acetone/H2O
(4 : 1)

20 Papagiannopoulos
and Mellenthin
(2002)

Rutin Sambucus nigraL. 100 100 CH3OH/H2O (8 : 2) 10 Dawidowicz and
Wianowska
(2005),
Dawidowicz
and Wianowska
(2009)

Anthocyanins+ phenolic
compounds

Myrciaria cauli�ora
(Mart.) O. Berg.

117 80 H2O at pH 2.5 5 (Santos and
Meireles (2011)

Rotenone Derris elliptica Benth.; 138 50 CHCl3 30 Sae-Yunet al.
D malaccensisPrain. (2006)

Terpenoids and steroids

Terpenes Picea engelmanniiParry
ex. Engelm.

60 100 n-Hexane 10 Mardarowicz
et al. (2004)

Sesquiterpenes Curcumasp. 103 120 CH3OH 5 Yanget al. (2005)
Curcuma longaL. 69 140 CH3OH 5 Qinet al. (2007)

Artemisinin Artemisia annuaL. 100 40 EtOH/H2O (3 : 1) n.i. Quennozet al.
(2010)

Diterpenoids Salvia miltiorrhizaBunge 103 100 EtOH 10 Liet al. (2008)
Triterpenes+ ergosterol Ganoderma lucidum

(Leyss. ex. Fr.) Karst.;
G. sinensis

103 100 CH3OH 5 Zhaoet al.
(2006b)

(continued overleaf)
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Table 2 (Continued)

Class of compounds Plants PLE conditions References
Pressure (bar) Temp. (� C) Solvent Time (min)

Charantin Momordica charantiaL. 103 120 EtOH/H2O (1 : 1) 40 Pitipanaponget al.
(2007)

Saponins Panax ginsengC.A.
Meyer;

P. quinquefoliusL.;
P. notoginseng(Burk.)

F.H. Chen

69 150 CH3OH 15 Wanet al. (2007);
Wanet al.

(2006a); Wan
et al. (2006b)

P. ginseng;
P. quinquefolius

25…30 140 CH3OH 20 Leeet al. (2002)

Gypenosides Gynostemma
pentaphyllumMakino

15 100 EtOH/H2O (8 : 2) 180 Chenet al.
(2007a)

Glycyrrhizin Glycyrrhiza glabraL. 10…30 100 CH3OH 20 Ong (2002)
Withanolides Iochroma gesnerioides

(Kunth) Miers
250 60, 80, 100 CH3OH/H2O (1 : 1) 10 Kaufmannet al.

(2001b)

Alkaloids

Amaryllidaceae Narcissussp.;
Crinum mooreiHook. f,;

Scadoxus puniceus(L.)
Friis & Nordal

100 140 CH3OH 2× 10 Mroczek (2009)

Indole der. Isatis tinctoriaL. 120 70 CH2Cl2 2× 5 Mohnet al. (2007)
Protoberberines Corydalis decumbens

(Thunb.) Pers.
103 100 EtOH/H2O (9 : 1) 16 Shenet al. (2011)

Tropanes Daturasp.
Erythroxylum coca
Lam. var.coca

n.i.
200

90
80

CH3OH (Hy.)
CH3OH/tartaric acid
(99 : 1) (Scop.)
CH3OH

15
10

Mroczeket al.
(2006)

Brachetet al.
(2001)

Miscellaneous

Benzoxazinone
derivatives

Triticum sp. 103 150 CH3OH/CH3COOH
(99 : 1)

3× 5 Bonningtonet al.
(2003)

Caffeine Camelliasp.;Coffeasp. 60 100 H2O 10 Dawidowicz and
Wianowska
(2005)

Glucosinolates Isatis tinctoriaL.;
Isatis. indigoticaFort.

120 50 CH3OH/H2O (7:3) 3x5 Mohnet al. (2008)

Nucleosides Cordyceps sinensis
(Berk.) Sacc.;

Cordyceps. militaris (L.)
Link.

103 160 CH3OH 5 Fanet al. (2006);
Yang and Li

(2008)

Phthalides Angelica sinensis(Oliv.)
Diels;

A. acutiloba(Sieb. et
Zucc.);

Angelica. gigasNakai

83 100 CH3OH 10 Laoet al. (2004)

Phytosterols Piper gaudichaudianum
Kunth

103 85 Petroleum ether 10 Pereset al. (2006)

3.5 Extraction of Plant Material

PLE is now extensively applied in natural product
analysis. These compounds present a large variety
of physicochemical properties, which complicates
method development. Despite these dif�culties, PLE

frequently enables higher extraction yields to be
obtained than extraction protocols of classical phar-
macopoeia monographs (Basaloet al., 2006). Ide-
ally, the choice of extraction parameters should allow
exhaustive extraction of the compounds of inter-
est. However, this exhaustive extraction frequently
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leads to coextraction of undesirable compounds and
requires a clean-up procedure before analysis. Owing
to the complexity of plant matrices, extraction of nat-
ural products is often a compromise among extraction
ef�ciency, selectivity, and quantity of coextracted
components. Recently, a modular approach has been
developed by Haglund and Spinnel (2011). It consists
of coupling extraction cells loaded both with sample
for extraction and adsorbent, allowing extraction and
clean-up to be carried out simultaneously. This inter-
esting approach could be useful for complex matrices
such as those found in plant materials.

Several parameters should be considered before
starting PLE of natural products. While knowledge
of physicochemical properties of pharmaceuticals to
be extracted from relevant matrices is easily obtain-
able, this is not the case for the extraction of natural
products from plant materials. Frequently, these
values are not known, and thus many aspects of the
extraction process remain unpredictable. As a rule,
the solvent used for analysis in classical extraction
procedures involving heat treatment can also be used
for PLE. The limitation is that the conditions should
not cause degradation of compounds.

It is advantageous to powder the matrix to improve
extraction ef�ciency. In most cases, sample materials
are ground to create more surface area in contact
with the solvent. Sometimes, the addition of a

dispersion agent avoids sample aggregation and
extraction cell clogging. Inert material such as sand
or diatomaceous earth may be used for this purpose.

Solvent choice is of prime importance in PLE to
obtain good extraction ef�ciency. The major criteria
for a good solvent are its ability to solubilize the
analytes of interest and to minimize the coextraction
of undesirable compounds (Runnqvistet al., 2010).
Even if a single organic solvent such asn-hexane
(Mardarowicz et al., 2004), chloroform (Sae-Yun
et al., 2006), methanol (Mroczek, 2009), or ethanol
(Li et al., 2008) can be used, a combination of organic
solvents (e.g., chloroform/methanol (Poerschmann
et al., 2009), methanol/ethyl acetate (Zhaoet al.,
2006a)) or a combination of an organic solvent with
water (Li et al., 2010; Mukhopadhyayet al., 2005)
may be of interest because of the large variety of
polarities. There are some applications where natural
products are extracted under pH control (Brachet
et al., 2001; Santos and Meireles, 2011).

A central composite design has been used to study
and optimize extraction of cocaine and benzoylecgo-
nine from coca leaves (Brachetet al., 2001). Sev-
eral parameters, including the nature of the extrac-
tion solvent, the pressure, the temperature, and the
extraction time, were investigated. Extraction with
toluene was less ef�cient than with methanol or
water or a mixture of them (Figure 11). Optimal
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Figure 11 In�uence of extracting solvent on cocaine extraction (with a 90…150� m particle size distribution, 15 MPa, 1 mL minŠ1, GC-FID
analysis). (Source: A. Brachet,et al. (2001). Reproduced from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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conditions were found to be 200 bar at 80� C for
10 min. Determination of both alkaloids was car-
ried out by gas chromatography coupled with mass
spectrometry (Figure 12) or capillary electrophore-
sis with UV detection, in less than 4 min for the
latter.

3.6 Pressurized Hot Water Extraction

PHWE, also calledsubcritical water extraction
(SWE) or superheated water extraction, is an extrac-
tion process that is based on the same principle as
PLE. PHWE uses water as a cheap, nontoxic, non-
�ammable, and environmentally friendly extractant.
With the increasing requirement to avoid organic sol-
vents for the extraction of medicinal plants, PHWE
may provide an interesting alternative approach.
In PHWE, water is heated under pressure to above
its boiling point but below its critical temperature
(critical point of water: 374� C and 220 bar). The

physicochemical properties of subcritical water (e.g.,
polarity, density, and viscosity) signi�cantly change
when the temperature is increased, mainly because
of breakdown of its hydrogen-bonded structure.
Under PLE conditions, the dielectric constant (� )
of water signi�cantly decreases (Onget al., 2006),
passing from approx. 80 at 25� C at atmospheric
pressure to 27 at 250� C and 50 bar, which falls
between those of methanol and ethanol at 25� C
(Mukhopadhyay and Panja, 2009). As explained
earlier for PLE, increasing the temperature reduces
the surface tension and the viscosity of water, which
results in an enhanced solubility of the analytes
in this solvent (Ramoset al., 2002). However, the
effects of the extraction temperature (up to 300� C)
for the nonpolar compounds may cause the analytes
present to degrade. Hence, the temperature must be
carefully selected when using PHWE for extraction
of constituents present in botanicals and medicinal
plants (Onget al., 2006).
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As for PLE, pressure has a limited in�uence and
is mainly used to maintain water as a liquid at the
extraction temperature. PHWE can be performed in
the static mode or, more frequently, in the dynamic
mode. The latter requires a larger volume of solvent.
Some examples of applications utilizing both modes
have been reviewed by Onget al. (2006). To improve
the recovery of some compounds, the addition of
ethanol (Ong and Len, 2003b) or surfactants (Triton
X-100, sodium dodecyl sulfate) may be of interest
(Enget al., 2007; Ong and Len, 2003a), particularly
to extract more hydrophobic metabolites.

Unfortunately, no instrument dedicated to PHWE
is commercially available. However, the equipment
required for PHWE is similar to that used for PLE and
most of the applications of PHWE reported in the lit-
erature have been performed using laboratory-made
systems or Dionex ASE apparatus (Onget al., 2006).

The major advantages of this process over organic
solvent extraction are the absence of residual organic
solvent, its safety, and the cleanliness of the product.
Furthermore, PHWE apparatus can be coupled online
to chromatographic systems such as LC (Kronholm
et al., 2007).

3.7 Applications of PLE

Simple operation procedures combined with high
extraction yields resulted in the employment of PLE
in various analytical areas, including environmen-
tal studies, pharmaceutical, and food industries. PLE
was initially used for the extraction of high tempera-
ture stable organic compounds from environmental
matrices. However, during the last decade, a large
number of studies of PLE applications have been
published in the �eld of natural products involv-
ing carbohydrates, lipids, phenolics, terpenoids, and
alkaloids. A selection of these is presented in Table 2.
PLE has also been used to extract triterpenes and
sterols in two fungi belonging to the genusGano-
derma(Zhaoet al., 2006b) and mono- and polysac-
charides from the edible mushroomsCordyceps
sinensis(Berk.) Sacc. andCordyceps militaris(L.)
Link. (Guanet al., 2010).

Most PLE applications reported in the literature
employ the same organic solvents as those commonly
used in conventional techniques (Huie, 2002). One
extraction cycle is generally applied for 5…20 min at
temperatures ranging from 50 to 140� C in the vast
majority of applications.

PLE has also been applied to the extraction of three
withanolides from the leaves ofIochroma gesneri-
oides(Kunth) Miers (Kaufmannet al., 2001b). Sev-
eral parameters including extracting solvent, its �ow
rate, the pressure and temperature, and the particle
size of the matrix have been studied and their in�u-
ence on extraction ef�ciency has been determined. It
was demonstrated that PLE gave a similar level of
recovery and selectivity as Soxhlet extraction but that
the analysis time and solvent consumption were sig-
ni�cantly reduced.

Likewise, the extraction of cocaine and benzoylec-
gonine has been carried out by PLE. A central com-
posite design was applied to optimize critical param-
eters (pressure, temperature, and extraction time)
(Brachetet al., 2001). A total of 10 min at 80� C
and 200 bar was suf�cient to extract cocaine quantita-
tively from coca leaves using methanol as the extract-
ing solvent.

The addition of surfactants may be helpful in
improving the extraction process. Water supple-
mented with sodium dodecyl sulfate or TritonX-100
has been used to extract �avonoids fromCostus
speciosus(Koen.) Sm. (Changet al., 2011). Extrac-
tion under acidic or basic conditions is sometimes
carried out to alter the pH and thus improve the
extraction ef�cacy. Anthocyanins and phenolic com-
pounds were extracted from fruits ofMyrciaria
cauli�ora (Mart.) O. Berg. with water at pH 2.5
(Santos and Meireles, 2011).

Numerous applications of PHWE for medicinal
plant extraction have been reviewed (Herreroet al.,
2006; Kronholmet al., 2007; Onget al., 2006),
which demonstrate that this technique is valuable for
extraction of highly to moderately polar metabolites
and for the chemical standardization and quality
control of medicinal plants.

4 CONCLUSION

There is a real need for new methods of sample prepa-
ration with low solvent consumption in a fast and
automatic way. MAE and PLE can ful�ll these cri-
teria by providing fast, clean, and cheap procedures
that can be used in routine analysis. Both methods
are used to extract solid matrices, although liquid or
semi-solid matrices can also be extracted using pre-
liminary adsorption on inert supports. However, the
dif�culty of handling two liquid phases under pres-
sure precluded the use of these processes for liquid
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matrices. Unlike SFE, MAE and PLE can be used
with all the conventional solvents, thus increasing
their range of applicability from polar to nonpolar
compounds.

As drastic methods, MAE and PLE have a limited
selectivity and require thermal stability of the com-
pounds to be extracted. Nevertheless, because extrac-
tion times are drastically shortened, thermal degrada-
tion is not necessarily observed.

These two approaches should de�nitely be consid-
ered for fast and ef�cient extraction of active con-
stituents from plant materials.
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1 INTRODUCTION

Sample preparation is a key step in separation that
plays a dominant role in choosing analytical meth-
ods because of reproducibility, accuracy, selectiv-
ity, and sensitivity of the resulting effective time
and cost of analysis. Employing suitable prepara-
tion methodologies, nowadays, analytical and sep-
aration methods can essentially examine all kinds
of complex sample mixtures that include volatile,
semivolatile, and nonvolatile compounds and/or bio-
logical macromolecules, with very low detection lim-
its. In general, the analytical method includes sam-
pling of the samples, preparation of samples (isola-
tion from the matrix, preconcentration or concentra-
tion, fractionation, and, if necessary, derivatization),
separation, detection/characterization, and data anal-
ysis. Surveys display that more than 80% of anal-
ysis time is spent on sample collection and sample
preparation because majority of analytical equipment
cannot handle sample matrices directly. The whole
analytical process becomes fruitless if an unsuitable
sample preparation method has been used before
the sample reaches the instrument and/or the ana-
lyzer (Pawliszyn, 2003; Smith, 2003). This chapter
focuses on describing fundamental theory and basic
operation procedure of solid-phase microextraction
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(SPME) technique and its application to chemically
and biologically important plant extracts.

It is well known that the successes of any analyt-
ical methods are dependent on sample preparation
technique. Many sample preparation approaches
and equipments including SPME are commercially
available. SPME is a simple, fast, ef�cient, and
solvent-free sample preparation technique, invented
by Pawliszyn and coworkers in 1990 (Arthur and
Pawliszyn, 1990). This relatively newer sample
extraction tool brings some unique capabilities to the
chromatographic analysis of dilute solutions in dif�-
cult matrices, both gaseous and liquid states. SPME
has three main steps: (i) solute adsorption from the
sample matrix onto a thick (relative to conventional
capillary columns) layer of chemically modi�ed
fused-silica or related adsorptive material, (ii) reach-
ing equilibrium of adsorbed solutes and coating �ber,
and (iii) transfer of the analytes into a chromatogra-
phy inlet system by gaseous or liquid means. This
effective adsorption/desorption technique essentially
eliminates the need for solvents or complicated
apparatus for concentrating volatile, semivolatile,
and nonvolatiles compounds, natural products, and
chemical and biological macromolecules in liquid
samples or headspace (Zhang and Pawliszyn, 1993;
Gioti et al., 2007; Zhanget al. 2011; Zhouet al.,
2008). SPME is compatible with analyte separation
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Figure 1 A commercial SPME device. (Source: Reprinted with permission from Zhanget al. (1994). Solid-phase microextraction. Anal
Chem66: 844A…854A. Copyright 1994 American Chemical Society.)

and detection by gas chromatography (GC) or high
performance liquid chromatography (HPLC or LC)
with mass spectrometry (MS) detection and provides
linear results for a wide range of concentrations of
analytes. By controlling the polarity and thickness of
coating on the �ber, maintaining consistent sampling
time, and adjusting several other extraction param-
eters, a researcher can obtain highly consistent,
quanti�able results from low concentrations, sub-
femtogram range, of analytes with shorter analysis
time compared to conventional extraction techniques
such as liquid…liquid extraction (LLE), solid-phase
extraction (SPE), headspace (HS) analysis, striping,
and purge and trap methods. These conventional
procedures typically require longer time, compli-
cated equipment, and/or extravagant use of organic
solvents. A comparison of SPME and conventional
techniques is presented in this section.

1.1 Fundamental Theory of SPME

The basic concept of SPME may have been coined
from the idea of an immersed GC capillary column.

The SPME apparatus is a very simple device. A
commercial version of SPME device is shown in
Figure 1. Its appearance like modi�ed syringe con-
sisting of a �ber holder and a �ber assembly, the lat-
ter containing a	 1- to 2-cm-long retractable SPME
�ber. The SPME �ber itself is a thin modi�ed
fused-silica optical �ber, coated with a thin polymer
�lm (such as polydimethylsiloxane (PDMS)) that is
used to isolate and concentrate solute into a range
of coating materials, conventionally used as a coat-
ing material in chromatography (Zhanget al., 1994;
Pawliszyn, 2000).

The principle behind the SPME is the partitioning
of analytes between the sample matrix and the extrac-
tion medium. The capacity of SPME depends on the
extraction of analytes from a sample into the SPME
adsorptive layer. Numerous SPME �bers and coat-
ings are commercially available and have been used
in a wide range of applications and instrumentations
(Kataoka, 2002, 2005, 2010; Ouyang and Pawliszyn,
2006). Some of them are presented in Table 1. After
a sampling period … the extraction is considered to be
complete when it reaches equilibrium. A �nite time
span is required to reach solute equilibrium between
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Table 1 Commercially available SPME �bers, polarity, and operating temperatures with the class of compounds to be analyzed by the
analytical tools.

Fiber coating Film thickness Polarity Maximum operating Compatible with Class of compounds
(� m) temperature (� C) technique to be analyzed

Polydimethylsiloxane (PDMS) 100 Nonpolar 280 GC/HPLC Volatiles
PDMS 30 Nonpolar 280 GC/HPLC Nonpolar semivolatiles
PDMS 7 Nonpolar 280 GC/HPLC Medium to nonpolar semivolatiles
PDMS…divinylbenzene (DVB) 65 Bipolar 270 GC Polar volatiles
PDMS…DVB 60 Bipolar 270 HPLC General purposes
PDMS…DVBa 65 Bipolar 270 GC Polar volatiles
Polypyrrole coated 50 Polar 250 HPLC…MS Catechins and caffeine
Polyacrylate (PA) 85 Polar 320 GC/HPLC Polar semivolatiles (phenols)
Carboxen…PDMS 75 Bipolar 320 GC Gases and volatiles
Carboxen…PDMSa 85 Bipolar 320 GC Gases and volatiles
Carbowax…DVB 65 Polar 265 GC Polar analytes (alcohols)
Carbowax…DVBa 70 Polar 265 GC Polar analytes (alcohols)
Carbowax-templated resin (TPR) 50 Polar 240 HPLC Surfactants
DVB-PDMS-Carboxena 50/30 Bipolar 270 GC Odors and �avors
Supel-Q-PLOT 50 Polar 240 HPLC-UV Iso�avones and phenols

a Stable�ex type is on a 2-cm �ber.

a sample and the SPME layer, and equilibrium ideally
occurs before the extracted solutes are withdrawn
for desorption into an instrument. The adsorbed
solutes are transferred with the SPME layer into
an inlet system that desorbs the solutes into a gas
(for GC) or liquid (for LC) mobile phase. Success
relies upon choosing conditions such that solutes
favor the SPME adsorptive layer as much as possible
in the presence of bulk sample and then are subse-
quently released as quickly and completely as pos-
sible for chromatographic analysis by changing the
conditions to favor solute release from the adsorp-
tive layer. Secondary trapping and release of des-
orbed solutes after SPME is sometimes necessary
when desorption is too slow to permit full use of col-
umn resolving power. This trapping and release can
be accomplished using a discrete thermal trapor with
column stationary-phase trapping by injection into a
GC column and subsequently temperature program-
ming for solute elution.

It has been described earlier that the innovative
sample preparation technique SPME needs equilib-
rium condition after extraction of anlaytes from com-
plex sample mixtures. At equilibrium, the amount of
solute extracted or adsorbed by a �ber coating,ne,
is expressed as (Pawliszyn, 1997; Hinshaw, 2003;
Pawliszyn and Pedersen-Bjergaard, 2006)

ne =
KfsVf Vs

Vs + KfsVf
C0 (1)

Equation (1) shows the relationship between the
analyte concentration in the sample and the amount
extracted by the coated �ber. WhereKfs is the
partition coef�cient for analyte between coating and
sample matrix,Vf the volume of the �ber coating,Vs
the sample volume, andC0 the initial concentration
of the analyte in the sample.

If the amount of solute extracted onto the �ber is
an insigni�cant portion of that present in the sample,
then the product ofKfs andVf is essentially negligible
compared toVs, and Equation (1) becomes

ne = KfsVf C0 (2)

Equation (2) indicates that the amount of extracted
analyte is independent of the volume of the sample.
This means that (i) there is no need to collect a
de�ned amount of sample before analysis, (ii) the
�ber can be exposed directly to whatever is being
analyzed, and (iii) the amount of extracted analyte
will correspond directly to its concentration in the
sample matrix. Thus, this allows for the prevention
of errors associated with the loss of analyte through
decomposition or absorption/adsorption/spills onto
sample container walls.

It is noted that the partition coef�cients are also
in�uenced by the sample polarity/ionic strength, tem-
perature, and other factors: both between the liquid
sample and the HS and between the SPME coatings
and the liquid. The in�uencing parameters should be
kept under careful control for good sample-to-sample
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consistency. Adding salt to an aqueous sample will
often shift the partition coef�cients for nonpolar
solutes in favor of the SPME layer and decrease
the time required to attain equilibrium. The chem-
istry of the sorptive SPME layer plays a signi�cant
role in enhancing or discriminating against classes
of compounds. For the most part, SPME coatings
for GC column absorb solutes in a manner related to
their behavior to GC stationary phases. Polar SPME
coatings such as those that contain polyesters or
acrylates will enhance polar constituents and discrim-
inate against nonpolar materials. Adsorptive layers
with active carbon constituents will retain volatile
components more strongly than layers made of non-
polar dimethyl silicones (Hinshaw, 2003). However,
analysts should give some thought to desorption
because a very strongly held solute might be too dif-
�cult to pry off the SPME layer for analysis.

1.2 Basic Operation Procedure of SPME

The simplicity of use, fastness, effectiveness, and
solvent-free analyte concentration capability of
SPME have drawn special attention to the scientists•
community. It has been widely used to analyze target
compounds from gaseous and liquid matrices using
chromatography coupled to hyphenated detection
techniques (Vas and Vekey, 2004; Kataoka, 2005;
Zini et al., 2002). A simpli�ed schematic diagram of
SPME is illustrated in Figure 2 (Sigma-Aldrich Co.,
1998). A	 1- to 2-cm-long fused-silica �ber, coated
with a polymer, is bonded to a stainless steel plunger
and installed in a holder that looks like a modi�ed
microliter syringe (Figure 1). The plunger moves the
fused-silica �ber into and out of a hollow needle.
To use the unit, an analyst draws the �ber into the
needle, passes the needle through the septum that

Extraction procedure

Desorption procedure

Pierce septum
on sample container Expose SPME fiber

/extract analytes

Retract fiber/withdraw needle

Pierce septum in GC inlet (or introduce
needle into SPME/HPLC interface)

Expose fiber/desorb
analytes

Retract fiber/
withdraw needle

Figure 2 A schematic diagram of SPME adsorption and desorption procedures. (Source: Reproduced with permission from Supelco
Bulletin, (1998), 923, 1…5. © Sigma-Aldrich Co.)
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seals the sample vial, and depresses the plunger to
expose the �ber in the liquid sample or HS above
the sample. Organic analytes are then adsorbed to
the coating on the �ber. After adsorption equilibrium
is attained, which can be typically between 2 and
30 min, the �ber is drawn into the needle, and the
needle is withdrawn from the sample vial. Finally,
the needle is introduced into the GC injector or the
SPME/HPLC interface, where the adsorbed analytes
are thermally desorbed and delivered to the instru-
ment column. An SPME/HPLC interface allows the
technique to be combined with analysis by HPLC,
expanding the applications for the extraction tech-
nique to detect surfactants in water, pharmaceuticals
in biological �uids, chemicals or alkaloids in plant
extracts, and many other areas (Kataoka, 2002, 2005,
2010; Togundeet al., 2012; Zhu, 2006).

Selection of the appropriate coating is the �rst
step in SPME method development. The coat-
ing type is chosen based on chemical properties
such as polarities of the analytes. Different coat-
ings are commercially available (Pragst, 2007;
Ouyang and Pawliszyn, 2006; Kataoka, 2005, 2010;
Wardencki et al., 2007). The most widely used
coating is PDMS. Although PDMS is considered
nonpolar and is particularly suitable for the extrac-
tion of nonpolar compounds, it is often used for
a wide range of screening applications in envi-
ronmental analysis. Polyacrylate (PA) is a highly
polar coating for general use and is ideal for the
extraction of phenols. Other available coatings are
carboxen/poly(dimethylsiloxane) (CAR/PDMS),
carbowax/templated resin (CW/TPR), divinylben-
zene/carboxen/poly(dimethylsiloxane) (DVB/CAR/
PDMS), and carbowax…polyethylene glycol (PEG).
CAR/PDMS is ideal for gaseous/volatile analytes;
CW/DVB is suitable for the extraction of polar
analytes, especially for alcohols; CW/TPR was
developed for HPLC applications; and �nally,
DVB/CAR/PDMS is the newest coating, which is
ideal for a broad range of analyte polarities (suit-
able for C2…C20 range) (Wardenckiet al., 2007).
In SPME, equilibriums are established among the
concentrations of an analyte in the sample and in
the polymer coating on the fused-silica �ber. The
amount of analyte adsorbed by the �ber depends
on the thickness of the polymer coating and on
the distribution constant for the analyte. Extraction
time is determined by the length of time required to
reach equilibrium for the analytes with the highest
distribution constants. The distribution constant

generally increases with increasing molecular
weight and boiling point of the analyte. Selectivity
can be altered by changing the type of polymer
coating on the �ber, or the coating thickness, to
match the characteristics of the analytes of interest.
In general, volatile solutes require a thick coating,
whereas semivolatile compounds are most effectively
adsorbed/desorbed with thin coatings. Examples of
different �ber coatings together with �lm thickness,
polarities, and compound suitability information
have been summarized earlier (Table 1).

1.3 Comparison of SPME with Other
Conventional Extraction Techniques

The major problem that keeps analysts from accept-
ing a new analytical method is the expense in terms of
both cost and training requirements. An ideal sample
preparation technique should be solvent-free, sim-
ple, inexpensive, ef�cient, selective, and compatible
with a wide range of analytical methods/instruments
and applications. It should be capable of being used
simultaneously in separating and concentrating the
components and should allow on-site extraction and
analysis. SPME is proximate to ideal sample prepa-
ration technique that can assimilate sampling, extrac-
tion, concentration, and sample introduction into a
single step, resulting in high sample throughput.

Sample preparation methods using solvents such
as LLE technique are time-consuming and laborious
with multistep operations. When concentrating sam-
ples, an individual step can introduce errors and lose
solutes during sample handling. Waste disposal of
solvents is another issue that adds an extra cost to
the analytical procedure and additional expense to
the environment with health hazards to the labora-
tory associates. Using SPE cartridges or discs and
micro-well plates has reduced many limitations of
the conventional LLE method (Mottaleb and Abe-
din, 1999; Mottalebet al., 2003). SPE needs less
solvent but it is a time-consuming multistep pro-
cess and often requires a concentration step, which
may result in a loss of volatile target compounds.
Long sample preparation times are obviously dis-
advantageous and multistep procedures are prone to
loss of analytes. Adsorption of solutes with trace
impurities from extraction solvent on the walls of
extraction devices can also simultaneously occur.
Although SPE requires much less volume of organic
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Table 2 Sample preparation steps in LLE, SPE, and SPME.

LLE SPE SPME

Addition of organic solvents to the sample Conditioning of cartridges or membranes Exposing SPME �ber to the sample
Agitation in a separatory funnel Sample elution Desorption of analytes in the analytical

instrument
Separation of aqueous and organic phases Solvent elution to remove interferences

and analyte desorption
„

Removal of organic phase Evaporation/concentration of the organic
phase

„

Evaporation/concentration of the organic phase Injection in the analytical instrument „
Evaporation/concentration of the organic phase „ „

solvents compared to LLE, it is still a substantial
amount. Evaporation of the SPE extract is more
time-consuming than in LLE because polar sol-
vents such as methanol, acetonitrile, or combina-
tion of others are commonly used, which usually
have lower vapor pressure than that of the nonpo-
lar solvents such as hexane and dichloromethane,
primarily used for LLE. Moreover, LLE and SPE
are always performed off-line, as automation is
rather complex. Automated systems are available,
but these did not lead to a breakthrough in the
economics of the sample preparation. The newer
sample preparation technique, SPME, was aimed to
overcome the limitations inherent to SPE and LLE.
The SPME is a viable alternative for determining
the concentration of target analytes such as phar-
maceuticals, volatiles, semivolatiles, nonvolatiles,
biological, and chemicals with the bene�t of sim-
plicity as it integrates sampling, extraction, concen-
tration, and sample introduction into a single-step
solvent-free operation. As the target solutes from
the samples are directly extracted and concentrated
to the extraction �ber, it improves the performance
of the analytical method. Thus, this method saves
preparation time and reduces signi�cantly the use
of potentially hazardous solvents and waste disposal

costs. Table 2 compares the main steps in the sam-
ple preparation among LLE, SPE, and SPME, before
analysis.

The primary advantages of SPME devices are their
ability to decouple sampling from matrix effects
that would otherwise distort the apparent sample
composition, their simplicity, and their reduced sol-
vent consumption. These characteristics combine to
make SPME an attractive alternative to the clas-
sic HS or thermal-desorption sampling, SPE, and
classic LLE. A comparison of analytical perfor-
mance together with cost and simplicity of differ-
ent sample preparation methodologies is illustrated
in Table 3.

1.4 Interfacing of SPME with GC and HPLC

Since introduction, SPME has attracted distinct atten-
tion for scientists because of merits over conven-
tional sample handling techniques (Tables 2 and 3).
To overcome some of the shortcomings associated
with SPME, many groups researched and published
a series of reviews and primary articles in liter-
ature (Pragst, 2007; Risticevicet al., 2009; Lee

Table 3 Comparison of performances of SPME and other conventional techniques.

Detection limit (MS) Precision (RSD) Expense Time Solvent used Simplicity

Purge and Trap (ppb) 1…30 High 30 min None No
Stripping (ppt) 3…20 High 2 h None No
Headspace (ppm) Low 30 min None Yes
Liquid…liquid extraction (ppt) 5…50 High 1 h 1000 mL Yes
Solid-phase extraction (ppt) 7…15 Medium 30 min To 100 mL Yes
SPME (ppt) <1…12 Low 5 min None Yes

Source: Reproduced with permission from Supelco Bulletin, (1998),923, 1…5. © Sigma-Aldrich Co.
Table provided by J. Pawliszyn, University of Waterloo, Ontario, Canada.
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Figure 3 SPME process by HS, DI �ber SPME, and off-line solvent desorption for GC, HPLC, or CE analyses. (Source: Kataoka and
Saito (2011). Reproduced from Elsevier.)

et al., 2007; Jiang et al., 2010). Nowadays, SPME
is a well-established technique routinely used in
combination with GC and GC/MS and successfully
applied to a wide variety of compounds, including
volatile and semivolatile compounds from environ-
mental, biological, and food samples (Ouyang and
Pawliszyn, 2006; Kozielet al. 2000; Schipilliti
et al., 2011; Cerveraet al., 2011; Harizaniset al.,
2008). SPME has also been used for direct cou-
pling with HPLC to analyze weakly volatile or ther-
mally labile compounds, not amenable by GC or
GC/MS (Kataoka, 2002, 2005). A schematic assem-
bly of SPME that extracts analytes from the HS,
direct immersion (DI), and off-line solvent desorp-
tion for GC, HPLC, or capillary electrophoresis (CE)
systems is shown in Figure 3.

An SPME/HPLC interface equipped with a spe-
cial desorption chamber and switching valve was
developed to couple the �ber SPME and HPLC
(Figure 3). It is utilized for solvent desorption before
liquid chromatographic separation instead of thermal

desorption in the injection port for GC applica-
tions. In the SPME/HPLC interface, an open-tubular
fused-silica capillary column (in-tube SPME) is used
instead of the SPME �ber. The in-tube SPME is suit-
able for automation and can continuously perform
extraction, desorption, and injection using a standard
autosampler. With the in-tube SPME technique,
organic compounds in aqueous samples are directly
extracted from the samples into the internally coated
stationary phase of a capillary column and then
desorbed by introducing a moving stream of mobile
phase or static desorption solvent when the analytes
are more strongly adsorbed to the capillary coating.
Detailed methodologies and applications of SPME/
HPLC and SPME/HPLC/MS have been described
elsewhere (Zhouet al., 2008; Togundeet al.,
2012; Cudjoe and Pawliszyn, 2012; Zhanget al.,
2011). A schematic representation of the auto-
mated SPME/HPLC/MS system is illustrated in
Figure 4.
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1.5 Comparison of Fiber SPME and In-Tube
SPME for HPLC or HPLC/MS

While the principles and theories of both �ber and
in-tube SPME approaches are similar, a signi�-
cant difference between these techniques is that the
extraction of analytes is performed on the outer sur-
face of the �ber for �ber SPME by agitation and on
the inner surface of the capillary column for in-tube
SPME by �ow of the sample solution. The trans-
fer of the target solutes in the extraction process of

the �ber and in-tube SPME is displayed in Figure 5
and the basic feature of each procedure is summa-
rized in Table 4. It is necessary to prevent plugging
of the capillary column and �ow lines during extrac-
tion with the in-tube SPME, and particles must be
removed from samples by �ltration before extraction.
For the �ber SPME, it is not necessary to remove par-
ticles before extraction, because they can be removed
by washing the �ber with water before insertion into
the desorption chamber of the SPME…HPLC inter-
face. However, the �bers should be carefully handled,

Sample
1 mL

Fiber SPME In-tube SPME

(a) (b)

Sample
2 mL

Stationary
phase

Fused-silica
fiber

Fused-silica
capillary
column

Inner needle Draw

Eject

Injection
needle

Stationary
phase

Analyte

Analyte

Hot stirrer

Outer needle

Figure 5 Extraction of analytes by �ber SPME (a) and in-tube SPME (b). (Source: Reproduced from Anal Bioanal Chem,373, (2002),
31…45, Automated sample preparation using in-tube solid-phase microextraction and its application … a review, Kataoka H., with kind
permission from Springer Science and Business Media.

Table 4 Comparison of �ber and in-tube SPME techniques for combination with HPLC or LC…MS.

Fiber SPME In-tube SPME

SPME device Commercially available SPME �bers are limited Commercial capillary columns with a vast array of
stationary phases are available

Field Outer surface of �ber Inner surface of capillary column
Extraction Immerse �ber in sample solution under agitation Repeatedly draw and eject sample solution into

capillary column
Equilibration time 30…60 min (depending on the compounds) 10…15 min (depending on the compounds)
Desorption Expose �ber in desorption chamber �lled with

mobile phase or additional solvent
Draw desorption solvent or mobile phase into

capillary column
Carryover 	 10% (depending on the compounds) Negligible
Applicable sample Clear and cloudy samples Clear sample only
Operation Manual Automatic
Precaution Fiber must be carefully handled because the coating

is prone to strip off from the needle during
insertion and removal from desorption chamber

Sample solution must be miscible with mobile phase
and not contain insoluble matters because the
�ow-line is prone to stop

Source: Reproduced from Anal Bioanal Chem,373, (2002), 31…45, Automated sample preparation using in-tube solid-phase microextraction and its
application … a review, Kataoka H., with kind permission from Springer Science and Business Media.
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because they are fragile and can be easily broken, and
the �ber coating can be damaged during insertion and
agitation. Furthermore, high molecular weight com-
pounds such as proteins can be irreversibly adsorbed
by the �ber, thus changing the properties of the
stationary phase and rendering it unusable. On the
other hand, open-tubular GC capillary columns are
very stable and useful for in-tube SPME coupled
with HPLC or LC…MS. Another important dif-
ference between in-tube SPME and manual �ber
SPME…HPLC is presumably decoupling of desorp-
tion and injection with in-tube SPME. In �ber SPME,
analytes are desorbed during injection as the mobile
phase passes over the �ber. In in-tube SPME, ana-
lytes are desorbed either by mobile phase �ow or
by aspirating desorption solvent from a second vial,
which is then transferred to the HPLC column by
mobile phase �ow. The �ber SPME…HPLC method
also has the advantage of eliminating the solvent front
peak from the chromatogram, but peak broadening is
sometimes observed because analytes can be slowly
desorbed from the �ber. With in-tube SPME, peak
broadening is comparatively small, because analytes
are completely desorbed before injection. The coat-
ing thickness is only on the order of 0.1� M with fast
desorption. If analytes are suf�ciently solvated by the
mobile phase, then there is no need to use additional
solvent for desorption. On the other hand, in-tube
SPME can be easily automated because extraction
and subsequent desorption can be continuously car-
ried out without detaching the capillary column. Fur-
thermore, carryover in in-tube SPME is diminished
or eliminated in comparison with �ber SPME.

The extractions of analytes in �ber and in-tube
SPMEs are based on the distribution coef�cient
between sample solution phase and SPME station-
ary phase. Thus, the time in which the analyte
reaches distribution equilibrium between two phases
becomes the extraction time. Although SPME has
a maximum sensitivity at the partition equilibrium,
a proportional relationship is obtained between the
amount of analyte extracted by SPME and its initial
concentration in the sample matrix before reaching
partition equilibrium. Therefore, full equilibration is
not necessary for quantitative analysis by SPME.
Generally, SPME is affected by various factors such
as �ber coating, pH of the sample solution, salt
level, warming, and agitation and in-tube SPME is
in�uenced by the type of capillary coating, pH of
the sample solution, length of the capillary column,
draw/eject volume of the sample, and their cycles

and speeds. The applications of �ber and in-tube
SPMEs to environmental, food, biological, and clin-
ical samples are well documented in literature (Guan
et al., 1998; Kataoka, 2002, 2010; Zhanget al., 2011;
Degel, 1996; Gallardoet al., 2006).

Overall, either SPME or in-tube SPME is proven
to be ef�cient sample preparation techniques capable
of coupling with GC or GC…MS, HPLC, or LC…MS
for analyzing a wide range of samples (gaseous to
biological macromolecules) with shortened analysis
times providing reproducible and robust data. These
techniques have shown good analytical performance
combined with simplicity and low cost and produced
relatively clean and concentrated extracts.

1.6 Application of SPME

SPME technique has been regarded as the most
attractive for the pretreatment of complex samples
before chromatographic processes because it enables
rapid analysis at low operating costs with no environ-
mental pollution. This application includes prepar-
ing samples for analysis of volatile, semivolatile,
and nonvolatile compounds and biological macro-
molecules from environmental composite mixtures.
SPME methodologies are also frequently employed
to extract fragrances and biochemical and biological
samples before analysis. The advanced SPME cou-
pled with GC…MS or HPLC…MS can effectively be
used to analyze antioxidants, pharmaceuticals, per-
sonal care products, metabolites, �avors, and aroma
from natural products, food plants, and organic com-
pounds in media containing nanoparticles (Mester
et al., 2001; Masucket al., 2010; Zhu, 2006; Augusto
and Valente, 2002; Chenet al., 1998; Yang and Pep-
pard, 1994). More applications of SPME with cap-
illary electrophoresis were also reported (Liu and
Pawliszyn, 2006). This section will explore the appli-
cations of SPME in the analysis of natural products
and organic compounds in media containing poten-
tially sorbing nanoparticles.

1.6.1 Analysis of Natural Products

The plant and fruit extracts that contain molecules
with antioxidant and antibacterial properties, which
are bene�cial for human health, have increasingly
been used in the past years because of their safety
compared to arti�cial products. In general, plant
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extracts are complex mixtures composed of a variety
of chemicals/biochemical constituents. Some of them
have medicinal values, whereas some may be poten-
tially harmful to human health or living organisms.
Thus, chemical composition and characterization of
medicinal plants and their extracts are very important.

Employing SPME/GC…MS, Piccirilloet al. (2013)
identi�ed the composition and the antibacterial prop-
erties of the extracts from the stems and leaves of
native Portuguese Ginja cherry (Prunus cerasusL.,
Rosaceae). These cherries are used to make liquor
(Ginjinha); both stems and leaves are a by-product
of this process. Thirty-six volatile compounds were
identi�ed from the extracts; terpenes … both hydro-
carbons and oxygenated … were the main class
of compounds. The extracts made from the stems
with ethyl acetate were particularly rich in linalool,
� -pinene, 4-terpineol, and cedrene with concentra-
tions >10 times higher than that in other extracts.
A volume of 2 mL of each solution of the redis-
solved extracts were placed into a 10-mL �ask with
a gas-tight seal. The �ask was then placed into a
water bath at 40� C. The volatiles were adsorbed on
a DVB/CAR/PDMS-coated SPME �ber surface after
10 min of exposure in the �ask. Afterward, the �ber
was placed into the injector of a GC and left there

for 10 min … during which desorption of the chemical
molecules was performed at 220� C and directly
transfer into the analytical column. The medicinal
compounds identi�ed from stems and leaves extracts
by SPME/GC…MS are listed in Table 5.

Martendal et al. (2011) extracted and collected
the volatile aroma fractions from plant matrices
using HS…SPME and analyzed the collected extracts
by injecting them into GC-�ame ionization detec-
tion (FID) and GC…MS systems. They optimized
the extraction time (10…60 min) and temperature
(5…60� C) using DVB/CAR/PDMS-coated SPME
�ber using 100 mg of a mixture of plant matrices.
The chromatogram was divided into four groups of
peaks based on the elution temperature to provide a
better understanding of the in�uence of the extraction
parameters on the extraction ef�ciency considering
compounds with different volatilities/polarities. The
authors proposed a new SPME method and compared
the obtained results with the optimized conventional
methods based on a single extraction temperature
(45 min of extraction at 50� C). The proposed SPME
method led to better results in all cases, considering
both peak area and the number of identi�ed peaks,
and provided an excellent alternative to extract ana-
lytes with quite different volatilities. Comparisons
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Figure 6 Comparison obtained between the SPME (proposed) and the conventional methods for the extraction of the volatile fraction of
selected samples using the summed area of the compounds identi�ed in the GC…MS analysis. (Source: Martendalet al. (2011). Reproduced
from Elsevier.)



116 SAMPLE PREPARATION AND IDENTIFICATION

Table 5 List of the compounds identi�ed in stems and leaves extract by SPME/GC…MS method: integrated peak areas (unit: counts).

Number Compounds Stems Leaves

Ethyl acetate Ethanol Acetone Ethyl acetate Ethanol Acetone

Terpenes hydrocarbons
1 � -Pinene 1326 „ „ „ „ „
2 Camphene 1515 1014 „ 360 527 „
3 3-Carene 587 „ „ 396 „ „
4 � -Ocimene 1075 389 „ „ „ „
5 Aromadendrene 1182 158 208 „ 187 „
Oxygenated terpenes
6 5-Hepten-2-one, 6-methyl 20,187 1331 541 1244 952 194
7 Verbenyl ethyl ether „ 359 167 „ „ „
8 Lylac aldehydes A „ 1022 805 656 257 514
9 Lylac aldehydes B „ „ „ 657 353 „
10 Linalool 37,451 4949 2202 1167 2590 1519
11 4-Terpineol 1230 405 216 546 995 50
12 � -Terpineol 9162 1434 394 884 763 176
13 trans-� -Ionone 190 189 79 439 462 126
Aldehydes
14 2-Octenal 787 „ „ „ „ „
15 Benzene acetaldehyde „ 1066 „ 713 1052 „
Ketones
16 5,9,9-Trimethyl-spiro[3.5]non-5-en-1-one 262 242 105 195 418 70
17 Ethanone-1,2-hydroxyphenyl 1507 „ „ „ „ „
Esters
18 Benzyl acetate 3747 „ „ „ „ „
19 Methyl salicylate 9585 „ „ „ „ 406
20 Diethyl phthalate „ 1693 525 1625 368 „
21 Propanoic acid, 3-chloro,4-formylphenyl ester 1544 „ 58 104 165 1083
22 2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro-4,4,7a-trimethyl „ „ „ 400 314 87
23 Acetic acid, 2-phenylethyl ester 808 „ „ „ „ 32
24 Anisyl acetate 992 „ „ „ „ „
Alcohols
25 5-Octen-2-yn-ol 427 „ „ „ „ „
26 Octanol, 2-methyl 3386 „ „ „ „ 69
27 Phenyl ethyl alcohol 2107 444 244 225 378 490
28 Eugenol 2816 „ „ „ 120 437
29 2-Decyn-1-ol 528 158 123 392 422 94
30 Benzene methanol� ,� ,� -dimethyl 785 166 58 127 124 „
Acids
31 Acetic acid 3151 „ 195 „ 295 94
32 Spiro[2.2]pentane-1-carboxylic acid, 2-cyclopropyl-2-methyl 645 „ „ „ „ „
Hydrocarbons
33 1,5,5-Trimethyl-6-methylene-cyclohexene 968 „ „ „ 160 „
34 � -Caryophyllene „ „ „ „ 336 „
35 Cedrene 2021 695 315 1075 2793 107
Amino acids
36 ��-Phenylalanine,N-[(phenylmethoxy) carbonyl] 4414 „ „ „ „ „

Source: Piccirillo et al. (2013). Reproduced from Elsevier.

between the proposed and other conventional
methods are illustrated in Figure 6.

Guan et al. (1998) employed SPME to separate
dinitroaniline herbicides from complicated biologi-
cal matrices, human urine and blood, extending its
application to biomedical analysis by GC-electron

capture detection (ECD). In their work, urine or
water spiked with herbicides and anhydrous sodium
sulfate was preheated at 70� C for 10 min, and a
PDMS-coated SPME �ber was exposed to the HS at
70� C for another 30 min. Spiked diluted blood was
treated at 90� C in the same way. The HS SPME



SOLID-PHASE MICROEXTRACTION AND ITS APPLICATION TO NATURAL PRODUCTS 117

N

NO2
R2

R1

R3

R2 = H R3 = HR1 = CH3

R2 = NH2 R3 = H

R3 = HR2 = H

R2 = H

R4 = H

R1 = CF3

R1 = CH3

R1 = CH(CH3)2

R5 = CH2CH3

R5 = CH2CH2CH2CH3

R5 = CH2CH2CH3

R5 = CH2CH2Cl

R4 = CH2CH2CH3

R4 = CH2CH2CH3

R4 = CH2CH2CH3

R5 = CH2CH2CH3

R5 = CH2CH2CH3

R5 = CH(CH2CH2CH3)2

R3 = CH3

R4 = CH2CH3

R4 = CH2

NO2

R5

R4

CH2C CH2

CH3

R4 =1. Ethalfluralin

2. Benfluralin

3. Fluchloralin

4. Prodiamine

5. Isopropalin

6. Pendimethalin

Internal standard, profluralin

Scheme 1 Chemical structure of the herbicides. (Source: Guan
et al. (1998). Reproduced from Elsevier.)

yielded clean extracts of dinitroaniline herbicides
from urine, blood, or water, which could be directly
analyzed by GC…ECD without further puri�cation.
The chemical structure of the herbicides is shown
in Scheme 1. Authors used a Supelco SPME device
with a 10-mm-long �ber, 100� m in diameter, and
coated with 100-� m-thick PDMS. This �ber was con-
ditioned for 1 h in a GC injection port at 250� C
before sampling and used immediately to avoid con-
tamination by inserting the SPME syringe in GC port.
An aliquot volume of river water or urine was placed
in a 4-mL glass vial with a silicone-septum cap,
spiked with internal standard (I.S.) herbicides, and

mixed with anhydrous sodium sulfate. The vial was
capped and placed in a Reacti-Therm heater at 70� C.
After 10 min, the needle of the SPME device pierced
the septum of the vial, and the �ber was exposed for
30 min to the HS above the spiked urine or water
and stirred by a small PTFE-coated bar. Finally, the
�ber was retracted into the needle, pulled out from
the vial, and immediately inserted into the GC injec-
tion port at 270� C. It was exposed there for 5 min
for complete desorption of analytes. The SPME of
herbicides from human blood was conducted in the
same way except that 0.5 mL of blood spiked with
herbicides. Then, the blood was mixed with 0.5 mL
of distilled water and was preheated at 90� C for
10 min and HS-extracted at 90� C for 30 min. Typical
GC…ECD chromatograms of SPME that processed
urine, blood, and water samples for herbicides are
shown in Figure 7.

Gioti et al. (2007) assessed the antioxidant activity
of plant extract by HS-SPME and GC…ECD. They
monitored malondialdehyde (MDA), pentanal, and
hexanal simultaneously as �nal products of lipid
peroxidation using HS-SPME with on-�ber deriva-
tization. The aldehyde compounds are extracted and
subjected to on-sorbent derivatization into stable
hydrazones with 2,4,6-trichlorophenyl-hydrazine
(TCPH) for analysis. Aldehydes are polar com-
pounds but their derivatization leads to a decrease
in their polarity and therefore, the use of an apolar
coating/�ber is feasible. The TCPH-containing
PDMS represents a favorable phase that can accom-
modate the derivatized analytes and shows greater
yield and reproducibility than the PDMS/Carbowax
(75-� m thickness) �ber. A schematic of the reaction
between carbonyls and the TCPH-derivatizing
agent occurring on the SPME �ber is given in
Scheme 2. The degree of inhibition of oxidation
was performed by monitoring the chlorinated hydra-
zones after thermal desorption. The procedure was
employed to evaluatein vitro the antioxidant activity
of Hypericum perforatumL. extracts and vitamin
E following induction of oxidation of sun�ower
oil, as a model lipid system. Before the measure-
ment of antioxidant activity, the optimal process
conditions such as HS volume, temperature, agita-
tion, extraction/derivatization time, and desorption
time and temperature were properly established.
Aqueous extracts ofH. perforatum L. exhibited
the highest antioxidative effect. The method was
shown to be promising for screening purposes for
antioxidant substances and natural extracts. A typical
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Figure 7 GC…ECD chromatograms of the herbicides in SPME extracted from human urine and blood and river water. Urine (1.0 mL)
spiked with 1.0 ng mLŠ1 of each herbicide and 10 ng mLŠ1 of I.S. was extracted at 70� C for 30 min, whereas human blood (0.50 mL, diluted
with 0.50 mL of water) spiked with 6.0 ng of each herbicide and 10 ng of I.S. was extracted at 90� C for 30 min. River water (1.0 mL) spiked
with 1.0 ng mLŠ1 of each herbicide and I.S. was extracted at 70� C for 30 min. Peak identities are ethal�uralin (1), ben�uralin (2), pro�uralin
(I.S.), �uchloralin (3), prodiamine (4), isopropalin (5), and pendimethalin (6). (Source: Guanet al. (1998). Reproduced from Elsevier.)

Cl

NH

Cl

H

Cl

H

NH2

TCPH

Cl

NH

Cl

H

Cl

H

Hydrazone

+

C

O

RR�

R�

Carbonyl

+ H2O

C

N

R

Scheme 2 A schematic of the reaction between the carbonyls and the TCPH-derivatizing agent occurring on the SPME �ber. (Source:
Gioti et al. (2007). Reproduced from Elsevier.)

example of HS volume optimization is illustrated in
Figure 8.

Gas chromatography-combustion-isotope ratio
mass spectrometry (GC-C-IRMS) enhanced by
enantio-selective measurements allowed to attain a
more complete characterization of the fresh food and
plant extracts. Many of the chemical compounds that
contribute �avor are naturally occurring. Sometimes,

these are too unstable to be used in commercial
�avorings because of the required shelf-life of the
�nal industrial product. Authenticity assessment
of �avored strawberry foods was performed using
HS-SPME coupled to GC-C-IRMS by Schipilliti
et al. (2011). A validity range was achieved by
investigating the carbon isotope ratio of numer-
ous selected aroma active volatile components.
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Figure 8 Adsorption and derivatization pro�les for (a) MDA, (b) pentanal, (c) hexanal as a function of temperature and time, and (d) effect
of headspace volume on extraction/derivatization. (Source: Gioti et al. (2007). Reproduced from Elsevier.)
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Figure 9 TIC gas chromatogram of the HS-SPME of organic strawberry. Peak identi�cation … (1) methyl butanoate, (2) ethyl butanoate,
(3) hex-(2E)-enal, (4) methyl hexanoate, (5) buthyl butanoate, (6) ethyl hexanoate, (7) hexyl acetate, (8) linalool, (9) hexyl butanoate, (10)
octyl isovalerate, (11)� -decalactone, and (12) octyl hexanoate. (Source: Schipilliti et al. (2011). Reproduced from Elsevier.)

These included methyl butanoate, ethyl butanoate,
hex-(2E)-enal, methyl hexanoate, butyl butanoate,
ethyl hexanoate, hexyl acetate, linalool, hexyl
butanoate, octylisovalerate,� -decalactone, and

octyl hexanoate in organic Italian fresh strawberries,
Kenyan pineapple, and fresh Italian peach extracts. A
typical separation of GC chromatogram of HS-SPME
of organic strawberry extract is shown in Figure 9.
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Salvia plants and their essential oils have
immense economic values in food, pharmaceuti-
cals, and cosmetic products. Ozeket al. (2010)
did a comprehensive study using four different
isolation techniques: conventional hydrodistil-
lation (HD), microwave-assisted hydrodistil-
lation (MWHD), microdistillation (MD), and
micro-steam distillation-solid-phase microextraction
(MSD-SPME) for identi�cation and composition
analysis of volatile chemical constituents from the
aerial parts ofSalvia rosifoliaSm. by GC-FID and
GC…MS. In the case of MSD-SPME, the dried and
ground plant material (1.0 g) was placed in 10-mL
water inside a 25-mL �ask. The �ask was �tted with a
Claisen distillation head with a plug and a condenser
set up for re�uxing rather than distillation. Heating
was achieved using electric heater, and threaded plug
was used for SPME �ber assembly. A manual SPME
holder and the 65-� m, •blue-typeŽ PDMS…DVB
�ber were used for SPME procedure of volatiles.
Fiber was conditioned at 250� C for 30 min before
the experiment. After the SPME needle pierced the
plug, the �ber was exposed to the HS above a plant
sample. MSD-SPME procedure was carried out at
the boiling temperature of water. The suitable equi-
librium time was 1 min between loading of SPME
�ber into �ask and starting of the extraction. The
extraction times of 3, 1, and 0.5 min were tested to
ensure the complete composition of the volatiles in
comparison with conventional HD. The minimum
extraction time giving the most suitable results was
estimated as 0.5 min. After trapping of the volatile,
the loaded SPME �ber was withdrawn into the nee-
dle, and then the needle was removed from the plug
and subsequently used for GC-FID and GC…MS
analyses. Desorption of analytes from the �ber
coating was performed by heating the �ber in the
injection port to 250� C for 5 min. The analytes were
then transferred directly into the chromatographic
column for analysis. Afterward, the SPME �ber was
reconditioned at 250� C for the next extraction exper-
iment for 30 min. The �ber was subjected to a blank
injection to ensure �ber integrity and the absence
of any analytes after each reconditioning period.
Table 6 represents the oil/chemical composition of
S. rosifolia, endemic to Turkey. The list of detected
compounds with their relative percentages composi-
tion, retention indices, and percentages of compound
classes are given in Table 6 in the order of elution
on the HP-Innowax FSC column. All the techniques
applied toS. rosifoliaresulted in the volatiles being

richer in monoterpene alkaloids (Table 6). Typi-
cal chromatographic pro�les are also provided in
Figure 10. Other abundant alkaloids such as nicotine,
nornicotine, anabasine, and anatabine in tobacco
plant have been investigated by employing SPME
combined with GC…MS (Wuet al., 2002). The limit
of detection for nicotine, nornicotine, anabasine, and
anatabine was estimated as 1.80, 0.134, 0.475, and
0.209� g, respectively. Their recoveries (n= 3) were
determined to be 108%, 100%, 103%, and 108%,
with relative standard deviations of 6.7%, 9.9%,
17.6%, and 20.6%, respectively. Tobacco samples
collected from the United States, China, India,
Indonesia, Brazil, Pakistan, the Russian Federation,
Japan, Bangladesh, Nigeria, Mexico, Germany,
Egypt, and Kenya were analyzed. Alkaloid levels
detected in various tobacco brands collected from
these countries ranged from 8.1 to 22.1 mg gŠ1 for
nicotine, 0.36 to 1.50 mg gŠ1 for nornicotine, 0.51 to
0.16 mg gŠ1 for anabasine, and 0.13 to 1.12 mg gŠ1

for anatabine. Additional applications in detection
and analysis of alkaloid natural products were also
reported elsewhere (Tzanetou and Kasiotis, 2013;
Czerwinskiet al., 1996; Tellezet al., 2004).

Lord et al. (2004) con�rmed the uses of SPME
to monitor herbicide levels in living tomato, reeds
(class: Juncaceae;Juncus effusus), and onion plants
at various locations within the plants. Subsequent
to extraction, toxic chemicals were quanti�ed by
LC…MS/MS. The ability to monitor selected forms of
an herbicide in near real time as they move through an
in vivo living plant provided a faster and more accu-
rate means of assessing both herbicide mode of action
and the plant•s physiological response to atrazine,
simazine, and prometryn herbicides. Table 7 reveals
the concentration of pesticides in different heights
of tomato stems. In this study, plants were watered
regularly and exposed to indirect sunlight for approx-
imately 8 h per day and maintained at ambient tem-
perature (18…22� C). Pesticides were applied to the
root area in water over the 21 days to avoid direct
contact between the plant stalks and the pesticide
solution. The total mass of each pesticide applied
to the plants was 20 mg for reed and onion and
50 mg for tomato. Before analysis, SPME �bers were
monitored for absence of pesticide residues by per-
forming a �ber injection, and then preconditioned
in phosphate buffered saline (PBS) for 30 min. For
analysis, a small 1.5-cm-long hole was prepared in
the plant material and �lled with PBS, by means
of a 22 G hypodermic needle mounted on a buffer
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Table 6 The composition ofSalvia rosifoliavolatiles obtained by hydrodistillation (HD), microwave-assisted hydrodistillation
(MWHD), microdistillation (MD), and microsteam distillation-solid phase microextraction (MSD-SPME) techniques.

No. RRIa RRIb Compound Composition (%)c ID method

HD MWHD MSD-SPME MD

1 966 2-Ethyl furan t „ „ „ d, e
2 1014 1014 Tricyclene 0.2± 0.05 0.1± 0.0 0.1± 0.0 0.1± 0.0 d, e
3 1032 1032 � -Pinene 24.3± 1.7 21.4± 0.2 15.7± 0.7 34.8± 0.3 d, e
4 1035 1035 � -Thujene 0.5± 0.1 0.7± 0.1 0.8± 0.1 1.3± 0.1 d, e
5 1076 1085 Camphene 3.1± 0.4 2.5± 0.0 1.5± 0.1 2.7± 0.0 d, e
6 1118 1118 � -Pinene 6.9± 0.9 8.8± 0.1 6.8± 1.1 13.6± 0.0 d, e
7 1132 1132 Sabinene 1.5± 0.3 2.1± 0.0 1.5± 0.3 2.0± 0.0 d, e
8 1136 1117 Thuja-2,4(10)-diene 0.1± 0.0 t t 0.1± 0.0 d, e
9 1174 1156 Myrcene 1.1± 0.0 1.3± 0.0 1.6± 0.1 1.1± 0.0 d, e
10 1183 1183 Pseudolimonene t t t t d, e
11 1188 1179 � -Terpinene t 0.1± 0.0 0.1± 0.0 0.2± 0.1 d, e
12 1203 1205 Limonene 2.7± 0.6 3.9± 0.1 4.5± 0.7 2.9± 0.0 d, e
13 1213 1210 1,8-Cineole 16.6± 2.0 19.2± 0.0 25.1± 0.6 18.4± 0.1 d, e
14 1225 (Z)-3-Hexenal t 0.1± ± 0.0 0.8± 0.2 0.4± 0.0 d, e
15 1244 1237 2-Pentyl furan t t „ „ d, e
16 1246 1230 (Z)-� -Ocimene t t t t d, e
17 1255 1256 � -Terpinene 2.3± ± 0.3 2.6± 0.0 3.3± 0.3 1.7± 0.0 d, e
18 1266 1252 (E)-� -Ocimene t 0.1± 0.0 0.2± 0.0 0.1± 0.0 d, e
19 1269 5-Methyl-3-heptanone t 0.1± 0.0 0.2± 0.0 0.1± 0.0 d, e
20 1280 1279 p-Cymene 6.7± 0.2 3.1± 0.1 4.3± 0.4 1.8± 0.0 d, e
21 1290 1283 Terpinolene t 0.1± 0.0 0.1± 0.0 0.1± 0.0 d, e
22 1304 1305 1-Octen-3-one t t t 0.1± 0.0 d, e
23 1391 1393 (Z)-3-Hexenol t - 0.1± 0.0 0.1± 0.0 d, e
24 1393 1368 3-Octanol 0.1± 0.0 0.1± 0.0 0.2± 0.0 0.1± 0.0 d, e
25 1439 � -Campholene aldehyde t t t 0.1± 0.0 d, e
26 1452 1459 � ,p-Dimethylstyrene 0.2± 0.0 0.2± 0.0 0.2± 0.0 0.1± 0.0 d, e
27 1453 1445 1-Octen-3-ol 0.2± 0.0 0.1± 0.0 0.9± 0.1 0.3± 0.0 d, e
28 1466 1458 � -Cubebene 0.3± 0.0 0.4± 0.0 1.0± 0.0 0.2± 0.0 d, e
29 1474 1474 trans-Sabinene hydrate 0.1± 0.0 0.4± 0.0 0.1± 0.0 0.2± 0.0 d, e
30 1477 4,8-Epoxyterpinolene t t 0.1± 0.0 t d, e
31 1497 1497 � -Copaene 0.9± 0.1 0.5± 0.0 t 0.1± 0.0 d, e
32 1528 � -Bourbonene t t t t d, e
33 1532 1532 Camphor 3.9± 0.6 4.7± 0.2 6.5± 0.1 3.0± 0.0 d, e
34 1535 1535 � -Bourbonene 0.6± 0.1 t 1.6± 0.2 0.4± 0.0 d, e
35 1542 4(15),5-Muuroladiene t t 1.4± 0.4 0.3± 0.0 f
36 1553 1556 Linalool 0.2± 0.0 0.2± 0.0 0.3± 0.0 0.2± 0.0 d, e
37 1556 1556 cis-Sabinene hydrate 0.1± 0.0 0.1± 0.0 0.2± 0.0 0.1± 0.0 d, e
38 1562 1565 Octanol 0.2± 0.0 0.8± 0.0 0.8± 0.0 0.2± 0.0 d, e
39 1586 1585 Pinocarvone 0.9± 0.5 0.2± 0.0 0.1± 0.0 0.1± 0.0 d, e
40 1589 Aristolene 0.3± 0.1 0.1± 0.0 0.2± 0.0 0.1± 0.0 d, e
41 1590 1571 Bornyl acetate 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 d, e
42 1600 1594 � -Elemene t t t t d, e
43 1610 Calarene (� -gurjunene) 0.8± 0.3 0.5± 0.0 t 0.3± 0.0 d, e
44 1611 1616 Terpinen-4-ol t 0.1± 0.0 1.7± 0.2 0.4± 0.1 d, e
45 1612 1604 � -Caryophyllene 5.1± 0.1 2.1± 0.0 4.9± 0.2 1.4± 0.0 d, e
46 1628 1653 Aromadendrene 0.1± 0.0 0.1± 0.0 0.1± 0.0 t d, e
47 1648 1645 Myrtenal t 01± 0.0 0.1± 0.0 0.1± 0.0 d, e
48 1668 1632 (Z)-� -Farnesene 0.9± 0.4 0.5± 0.0 0.4± 0.2 0.4± 0.0 d, e
49 1683 1680 trans-Verbenol 0.1± 0.1 t 0.4± 0.1 0.2± 0.0 d, e
50 1687 1687 � -Humulene 1.3± 0.4 0.7± 0.0 0.9± 0.2 0.7± 0.1 d, e
51 1704 1695 � -Muurolene 0.1± 0.0 t 0.1± 0.0 t d, e
52 1706 1706 � -Terpineol t 0.2± 0.0 0.2± 0.0 0.2± 0.0 d, e
53 1719 1705 Borneol 1.8± 0.0 2.9± 0.1 2.4± 0.2 1.4± 0.0 d, e

(continued overleaf)
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Table 6 (Continued)

No. RRIa RRIb Compound Composition (%)c ID method

HD MWHD MSD-SPME MD

54 1722 Verbenone t t 0.1± 0.0 0.2± 0.0 d, e
55 1726 1716 Germacrene D 1.2± 0.5 0.9± 0.0 1.3± 0.3 0.7± 0.0 d, e
56 1737 1728 (Z,E)-� -Farnesene 0.1± 0.1 0.1± 0.0 0.1± 0.0 0.1± 0.0 d, e
57 1755 1742 Bicyclogermacrene 0.1± 0.0 0.2± 0.0 0.1± 0.0 0.1± 0.0 d, e
58 1758 1749 (E,E)-� -Farnesene 0.2± 0.0 0.1± 0.0 0.1± 0.0 t d, e
59 1773 1764 � -Cadinene 0.2± 0.1 0.2± 0.0 0.4± 0.0 0.2± 0.0 d, e
60 1776 1766 � -Cadinene 0.1± 0.0 0.1± 0.0 0.2± 0.0 0.1± 0.0 d, e
61 1786 1781 ar-Curcumene 0.1± 0.0 t 0.1± 0.0 0.1± 0.0 d, e
62 1853 1827 cis-Calamenene t 0.1± 0.0 0.3± 0.0 0.4± 0.0 d, e
63 1900 epi-Cubebol t t 0.1± 0.1 0.1± 0.0 d, e
64 2008 2008 Caryophyllene oxide 4.3± 0.2 4.5± 0.12 1.4± 0.1 1.5± 0.1 d, e
65 2037 2016 Salvial-4(14)-en-1-one 0.2± 0.0 0.2± 0.0 0.1± 0.0 0.1± 0.0 d, e
66 2071 2071 Humulene epoxide II 0.5± 0.1 0.5± 0.0 0.1± 0.0 0.5± 0.0 d, e
67 2144 2150 Spathulenol 1.1± 0.1 2.3± 0.1 0.2± 0.1 0.7± 0.0 d, e
68 2324 2324 Caryophylladienol II 0.3± 0.0 0.1± 0.0 0.1± 0.0 0.4± 0.0 d, e
69 2366 2396 Eudesma-4(15),7-dien-� -ol 1.7± 0.6 0.3± 0.0 t 0.2± 0.0 d, e
70 2392 2392 Caryophyllenol II 0.2± 0.1 0.8± 0.0 t 0.30± 0.0 d, e

Total 93.7± 1.6 91.8± 0.5 95.7± 0.1 97.6± 0.3 „
Monoterpene hydrocarbons 48 46.5 40.5 63 „
Oxygenated monoterpenes 24 28.5 37.5 24 „
Sesquiterpene hydrocarbons 12.4 6.2 12 5.6 „
Oxygenated sesquiterpenes 8.4 9 1.5 3.8 „

a RRI, relative retention indices calculated againstn-alkanes (C9…C20) on HP-Innowax column.
b RRI, relative retention indices on polar column reported in literature.
c %, calculated from �ame ionization detector data.
t, trace (<0.1%); d, identi�cation based on retention index of genuine compounds on the HP-Innowax column; e, identi�cation on the basis of computer matching
of the mass spectra from Baser, Adams, MassFinder, Wiley, and NIST libraries; f, correct isomer not identi�ed; ID, identi�cation method.
Source: Ozeket al. (2010). Reproduced from Elsevier.

Table 7 Total concentrations of pesticides in tomato stem as
nanograms per gram of the plant, fresh weight.

Stem height (cm) Attrazine Simazine Prometryn

8…10 31.6 „ 2.8
6…8 103.1 „ 5.5
4…6 176.5 150.5 3.0
2…4 1940.8 2122.7 43.5
0…2 3105.4 2275.7 513.3

„, not detected.
Source: Reproduced from Lordet al. (2004) with permission from The
Royal Society of Chemistry.

�lled syringe. The retracted SPME �ber assembly
(without syringe or spring) was placed into the plant
to the end of the prepared hole. The outer needle
was retracted while holding the �ber support rod
stationary to expose the �ber to the plant mate-
rial. The process was reversed to remove the �ber.
After removal, the �ber was rinsed brie�y with a
stream of bidistilled water to eliminate any plant

material adhered to the outer surface of the �ber.
The assembly was then introduced into the SPME
desorption interface for pesticide desorption, analy-
sis, and quanti�cation using triple quadrupole oper-
ated in positive ionspray mode of LC…MS/MS. Equi-
libration time pro�les were evaluated after extrac-
tion of buffer samples (3 mL) containing 20 ng mLŠ1

of pesticides. Simazine reached equilibration at 2 h.
Atrazine and prometryn did not reach equilibration in
the 3-h duration of the test. For practical purposes, it
was desirable to use extraction and equilibrium times
shorter than 1 h. More applications of SPME/LC…MS
have been demonstrated in literature (Kataokaet al.,
2009a, 2009b; Milleret al., 2010; Kataoka, 2010).
A typical example for analysis of biological samples
with in-tube SPME/LC…MS chromatogram is shown
in Figure 11.

Flavonoids, polyphenolic compounds, are a large
group of thousands of secondary plant metabo-
lites, which can be separated into �ve subclasses:
�avonols, �avones, anthocyanins, catechins, and
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Figure 10 Typical chromatographic pro�les of the oils ofSalvia rosifoliaobtained by different isolation techniques. HD, hydrodistillation;
MWHD, microwave-assisted hydrodistillation; MSD-SPME, microsteam distillation-solid-phase microextraction; MD, microdistillation.
Peaks identi�ed are (1)� -pinene, (2) camphene, (3)� -pinene, (4) 1,8-cineole, (5) camphor, (6)� -caryophyllene, and (7) caryophyllene
oxide. (Source: Ozeket al. (2010). Reproduced from Elsevier.)

�avonones (Wang and Huang, 2004). Flavonoids
are widely used as remedies because of their
spasmolytic, antiphlogistic, antiallergic, and
diuretic properties (Caoet al., 1997). Flavonols
(e.g., quercetin and myricetin) are a group of
�avonoids that occur in foods or plant extracts as
O- and C-glycosides. Kumaret al. (2009) deter-
mined myricetin and quercetin �avanols using
SPME/HPLC-UV/VIS system from fruit and veg-
etable specimens. The method involves adsorption of
�avonoids on carboxen/templated resin (CAR/TPR)
�ber followed by desorption in the desorption cham-
ber of SPME/HPLC interface using citrate buffer
(0.001 M):acetonitrile (70 : 30) as mobile phase and
UV detection at 372 nm. The detection limits for
myricetin and quercetin were 48.3 and 24.7 pg mLŠ1,
respectively. The proposed method was validated
by determining myricetin and quercetin in tomato,
onion, grapes, and red wine samples. Mitaniet al.
(2003) has developed a method for determination of
iso�avones, daidzein, and genistein in soybean plant
by automated in-tube SPME that was coupled to the
HPLC technique.

Daidzein, genistein, and their glucosides tested in
this study were clearly separated within 8 min by
HPLC using an XDB-C column with diode array
detection. The glucosides daidzin and genistin were
analyzed as aglycones after hydrolysis because the
glucosides were not concentrated by in-tube SPME.
The optimum extraction conditions for daidzein and
genistein were obtained with 20 draw/eject cycles
of 40 mL of sample using a Supel-Q porous layer
open-tubular capillary column. The extracted com-
pounds were easily desorbed from the capillary by
mobile phase �ow, and carryover was not observed.
Using the in-tube SPME…HPLC method, the cali-
bration curves of these compounds were linear in
the range 5…200 ng mLŠ1, with a correlation coef�-
cient above 0.9999 (n= 18), and the detection lim-
its (S/N= 3) were 0.4…0.5 ng mLŠ1. This method
was successfully applied to the analysis of soy-
bean foods without interference peaks. The recov-
eries of aglycones and glucosides spiked into food
samples were above 97%. Wuet al. (2000) focused
on the analysis of �ve catechins (epigallocatechin,
(+)-catechin, epicatechin, epigallocatechin gallate,
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Figure 11 LC…MS chromatograms obtained from (a) 100 ng mLŠ1 standard compounds (direct injection), (b) urine (0.2 mL), and (c) saliva
(0.2 mL) samples (in-tube SPME) after nicotine intake. In-tube SPME was carried out by 25 draw/eject cycles of 40� L of sample solution
at a �ow rate of 150� L minŠ1 using a CP-Pora PLOT amine capillary (60 cm× 0.32 mm inner diameter). The LC…MS conditions were as
follows: LC column, Synergi 4u POLAR-RP 80A (150 mm× 4.6 mm inner diameter); mobile phase, 5 mM ammonium formate/methanol
(55 : 45, v/v) and �ow rate of 0.8 mL minŠ1; ionization, electrospray ionization positive mode. (Source: Kataokaet al. (2009b). Reproduced
from Elsevier.)

and epicatechin gallate) and caffeine in green tea
using in-tube SPME…HPLC with electrospray ion-
ization mass spectrometric (ESI-MS) detection. All
samples have been separated and evaluated using
a polypyrrole-coated capillary and several commer-
cially available capillaries (capillary GC columns).
Catechins were determined in both positive and
negative ion detection modes. The detection limit
(S/N= 3) for each of the studied catechins was<0.5
ng mLŠ1. Caffeine was only determined under posi-
tive ES-MS detection modes and its detection limit
was 0.01 ng mLŠ1. Small amounts of catechins were
also detected in grape juice and wine samples.

1.6.2 Analysis of Organic Compounds in
Media Containing Nanoparticles

In recent investigations, the SPME was found to
have a strong ability for dynamic speciation anal-
ysis of organic compounds in media containing
potentially sorbing nanoparticles. Natural and engi-
neered nanoparticles have recently attracted a lot
of attention because of their unique properties and
widespread applications. Particles in the nanosized
range (1…100 nm) are ubiquitous in the environment
and encompass both permeable and impermeable
entities, for example, enzymes, protein molecules,
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clays, and soot. However, their reactivities and �uxes
in environmental compartments and consequent risk
posed to biological systems are still largely unknown.
In the aquatic environment, for example, natural and
engineered nanoparticles are known to affect the
binding, transport, and fate of vital and toxic com-
pounds such as organics and heavy metals (Buf-
�e and van Leeuwen, 1992; Hofmann and von der
Kammer, 2008). Depending on the system, both
enhancement and reduction in the mobility, bioavail-
ability, and degradation kinetics of organics in the
presence of nanoparticles have been reported. An
extraction methodology such as SPME for specia-
tion analysis of organic compounds in the presence
of nanoparticles will allow establishment of a sound
knowledge of compound speciation into predictions
of their bioavailability. Town and coworkers (Ben-
habib et al., 2009) applied SPME in the dynamic
speciation analysis of the pesticide atrazine in an
aqueous medium containing sorbing latex nanopar-
ticles. For comparison, the atrazine was distributed
over its freely dissolved and particle-bound forms. A
PDMS �ber coating was applied as the solid phase for
the extraction and was exposed to the sample solu-
tions under mild stirring on a rock-and-roller shaker
at ambient temperature. The overall rate of extraction
of the analyte was faster in the presence of nanopar-
ticles, which was explained on the basis of coupled
diffusion of free and particle-bound atrazine toward
the solid/sample solution interface. The enhanced
diffusive �ux for atrazine in dispersions of carboxy-
lated latex particles demonstrated the presence of
labile particle-bound atrazine species that do not
enter the solid phase as such. In the eventual equi-
librium, the total atrazine concentration in the solid
phase was dictated by the solid phase/water parti-
tion coef�cient (Ksw) and the concentration of the
free atrazine in the sample solution. These obser-
vations demonstrated that the nanoparticles do not
enter the solid phase. The results also pointed out to
the important role of particle size in determining the
contribution of a particle-bound organic compound
to the steady-state diffusive transport �ux: for col-
loids of radius>100 nm, the contribution might be
negligible, whereas the contribution from an organic
compound bound to smaller nanoparticles might
be signi�cant. The same group (Zielinskaet al.,
2012) also recently explored the chemodynamic
sorption of diclofenac by two model nanoparticles,
silica (impermeable) and bovine serum albumin
(BSA) (permeable) and their speciation analysis by

SPME using the same strategy. The study included
aspects such as the impact of charged (unproto-
nated) diclofenac species and the lability of the
nanoparticulate diclofenac complex. Diclofenac, a
nonsteroidal anti-in�ammatory drug prescribed for
human and veterinary, is recalcitrant to standard
wastewater treatment. Because diclofenac is a fairly
polar molecule, less hydrophobic solid-phase poly-
mer �bers, PA �lm and polyethylene glycol (PEG),
were selected for the SPME analyses in the absence
and presence of SiO2 and BSA nanoparticles, respec-
tively. Here too, the �bers were exposed to the sam-
ple solutions under mild stirring on a rock-and-roller
shaker or magnetic bar stirring at ambient temper-
ature. It was shown that only the protonated neu-
tral form of diclofenac was accumulated in the solid
phase, and hence, this specie governs the eventual
partition equilibrium. The temporal pro�les for the
SPME accumulation of diclofenac in the absence
and presence of SiO2 nanoparticles are shown in
Figure 12. These results demonstrated that the rate of
the solid/water partition equilibration was enhanced
in the presence of the sorbing nanoparticles of SiO2
and BSA and these nanoparticles themselves do
not enter the solid phase to any appreciable extent.
The enhanced rate of attainment of equilibrium was
attributed to a shuttle type of contribution from
the nanoparticle species to the diffusive supply of
diclofenac to the water/solid interface. The experi-
mental accumulation rate constants were found to be
in good agreement with the theoretical values con-
�rming the dynamic equilibrium between the bound
and the free diclofenac species in the bulk medium
and labile behavior of particle-bound diclofenac on
the effective timescale of diffusion toward the solid
phase. Consequently, the rate-limiting step of the
extraction process was determined by the coupled
diffusion of the free and bound forms of the analyte in
the aqueous phase. Similar conclusions were reached
for atrazine in the presence of sorbing latex nanopar-
ticles (Benhabibet al., 2009).

1.7 Limitation of SPME

Since introduction, SPME has been used for a wide
range of air and water monitoring applications and
a very few limitations have been reported in the lit-
erature. The technique offers a simple and quick
alternative to the traditional methods of sample han-
dling techniques, but fused-silica-type column �ber
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Figure 12 Mean concentration of diclofenac in the PA
solid-phase �lm as a function of extraction time,t, in the absence
and presence of different concentrations of SiO2 nanoparticles at
pH 5. (Source: Reprinted with permission from Zielinska K, van
Leeuwen HP, Thibault S, Town RM. (2012). Speciation analysis
of aqueous nanoparticulate diclofenac complexes by solid-phase
microextraction. Langmuir28: 14672…14680. Copyright 2012
American Chemical Society.)

coatings sometimes restrict to analyze nonvolatile
biological �uids. Murray (2001) demonstrated lim-
itations of determination of volatile organic sulfur
compounds produced by brassica plants to the use of
Carboxen/PDMS �bers for their analysis. In general,
the better performance of SPME �bers is also depen-
dent on the polarities of the �ber coating materials
and analytes. Moreover, parameters such as sampling
time, temperatures, and equilibrium time in�uence
the analysis. Polymer coatings on the �ber are frag-
ile, easily broken, and have limited lifetime. Thus,
careful handling of the device is important to obtain
longer lifetime of the SPME �bers with reproducible
and high throughput results.

CONCLUSION

SPME is an innovative technique for extraction and
concentration of organic compounds from gaseous,
aqueous, and solid matrices. It is rapid, simple, and
ideal for automation and forin situ applications
requiring no harmful solvents, as a result of signif-
icant reduction of analysis and waste disposal costs
with minimal health hazard risk to users. The fun-
damental principle of SPME involves equilibration
of the analytes between the sample matrix and an
organic polymeric phase coated on a fused-silica

�ber. Coupling it to GC or GC…MS has documented
sensitive, accurate, and reproducible quantitative
analysis of different classes of volatile compounds.
Both �ber and in-tube SPME interface are capa-
ble of coupling to HPLC, LC…MS, and CE and
thus widen its range of applications to polar, nonpo-
lar, nonvolatile, and thermally unstable compounds.
The main advantages of in-tube SPME are its sim-
plicity, rapidity, solvent elimination features, high
sensitivity, small sample volume, lower cost, and
simple automation. Because of the nature of selectiv-
ity and sensitivity, SPME has shown potential to ana-
lyze specimens ranging from drug screening, foren-
sic toxicology, proteins, lipids, enzymes, and bio-
logically and chemically valuable medicinal plant
extracts. This technique has also demonstrated a
strong ability for dynamic speciation analysis of nat-
ural products in media containing adsorbing nanopar-
ticles.
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Microscopic Analysis
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1 INTRODUCTION

•Many plant constituents(=botanicals)are directly
recognizable by means of the compound microscope,
and when micro-chemical tests are employed in
addition there are few plant products(=botanicals)
that cannot be detected, even with more certainty
than by chemical analysisŽ (Jelliffe and Rusby,
1895). This quotation remains signi�cant even today.
The increasing use of botanicals especially from
Asia and other foreign countries demands adequate
methods for the proof of identi�cation and purity
in addition to the careful investigation of newly
introduced drugs. In the �rst instance, the identi�ca-
tion of herbal drugs is based on morphological and
anatomical properties including some types of sec-
ondary chemical compounds of the source species. In
pharmacognosy, microscopic analyses of biological
material (medicinal and food plants or products of
plants, fungi, lichen, or algae) have a long history.
Since the middle of the nineteenth century, a range of
books on this matter have been published providing
the basis for microscopic identi�cation of botanicals.
Monographs providing detailed plant description,
often accompanied by wonderful drawings, made to
identify species, can be particularly found in books
published between the end of the nineteenth century
and World War II. Some hot spots of activity are
Austria (Vienna, Graz, and Innsbruck (Mitlacher,
1904; Moeller, 1886, 1889, 1892; Schroff, 1853;
Vogl, 1872, 1892; Wasickyet al., 1936; Wiesner,
1900)), Germany (Göttingen (Wiggers, 1847), Berlin

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

(Berg, 1865), Marburg (Wigand, 1887), Munich
(Solereder, 1908a, 1908b)), Switzerland (Bern
(Flückiger, 1867; Tschirch and Oesterle, 1900),
Zürich (Flück, Schlumpf, and Siegried, 1935)).

However, intensi�ed usage of botanicals from
other cultures (e.g., traditional Chinese medicine
(Stöger, 2005) and Ayurveda medicine (Government
of India, unknown), recently broadened our demand
for monographs and basic education it is necessary
to employ trained personnel trained personnel for the
inspection of incoming botanical material. Since the
early days, microscopic analyses have constituted the
most rapid and cost-effective approach for identity
and purity control of biological crude drugs, but only
a trained pharmacognosist bene�ts from this tech-
nique. In Europe and the United States, nowadays,
research in and teaching of morphology and anatomy
of herbals are critically endangered because of other
gainful research �elds in pharmacy (e.g., molecular
targets). In the United States, a remedial action
for the conservation of the knowledge available in
Europe resulted in the publication of •American
Herbal PharmacopoeiaŽ (Uptonet al., 2011).

The essentials for the identi�cation of botanical
crude drugs by means of microscopic analyses are
provided in the following section.

2 BASICS IN OPTICAL MICROSCOPY

Optical microscopy was and still is one of the
most important promoters of life sciences. The past
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decades have witnessed enormous efforts in apply-
ing this technique (e.g., phase contrast microscopy
or confocal laser scanning microscopy). In addition,
advances in digital imaging and analyses have opened
new dimensions in documentation and measurements
of various types of specimens. In the following
sections, the interested reader gets information and
guidance as to how to use an optical microscope and
other necessary equipment built on our traditional
knowledge accumulated over time. For more detailed
information, one can either reach out to informative
books that are available (Gabel, 1912; Mohl, 1846;
Schacht, 1862) or �nd current information in the �eld
of microscopic techniques on the Web sites of some
providers of microscopes.

2.1 Short Introduction to Optics

Image formation in the light microscope … as well as
in our eyes or in a magnifying glass … depends on
the interactions of light with matter through six basic
phenomena: re�ection, absorption, refraction (inclu-
sive double refraction), dispersion, interference, and
diffraction (Figures 1, 2, and 4):

€ Re�ectionoccurs on all re�ective surfaces depend-
ing on the angle of the oncoming light. Sometimes

(a)

Pulse height
decrement

(b)

(c) Phase shifting

Figure 1 (a) Unaffected light; (b) light passing through an
opaque object with a height decrement of the amplitude (amplitude
specimen); and (c) light passing through an opaque object causing
phase shifting (phase specimen).

(a)(a) (b)(b)

(c)(c)
(d)(d)

(e)(e) (f)(f)

Figure 2 Basic principles in optics. (a) Re�ection; (b) absorp-
tion; (c) refraction; (d) dispersion; (e) diffraction, and (f) double
refraction.

re�ection causes annoying aberrations in the
microscopic light path.

€ Qualitative and/or quantitative difference in
absorptionof light by the various structures of
a specimen creates a contrast in terms of bright-
ness or color in thebright �eld mode of a light
microscope (see later), making individual details
of the specimen visible. A specimen having
such properties is called anamplitude specimen
(Figure 1b). However, please note that each
biological object represents both anamplitude
and aphase specimen(Figure 1c) because light
passing the object is refracted in various manner
and therefore has different distances (refraction)
and different matters to pass. For these reasons,
a phase shifting occurs too. Normally, this phase
shifting is imperceptible for our eyes but may
be visualized by some techniques (e.g.,phase
contrastmicroscopy), and is used in cytology and
cell biology for a so-called optical staining of �ne
structures (e.g., chromosomes).

€ Refractionis the change in direction of a wave
owing to a change of the medium, especially a
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(a) (b) (c)

(e)(d)

Figure 3 Birefringence. (a) Calc-spar crystal, (b) and (c) view
through a calc-spar crystal with a double refracted printing, (b)
and (c) after successive rotation; (d) and (e) polarizing �lters, (d)
�lter in parallel orientation, and (e) �lter in orthogonal or crossed
orientation.

change of the velocity of the wave, when it is
passing through. In optics, refraction is a phe-
nomenon that occurs when waves travel from one
medium to another with a different refraction index
at an oblique angle. Therefraction indexof matter
is a material property (n= velocity of light in vac-
uum/velocity of light in the medium). As known
from the basics of physics, light is an electro-
magnetic wave. The white light (depending on
the light source) is composed of different waves
(red, blue, etc.). The refraction index of matter
varies with thewavelengthof the light passing
through. Refraction is an important phenomenon
for image formation by lenses. If we use a trans-
parent birefringent material (e.g., gypsum) with
a de�nitive thickness and therefore a de�nitive
phase shift (e.g., green wavelength will be deleted
by destructive interference [compare also the text
later on]) in between the two polarizing �lters,
then the background of an image in the microscope
appears in the so-called �rst-order purplish-red.
Such a mounted gypsum crystal is often referred
to as�rst-order red plateor retardation plate. The
�rst-order retardation plate is standard equipment
that is frequently utilized to detect birefringent
structures, for example, �bers and trichomes in
plant-derived specimens.

€ Dispersionis the phenomenon in which the veloc-
ity of a light wave depends on its frequency.
Dispersion causes the splitting of white light in
different colors, for instance, in a full rainbow
but leads to the annoyingchromatic aberration
(see later on) in lenses too. Blue light is refracted

to the greatest extent followed by green and red
(Figure 2).

€ Interferenceis a physical phenomenon in which
two waves superimpose to form a resultant wave
of heightened or lowered amplitude. This interac-
tion of waves only occurs when the waves are cor-
related or coherent with each other, for example,
light from the same source (see also linear polar-
ized light).

€ Diffraction occurs when light encounters an obsta-
cle or while passing through small openings, for
example, the specimen structures in the micro-
scope. This phenomenon is described as the obvi-
ous bending of waves around small barriers and
the spreading out of waves past small openings
(Figures 2 and 4). Figure 4 shows a simple scheme
of diffraction after passing an obstacle with two
slits. Note: a real image shows much more com-
plicated diffraction patterns, and for each wave-
length, we observe different patterns. We can see
circular wave crests and wave troughs appear-
ing in the space downstream of the slits. These
circular waves interfere with each other. Bright
regions will appear as a result of constructive
interference and dark regions by destructive inter-
ference. The two curves on the top shows the
cross section of the light intensity of the 2D
image (the so-called airy discs). The central peak
symbolizes the undiffracted or zeroth-order light
(= direct or undeviated light). In real images, this
undiffracted light represents the background light.
The peaks next to central peak are the diffracted
parts of higher order. The smaller the wavelength
is, the nearer the peaks are. This principle is
the basic principle of image formation in a com-
pound microscope too. The greater the number of
diffracted parts gathered by the objective is, the
better will be the information about the object and
the resolution of the image!

€ Linear polarized light and birefringence (also
referred to asdouble refraction): Light emitted
from a lamp vibrates in all direction orthogonal to
the beam and is callednonpolarized light. If light
shows vibration only in one single layer, it is called
polarized light. Polarized light originates from
re�ection or from passing through birefringent
materials such as crystals of calc-spar (Figure 3a)
or a so-called polarizing �lter (Figure 3d and e). If
light of a normal lamp or sun light, both are non-
polarized light, passes through a birefringent mate-
rial, then the light ray is divided into two linearly
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(a) (b)

Airy disc cross section

Wave crest

Destructive
interference

Constructive
interference

Wave trough

Figure 4 Light passing through a wall (in red) with two slits and gets scattered. The resulting waves interfere with each other giving a
diffraction pattern. Constructive interference will appear where wave crests intersect and reinforce each other; destructive interference results
where crests and troughs meet and neutralize each other. The two curves on the top shows the light intensity of the image (in 2D images
referred to as airy discs). (a) and (d) shows different interference patterns because of different distance of the slits.

polarized light rays every single one with a vibra-
tion direction, that is, perpendicular to one another.
From these two rays, the one that follows the law
of refraction is called theordinary ray, whereas the
other is referred to asextraordinary ray. The speed
and the index of refraction of the two rays differ
in different birefringent materials. Therefore, both
values serve as typical matter properties. Figure 3b
and c demonstrates the effect of birefringence. The
printing appears doubled. The ordinary ray creates
an image of clear and dark appearance, and the
extraordinary ray causes a second grayish image of
shifted position. If one rotates the crystal, the posi-
tion of the more indistinct letters rotates around the
distinct letters. A material that refracts in such a
way is termed anisotropic. Because of the differ-
ent path and speed of the two rays, birefringence
causes a phase shift (Figure 1c). The usage of such
a phase shift in microscopy is shown later. The sec-
ond way to produce polarized light is the usage of
polarizing �lters. Figure 3d and e shows pieces of
polarizing �lm available in photo shops. These �l-
ters are often made from polyvinyl alcohol (PVA)
plastic with an iodine doping. Mechanical elonga-
tion of the sheets during manufacture causes the
PVA chains to align in one particular direction.
Valence electrons from the iodine dopant are able

to move along the polymer chains, but not trans-
verse to them. Because light is an electromagnetic
wave with a magnetic and an electric component,
only such waves with vibration directions perpen-
dicularly to the chains are transmitted. This light
has only one vibration direction and is calledlinear
polarized light. In Figure 3d, the two polarizing
�lters are arranged in parallel (red and blue lines
indicate the layer of the polarized light emitted
from the �lter) and the overlapping area appears
only slightly darker. In contrast, Figure 3e shows
the orthogonal position of the �lters. In this case,
the overlapping area appears dark … no light is
passing through. This is the proper position of the
polarizing units in a polarizing microscope (see
also later on). If we use polarizing �lters in this
way, the background of an image in the microscope
appears black. However, every birefringent struc-
ture in a specimen causes a rotation of light, and
by vector addition, this structure becomes visible
(more or less white on a black background). The
pros and cons are discussed later. Now, let us come
back to the earlier mentioned phase shifting.

Besides the physics of light, it is also necessary
to know the basics about the function of lenses.
Figure 5a shows the light path in a very thin lens.
Imagemagni�cationandpositiondepend on thefocal
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a < f Virtual magnified image

2f > a > f Real magnified image

a = f image distance = �
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f
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a

a

(b)

(c)

(d)

Figure 5 (a) Optical properties for a very thin lens (= vertical
line in the center); a, distance between object and lens; b, distance
between image and lens; if, focal length; F, focus; O, object; and
IO, image of the object. Effects of different positions of an object
in the periphery of a thin lens (b…d).

lengthof lens and the distance between the lens and
the object. Figure 5b…d shows three major cases of
object positioning. First, the object is within the focal
length (Figure 5b). This yields avirtual magni�ed
upright image. In light microscopes, the eyepieces
hold such a function. Second, the object is exactly
in the focal length (Figure 5c). In this case, no
image is obtained. Third, the object is out of focal
length (Figure 5d). This results in areversed real
magni�ed image … as produced by the objectives of
light microscopes. The image of an object visible in
a compound microscope is bottom-up and inverted.

(a)

(b)

(c)

Figure 6 Major optical aberrations of simple lenses. (a) Spheri-
cal aberration; (b) chromatical aberration; and (c) �eld curvature.

Real lenses unfortunately show the so-called (opti-
cal) aberrations (Figure 6). In the following, the most
importing aberrations are mentioned:

€ One tedious error is the so-calledspherical aber-
ration (Figure 6a). Light waves passing through
the periphery of a lens are not brought into iden-
tical focus with those passing closer to the center.
This constitutes one serious optical error because
the image of an object is spread out longitudinally
and transversely rather than being in sharp focus.

€ The second aberration results from the compound
nature of white light. As mentioned earlier, blue
light is refracted to the greatest extent followed by
green and red. This leads to fringes surrounding
the image caused by wavelength-dependent foci
dispersed along the axis, a phenomenon called
chromatic aberration(Figure 6b).
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€ A third but (for many practical purposes) less
important defect of lenses is the�eld curvatureor
�atness of �eld (Figure 6c). This defect leads to
an image that is sharp either in the center or in the
periphery. The image is only sharp if it is projected
on a curved area.

To overcome the listed aberrations, the optical
parts of a light microscope are corrected to a degree
depending on the expense of the respective parts (see
later on).

2.2 Compound Microscope and Stereo
Microscope

The optical microscope, also often referred to ascom-
pound microscope, has to be distinguished from the
so-calledstereo microscope. The stereo microscope
is an indispensable apparatus for a quick inspection
of botanical materials and is sometimes referred to
asdissecting microscope. It is designed for the visu-
alization of material too small for the naked eye but
too big and maybe too opaque for the study in a com-
pound microscope. It uses two optical paths, each
with one•s own objective and eyepieces mounted
on an appropriate stage to provide slightly differ-
ent viewing angles to the left and right eyes. This
way, it provides the operator with a three-dimensional
upright visualization of the sample being examined.

In contrast, modern compound microscopes
(= microscope in the context of this chapter) also
have two oculars but only one single light path. The
following sections give a short overview of the parts
of an optical microscope, its functions, and usage.

Some short introductive statements in the
beginning:

€ Commonly visible light transports the object infor-
mation from the specimen through the microscope
to the eye of the observer.

€ The researcher observes an image of the object but
not the object itself!

€ The properties of light and the properties of the
microscope translate the object information into a
microscopic image.

€ Only the best management of the light path allows
translation of object information as accurately as
possible into a more or less aberration free image!

On the basis of this short introduction to optics,
the following sections explain the basic technical
principles of light microscopes in addition to the best
practice for using this instrument.

Basic principlesof a modern compound microscope:
•CompoundŽ commonly refers to the fact that in

order to enlarge an image, light passes through
a series of lenses in a line. Each group of lenses
magni�es the image over the previous one (one
light path, multiple lenses= compound micro-
scope).

The core components are theobjective (one or
more mounted in the nosepiece) and theeyepiece
(Figure 7). Objective and eyepiece are composed of
multiple lenses. Figure 8 shows the old-fashioned
construction with a so-called �nite tube length (com-
monly in between 160 and 210 mm) and a modern
one with an in�nity optical system. The older type
needs objectives, which are designed to project a
diffraction-limited image at a �xed plane (the inter-
mediate image plane), which is described by the
microscope tube length and located at a prespeci�ed
distance from the rear focal plane of the objective (a).
The in�nity type of construction (b) makes it easier
to put additional optical equipment (e.g., a drawing
tube) in the light path by stretching out the parallel
optical path. Objectives for this type of microscope
emerge rays in parallel bundles and require a sup-
plementary tube in the light path to bring the image
into focus at the intermediate image plane. The names
used for this lens are different in German and English
literature and therefore ambiguous.

In both systems, specimen are pictured at a short
distance beyond the front focal plane of the objective
through a medium of a well-de�ned refractive index,
usually air (n= 1.003) or immersion oil (n= 1.52).
Different media require different types of objectives.

2.3 Parts of a Compound Microscope

€ Base and stand: Both are necessary for a stable
aligned light path.

€ Illumination system: A typical microscope con-
tains the following components:
€ Illumination lamp: Tungsten-halogenlamps

are most important in optical microscopy and
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Eyepiece
on the binocular

tubes

Polarization
unit II

Revolving nosepiece
and objectives

Digital camera

Trinocular head

Drawing
tube

Stand
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Coarse/fine focus
knobs

Field lens
field diaphragm

Bunsen burner

Neutral density filter
IIIumination intensity control

Base

Polarization unit I

Condenser bracket

Condenser

Figure 7 Main parts of a typical microscopic working place and of a compound light microscope.

continue to be the type of choice for pharmacog-
nostic imaging. Because of generating a contin-
uous distribution of light across the visible spec-
trum, they are ideal for microphotography too.
(See also http://micro.magnet.fsu.edu/primer/
anatomy/lightsourceshome.html)

€ Eco-illumination (e.g., Nikon microscopes
Ci-E/Ci-L): This is a newly developed high
luminescent LED system with low power con-
sumption. The new system produces evenly
distributed illumination and reduces the cost of
lamp replacement.

€ Field lens: It is responsible to focus the image of
the lamp �lament at the plane of the condenser
aperture diaphragm.

€ Field diaphragm opening: It serves as a virtual
light source for the microscope and its image is
focused by the condenser after axial movement
onto the specimen plane (see below Koehler
illumination).

€ Condenser(see below): This system facilitates
the illumination of the specimen. The �eld
diaphragm only controls the width of the bundle
of light reaching the condenser. It does not
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(a)

(b)

Objective Eyepiece

O

O

POP IIPTLFL

I

I

Tube lens

FL

Figure 8 The light path in compound microscope with �nite tube
length (a) and with in�nity tube length (b) [FL, focal length; I,
image; O, object; POP, parallel optical path; TLFL, tube lens focal
length; and IIP, intermediate image plane].

affect the optical resolution (NA see below)
directly.

€ Mechanical stagewith specimen holderand an
X…Y translation mechanism: It facilitates the exact
translation of the specimen inX andY directions.
It is necessary for recording the X/Y position of
interesting parts of the specimen at low magni�-
cation for a later observation at high magni�ca-
tion with an oil immersions objective (see below).
For this purpose, a small drop of immersion oil
is put on the cover glass and therefore the switch
back to a dry objective is forbidden because of the
improper refraction index for such an objective and
the possibility to contaminate the frontal lens of the
dry objective with oil.

€ Coarse and �ne focus knobs: They enable the
operator to focus layers of interest in the object by
moving the stage axially.

€ Condenser: It is typically mounted directly
beneath the stage in a bracket, which can be
raised or lowered independently of the stage. This
bracket can be slightly moved inXandYdirections
and facilitate the alignment of the condenser in
the correct position of the light beam (Figure 9).
The condenser gathers light from the light source

and concentrates it into a light cone (Figure 10). After
passing through the opening in the stage or the object,
the light diverges to an inverted cone with the same
angle. In the space behind the transparent object, an
image of the object is formed by interference through

the combination of undiffracted and diffracted light
of higher order (Figure 10). The higher the order
of diffracted light gathered by the objective is, the
better is the translation of object structures in the
microscopic image (remember also Figure 4). The
angle of the cone is the so-called aperture. The com-
bination of the refractive indexn from the medium
between the specimen and the front lens of an objec-
tive (air, immersion oil, etc.) and the one-half angular

(a) (b)

Objective

Light cone with NA

Specimen

Condenser

Aperture diaphragm

Field diaphragm

Figure 9 Alignment of the light cone produced by the condenser:
(a) misalignment and (b) correct alignment.

(a) (b)

Objective

Specimen

0 0

1
2
3
4

1
2
3
4
5
6

Slide

Condenser

Figure 10 A simpli�ed scheme of the light cone produced
by the condenser and the specimen gathered by the objective
of undiffracted (0= zeroth order) and the diffracted light cones
of higher order (1…6): (a) numerical aperture smaller and (b)
numerical aperture higher.
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aperture� is referred to as numerical aperture (NA,
NA= n*sin(� )). The diameter and numerical aperture
of the light cone are regulated by adjusting the aper-
ture iris diaphragm enabled by a lever or by rotating a
collar on the condenser housing. It is very important
that the numerical aperture of the light cone gathered
by the condenser �ts into the numerical aperture of
the objective in use. The greater the difference is, the
poorer will be the information about the specimen
(compare Figure 10a and b).

Figure 10 shows the different amounts of diffracted
light cones gathered by two objectives with different
NA and the different angles of the light cone of zeroth
order caused by the change of the opening of the
aperture diaphragm. Every change of magni�cation
(objective) needs a corresponding adjustment of the
aperture diaphragm to provide the proper light cone
for the numerical aperture of the objective chosen.

Cave: The most common errors are:

€ the control of the illumination intensity by opening
and closing the aperture diaphragm,

€ the opening of the aperture diaphragm being too
small (increasing contrast and decreasing resolu-
tion), or

€ an unintended movement of the condenser verti-
cally or axially after the correct adjusting.

These errors are the main sources of image degra-
dation and therefore possible misinterpretation of
structures in the specimen.

For different microscopic techniques such asphase
contrast or dark �eld imaging (the light of zeroth
order is stopped by a proper plate, and oblique light
only causes the image formation), different types of
condensers are designed.

€ Objectives: Together with the condenser, objec-
tives are the most important and expensive com-
ponents of a microscope. Important parameters
are inscribed on the barrel of the objective itself
(Figure 11).

Figure 11 depicts the engraved information of
a 60× plan apochromatobjective (e.g., �at-�eld
correction, optical aberration correction, lateral
magni�cation, numerical aperture, and tube length)
necessary to determine what the objective is designed
for. Microscope manufacturers offer a wide range
of objective designs to meet the performance needs
of specialized imaging methods (e.g.,phase con-
trast, �uorescence, and polarizing microscopies)
or to modify the effective working distance of
the objective (Figure 13). Finite-corrected and

Nosepiece mounting thread

Chromatic correction

Flat-field correction

Numerical aperture

Lateral magnification

Tube length

Working distance

Cover glass adjustment gauge

Cover glass thickness range

Magnification color code

Specialized optical
properties

Manufacturer

Nikon

Plan apo

60 × /0.95
DIC M

11 14 23

� /0.11-0.23 WD 0.15

2017

Figure 11 60× plan apochromat objective, including common
engravings that contain the speci�cations.

in�nity-corrected objectives are not interchangeable,
that is, �nite-corrected objectives do not �t into
in�nity-tube length microscopes and vice versa. To
overcome the defects of lenses listed earlier, the
manufacturers of microscopes developed different
types of objectives:
€ achromatic…corrected for axial chromatic aberra-

tions in two wavelengths (red and blue) and for
spherical aberration in green (compare Figure 6a
and b);

€ �uorite (or semi-apochromates; similar to the
achromats, the �uorite objectives are corrected
chromatically for red and blue light; in addition,
they are corrected spherically for two colors); and

€ apochromatic objectives. These are corrected
chromatically for the colors red, green, and blue
(and sometimes for dark blue too) and corrected
spherically for two colors.

All listed objective types suffer from pronounced
�eld curvature (Figure 6c). Most manufacturers pro-
duce �at-�eld corrected objectives. For many pur-
poses, the �eld curvature is negligible; however, in
photomicrography, it is an intolerable malfunction.
That kind of objectives are calledplan achromates,
plan �uorites, or plan apochromates; although these
corrections are expensive, the resulting objectives are
state of the art in contemporary photomicrography.
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(a)

(d)

(b)

(e)(c)

1,2,3,4,51 2

4

3

Figure 12 In�uence of the medium between the specimen and the front lens of an objective: (a) dry objective, medium= air; (b) oil
immersion objective, medium= oil; (c) cover glass; (d) slide; and (e) specimen.

Table 1 Resolution and numerical aperture by objective
correction.

Magni�cation Plan achromat Plan �uorite Plan apochromat

NA Resolution
(� m)

NA Resolution
(� m)

NA Resolution
(� m)

4× (air) 0.10 2.75 0.13 2.12 0.20 1.375
10× (air) 0.25 1.10 0.30 0.92 0.45 0.61
20× (air) 0.40 0.69 0.50 0.55 0.75 0.37
40× (air) 0.65 0.42 0.75 0.37 0.95 0.29
60× (air) 0.75 0.37 0.85 0.32 0.95 0.29
100× (oil) 1.25 0.22 1.30 0.21 1.40 0.20

Source: Reproduced with permission from M. W. Davidson. Microscopy
Basics: Resolution. MicroscopyU http://www.microscopyu.com/articles/
formulas/formulasresolution.html.

Another very important factor is the medium
between the cover slip and the front lens of the objec-
tive. The higher the refractive index of this medium
is, the higher is the angle of the light cone gathered
by the objective front lens.

Figure 12a shows the light cone for a so-called dry
objective and Figure 12b shows the light cone for an
oil immersion objective. It is obvious that the usage
of an oil immersion objective brings more diffracted
light cones of higher order into the front lens of the
objective, and therefore leads to a better resolution of
the image by interference and to a higher NA of the
oil immersion objective. Table 1 depicts the differ-
ences of the most used objective types, their possible
numerical apertures, and the maximum of de�ning
power. As given in the table, a better correction and
a higher NA lead to a higher resolution.

Another, sometimes crucial, feature of objectives
is the working distance. Figure 13 shows the work-
ing distances for objectives with different magni�-
cation. Usually, the smaller the magni�cation is, the
greater will be the distance between the front lens
of the objective and the cover slip of the specimen.
However, this is not true for objectives with a mag-
ni�cation smaller than 4× and for the so-called long
distance objectives (Figure 13d). However, note that
two objectives with the same magni�cation but dif-
ferent working distances cannot have the same NA
for geometrical reasons (compare Figure 13c and d).

€ Polarization units I and II: two polarizing �l-
ters … the polarizer (unit I in Figure 7) and the
analyzer (unit II in Figure 7) … are necessary to
switch a normal bright �eld microscope into a
polarizing microscope. The �rst �lter is placed
between the lamp and the condenser; the second
is placed under or within the binocular tube. Polar-
ized light microscopy is a contrast-enhancing tech-
nique that improves the information of the image
obtained from birefringent materials in the speci-
men. This technique was originally developed for
the investigation of minerals and crystals of chem-
icals. For this purpose, a very expensive appa-
ratus is necessary. Polarized light microscopes
have a high degree of sensitivity for birefringent
structures and thus can be utilized for botanical
drug identi�cations by means of structures with
birefringent properties (starch, cell walls, calcium
oxalate crystals, etc.). The demands for this appli-
cation are less expensive and only two pieces of
polarizing �lm are at least necessary. The polar-
izing unit shown in Figure 7 is a combination of
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(a) (b)

(c) (d)

4×
NA 0.10

10×
NA 0.25

40×
NA 0.55

40×
NA 0.65

LD

0.6 mm 9 mm

7 mm30 mm

Figure 13 Working distances (length of yellow light cone) for
objectives with increasing magni�cation (a…c) and the comparison
of two objectives with the same magni�cation but different
working distances and therefore different NA•s too (c and d). LD,
long working distance objective.

a polarizer and a compensator (see in the previ-
ous text). The compensator causes a phase shift
in a predictable value, and after obstructive and
destructive interference, the background of the
specimen is purplish-red and not black as with-
out the compensator all birefringent structures are
yellow or blue colored (depending on the relative
position against the polarizer). A tricky technique
for the visualization of very thin cellular structures
is the combination of a polarizing unit with a dark
�eld condenser.

€ Drawing tube: This equipment enables a more
or less easy tracing of microscope images while
looking into the eyepieces.

€ Trin- or binocular tube: This part of the micro-
scope holds the eyepieces. A trinocular tube pro-
vides the possibility to look into the eyepieces and
take a photograph or transmit a video of the session
concurrently.

2.4 The Proper Use of a Microscope

2.4.1 Köhler Illumination

The Köhler illumination is a technique that pro-
vides optimum illumination, resolution, and contrast
by aligning and focusing the condenser and �eld
diaphragm and setting the aperture diaphragm of the
condenser to �t the numerical aperture of the objec-
tive lens. It is important to understand more than the
procedural steps to gain a Köhler illumination. Being
familiar with the concepts behind these steps will fos-
ter the knowledge necessary to improve image quality
for challenging specimens. An understanding of the
illumination and image-forming light path is impor-
tant in order to realize the full imaging potential of
microscopes.

Figure 14 depicts two sets of the so-calledconju-
gate planes. Each plane within a set is said to be
conjugate with the others in that set because they are
simultaneously in focus. The left side (Figure 14a)
shows the image-forming light path, where the focus
is on the conjugate �eld plans. The right picture
(Figure 14b) shows the illumination light path. Here,
the focus is laid on the conjugate aperture plans. In
normal observation mode, the conjugate set of �eld
planes can all be simultaneously viewed when the
specimen is focused, being referred to as theortho-
scopic modeand providing anorthoscopicimage.
Viewing the other set of conjugate aperture planes
requires an eyepiece telescope in place of an eyepiece
or a built-in Bertrand lens. Both pieces of equipment
give us the ability to focus on the rear aperture of the
objective. This mode is termed as conoscopic, aper-
ture, or diffraction mode, and the image observed at
the objective rear aperture is known as theconoscopic
image.

The importance of these different views was �rst
pointed out by Köhler (1893):When something is in
focus in one set of conjugate planes, it is •maximally
out-of-focusŽin the other set of planes!

To achieve the Köhler illumination, proper adjust-
ment of the condenser and the �eld diaphragm is crit-
ical. The following adjustments must be made by the
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(a) (b)(c)

(d)

(e)

(f)

(g)

(h)

(k)

(m)

(n)

(l)

(j)

(i)

Figure 14 (a) Image-forming light path … conjugate �eld plans
and (b) illumination light path … conjugate aperture planes. (c)
Retina; (d) eyepoint … iris diaphragm of eye; (e) eyepiece; (f)
intermediate image plane with �xed diaphragm; (g) objective back
focal plane; (h) objective; (i) specimen; (j) condenser; (k) aperture
diaphragm; (l) �eld diaphragm; (m) collector lens; and (n) lamp
�lament.

microscopist each time the microscope is used and
each time an objective is changed!

€ Place a specimen on the stage and bring it to focus
using the objective with the lowest magni�cation
and therefore the longest working distance to avoid
damaging the specimen or the front lens of the
objective. It should also be in mind, as a rule,
that the higher the magni�cation is, the lesser
will be the working distance. Now, open the �eld
diaphragm on the base and the aperture diaphragm
beneath the condenser all the way. Adjust the light
control, so that the light intensity is comfortable.

€ Stop down the �eld diaphragm most of the way.
While looking into the eyepieces, carefully raise
or lower the condenser until the polygon-shaped
edge of the �eld diaphragm is completely inside
the �eld of view and is sharply focused. The edge
may exhibit a slight blue tint. Using a highly cor-
rected condenser, no colored tint is seen. Variation
in color along the edge of the �eld diaphragm indi-
cates that some components of the light path are
not properly aligned (see Figure 9). For routine
work, this may not matter, but a proper alignment
is necessary to obtain optimal analog and digital
pictures.

€ If the image of the �eld diaphragm is not centered,
align the illumination by centering the condenser
or/and the �eld diaphragm. Then, open the �eld
diaphragm until it just disappears from view.

€ Adjust the condenser aperture diaphragm. The
opening size of the aperture diaphragm is always a
compromise between resolution (open diaphragm,
Figure 15c) and contrast (more or less closed
diaphragm, Figure 15a and b), and it depends
on the characteristics of the specimen. When the
diaphragm is opened too much, stray light gen-
erated by refraction can cause glare and lower
the overall contrast. The opposite view is shown
in Figure 15a, the aperture diaphragm is nearly
closed. In this case, arti�cial refraction fringes
occur in the image.

With a correct Köhler illumination, the image
appears bright and evenly lighted providing ideal
illumination for all purposes.

2.4.2 Eyepiece Adjustment

The eyepieces (oculars) provide an image to the user.
The visual acuity and the distance between the eyes
vary from person to person. This requires an indi-
vidual adjustment. Neglecting this need may raise
discomfort for the user. For some persons, it is not
easy to make both images coincide. Modern micro-
scopes have a diopter-adjustment ring on one side of
the bino- or trinocular tube and hence, the possibil-
ity to change the distance between the eyepieces. The
following steps are necessary to obtain an optimal
adjustment:

€ Place a specimen on the stage and select a low
magni�cation objective.
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(a) (b) (c)

Figure 15 Diatom:Stauroneis phoenicenteron(Nitzsch) Ehrenberg, photographed with NIKON plan Apo objective 60× with NA 0.65.
Effect of different aperture openings: (a) aperture nearly closed; (b) aperture optimally controlled; and (c) aperture maximally opened.

€ If the diopter-adjustment ring is on the left side,
close the left eye and look at the specimen with
the right eye. Locate a well-de�ned target (e.g., the
edge of structures) and bring it into focus.

€ Open the left eye and rotate the diopter-adjustment
ring alternately clockwise and counter-clockwise
until the de�ned target is in focus too.

€ Set the proper interpupillary distance for your eyes
by moving the eyepiece tubes together or apart as
necessary. Rarely, if the brain is not in the mood
to align the two images, then it is helpful to have
assistance. First, stop down the aperture diaphragm
and turn the lamp to maximal power. An assistant
person shall now look at your eyes where the
bright spots of the microscope are also visible,
and can adjust the distance between the eyepieces
properly for you. After this, counter rotate the
lamp control and open the aperture diaphragm to
a proper position and look on a faraway object
and then quickly into the eyepieces. Repeat the
procedure as long as necessary.

2.5 Dirt in the Microscope

Clean optics and cleanliness while working with
a microscope are preconditions for successful
microscopy. Routine care of the optical surfaces
as a part of regular use will help to preserve the
image quality. However, even with utmost care, one
cannot always avoid dirt and dust leaving marks
in microscopic images. Whether dirt has strong or
little effect on the visual or recorded image depends

on its location within the light path of the micro-
scope … closeness to the object or to a camera sensor
results in a greater impact on the image (compare the
chapter Koehler illumination).

For one thing, the surfaces (on top and below) of
the anatomical specimen … the surfaces of the cover
glass and the microscope slide … have to be spotless
to guarantee an optimal image. For another thing,
dirt can be located on one of the diverse optical
lenses:

€ the front lens of the objective,
€ the ocular,
€ the condenser front lens,
€ if using a camera, the camera sensor and the optics

of its adapter.

Further possibilities may be other glass surfaces in
the light path such as the surfaces of lamps or diverse
�lters.

The following tips are required for routine use:

€ Keep the microscope covered when not in use.
€ Keep �ngertips away from optical surfaces.
€ After use, carefully remove contaminants from

all outer optical surfaces using manufacturer•s
recommendations.

2.5.1 Locating the Dirt

Dirt in the optical path is always the source of
annoyance. Fundamentally, the critical surface can be
determined when that surface is moved and the dirt
follows its movement.
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€ First of all, be sure that the anatomical specimen
itself is clean. If the dirt moves while moving the
sample using the XY stage, the dirt is located on
the cover slip or slide.

€ Check the objective: If the dirt is only visible
when using one objective rather than another, clean
the surface of the front lens of the respective
objective.

€ Check the ocular lenses by rotating the eyepieces.
€ By moving the condenser up and down, dirt on the

�eld diaphragm and the condenser can be detected.
€ Carefully rotate the components of the micro-

scope and the camera. Always remember that
the dirt moves when the corresponding surface
moves.

For a macroscopic control of optical surfaces such
as the lenses of the ocular and objectives, an eyepiece
holding the •wrong wayŽ upside down provides
useful service as magni�er.

For cleaning, use a dust blower (never blow with
your mouth to avoid moisture!), distilled water and
high purity cotton, soft facial tissues, or cotton buds.
Never use alcohol or other organic solutions such as
acetone for cleaning because of possible damage to
objective front lenses!

3 PLANT TISSUES AND THEIR VALUE FOR
PHARMACOGNOSY

For microscopy, one ought to engage oneself in
studying the anatomy of the botanical raw material
to be become familiar with the characteristics of the
used drug, a prerequisite for detection of foreign
elements. Thorough speci�c knowledge of histology,
cell forms, tissue elements, and cell contents is
essential to judge the identity and quality of crude
drugs and identify possible adulterations.

Plant cells are organized into various tissues. Thus,
the cells work together as a functional unit. A tis-
sue is composed of either a single cell type (simple
tissue … e.g., parenchyma or collenchyma) or differ-
ent ones (complex tissue … e.g., xylem or phloem).
Three tissue systems are distinguished: thedermal
tissuesystem (the outer protective layer of the plant),
thevascular tissuesystem (responsible for the trans-
port and distribution of nutrients and water), and
thefundamental tissuesystem (ground tissue system,
storage, and support for the plant). Figure 16 gives an
overview of the three tissue systems and their associ-
ated cell types. Secretory structures are not consid-
ered, as they occur throughout the plant body and do

Epidermis
Dermal tissue system

Vascular tissue system

Ground tissue system

Periderm

Parenchyma
Collenchyma

Fibers, Sclereids

Xylem
Parenchyma

Sclerenchyma

Phloem

Sclerenchyma
Sieve tube elements, Companion cells, Sieve cells

Parenchyma

Tracheids, Vessel elements

Sclerenchyma

Figure 16 The three tissue systems and their corresponding tissues and cell types.



MICROSCOPIC ANALYSIS 145

Plant organs

- Transverse sections

Stem - primary state

Stem - secondary state

Root - secondary state

Leaf (bifacial)

Root - primary state

Figure 17 Dicotyledonous plant with all organs … leaf stem and root … in an early stage and short after the beginning of secondary growth.

not form de�nite tissues. Principal differences among
the three plant organs … root, stem, and leaf … emerge
from the relative position of the vascular and ground
tissues, which are highly important characters for
identifying the drug material in hand. Figure 17
shows the leaf, the stem, and the root from a young
dicotyledonous plant. It is very important to internal-
ize the typical anatomical structure of every organ.

The growth of the plant, that is, the development
of all tissues depends on the activity of small regions
of undifferentiated cells … the so-called meristems.
There are two major types of meristems:

€ Apical meristems, located at the tips of root and
stem, allow for the primary growth (increase in
length) of the plant. Tissues deriving from the
apical meristems are also calledprimary tissues.

€ Lateral meristemscause, by building up new cell
material, the secondary plant body. The stems
and roots of some plant groups (gymnosperms
and dicotyledonous angiosperms) form wood and
become thick. The lateral meristems comprise
two types … thevascular cambiumgives rise to
the secondary growth (increase in girth) and the
cork cambiumyields the bark. Both build up
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the so-calledsecondary tissues. According to the
�nal position in the plant organ, a newly derived
cell from a meristem undergoes differentiation
whereby it achieves its distinctive characteristics
in form, structure, physiology, and function. The
extent of differentiation and specialization varies
considerably. A broad range of helpful books in the
�eld of plant anatomy are available (Cutler, Botha,
and Stevenson, 2008; Evert, 2006; Foster, 1942;
Kaussmann and Schiewer, 1989; Kraemer, 1910;
Kremer, 2002; Metcalfe and Chalk, 1957).

3.1 Epidermis and Periderm

3.1.1 Epidermis

Theepidermisis the outermost cell layer of a primary
plant body, generally a single layer of cells lacking
intercellular spaces. Sometimes additional cell layers
can be found underneath the epidermis (i.e., the hypo-
dermis). The anticlinal walls of the epidermal cells,
seen on surface view, form characteristic patterns
classi�ed as straight-walled/polygonal, wavy-walled,
or beaded and particularly useful for diagnostic pur-
poses (Freire, Urtubey, and Giuliano, 2007; Saukel,
1982b, 1982c, 1983c, 1983d, 1984a; Soh and Parnell,
2011); for example, the epidermis cells of seeds and
fruits vary considerably in size and form as well as
thickness of the walls.

A waxy coating referred to ascuticle is present
at the outside of the epidermis of all organs (stems,
leaves, fruits, and seeds) except the youngest parts of
the roots. The cuticle considerably varies in thickness
and surface sculpture (e.g., striation) providing useful
characters for discrimination of species.

Part of the epidermis cells differentiate into
specialized cells early in their development … the
stomataand thetrichomes. Stomata (singular stoma),
found on all aerial parts of the primary plant body
except roots, are microscopic pores (or apertures)
each formed by two guard cells, which regulate
the gas exchange and water balance by controlling
the size of the pores. Typically, an aerial cavity
can be found beneath the stoma. The guard cells
are surrounded by the subsidiary cells, both cell
types forming together the stomatal complex. On
the basis of the shape of the guard cells and the
number, relative size, and arrangement of subsidiary
cells, different types of stomatal complexes are

Anomocytic stomata:
subsidiary cells

indistinguishable in size,
shape, and form from
other epidermal cells

Anisocytic stomata:
one subsidiary cell
distinctly smaller
than the others

Diacytic stomata:
the common walls of the

two subsidiary cells
form a right angle to the
long axis of the aperture

Paracytic stomata:
two subsidiary cells

parallel of the aperture

Graminaceous stomata:
dumbbell-shaped

ground cells with two
subsidiary cells

Figure 18 Some important types of stomata used in most com-
mon literature and pharmacopoeia.
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distinguished. The terminology of stomatal com-
plexes (stoma+ abutting cells) dates back to the
work of (Prantl, 1872). Five types are commonly
distinguished in present-day pharmacognostic lit-
erature: theanomocytic (= ranunculaceous) type,
subsidiary cells are indistinguishable in size, shape,
and form from other epidermal cells; theanisocytic
(= cruciferous) type, one subsidiary cell distinctly
smaller than the others; theparacytic(= rubiaceous)
type, two subsidiary cells are arranged parallel
to the aperture; thediacytic (= caryophyllaceous)
type, the common walls of the two subsidiary
cells are arranged at right angle to the longitudinal
axis of the aperture, after (Metcalfe and Chalk,
1957); and additionally, thegraminaceoustype, with
dumbbell-shaped guard cells and two subsidiary
cells (Figure 18). The �rst four types are standard
in the European Pharmacopoeia (7.0, Chapter 2.8.3.
Stomata and stomatal index, p. 239).

This classi�cation, although widely used in phar-
macognostical literature, is unsatisfying in several
respects. Prabhakar (Prabhakar, 2004; Prabhakar and
Leelavathi, 1987) de�ned 11 types of stomatal com-
plex (including the description of the old paracytic,
diacytic, anisocytic types, the graminaceous type as
tetracytic type, and a slightly changed anomocytic
type), and presented a great number of illustrative
drawings for all types in his work. Figure 19 illus-
trates these 11 types:

1. Pericytic stomata: a single subsidiary cell sur-
rounds the two guard cells.

2. Desmocytic stomata: a single subsidiary cell sur-
rounds the two guard cells with a conjoint wall
variable in position.

3. Paracytic stomata: two subsidiary cells with their
conjoint walls arranged parallel to the guard cells.

4. Diacytic stomata: two subsidiary cells with their
conjoint walls arranged lateral to the guard cells.

5. Anisocytic stomata: three subsidiary cells, one
distinctly small.

6. Anisotricytic stomata: three subsidiary cells, one
distinctly large.

7. Isotricytic stomata: three subsidiary cells of more
or less equal size.

8. Tetracytic stomata: four subsidiary cells, … two in
polar, two in lateral position (graminaceous type).

9. Staurocytic stomata: four subsidiary cells, … two
of them with their conjoint walls polar, whereas
the other two are lateral to guard cells.

10. Anomocytic stomata: more than four subsidiary
cells (other than tetracytic and staurocytic types).

11. Cyclocytic stomata: four or more subsidiary cells
are arranged in a narrow ring.

Some of the stomata types are characteristic tax-
onomically even on the family level: for instance,
the tetracytic type with dumbbell-shaped ground
cells (former graminaceous type) are typical for
Poaceae and other members of Poales; diacytic stom-
ata are common in Caryophyllaceae, Lamiaceae,
many members of Verbenaceae, and Polygonaceae;
and Solanaceae and many members of Brassicaceae
show anisocyctic stomata. More examples and details
on the development of the stomatal complex can be
found in a series of recommended publications (Car-
penter, 2005; Croxdale, 2000; Fryns-Claessens and
van Cotthem, 1973; Leelavathi, Ramayya, and Prab-
hakar, 1980; Ostroumova and Kljuykov, 2007; Tahir
and Rajput, 2009).

Trichomes (or hairs) originate when epidermal
cells enlarge or multiply. They represent epidermal
appendages of varying complexity and size. Two
principal types of trichomes are distinguished:cover-
ing hairs(Figure 20) andglandular hairs(Figure 21),
the latter possessing secreting cells. Classi�cation
criteria are the number of cells (unicellular versus
multicellular) and of longitudinal cell rows (unis-
eriate/biseriate/multiseriate) building a trichome,
habit (single vs branched), and shape (also note the
base of the hair! Figure 20). Additional characters
include the consistency of the cell wall (thick- or
thin-walled, possibly ligni�ed, and the sculpture of
its outer surface (smooth/warty/striated, compare
(Saukel, 1982b)). Furthermore, inclusions such as
calcium oxalate crystals (e.g., very small needles in
many members of Lamiaceae) or cystoliths (e.g.,
Cannabis sativaL.) are also possible. While cover-
ing trichomes usually have pointed terminal cells,
glandular hairs further possess an often rounded
secreting part at the end of the hair (Figure 21),
which number and their arrangement can be of high
diagnostic value. Therefore, for the description of
glandular hairs, the differentiation between stalk and
glandular head is important to note. In Figure 21
(4 and 9, 10), one can see that the cuticle of the head
is in�ated forming a cavity �lled with essential oil.
The function of the secretory cells is discussed in
some publications (Bagchi, 2000; Bruni and Moden-
esi, 1983; Glover, 2000; Krings, Taylor, and Kellogg,
2002; Muravnik and Shavarda, 2012; Peng and
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Pericytic ParacyticDesmocytic Diacytic Anisocytic Anisotricytic

CyclocyticAnomocyticStaurocyticIsotricytic Tetracytic

Figure 19 Eleven stomatal types. (Source: Adapted from M. Prabhakar (2004).)

Hu, 2007; Singh, Sharma, and Jain, 1974; Turner,
Gershenzon, and Croteau, 2000; Wagner, 1991;
Wagner, Wang, and Shepherd, 2004). Trichomes
are widely used for species delimitations (Andrze-
jewskagolec, 1994; Eckhart, 1929; Hu, Balangcod,
and Xiang, 2012; Prabhakar and Leelavathi, 1989;
Saukel, 1984b; Shah and Kachroo, 1975; Singh and
Jain, 1975; Singh, Sharma, and Jain, 1974; Xiang
et al., 2010), also as characters in phylogenetic
research (Beilstein, Al-Shehbaz, and Kellogg, 2006;
Cantino, 1990; Downing, Ladiges, and Duretto,
2008) and as a lead character for the identi�cation of
botanicals (compare Figure 21). Most trichomes or
at least some of their cells are birefringent and can be
detected very easily with the polarizing microscope.

In contrast to trichomes,emergences(e.g.,Urtica
sp.) can be formed by both epidermal and subepider-
mal tissues. Nonetheless, a differentiation between
trichomes and emergences is not always clearly pos-
sible (compare (Corsi, 1992)). Both emergences and
trichomes, however, serve as valuable anatomical
differentiation characters. Typically structured emer-
gences constitute good authentication characters for
Urticae folium or the fruits of Agrimoniae herba.

In roots within primary state, the outermost layer
is the so-calledrhizodermis, differing to the epider-
mis of the aboveground organs insofar, as cuticle
and stomata are lacking. The rhizodermis (always
present in a narrow zone just above the root cap)
carries the root hairs, which enable an extension of

the root surface and thus, improve the uptake of
water and nutrients from the soil. Commonly, the
root hairs are of a short life span and die after a few
days. Along with them, the rhizodermis cells them-
selves also perish and are replaced by theexoder-
mis (outer layer of root cortex made of suberized
cells, lying beneath the rhizodermis) as protecting tis-
sue.

3.1.2 Periderm

Undergoing secondary growth of the plant, the rhi-
zodermis and exodermis in roots and the epider-
mis in stems may be replaced by the formation of
a periderm(compare Figure 22). Acork cambium
(= phellogen) develops and produces thephellem
(= cork) toward the outside and thephelloderm(not
always present) toward the inside, all three together
forming the periderm (Figure 22b). Commonly, the
�rst phellogen arises in the subepidermal layer, thus
replacing the epidermis. It may also occur deeper in
any living tissue outside the vascular cylinder, but
the occurrence is always genetically de�ned. Sub-
sequently, continuous secondary growth and further
growth in girth may give rise to new phellogens,
each time, in deeper regions of the living tissues
(secondary phloem). Doing so, the periderm sepa-
rates inner and outer tissues, causing the tissues out-
side the innermost phellem to die, thus forming the
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(c)

(11)

(1)
(2)

(3) (4)

(5)

(6)

(7)(8)
(10)

(9)

(b)(a)

(d)

Covering trichomes

Base of emergence

Figure 20 Covering trichomes (a…c and 1…11) and emergence (d): (a) dendritic hair ofLavandula angustifoliaMill.; (b) unicellular
trichome; (c) multicellular uniseriate trichomes; (d) base of an emergence (Urtica dioica L. leaf); (1) unicellular papillae; (2) unicellular
trichome; (3) multicellular, biseriate trichome (e.g., many members of Asteraceae); (4)…(7) multicellular uniseriate trichomes; (5) specialized
uniseriate trichome fromPlantago lanceolataL.; (6) multicellular uniseriate trichome with weak hair tip from Asteraceae; (8) dendrite
hair from Verbascumsp.; (9) multicellular and multiseriate trichome (hair of pappus) from Asteraceae; (10) unicellular stellate hair of
Brassicaceae; and (11) an aggregate of unicellular trichomes forming a false stellate hair typically for many members of the Malvales.

rhytidome or outer bark (i.e., the innermost periderm
and all tissues outside it) and the inner bark (the
tissues between vascular cambium and the active
phellogen).

Cork cells are dead at maturity and may be �lled
with diverse substances (air, �uid, or solid contents).
They may also be more or less pigmented (e.g.,
the white pigment of birch tree is betulin; tannins;

and the phelloderm often containing chloroplasts)
or else less. In transverse section, they are arranged
in regular radial rows and are often tangentially
elongated (compare (Silvaet al., 2005)).

The number of layers of cork and phello-
derm varies greatly among different species as
does the development of the �rst and subsequent
periderms.
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(a) (b)

(d)

(c)

(1)

(2a)

(2b)

(10a)

(10b)

(9b)
(9a)

(8)

(7) (6)

(5b)

(5a)

(4)

(3)

Glandular trichomes

Figure 21 Glandular hairs: unicellular stalk with multicellular head typical forPlantagosp. (a); uniseriate glandular trichomes ofPrimula
sp. (b); oil gland typical for some members of Lamiaceae, stalk uniseriate, head with a multiple of two cells (c); and uniseriate glandular
trichome with enlarged tip (d). (1) Same type as (a); (2) lateral view (2a) and surface view (2b) of hair: unicellular stalk and four cells
forming the head, typical forDigitalis sp.; (3) unicellular trichome discernable on the rounded tip, typical forEpilobiumsp.; (4) uniseriate
glandular trichome, abundant type; (5) glandular trichome characteristic for Malvaceae, the head is alternatively one and two celled; (6)
biseriate glandular trichome from Asteraceae; (7) uniseriate stalk (often very similar to covering trichomes) and multicellular head (irregular
divided) very characteristic for Solanaceae; (8) multiseriate stalk and peltate head fromCannabis sativaL.; (9) the same as (c); and (10)
surface view (10a) and cross section (10b) from complex glandular trichome fromBetulasp. with a multicellular peltate head.

3.2 Parenchyma, Collenchyma, and
Sclerenchyma

The three types of ground tissues … the parenchyma,
the collenchyma, and the sclerenchyma … vary greatly
in strength and �exibility.

Parenchymais the most abundant ground tissue.
Its cells are commonly thin-walled (thick-walled in
the pith of herbal stems, Figure 23c) with a poly-
hedral shape, variable in morphology and physiol-
ogy, with intercellular spaces present (Figure 23b).
Parenchyma cells may be specialized with reference
to, for example, photosynthesis (chlorenchyma) or
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SECONDARY ROOT

… Transverse section

Rhytidome
(outer bark)

Inner bark

Vascular cambium

Xylem
Periderm

Sec. phloem

Cortex

Periderm

Phellem

Phellogen

Phelloderm

Vessels
Medullary ray Fibers

(a)

(b)

(c)

(d)

Figure 22 Schema of a transverse section of a secondary root forming rhytidome; segments of (a) vascular cambium; (b) periderm; (c)
secondary xylem; and (d) outer part of the root.

storage of diverse substances (storage parenchyma).
According to the position of the parenchyma, it is also
referred to as bark parenchyma, wood parenchyma,
pith parenchyma, pericarp parenchyma, endosperm
(triploid parenchyma of angiosperm seeds originated
by double fertilization), and so on.

Collenchyma cells have mechanical support
function in plants, and occur commonly in herba-
ceous stems, and also in leaves and �ower parts,
predominantly located in the area beneath the
epidermis. It is composed of more or less elongated
cells with primary cell walls unevenly thickened

(clearly visible in cross section, Figure 23d), pliable
and nonligni�ed. Depending on the localization of
the wall thickening, different types can be distin-
guished:lamellar collenchyma(thickening localized
on the tangential walls),angular collenchyma(wall
thickening developed in the corners of the cells with
no intercellular channels in the tissue), andlacu-
nar collenchyma(wall thickening localized around
intercellular spaces). As all types usually are found
together, the differentiation between the types can
be neglected in terms of their value for crude drug
identi�cations.
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Figure 23 (a)…(c) Different types of parenchyma (transverse
sections): (a) aerenchyma … enhances the diffusion of air within an
organ and contains numerous, large, regular intercellular spaces;
(b) parenchyma of cortex with �bers in intercellular spaces
(storage parenchyma … contains storage substances such as starch,
oil, proteins); (c) parenchyma cells of pith with wall thickening; (d)
collenchyma; (e) �bers (longitudinal) and sclereids; and (f) �bers
accompanied by calcium oxalate crystals.

Sclerenchymacells possess hard, rigid, and usu-
ally ligni�ed secondary walls and have a support-
ing and protective function. There are two types
of sclerenchyma cells, thesclereidsand the�bers
(Figures 23e and f and 24).

Sclereids(= stone cells) are typically isodiametric
or short cells, but of highly variable form, frequently
with branching pit channels (Figure 24). Depend-
ing on their shape, they are namedbrachysclereids
(ovoid to somewhat irregular shape, may occur single
or clustered, Figure 24e),macrosclereids(elongated,
rod-shaped, occurring in seed coats forming the
palisade-like external boundary tissue),astroscle-
reids (star-like cells, with long arms, e.g.,Camellia
sinensis(L.) Kuntze leaf, Illicium verum Hook.f.
fruit, Figure 24f), osteosclereids(bone-shaped,
Pisum seat coat, Figure 24d), andtrichosclereids
(hair-like, sparsely branched, occurring in roots,
stems and leafs of aquatic plants, e.g.,Monsterasp.
leaf, Figure 24c). Trichosclereids cannot be easily

differentiated from �bers. One remarkable distinc-
tion is branching. Sclereids are widely distributed
in the plant kingdom and may be particularly often
found in barks, roots, and the pericarp (= the whole
tissue outside the seed(s)) of fruits and in seeds.

Fibers are long, spindle-shaped cells with thick
secondary walls, often ligni�ed containing simple
pits. They may occur isolated or in bundles, often
accompanying vascular bundles forming sheaths,
often in combination with calcium oxalate crystals
(Figure 23f). Commonly they are named after the tis-
sue in which they occur (e.g., phloem �bers, xylem
�bers, and cortical �bers).

For quality control in pharmacognosy, the scle-
renchyma, that is, the distribution, abundance, size,
and shape of sclereids and �bers, represents an
important feature for the identi�cation of drugs and
their differentiation to others. Most of these cells have
a birefringent wall and can be detected very easily
with the polarizing microscope.

3.3 Vascular Tissues

The vascular tissue systemrepresents the con-
ductive system of the plant. It includes thexylem

(a)
(c)

(f)
(e)

(d)

(b)

Figure 24 Sclereids and �bers: (a) �ber with uneven thick wall
typically for Althaeae of�cinalisL. radix; (b) thick-walled �ber
with distinct pits and laminated wall; (c) trichosclereid from
Monsterasp.; (d) osteosclereid from the seed coat of Apiaceae;
(e) Brachysclereid; (f) astrosclereid; and (g) macrosclereid from
the seed coat of the members of Brassicaceae.
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and thephloem… two complex tissues, each com-
posed of more than one type of cells (Figure 25).
The xylem carries water and dissolved minerals
absorbed by the roots to the stem and leaves. The
conducting cells are calledtracheary elements,
including tracheids and vessel elements. While
tracheids … elongated, tapering cells with ligni�ed
cell walls and pit-pairs on their common walls that
allow water to pass … occur within the whole plant
kingdom, vessel elements cannot be found in the
xylem of gymnosperms. In contrast to tracheids,
vessel elements generally have a larger diameter,
are shorter in length, and their common walls where
they join end-on-end possess large perforations (per-
foration plate) or absent (Figure 26b). Several vessel
elements together form a long tube called vessel. The
differentiation between tracheids and vessels though
is not always as clear as it is thought (see under:
http://www.mobot.org/MOBOT/research/APweb/
and then choose CHARACTERS). In addition,
the xylem contains parenchyma for food storage
and sclerenchyma for supplementary mechanical
support.

The phloem transports different types of oligosac-
charides and nutrients produced during photosynthe-
sis from the sources to the cells that consume or
store them. The sieve elements are the conducting
cells of the phloem. They include thesieve-tube ele-
mentswith their companion cellslying next to them
and deriving from the same immediate mother cell
(angiosperms) or thesieve cells(gymnosperms and
some primitive angiosperms). Sieve cells are associ-
ated withStrasburger cells, which are closely linked
functionally with the sieve cells but are not formed
from the same mother cell.

The sieve tube elements are living, tubular cells
that are arranged end to end. These end walls, called
sieve plates, contain large pores like a sieve, which
enables the �ow of solutes. Lacking a functioning
nucleus, each sieve tube is accompanied by a com-
panion cell that controls the activity of the sieve tube
element.

Other cell types present in the phloem include
parenchyma cells for storage and radial transloca-
tion of food substances and sclerenchyma �bers for
mechanical support.

Xylem and phloem nearly always occur together,
forming vascular bundles. According to the relative
position of their constituent xylem and phloem,
different types can be recognized (Figure 25).

€ Collateral vascular bundles: The xylem and
phloem tissues are opposed to each other in con-
joint bundles with the xylem being the innermost
and the phloem the outermost part in the stem
or rhizome, both often accompanied by �bers.
A fascicular cambium may be present between
phloem and xylem, thus making the vascular bun-
dle open (cambium present) or closed (cambium
absent).
Collateral vascular bundles are the most frequent
type in both gymnosperms and angiosperms.

€ Bicollateral vascular bundlesare also conjoint
bundles similar to the collateral bundles but con-
tain two strands of phloem on either sides of the
xylem, being referred to as internal (toward the
center) and external (toward the periphery of the
central cylinder) phloem, each separated from the
xylem by a cambium (sometimes the innermost
cambium is missing).
Bicollateral vascular bundles are seen only in
leaves of angiosperms with internal phloem in
the stem, though they are not as common as
the above-mentioned collateral vascular bundles
(characteristic, e.g., Curcubitaceae, Gentianaceae,
and Solanaceae). The term internal phloem in pri-
mary stem indicates the situation where phloem
is found internally to the xylem but not included
within the vascular bundle.

€ Concentric vascular bundlesare vascular bundles
in which one vascular tissue completely encloses
the other one. Inleptocentric(= amphivasal) bun-
dles, the xylem surrounds the phloem, common in
rhizomes of monocot plants and a few dicotyle-
dons. When the xylem is in the center, enclosed
by the phloem, the vascular bundle is called
hadrocentric(= amphicribal). This type occurs in
pteridophytes (e.g.,Lycopodium) and a few aquatic
angiosperms.

€ Radial vascular bundlesare characteristic for
roots. Xylem and phloem occur in separate groups
(each group of xylem/phloem referred to asarch)
alternating with each other.

For microscopic examinations, for one thing, the
type of the vascular bundle(s) present and their
arrangement are important for the de�nition of the
plant organ. Furthermore, a �rst assignment to a
group within the plant kingdom (such as monocots
and dicots) may be possible:
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(a)

(b) Concentric vascular bundles

(c) Radial vascular bundle

Conjoint vascular bundles

Collateral open
Collateral closed

Bicollateral

Leptocentric = amphivasal

Phloem

Phloem

Phloem

Phloem

Xylem

Xylem

XylemCambium
Xylem

Hadrocentric = amphicribal

Figure 25 Different types of vascular bundles with picture and corresponding schemata (transverse sections); red= xylem, blue= phloem,
and green= cambium.

€ Dicots: Stem with one ring of open collateral
bundles only. Root with two (= diarch) up to
six (= hexarch) strands of xylem (the so-called
protoxylem) alternating with phloem.

€ Monocots: Aerial stem with many scattered closed
collateral bundles; rhizomes with scattered lepto-
centric bundles in the center. Root commonly with
more than six arches (polyarch).
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(1)

(2)

(a)

(b)

(c)

Figure 26 (a) Vessels with reticulate thickening; (b) vessels with
bordered pits; and (c) vessels with annular (1) and helical (2)
thickenings.

For another thing, the anatomical details of the
single tissues provide useful information. The pres-
ence or absence of vessels usually indicates whether
the botanical material in hand belongs to the gym-
nosperms or angiosperms.

The diverse types of secondary wall thickening of
the vessel elements (Figure 26) … annular thickenings
(secondary walls occur as rings), helical thicken-
ings (spiral thickenings), scalariform thickenings
(ladder-like, typically present in the fern group),
and reticulate thickening (net-like, very common
in dicotyledonous herbs) … have to be examined
closely. In addition, two principal types of pits
occur in cells with secondary walls and have to be
considered:simple pitsare canals in the secondary
walls with straight sides, whereas withbordered
pits, the secondary walls arches over the pit cavity
and partially encloses the opening (pitaperture).
The overhanging secondary wall constitutes the
border. Together, the single features allow for further
discrimination. Annular and helical thickenings are
nonspeci�c … they may occur throughout the whole
plant kingdom and are abundant in young organs.
Some interesting works in this context are (Bliss,
1921; Carlquist, 2010; Jansenet al., 2004).

3.4 Secretory Structures

Secretion of diverse substances … either waste prod-
ucts or substances with special physiological func-
tions … is a constant process in all plant cells. As
a clear distinction between secretion and excretion
cannot always be made, in this text, the term secre-
tion refers to both of them. The visibly differentiated
secretory structures, which are of diagnostical value
in pharmacognosy, comprise a number of diverse
cells and tissues, occurring within all tissue systems.
Two basic works in this �eld are from (Tschirch,
1906) and (Fahn, 1988).

Particularly useful among the external secretory
structures prove to be glandular trichomes varying
greatly in their structure (mentioned earlier, compare
glandular trichomes, Figure 21). Thus, the occur-
rence and the lack of a type of glands can provide
evidence for the presence of a particular plant family
or genus or species. Figure 21, for instance, shows
a picture of a typical glandular hair ofPlantagoleaf
(Figure 21a), a gland characteristic for Lamiaceae
and some other families (Figures 11, 20, and 21c)
and typical trichomes of Malvaceae (Figures 5a,b
and 21).
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(a) (b) (c) (d)

Figure 27 Important secretory structures: (a) oil cell with suber-
ized cell wall; (b) schizogenous duct or cavity with the typical
epithelial layer (arrow); (c) schizolysigenous cavity; and (d) simple
laticifer.

The internal secretory structures range from
idioblasts (single, isolated cells containing volatile
oil, mucilage, calcium oxalate crystals, tannins, etc.
(Foster, 1956), see Chapter 3.5 Cell Compounds) to
large structures such assecretory canals(= ducts)
andcavitiesor laticifers. The occurrence of oil cells
(Figures 27a and 28c) is typical for families of Mag-
noliidae (basal group of dicots) and for some families
of monocots (Acoraceae and Zingiberaceae). These
cells comprise walls with suberin layers to avoid
poisoning of the surrounding cells.

Secretory ductsandcavitiesclosely resemble each
other, only differing in the shape of their lumen
(tubular intercellular spaces vs irregular spaces with
no extensions). Usually, they are formed either
schizogenously (Figures 27b and 28a and b) by the
dissolution of the middle lamella and the enlarge-
ment of the resulting intercellular space because
of separation of the adjacent cells (forming the
so-called epithelial layer) or schizolysigenously
through dissolution and autolysis of entire cells
(Figure 27c). Thereby, the development is initially
schizogenous and then lysigenous (compare (Curtis
and Lersten, 1990; Fornasiero, Bianchi, and Pinetti,
1998)). For the identi�cation of botanicals, the
origin of the ducts is less important. What counts are
the presence/absence of an epithelial layer and the
appearance of the secretory channel. The anatomy
and spatial position, the frequency of occurrence
of the different types, along with the size of the
secretory structures, and the size and shape of the
epithelial cells provide valuable anatomical charac-
ters for differentiation of species (Fritz and Saukel,
2011a, 2011b).

Laticifers are specialized cells (single-celled lati-
cifer= simple laticifer) or series of cells (compound
laticifer) that contain a �uid with a milky appear-
ance, which composition (and color) may vary widely
in different species. On the basis of their structure

and development, they are separated into two groups:
nonarticulated laticifersare single, elongated cells
with branching (e.g.,Euphorbia sp., Morus sp.,
Figure 27d) or without branching (Vincasp.,Urtica
sp.,Humulussp., andCannabissp.) but undergoing
no fusions with other cells.Articulated laticifers, on
the other hand, consist of many elongated cells, either
anastomosing (e.g., tribe Cichorieae,Carica papaya
L., andPapaversp., Figure 28f) or nonanastomosing
(e.g.,Chelidoniumsp. andAlliumsp.). A good review
on this topic can be found in Hagel, Yeung, and
Facchini (2008) and Pickard (2008). Looking rather
inconspicuous to an inexperienced observer, the pres-
ence and the arrangement of laticifers are quite
important and therefore constitute a useful feature.

3.5 Cell Compounds

Some cell contents … referred to asergastic sub-
stances(storage or waste products, products of
metabolism) … play an important role in the identi-
�cation and detection of adulterations in pharmacog-
nosy, which, among others, include starch, proteins,
�xed oil and fats, mucilages, resins and volatile oils,
tannins, calcium oxalate, and calcium carbonate.

3.5.1 Starch

Starch (= amylum) is one principal storage polysac-
charide in plants, thus providing energy for them.
It consists of two fractions … amylose (long chains
of glucose residues connected in� -1,4 linkage;
unbranched; soluble in water; stains blue with
iodine) and amylopectin (further� -1,6 linkages,
one per 30� -1,4 linkages; insoluble in water; stains
brown with iodine). The ratio amylose : amylopectin
varies according to the species with amylose usually
accounting for 10…30% of the total structure of
starch, whereas amylopectin constitutes the major
compound with 70…90%. Starch occurs only in
grains built up by the amyloplasts.

Starch grainsare of varying shapes and sizes
(Figure 29). A layering around the formation center
(= hilum) as a result of the alternation of the two
polysaccharides is often visible in light microscopy,
faint or clear, in the form of a point or cleft, either
concentric (e.g., graminaceous plants) or eccentric
(e.g., potato) depending on the central or peripheral
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Figure 28 (a) Transverse section of secretory duct ofAnthriscus sylvestris(L.) Hoffm. stem; (b) longitudinal section of secretory duct
of anisum fruit; (c) oil cell ofAlpinia of�cinarum Hance root; (d) overview of secondary phloem showing laticifers arranged in concentric
circles fromTaraxacum sp. root (transverse section); and (e) transverse and (f) longitudinal sections of laticifers typical for species of the
tribe Cichorieae.

location of the formation center. Starch grains may
occur single, compound (more than one formation
center within one amyloplast), or in clusters.

For microscopic examination, starch grains �rst
ought to be surveyed with bright �eld and under
polarized light (Figure 29). Under polarized light
(Figure 29e), the grains appear bright against the
dark background and show a dark Maltese cross with
its center at the hilum. Figure 29f demonstrates the
use of a retardation plate, the grains are beautifully
colored and the background is purplish-red. Further-
more, especially for identifying starch if one does not
clearly see starch grains, the starch may be stained
with iodine (the amylose : amylopectin … ratio being
responsible for the resulting blue to bluish-brown,
Figure 29c). Each contrasting method depicts other
aspects of the observed structures.

Very similar to starch but with a quite different
appearance is inulin, the second storage polysaccha-
ride, used in some parts of the plant kingdom only.
It is found extensively in the roots and rhizomes of

Asteraceae. Inulin is insoluble in a mixture of alco-
hol and glycerol. If fresh material is placed in such a
solution, inulin will precipitate in the form of sphae-
rocrystals within the cell.

3.5.2 Aleurone

Aleurone grains (Figure 30) are composed of
protein-crystalloids, globoids, and a protein matrix,
surrounded by a protoplasmic membrane. Cal-
cium oxalate may occur as single crystals or as
crystal rosettes. Aleurone grains are widespread
in seeds (e.g.,Ricinus communisL. and Illicium
verum, Figure 30), particularly oily seeds (e.g.,
Umbelliferae). For example, seeds of Poaceae and
Polygonaceae show aleurone cells (cells that contain
aleurone grains) forming the so-called aleurone layer,
a layer covering the surface of the endosperm. The
form and size of the grains are often characteristic
for a species. Aleurone grains stain yellowish-brown
with iodine and thus can be easily distinguished from
starch this way.
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Figure 29 (a) Amylum Oryzae polyhedral grains with sharp angles, hilum as central point, no striations; (b) Amylum Sago: the hilum
appears dark in bright �eld; (c)…(f) Amylum Canna: single grains with eccentric layering: (c) stained with iodine, (d) bright �eld, (e)
polarized light, and (f) polarized light with compensator �rst order.

Figure 30 Aleuron grains ofIllicium verumseed.

3.5.3 Crystals

€ Calcium oxalate: Calcium oxalate crystals are
mainly found not only in the cytoplasm but also
within the cell wall or cuticle. Because of their
abundance and importance in systematics, there

are a great number of publications concerning
the development, distribution, appearance, and
function of calcium oxalate crystals (Franceschi
and Horner, 1980; Franceschi and Nakata, 2005;
Horner, Franceschi, and Hill, 1978; Prychid
and Rudall, 1999; Sharawy, 2004). According
to their shape, they are divided into different
categories, the most common are mentioned in
Figure 30. Calcium oxalate crystals are important
features for identi�cation. One �rst approach for a
terminology can be found in (Haberlandt, 1914).
One ought to note not only the type of crystals and
the tissue they are within, but the exact shape, the
size, the distribution, and the frequency. They may
occur single or in rows, along the vascular bundles
or exactly the opposite (e.g., along the nerves of
leaves or within the intercostal region), or form a
sheath around �bers (rectangular cells form elon-
gated threads, each bearing aprismatic crystal
or a druse (Netolitzky, 1908), Figures 23f and
31). While prismatic crystals are quite common
in the plant kingdom, some kinds are speci�c
for only a few plant families …raphides, for
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instance, appear within Geraniaceae, Rutaceae,
Oleaceae, Rubiaceae, Phytolaccaceae, Ona-
graceae, and some others (Netolitzky, 1905);
styloids may be found in Iridaceae, Ruscaceae,

and Melianthaceae; andcrystal sand, jam-packed
within parenchyma cells of leaves, is typical for,
for example, Solanaceae (Atropa belladonnaL.)
and Caprifoliaceae (Sambucussp.). Working with

Prismatic crystals

Druse Raphides Styloids

Crystal sand

Polarized light

very small crystals occurring in masses

Bright field, little magnification

Needle-shaped, usually in bundlesSpherical aggregates
Elongated, prismatic

Plane surface, single (left) or in rows accompanying fibers (crystal fibers, middle, and right picture)

in shape, with pointed ends

Figure 31 The most common types of calcium oxalate crystals.
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(a) (b)

Figure 32 (a) Detection of calcium oxalate with sulfuric acid:
calcium oxalate dissolves with formation of needles of gypsum
and (b) tannin sac inSambucussp.

polarized light can assist in detecting crystals. The
treatment of a specimen with sulfuric acid leads
to the formation of gypsum needles, which may
be used as proof for the calcium oxalate as the
present kind of crystal (Figure 32).

€ Hesperidin and diosmin: The �avonoid glycosides
diosmin and hesperidin sometimes occur in crys-
talline form as sphaerocrystalline masses. In con-
trast to calcium oxalate crystals, they are not
visible under polarized light and dissolve slowly
with a solution of potassium hydroxide giving yel-
low color.

3.5.4 Cystoliths

Cystoliths are concretions of calcium carbonate
together with the material of cell walls. Some epi-
dermal cells (lithocysts) do not undergo periclinal
divisions but exhibit local growth and expand to
the inside, resulting into an irregular concretion
composed mainly of calcium carbonate attached to a
stalk. Cystoliths are con�ned to just a few families
of the seed plants (Boraginaceae, Cannabaceae,
Plantaginaceae, Solanaceae, Urticaceae, Moraceae,
Acanthaceae, and Combretaceae), and therefore,
can be quite helpful for microscopic identi�cation.
Figure 33a shows a typically cystolith ofUrtica urens
L. leaf. Cystoliths have no birefringent properties.

3.5.5 Tannins

Tannins are polyphenolic compounds that are widely
distributed throughout the whole plant kingdom,
usually located within the vacuoles of the cells or
the cell wall matrix. Tannins are soluble in water;

however, they tend to oxidize and polymerize to
brown and reddish-brown phlobaphenes, in which
case, they get insoluble. Tannins give a positive reac-
tion with a solution of FeCl3 (stains bluish-black or
greenish-black depending on concentration of FeCl3
and composition of tannins). In some families, tannin
sacs occur in stem or leaf (Sambucussp., Figure 32b).

3.5.6 Volatile Oils

Volatile oils are mixtures of terpenes and terpenoids
that can be found in special secretion cells, secretory
canals, or cavities within the whole plant as small oil
droplets (see Section 3.4). Frequently, volatile oils
are associated with other substances such as resins,
gums, benzoic, or cinnamic acids (oleoresins and
gum resins). Volatile oils dissolve in alcohol and stain
orange-red with Sudan.

3.5.7 Fixed Oils

Fixed oils, also calledfatty oils, are esters of fatty
acids and may appear as liquid droplets throughout
all plant tissues. Most abundantly, they occur in seeds
and fruits (e.g., endosperm of umbelliferous fruits)
but are also found in leaves of many angiosperms
as long forgotten features … the so-called oilbodies
(Lerstenet al., 2006). Freehand cross sections of
fresh leaves stained with Sudan IV can verify the
presence of oil bodies. This for leaves newly redis-
covered organelles are responsible for many droplets
of �xed oils in chloral hydrate specimens.

3.5.8 Mucilage

Mucilage is a polysaccharide complex that is believed
to help the plant to retain water (e.g., common in
many succulent plant species, e.g.,Aloe sp.) and
swells or dissolves in water (Evert, 2006). Under the
microscope, strati�cation is often visible. Frequently,
mucilage occurs in cells containing raphides (e.g.,
Epilobium sp.), this being the case when staining
with corallin. In other cases, mucilage may be ver-
i�ed by staining with a solution ofmethyleneblue
(Figure 33b) or using Chinese ink. Dry powder is
mixed with the black-colored Chinese ink. After a
short time, the particles of the Chinese ink will be
displaced by the hydrated mucilage.
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(a) (c)(b) Mucilage

Fatty oil

Figure 33 (a) Cystolith in the epidermis ofUrtica leaf; (b) mucilage inHibiscus sabdariffaL. stained with methylene blue; and (c)
transverse section ofLinumseed: mucilage in the epidermis and fatty oil droplets within the endosperm (disturbed oil bodies).

4 EXAMINATION OF CRUDE DRUG
MATERIALS

The proof of the identity of plant species is differ-
ent to the proof of a chemical substance. Chemi-
cals have some very speci�c features such as spectral
characteristics, melting point, and speci�c weight. In
contrast, botanical material is harvested from living
populations with sometimes very signi�cant intraspe-
ci�c variations depending on location, harvesting
time and method, genetic diversi�cation, and many
other reasons. In addition, many of our herbals are
contaminated by alien plant material; therefore, a
great experience during the testing process is neces-
sary. Only if a complete characterization of a drug
is available, it is possible to detect adulterations at
once and prevent poisoning or reduction in quality of
the material in question. Guiding schemes for a com-
plete description of botanical drugs can be found in an
old but very exemplary work (Moll and Janssonius,
1923, pp. 25…45). Therein about 100 detailed, the
so-called pen-portraits are available, which provide
the possibility to compare the listed drugs in a perfect
manner. For the beginner, it is very important to com-
pare all drugs with authentic specimens in a living
or preserved state of good quality. The comparison
with fresh material from a botanical garden or with
well-de�ned herbal specimens or retained samples
is indispensable! A skilled investigator can correctly
identify a large number of herbals by long experience

and familiarity with their appearance and organolep-
tic properties. In our literature overview, the reader
�nds a notable number of books mostly available
via the Web siteinternet archive(http://archive.org).
Nearly all classical books on the �eld of microscopic
analyses of botanicals (drugs as well as vegetable
food, mushrooms, algae, and lichens) with often
very helpful drawings or photographs were published
between 1865 and 1945, most of them are available
via internet (see Table 2 and cited literature).

Nevertheless, the necessary skills for a proper
identi�cation are dif�cult to learn solely based on
written description: a personal teaching is always the
best.

The standard criteria for the characterization of
drugs are:

€ Macroscopic appearance … should lead to a mor-
phological interpretation of which parts of plants
are present. Very helpful is the use of a stereo
microscope (see optical introduction) to gain
information on surface structures (trichomes and
�bers), which go beyond the optical range of the
naked eye.

€ Organoleptic properties … these properties are very
important for the �rst glance and a very quick
associatively guided identi�cation of drugs known
to the investigator in addition to the detection of
impurities.

€ Anatomical (oxalate crystals, vessels, etc.) and
the so-called �ne morphological (surface of leaves
with stomata and trichomes) characters visible by
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microscopy only. Immediately visible in prepara-
tions of powders or after sectioning of drug mate-
rial in question.

€ Microchemical proof for some characteristic
parts/substances (e.g., iodine solution and starch
detection, etc.).

€ Phytochemical characterization (this �eld is not
discussed further in this chapter).

Besides some technical details, it should be pointed
out that there is a necessity for more than one identi-
�cation criterion anyway! Commonly, a collection of
criteria with a lot of well-de�ned sub-criteria is used
(also seePlant Tissues), and the sample in question
must comply with all of them de�nitively. Therefore,
the observation that the sample in question contains
�bers or oxalate crystals or unicellular trichomes is
not precise enough. Many questions should arise by
the examination: How is the appearance of the �bers

in the cross section? Are they equally thick walled,
is the wall lamellate or not? What observations are
possible in the longitudinal view? What value has
the ratio between length and width, are the �bers
pitted or not, is the wall equally thickened on the
whole length?

One useful approach for collecting experience is
the comparison of the images from the stereo micro-
scope with the respective images from the same part
of the investigated drug sample gained from the opti-
cal microscope. This approach ensures a meaningful
use of the stereo microscope and will fasten the iden-
ti�cation process. It is also strongly recommended
to apply the nearly same procedure with different
magni�cations in normal microscopic work, �rst
carefully inspecting at a high magni�cation and after
this going back to a low magni�cation with the ques-
tion in mind … what structures are visible now? After

(a)

(c)

(b)

Transverse section

Tangential section

Radial section

Medullary ray

Medullary ray

Annual ring boundary

Fibers

Figure 34 (a) Longitudinal view; (b) cross section of a wood; and (c) three-dimensional appearance of pinewood.
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some repetitions, surprisingly, one can see at a lower
magni�cation �ne morphological and/or anatomical
features that are actually too small for the resolution
of the used objective (normal or stereo microscope)
but our brain has learned to recognize those structures
at low magni�cation too! A further point should be
kept in mind … microscopical imaging of any kind is a
two-dimensional imaging! Every three-dimensional
imagination of the object in question must be car-
ried out by our brain. The brain needs to superimpose
many two-dimensional cross-sectional images to pro-
duce a three-dimensional structure of the specimen.
We can provide an endorsement for our imagination
by comparing cross sections and tangential or radial
section of the same object (Figure 34). Note: It takes a
long time to gain the necessary experience for proper
microscopic drug differentiations.

Only if all aspects of the identi�cation of a pure
crude drug are internalized, the detection of adulter-
ations will be meaningful and possible. Adulterations
are all parts in a sample not included in the de�nition
of a drug (e.g., the monograph if existing), in other
words, all particles from the intended species not
included in the monograph or description.Intended
adulterationsoften occur when good quality mate-
rial is mixed with or substituted by products of bad
quality.Unintended adulterationscomprise all mate-
rials stemming from the harvesting processes such
as mould, dirt, stones, or an infestation by unwanted
fungi (Figure 35), insects, mites, or other pests. The
contamination limits need to be declared for every
drug (seeEuropean Pharmacopoeia).

Figure 35 Unwanted fungi (arrow) in a preparation ofPlantago
leaf.

For the debutant, the realization of the correct type
of plant organ is the base for any comparison with
literature of the examined drug in question. This
is a very crucial point! Hereafter, the reader can
�nd some bundles of features to employ on this
recognition.

4.1 Leaves

Leaves are mainly �at and green organs (but keep
in mind leaves from the genusAllium), with a
great variety of shapes and dissection of the mar-
gin (margin entire, toothed, or lobed; leaves palmate
or pinnate; etc.). Only specialized leaves have a dif-
ferenced outline, for example, rosemary or thyme
leaves with revolute margins that create their needle-
like shape or the so-calledunifacial leaveswith either
the originally upper or the lower face as new outer
surface. Unifacial leaves are common in the fam-
ilies of Pinaceae, Alliaceae, Acoraceae, Iridiaceae,
and so on (Figure 36). In contrast to the normally
constructed leaves referred to asbifacial leaves, uni-
facial leaves show a circle of vascular bundles in the
case of round-shaped leaves or two rows of vascular
bundles in the case of �at unifacial leaves (e.g.,Iris
sp. andAcorussp.). Moreover, every leaf with a dis-
tinct petiole also shows, within the petiole, a more
or less unifacial construction (Figure 36, right bot-
tom corner). This may lead to misinterpretations (leaf
vs primary stem). The epidermal cells are sometimes
conspicuously striated (Atropa belladonnaL.), with
stomata, adaxial, or/and abaxial distributed, and often
with trichomes of different but mostly characteristic
outline (Figures 18 and 19). Themesophyll(ground
tissue in between the epidermis) is mostly differenti-
ated inspongy parenchymaandpalisade parenchyma
(Figure 37c). Sometimes thespongy parenchymais
developed asaerenchyma(Menyanthessp. andTus-
silago sp., Figure 37d). The position of the meso-
phyll together with the arrangement of the vascular
bundles serve as diagnostic leaf characters, visible
in cross sections only. The cross section of the peti-
ole and the major veins can also be very diagnostic
(Haron and Moore, 1996; Salmakiet al., 2011). One
often crucial question for the beginner is the deter-
mination of the abaxial face. Only after this decision
is the information about the distribution of stomata
meaningful. Most common leaves have a groove on
the adaxial face at the position of the main venation
(Figures 36 and 38) but a rip on the abaxial face.
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Bifacial leaf Isolateral leaf

Unifacial leaf

Xylem

Xylem

Xylem

Phloem

Epidermis
Spongy mesophyll

Spongy mesophyll

Spongy mesophyll

Palisade mesophyll

Palisade mesophyll

Palisade mesophyll

Palisade mesophyll

Phloem

Phloem

Epidermis

Epidermis

Epidermis

Collateral vascular bundle

Round form Flat form

Petiole

Figure 36 Cross sections of different leaf types.
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(a)

(c)

(b)

(d)

1 1

2 2

3 3

4 4

(e) (f) (g)

Figure 37 Cross sections and surface views of a bifacial leaf:
(a) adaxial epidermis in focus; (b) palisade parenchyma below
the epidermis in focus; (c) leaf with normal spongy parenchyma;
(d) leaf with an aerenchyma; 1 adaxially epidermis; 2 palisade
parenchyma; 3 spongy parenchyma (c) aerenchyma (d); 4 abaxial
epidermis; (e) surface view of the abaxial surface with stomata; (f)
spongy parenchyma in focus; and (g) aerenchyma in focus.

Therefore, the freshman has to look which part of
the leaf surface is in focus �rst if the stage is moved
upward, the intercostal region (Figure 38b) or the
epidermis above the major veins (Figure 38a). Fur-
thermore, the microscopist has to look at the cell
layer beneath the epidermis. In the case of a bifa-
cial leaf and the adaxial side, one should have the
palisade parenchyma in focus (Figure 37b). Other-
wise, the spongy parenchyma should come in focus
(Figure 37f).

As annotated before, the type of stomatal com-
plex, the overall number of stomata, and the dis-
tribution between the adaxial and abaxial sides
can be of interest …amphistomatic(stomata on
both sides),hypostomatic(stomata on abaxial side
only), andepistomatic(stomata on adaxial side only)
leaves.

Besides the stomata type, the overall number (abso-
lute and relative) of stomata on the leaf surfaces can
be of interest too. Thestomatal index(SI) is one pos-
sibility to obtain comparable relative values.

SI= 100 * Stnr/(Stnr * Ecnr)
Stnr= number of stomata in a given area of leaf
Ecnr= number of epidermal cells including tri-

chomes.

4.2 Flowers

Flowers are very typical structures of the angiosperm
plant group. Common �owers consist of four kinds
of leaf derivates attached to the tip of a short stalk
and are sometimes arranged in �ower heads or in
capitula (Figure 39). Each of these kinds of parts
is mostly arranged in a whorl on the receptacle.
The main whorls are theperianth often differenti-
ated incalyx(= sepals) andcorolla (= petals) or the
leafs are only from one type (= perigonwith tepals),
the androeciumand thegynoecium. Depending on
the absence or presence of one or both of the last
two parts, the �owers may be monoecious or dioe-
cious. The morphological and anatomical properties
of botanicals derived from �owers vary largely. Hav-
ing a look at Figure 39, one can easily imagine a
lot of different structures visible in a microscopi-
cal slide (different leaf types, the stylus, the stigma,
and so on). The epidermis of all leaf derivates con-
cerned often with stomata (calyx and sepals), often
with trichomes (calyx and corolla, and petals and
tepals). In calyx and corolla, the mesophyll is often
notably reduced, containing chloroplasts (calyx only)
and sometimes colored vacuoles or chromoplasts (in
the case of corolla). The chromoplasts often con-
tain crystals of carotene (e.g.,Calendulasp.). The
anatomical characters of drugs derived from �owers
and �owering tops depend above all on the number of
different parts (single �owers versus capitula (Aster-
aceae) or whole in�orescences (e.g.,Tilia sp.) that
are present in the drug (compare (Saukel, 1984c)). If
the drug consists simply of petals or/and sepals, the
chief diagnostic characters will be found in the shape
of the stomata, and in the papillae, on the surface
(petals). Some petals are furnished with simple and
glandular hairs in which case these may be utilized in
establishing the identity of the powder (e.g.,Althaea
sp. andArnica sp. (Saukel, 1984c)). Some species
show multicellular papillae on the sepals (e.g.,Epi-
lobium sp. (Saukel, 1983a, 1983b)), petals or tepals
(e.g.,Convallaria sp.). Of main importance are the
pollen grains. The size and structure of pollen grains
are highly conservated and, therefore, they often
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40×
NA 0.65

40×
NA 0.65(a) (b)

Figure 38 Shows a simple test for the decission which side of a leaf is visible in the specimen (a) Epidermis above the major vein is in
focus … abaxial side and (b) epidermis of the intercostal region is in focus … adaxial side.

provide a signi�cant feature for the identi�cation of
the species (Figure 40, (Saukel and Laenger, 1992)).
The presence of secretory ducts may also sometimes
be useful for determining adulterations (e.g.,Cro-
cus sativusL. without, Carthamus tinctoriusL. with
secretory ducts).

4.3 Seeds and Fruits

Both plant structures are the most ambiguous plant
products concerning the identi�cation in botanicals,
which is evident in many cases of indehiscent fruits.
Theseed coat(= testa) is composed of several layers
of cells, often exhibiting characteristic structures
(not only for one species but also for one genus

or family, e.g., willow herb and mustard (Bobrov
et al., 2004; Morozowskaet al., 2011; Netolitzky,
1926)). The seed coat shows commonly no stomata
and chloroplasts but sometimes trichomes (cotton,
willow herb, and willow). Parts of the testa are often
modi�ed to mucilage cell layers, or developed as
sclerenchyma (e.g., Solanaceae and Brassicaceae),
or as pigment layer. The seeds of many members
of Solanaceae possess considerably thickened side
and inner walls of the testa. Many seeds have a
well-developed endosperm or/and perisperm �lled
with starch, oil, protein granules, or protein crystals,
often concentrated in an aleuron layer (e.g.,Areca
sp., Daturea sp., and all caryopsis of Poaceae and
Cyperaceae). The cells vary in thickness of the
walls, also in porosity and the character of localized
thickenings. Endosperm cells may show calcium
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Figure 39 The inside view of the capitula ofCosmeasp. (Aster-
aceae).

(a) (b) (c)

Figure 40 Pollen grains. (a) Malvaceae; (b)Epilobium sp.;
(c) Rosmarinussp.

oxalate crystals, in the case of cremocarps (Apiaceae)
with very small crystals between drops of �xed oil.
Some seeds have a conspicuous appendage referred
to as elaiosome. Elaiosomes are important for the
dispersal of seeds by ants and other insects.

The wall of fruits is parted inexocarp, mesocarp,
and endocarp. The exocarp often anatomically
resembles the structures of leaves or stems, which
should be kept in mind; sometimes with characteristic
epidermal cells (Figure 41,Vaccinium myrtillusL.),
compare also (Base, 1897; Vogl, 1872, 1899; Winton
and Moeller, 1906); and often with stomata and
trichomes; if abundant, usually nonglandular and
diagnostic (e.g.,Prunussp.). In the case of �eshy or
dry and indehiscent fruits, the diaspore may include
a combination of fruit, seed, and other plant parts.
Figure 42 shows the powder fragments ofRosae
pseudofructus, with unicellular hairs from the inside
of the �eshy hypanthium. Sometimes, for example,
in caryopsis, achene, and samara, a differentiation
between seed and fruit is very dif�cult … especially

in the case of unknown objects. Compare also
http://waynesword.palomar.edu/termfr1.htm. Cave:
clear features to discriminate against seeds and of
course vice versa are missing.

4.4 Stems

4.4.1 Aerial Stems

Stems atprimary state: The epidermis develops
normally stomata and often trichomes. The cortical
parenchyma contains mostly chloroplasts. Vascular
bundles are often enclosed in the endodermis, open
and in most cases ordered in a circle (gymnosperms
and dicots (Figure 43)), or closed collateral and
scattered over the stem cross section (in monocots).
Sometimes the endodermis remains as a bundle
sheet containing starch. The subepidermal cells of
the cortex often develop a collenchyma, sometimes
located at edges or ridges (e.g.,Urtica sp.,Hypericum
sp., andEpilobiumsp. (Saukel, 1982a, 1982b). A pith
is nearly always present, but very distinct only in
gymnosperms and dicots with often thick-walled and
pitted cells. In monographs of herbaceous perennial
drugs, a clear description of respective features is
often missing even though stems are quantitatively
important parts of some drugs (e.g.,Achillea sp.,
Artemisiasp., andAgrimoniasp.).

Stems aftersecondary growth: Only gymnosperms
and dicots are quali�ed to develop a secondary
growth (Figures 34 and 46) showing secondary
xylem and phloem (secondary cortex) with medullary
rays and cork with �ber bundles (Figure 34a and b)
in transverse and radial sections. Figure 34c shows a
piece of pinewood. Note that each cutting direction
reveals a very different view of the wood. Real sec-
ondary wood is only rarely used as drug; however, in
an intermediate form, we can see such structures in
many herbs.

4.4.2 Rhizomes

Mostly we can see an obvious difference to
aerial stems as rhizomes possess a greater part of
parenchyma cells (Figure 44) and therefore often a lot
of starch is present. If one puts a drop of iodine solu-
tion on a piece of a rhizome, the presence of starch is
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(a)

(b) (c)

Figure 41 Powdered Myrtilli fructus. (a) Epidermal cells with a typical pattern; (b) sclereids of the endocarp in bright �eld; and (c) the
same in polarizing light.

immediately visible. Sometimes the epidermis show-
ing stomata but usually the epidermis is transformed
to few external cork cell layers. In gymnosperms and
dicots, the vascular bundles are enclosed within the
endodermis, and developed as open conjoint bundles,
in most cases arranged circularly (Figure 44b). The
monocots develop leptocentric bundles in the center,
and closed collateral bundles near the endodermis
and within the cortex (Figure 44a), all being scat-
tered over the stem cross section. The endodermis
is often multiplied (e.g., Asteraceae) and in case
of monocots forming a tertiary endodermis with
thickened cell walls (Figure 45). Starch is abundant
in the primary and secondary cortices, except for
species unable to produce this polysaccharide (e.g.,

Gentianaceae and Asteraceae). Chloroplasts are rare
in rhizomes. In numerous taxa, we �nd a combina-
tion of a short orthotropic rhizome combined with
a taproot referred to asbeet (e.g., Gentiana sp.,
Taraxacumsp., and many members of Apiaceae).
In this case, the microscopic examination of cross
sections should be conducted very carefully as the
anatomical structures of the involved parts (root and
stem) are quite different.

4.5 Barks

Barks are protecting tissues developed by two dif-
ferent meristems, the cambium and the phellogen
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(a) (b)

Figure 42 Powdered Rosae pseudofructus: (a) bright �eld and (b) polarizing light.

(Figure 46). The cells and tissues contained in barks
are more or less uniform in many different drugs.
Therefore, it is not so easy to distinguish between dif-
ferent barks. Often it is necessary to prepare cross
sections for the detection of the presence of a pri-
mary cortex as inQuercuscortex. This detection is
necessary to assure that the bark is harvested from
younger trees. Important characters are the abun-
dance of starch granules, the presence of stone cells,
and/or �bers, often associated with oxalate crystals,
the occurrence of oil cells, or secretory ducts. The
structure of �bers is also very diagnostic if one looks
at the cross section. Important �ndings are the shape
(round and polygonal), evenly or unevenly thick
walled, laminated or not, the visibility, and size of
pit cavities. As an example may serve the discrimina-
tion between Frangulae cortex (Frangula alnusMill.)
with sclereids absent and Rhamni purshianae cortex
(Rhamnus purshianaDC.) with sclereids present.

4.6 Roots

Roots atprimary state… Primary roots itself are not
used as drugs but may be present in some cases

together with rhizomes (e.g.,Valerianasp.). The pri-
mary epidermis is labeled as rhizodermis (Figure 43)
and always without stomata and cuticle but with root
hairs, and after a short time mostly replaced by the
hypodermis labeled as exodermis. One radial vascu-
lar bundle enclosed within the endodermis, with more
numerous phloem/xylem parts in monocots (com-
monly>6, often numerous) than in dicots (commonly
<6). Starch is abundant (primary and secondary
cortices), except for the species that are unable to
produce this polysaccharide (e.g.,Gentianasp. and
many members of Asteraceae). Chloroplasts and pith
wanting.

Roots aftersecondary growth… Similar to the stem
of the same stage. The main difference is a small
group of protoxylem cells at the beginning of the
medullary rays (Figure 43).

Important are the veri�cation of the starch granules
(iodine staining directly on parts of the drug), the
presence of �bers, the occurrence of tracheids and
vessels, the type of vessels, and the amount of
secondary xylem in relation to parenchyma.

For instance, the lack of �bers distinguishes
Taraxaci radix (Taraxacumsp.) from many other
roots of near relatives within Asteraceae (Fritz and
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STEM ROOT
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Figure 43 Development of secondary structures in stem and root.



MICROSCOPIC ANALYSIS 173

(a)

(b)

Figure 44 (a) Monocotyledonous rhizome (Convallaria majalis
L.), with leptocentric bundles in the center and collateral closed
bundles in the region of the endodermis and (b) dicotyledonous
rhizome (Tussilago farfaraL.), vascular bundles arranged in a
circle.

Saukel, 2011c). Again, Taraxaci radix can serve as
example for a root lacking bordered pits, containing
only vessels with reticulate thickening.

5 PREPARATION OF CRUDE DRUGS FOR
MICROSCOPIC ANALYSES AND GENERAL
USE OF REAGENTS

5.1 Microscopic Equipment

For microscopic analyses, some equipment besides
the technical devices already explained earlier (see
Section 2) is necessary for the preparation of ade-
quate samples (for details, see Figure 47): micro-
scope slides (typically 75 mm× 25 mm× 1 mm, on
which the object is mounted on for the examination
under the microscope); cover slips (= cover glasses;
to be placed over the object on the slide); two types
of razor blades, either the normal type for obtain-
ing thin slices from softened material or single-edge

(a) (b)

Figure 45 Cross section of a monocotyledonous rhizome show-
ing the radial vascular bundle (Allium sp.): (a) bright �eld and
(b) under polarizing light: red arrow … tertiary endodermis; green
arrow … phloem; and blue arrow … protoxylem.

razor blades for slivering hard and mostly unprepared
plant material; a pointed forceps; a dissecting needle;
a paintbrush (size 1 or 2); and absorbing paper/�lter
paper.

Furthermore, a great number of chemicals are
employed in microscopic work but just a small
number is actually required for the drug identi�cation
(Table 3). In addition, compare old and new literature
(Schacht, 1862; Uptonet al., 2011).

Most important is the so-calledmounting medium,
in which the object being examined has to be embed-
ded before examination. This mounting medium may
either serve for temporary purposes only or can pro-
vide permanent slides for later evidence and archiv-
ing. Important for the quality of a mounting material
is the chemical nonreactivity with the material being
examined and its refractive index that ought to be
similar to glass (n= 1.523 [cover slips]).

Prominent temporary mounting materials in phar-
macy include water (1.33), glycerin (1.47), and an
aqueous solution of chloral hydrate (ca. 1.5). Except
for the examination of certain cell compounds such
as starch, chloral hydrate is particularly useful, as the
reagent causes to vanish not only starch and proteins
but also chlorophyll and therefore serves as a useful
and very fast bleaching/clearing agent. A proper way
to get nice specimens of fresh material (especially
small pieces of leaves) is to put small pieces of the
material in the tube of a syringe together with water,
then hold the syringe upright and push the plunger
until all air is gone. After this, put one �nger on the tip
of the tube and drag the plunger back. Immediately
one will see air bubbles leaving the plant material.
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(a) (b)
Phelloderm

Phellogen

Phellem

Sex. xylem

Vascular cambium

Sec. phloem

CambiumLignum
(= Sec. xylem)

Bark

Figure 46 (a) Scheme of secondary growth and (b) photography of a woody stem ofQuercussp.

In this way, one can get more or less air-bubble-free
specimens.

For permanent mounting, the used media ought
to have stability over a long time without reacting
with the embedded objects, without crystallizing or
darkening. Canada Balsam and glycerin gelatin are
well-known mounting materials. Canada Balsam is
widely used in biology because of its high optical
quality, its chemical inertness, and long preservabil-
ity; however, the sections have to be dehydrated in a
time-consuming procedure. Glycerin gelatin, on the
contrary, is hydrophilic and therefore much simpler
in use than the former mentioned and, thus, can be
recommended for quality control in pharmacognosy.

Staining techniques can be employed to allow a
better visualization of cell structures and can provide
evidence for the chemical composition of certain cell
components (e.g., starch, cutin, and lignin). Several
types of staining media exist, each of them useful
for a different purpose depending on the type of
specimen and the cell structure being examined.
However, for routine quality control, a few reagents

are well established and frequently used, which are
listed in Table 3. For further information, one can
�nd specialized old literature (Molisch, 1913, 1921;
Poulsen and Trelease, 1886) and also new books in
this �eld (Cutler et al., 2008; Kremer, 2002).

5.2 Scanning Directions

For quality control of pharmaceutically used botani-
cal raw materials, most often, dried and cut, or even
powdered samples have to be analyzed. Thus, in order
to determine the size, shape, and relative positions of
the diverse cells and tissues, owing to the great diver-
sity of the samples (e.g., roots, leaves, and fruits),
one has to adapt the sampling techniques according
to the present drug material and has to possess a good
understanding of plant anatomy.

Depending on the species, the plant part and the
anatomical structures that are supposed to be exam-
ined, different views of the object are requested in
order to achieve a thorough picture. The object has
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Table 3 Important chemicals for the use in microscopic analyses.

Distilled water For temporary mounting … especially for the examination of starch
and proteins

Solution of chloral hydrate
60% chloral hydrate in water

For temporary mounting;
Swells and �nally dissolves starch, proteins, resins, volatile oils,
and chlorophyll (bleaching agent)

Ether…ethanol
Ether 1
Ethanol (96%) 1

For removal of �xed oils, fats, resins, volatile oils, tannins, and
chlorophyll

Glycerin (pure) Prevents dissolving of sugars; for temporary mounting
Glycerin gelatin

30 g gelatina alba solved in 120 mL water, 150 g 85% glycerol
For permanent mounting

Iodine
Potassium iodide 2
Iodine 1
Water 100

Indicator for starch: amylose turns blue and amylopectin stains
yellowish brown

KOH
5% Potassium hydroxide in water

1,8-Dihydroxyanthrachinones stain red (Bornträgerreaktion)

FeCl3
Stock solution: 10% FeCl3 in water before use dilute with water
1 : 10

Stains tannins blackish-green (condensed tannins) and
blackish-blue (hydrolyzable tannins)

Phloroglucinol…HCl
10% Phloroglucinol in ethanol 96% … before examining put HCl
conc. directly on the object slide

Stains ligni�ed cell walls red

Astra blue and Safranin
0.5% Astra blue in 0.5% acetic acid; 0.5% safranin in water;
ratio 5…50 : 1

Stains nonligni�ed cell walls blue and ligni�ed ones red

Methylene blue Stains mucilage blue; staining of living cells
Tusche (Chinese ink)

Diluted with water as needed
Detection of mucilage … mucilage stays clear in contrast to the dark

preparation
CP-reagents

60% Chloral hydrate in water 2
85% Phosphoric acid 1

Detection of proazulene

Sulfuric acid (H2SO4) conc. Detection of calcium oxalate … calcium oxalate dissolves with
formation of needles of gypsum

to be prepared in such a way that the material being
analyzed allows the light of the microscope to pass
through suf�ciently for an adequate view. At the
most, slices of the sample have to be obtained as thin
as possible, preferably about 20…30� m, to get a clear
picture of all anatomical details and to avoid disturb-
ing interferences. Figure 48 shows an improper spec-
imen; the slice is too thick (recognizable on the sight
into the secretory ducts) and full of air bubbles.

€ Surface view: In order to see anatomical structures
such as stomata or glandular hairs on the surface
of plant organs, a surface view is required. In the
case of translucent material (e.g., thin leaves or
�owers may be transparent enough after treating
with chloral hydrate … see Section 5.3), section-
ing is unnecessary, and the sample may be placed

directly on the slide. For thicker objects, apara-
dermal section… sectioning parallel to the sur-
face … has to be performed.

€ View of inner tissues: Usually, three directions
of cutting are performed to provide a thorough
picture of the distribution and structure of the inner
tissues of a plant organ (Figure 49):
� Transverse section(cross section) � The plant

organ is sectioned at right angles to its main axis.
� Longitudinal sections

� Radial section� The plant organ is sectioned
parallel to its main axis and directly through
its center.

� Tangential section� The plant organ is sec-
tioned parallel to its main axis and not through
its center.



176 INSTRUMENTATION FOR CHEMICAL ANALYSIS
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Figure 47 Necessary equipment for microscopic analyses: (a)
objective (=stage) micrometer; (b) syringe; (c) microscope slides;
(d) cover glasses (cover slips); (e) razor; (f) single-edge razor; (g)
paint brush; (h) polarizer; (i) analyzer, this type is placed beneath
the binocular tubus; (j) dissecting needle; (k) small pipette; (l)
sharp pointed forceps; (m) absorbing paper.

Figure 48 Improper cross section of an Apiaceae fruit showing
a lot of air bubbles (red arrows).

The differentiation between the last two cutting
directions is especially important for the analyses of
the vascular cylinder of roots, rhizomes, and stems
as they are giving two different views of the axial
system, especially concerning the rays (Figure 43).
With the radial section, the section is parallel to
a radius … showing the rays lying across the axial
system, whereas with the tangential section, the
section is perpendicular to a radius … revealing the
height and width of the rays (see Figure 34).

The correct cutting direction is most important to
achieve a well-interpretable picture of the tissues.

A slightly thicker slice can be more adequate if the
cells are properly cut at a right angle in contrast to a
skewed one.

An interesting question resulting out may be raised
in this context … is it easier to analyze powdered drugs
or is the usage of slices the proper method? If we
look in the early literature in the nineteenth century
and later on, some authors preferred the inspection
of powdered drugs only (Greenish and Collin, 1904;
Jackson and Snowdon, 1968; Jelliffe and Rusby,
1895; Koch, 1906; Mitlacher, 1904; Schneider, 1921;
Schürhoff, 1906; Vogl, 1872; Zörnig, 1912), whereas
other authors used both preparations (Berg, 1865;
Clayton and Hassall, 1909; Hassel, 1861; Melchior
and Kastner, 1974; Moeller, 1886, 1889, 1892, 1901;
Vogl, 1899; see also Table 2 for more interesting
books in this �eld). Figure 50 shows the master pen-
cil drawing from Chinese cinnamon preserved in the
Library of Pharmacy at the University of Vienna. In
the important European Pharmacopoeia, the pharma-
cognosist is instructed to powder the drug in question
before the examination! In our opinion, both methods
are useful depending on the examined drug. Note: for
the newcomers, it is indispensable to prepare slices
and preparations of the powder from the same mate-
rial and make a thorough comparison. In some cases,
for example,Quercusbark orFrangulabark, a com-
plete cross section is unalterably necessary to decide
if the drug complies with the monograph.

5.3 Preparing Sections

The majority of the raw materials used for analyses in
quality control are received in dry condition and often
require some preliminary treatment before sectioning
to enable better results by softening the material. This
may include soaking in water for some time, boiling
for a few minutes, or just wetting the razor blade
and/or the cut surface for a few seconds. Embedding
the object in alcohol (60…90%) after softening in
water may help to achieve good results with the
following sectioning by hardening the material again.

If softening is necessary at all and in which
way has to be decided according to the sample.
Possible thermolability of cell contents (e.g., starch
and mucilage) has to be kept in mind (no boil-
ing!), and certain cell contents (e.g., mucilage) may
demand dry sectioning.
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Tangential section

Tangential section

Transverse section
Transverse section

Radial section

Radial section

Cutting directions

Figure 49 The three principle cutting directions shown on (a) an apple and (b) on a piece of a �r branch.

There are two different ways of sectioning: (1) free-
hand sectioning and (2) sectioning using a micro-
tome. For quality control, freehand sectioning is
usually suf�cient and needs less time. According to
the requested kind of section, there are different ways
to accomplish the cutting.

The easiest way of sectioning is to hold the sample
material in one hand between thumb and fore�nger
while cutting with the razor blade holding in the other
hand (Figure 51b). This, however, requires a certain
�rmness and size of the object (e.g., roots, stems,
barks, seeds, and many fruits).

Thin and soft objects such as leaves, and material
that is too small to hold in the hand, may need
to be sectioned by embedding them in a block of
polystyrene to provide stability (compare Figure 51).
A block of polystyrene is cut into two halves with
the object clamped in between (Figure 51c). Thereby,
one has to pay attention that the object is correctly
adjusted, so that the cutting direction is perpendicular
to the edge of the polystyrene. After removing the
supernatant material (Figure 51d), thin slices are
obtained with a diagonal movement of a razor blade
(Figure 51e). Very important is to employ the correct
cutting angle (Figure 51f).

Alternatively, thin objects may be cut directly
without embedding in polystyrene lying on an even
polystyrene block, �xated with a �nger or (in case
of �at objects) a slide on top. One should use the

�ngernail and the edge of the �xating slide for
guiding the razor blade.

For paradermal sections of leaves, the leaf is
wrapped around the fore�nger of one hand to give
stability to the material while cutting with the blade
in the other hand.

Preferably, all sections ought to be performed
with the help of a stereomicroscope with enhanced
magni�cation to achieve better results.

The resulting slice can be transferred onto a fresh
slide, already prepared with a drop of clearing reagent
(usually chloral hydrate solution or water) with the
help of either a preparation needle or a paintbrush
(Figure 51g…i). If thin and therefore weak cross
sections are at hand, it is very helpful to place
small splinters of a cover glass on the four edges of
the planned position of the cover slip (Figure 51j).
This procedure is important to avoid crushing the
specimen. Afterward, a cover glass is placed on the
slide on top of the slice (one should place the cover
slip at a 45� , with one edge touching the mounting
media, and slowly let go, Figure 51j). It is important
to use enough reagent to cover the slice. Thereby, one
has to avoid contamination of the top of the cover
glass to protect the objective of the microscope from
possibly aggressive substances and to guarantee a
spotless view under the microscope later on. Apart
from heat-sensitive objects, the slices are now heated
carefully and as short as possible above a Bunsen
burner to eliminate air and to bleach the object. The



178 INSTRUMENTATION FOR CHEMICAL ANALYSIS
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(c)

Figure 50 Chinese cinnamon preparations, the master pencil drawing from J. Moeller (the mid-nineteenth century) preserved in the Library
of Pharmacy at the University of Vienna. (a) Cross section, (b) longitudinal section, and (c) the powdered drug.

best way is to position the slide above the �ame,
so that the �ame does not reach the area of the
cover glass (Figure 51l). Otherwise, boiling delay
leads to little explosions caused by violent air bubble
production. This may cause a dangerous situation
for the investigator and has to be avoided. Vaporized
solution always has to be added afresh in a way that
the slices never desiccate. This process has to be
repeated until no air bubbles disturb the examination
of the sample and/or the material is sheer enough,
so that all details can be clearly viewed under the
microscope. One has to be aware that the heating
process has an in�uence on the specimen and may
cause a destruction of cell walls. Therefore, the
quality of the slices ought to be checked regularly
under the microscope all the while.

5.4 Permanent Slides

After preparing interesting objects in the way men-
tioned earlier, a small amount of glycerin gelatin, pre-
pared on a separate slide, is melted carefully (without
boiling to avoid bubbles!). Potential bubbles may be
removed with a forceps before the sections are gently
transferred from the �rst slide into the melted gelatin
so that the plant material is covered completely by the
gelatin. Thereby, attention has to be paid not to trans-
fer a lot of the �rst mounting medium. A �rst transfer
of the slices into pure glycerin before the �nal trans-
fer into the gelatin may serve as intermediate step.
Under the stereomicroscope, the correct position of
the section can be controlled and, if necessary, cor-
rected (e.g., a rolled up leaf may be stretched again).
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Figure 51 (a) Right cutting angle; (b) position for the work with a single-edge razor; (c) embedding of soft material in between two little
blocks of polystyrene; (d) removing the supernatant material with the razor; (e) thin slices are obtained with a diagonal movement of the
razor; (f) the correct cutting angle; (g) and (h) transferring the slice from the razor onto a fresh slide with a paintbrush, already prepared with
a drop of clearing reagent (i); (j) placement of small splinters of a cover glass on the four edges of the planned position of the cover slip; (j)
and (k) lowering of the cover slip onto the slide; (l) positioning the slide above the �ame; and (m) and (n) staining of the specimen with a
pipette on the one side and a strip of �lter paper on the other side.

Now, a cover slip is placed onto the sample. The
whole space under the cover glass should be �lled
with gelatin.

Especially beginners often have problems with
the thickness of the produced slices, which causes
the slices to fall over when the glycerin gelatin is
hardening. Embedding small splinters of a cover

glass beside the object under the cover slip is an easy
trick to prevent this happening (Figure 51j).

Permanent samples usually last for many years,
though one has to be aware that delicate structures
such as glandular hairs or other �ne tissues may be
destroyed. Thus, for leaves and �owers, the prepara-
tion of new slides is recommended.
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5.5 Documentation

For documentary evidence, permanent slides and the
preparation of both drawings and photographs are
valuable methods. While photomicrography often
is considered superior and more advanced than
drawings, the latter also possesses some advan-
tages and the two methods must complement each
other.

Photography is not as time-consuming as drawings
and the resulting pictures represent the microscopic
objects exactly the way they appear: There are no

subjective in�uences as may be possible in drawings,
and the colors of the object can be shown as well.
With drawings on the other hand, multiple optical
layers can be united in one illustration (Figure 52),
whereas in photography often not all structures can
be brought into focus, important structures may be
emphasized and disturbing contaminations excluded
in the drawing.

It highly depends on the purpose of the pic-
tures (analyzing, studying, presentation, etc.) and
the examined objects themselves, if photography or
drawing or both are useful.

Figure 52 Tissue fragments from Anisi stellati fructus, the master pencil drawing from J. Moeller (the mid-nineteenth century) preserved
in the Library of Pharmacy at the University of Vienna. (en) Testa; (m) sclerotic parenchyma; (sts) sclereids; (f) �bers cross section (left)
longitudinal section (right); (s) macroslereids; (ep) epidermis with stomata (sp); (p) parenchyma from the carpells with oil cells (oe); and
(str) asterosclereid. The arrows show multilayer drawings!
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(a) (b)

Figure 53 (a) Microscope with drawing tube attached and (b) digital image of a specimen and the pencil, captured through a trinocular
tube with a digital camera.
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Figure 54 (a) Calibration of the ocular micrometer: two scales adjusted and (b) measurement of cells with the ocular micrometer.

5.5.1 Drawings

For scienti�c purposes, a drawing tube is attached
to the microscope, extending off the right (or left)
side (Figure 53a). Below the end of the drawing
tube, the drawing paper is placed. Prisms inside
the drawing tube allow seeing the paper, the pencil
and the microscopic image at the same time while
looking into the ocular of the microscope and thus
enable accurate tracing of the images (Figure 53b).
Important thereby is the correct adjustment of the
light. One has to experiment with the lighting of
the microscope. A low intensity of light in the
microscope improves the image of the pencil and
the drawing lines but the specimen might not be

clearly seen anymore. A stronger intensity in contrast
provides better view of the specimen but a worse
of the drawing. The right balance between them has
to be found. In addition, a light source next to the
drawing paper may be helpful to get a stronger image
of the drawing and the pencil.

5.5.2 Photomicrography

Two principal techniques for photomicrography are
the usage of analog �lm material and the digital
photography. The work with the old-fashioned analog
cameras is not easy as one cannot see the result
immediately and the great time span between taking
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the picture and getting the �nished photograph is
often a problem. Furthermore, it becomes more and
more dif�cult to �nd labs for the development of
pictures or slide �lms. Nowadays, the development
of digital photography is remarkable in resolution and
charge/price of the cameras. The great advantages are
the immediately visible images and the possibility
of subsequent correction on a computer. The most
important drawback is the smaller dynamic range
that is the difference between the darkest and the
brightest areas of an image, of the used photo sensors.
Most digital cameras have a dynamic range of 1 : 65,
whereas the value for a slide �lm can be in the
range of 1 : 100 until 1 : 300. This means that the
choice of the exposure time is crucial. The necessity
of avoiding faulty exposures in digital photography
leads especially in photomicrography often to a
grayish colored background instead of a white one.

It is possible to take digital photos directly
through the ocular with an ordinary compact cam-
era. Naturally, to receive pictures of better quality
for scienti�c working and documentation, special
microscope cameras usually are connected with the
microscope in a steady way with the help of an adap-
tor. One low price option may be an adaptor �tting
into the eye tube of the microscope by replacing
an eyepiece. Modern research microscopes most
often possess a trinocular tubus that enables a stable
hookup for the camera over the base. The camera is
typically attached to a computer, which provides the
control functions for the camera and allows further
image processing too. Compare also the important
book in this �eld (Wu, Merchant, and Castleman,
2008).

5.6 Microscopical Measurements

Regarding the identi�cation and purity control of
drugs, the size of anatomical structures can be of
important value. Microscopic measurements can be
taken using a special ocular including a scale in
relative units (ocular micrometer/eyepiece microme-
ter). For accurate measurement, any ocular microm-
eter has to be calibrated with the help of astage
micrometer … a microscope slide with a �nely
divided, precise scale engraved on the surface.

For calibration, with the ocular micrometer in use,
the stage micrometer is placed directly on the stage
and focused in the ordinary way. The two scales

should now be adjusted in a way that they appear
parallel to each other and the �rst lines of the two
scales are aligned (Figure 54a). Now the most distant
unit where the two scales coincide again has to be
determined. In the example (Figure 54a), 65 stage
micrometer divisions cover the same distance as 99
ocular divisions. Thus, if one division of the stage
micrometer is equivalent to 1� m, one unit of the
ocular micrometer (the smallest increment on the
scale) equals 99/65= 1.5� m. This calibration has to
be performed for every optical combination.

With the now known value of one eyepiece divi-
sion, an accurate size of an anatomical structure can
be calculated by multiplication (Figure 54b).
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1 INTRODUCTION

Natural sources represent a unique reservoir of bioac-
tive molecules: more than 200,000 natural secondary
metabolites have been identi�ed to date, exhibiting a
large variety of scaffolds. It is not in doubt that plants
are the privileged raw material for the development
of high added-value products, with applications in
the cosmetic, pharmaceutical, fragrance, and food
industries. However, it is estimated that less than 1%
of plant species have been thoroughly investigated
for their potential use as drugs, and many species
have never been studied even from a phytochemical
point of view (Payneet al., 1992; Rates, 2001).
Therefore, the search for novel bioactive chemical
entities is more pressing than ever and requires
simple and rapid screening procedures.

Thin-layer chromatography (TLC) is a planar chro-
matographic technique that is strongly related to
the origins of chromatography itself. The chromato-
graphic process was initially invented to separate
plant pigments (carotenes and chlorophyll), using a
column of calcium carbonate as an adsorbent and a
mixture of ethanol/petrol ether as an eluent (Tswett,
1905). This separation technique was �rst adapted to
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a thin-layer solid support by Izmailov and Schraiber
for the rapid separation of pharmaceuticals (Izmailov
and Schraiber 1938; Stahl, 1962). Since then, a num-
ber of studies have been conducted to expand the
uses of TLC in terms of performance and detection,
notably via derivatization or by coupling with spec-
troscopic and biological methods. Nowadays, TLC is
a rapid and nonexpensive method used worldwide for
the phytochemical analysis of plant extracts. It is easy
to perform and cost effective, as it does not require
any heavy equipment. Moreover, TLC is adaptable
to extracts of various polarities, and the possibility
to simultaneously analyze a broad number of sam-
ples makes it a rapid screening method. Appropriate
separation on TLC plates can be followed by a num-
ber of strategies that allow a comprehensive detec-
tion of highly diverse compounds. This turns planar
chromatography into a potent tool for the quality con-
trol of herbal drugs, initial screening, or bioguided
fractionation.

2 GENERAL PRINCIPLES OF THIN-LAYER
CHROMATOGRAPHY

The separation principles in TLC are the same as
those in liquid…solid chromatography, where the
stationary phase is usually an activated adsorbent



186 INSTRUMENTATION FOR CHEMICAL ANALYSIS

such as silica gel, alumina, or cellulose �xed onto
a �at support (a glass plate or aluminum foil). The
activation step is achieved by heating the thin-layer
adsorbent to eliminate residual water. An organic
solvent or a mixture to be used as an eluent is added
to cover the bottom of a developing tank. The sample
is applied to the lower part of the TLC plate (just
above the level of the mobile phase), which is then
placed in the tank so that the eluent will carry up
the sample through capillarity, as shown in Figure 1.
Selective separation is given by sorption and desorp-
tion of the different compounds in the sample, which
depends on their adsorption to the stationary phase
and their af�nity to the mobile phase. In cases where
water is present at small amounts in the mobile phase
or over the solid phase, the phenomenon of partition
will also take place and in�uence the separation.
After development of the TLC plate, pigments show
up directly in daylight, whereas other products can
be visualized either by their natural �uorescence or
by quenching of �uorescence. In case they are barely
detected in visible or ultraviolet light, or if addi-
tional structural information is required, universal
or speci�c detection reagents can be used to form
colored or UV-absorbing by-products. In addition
to chemical data, information concerning biological
activity might also be obtained by biologically ori-
ented reactions. Indeed, natural products separated
on the TLC plate can be subsequently exposed to
speci�c biological or chemical reagents to detect a
potential activity (Figure 1).

3 ADVANCES IN TLC FOR PLANT ANALYSIS

Plant extracts are highly complex mixtures and the
quality of the separation is of the utmost importance
to obtain meaningful results. Spotting, development,
and visualization are three essential steps of TLC that
interfere with the quality of results. The application
of the plant extract onto the plate and the development
of the chromatogram are two critical steps: the initial
spot should be as regular and as narrow as possible
and the development should be homogeneous and
reproducible. TLC has bene�ted from advances in
recent years, resulting in better resolution and a more
accurate localization of phytochemical markers.

The development of high performance thin-layer
chromatography (HPTLC) plates with smaller parti-
cles, thinner layers, and a narrow particle-size dis-
tribution offers faster separation by reducing the
required distance of migration. HPTLC also appears
to be more sensitive and reproducible than classical
TLC. Considering that the distance of migration in
HPTLC can be half that of common TLC, the cost
of the plate to perform the same analysis is nearly
the same for both techniques. However, HPTLC is
more costly in terms of initial �nancial investment
for acquiring the main and auxiliary apparatus and
software.

It is noteworthy that automated systems have been
developed for sample application and chromatogram
development: devices spraying extracts as thin bands
can dramatically improve the application procedure,

Samples

Tank lid

Developing
tank

Mobile
phase

Biological or chemical
reagent

Figure 1 General principle of TLC development and detection. Samples (e.g., plant extracts) are applied to a TLC plate to be placed in a
developing tank containing the mobile phase. After migration, the plate is dried and a solution containing chemical or biological reagents
can be sprayed onto the TLC plate, leading to visible spots with a speci�c chemical characteristic or biological activity.
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and irregular curve-like elutions can be avoided using
an automatic developing chamber, which controls the
relative humidity. One of the latest innovations in the
�eld of TLC, the automated multiple development
(AMD), enables multistep gradient elution, which
dramatically improves separation power. The fully
automated process consists of successive develop-
ments of the plate with solvent mixtures of decreasing
polarities, running each time over a longer migra-
tion distance, and with drying steps under vacuum
between each partial run. The use of AMD-HPTLC
provides a spectacular enhancement of separation
and resolution, leading to the detection of dozens of
compounds within a shorter migration distance (Yan
et al., 2010).

Structural data related to the separated compounds
can also be assessed. The coupling of TLC or HPTLC
with mass spectrometry (MS) has been relatively
useful in determining the molecular weight of sep-
arated compounds, providing more information than
an HPLC-UV-DAD analysis (Morlock and Schwack,
2010). Usually, the TLC foils or plates are dried and
initially analyzed by UV detection or even a bioau-
tographic assay to locate the bands of interest. For
UV detection, selected bands can be cut from the
whole sheet and placed directly under the excited
helium stream of a time-of-�ight mass spectrome-
ter equipped with an ion source of direct analysis
in real time (DART-TOF-MS) (Kimet al., 2010).
An online extractor can also transfer the regions
of interest from the plate directly into an ESI-MS

by means of an appropriate solvent to obtain an
HPTLC-ESI-MS spectrum (Figure 2). The advan-
tage of the extraction procedure is that it can even
be employed directly following antimicrobial auto-
biographic techniques. In this context, the chosen
organic solvent (e.g., methanol) will extract the com-
pound of interest and precipitate proteins from the
biological medium. Using the same interface, com-
pounds can also be desorbed from the layer into a
vial. After thorough removal of the solvent under
a stream of nitrogen, the product can be dissolved
in deuterated solvent for subsequent nuclear mag-
netic resonance (NMR) spectroscopic measurements
(Gössiet al., 2012). The direct TLC-MS coupling and
the indirect hyphenation with NMR, therefore, pro-
vides a full set of spectral data, enabling the structural
elucidation of natural products separated by TLC.

In addition to spectral or biological information,
semiquantitative data can be retrieved from TLC by
comparing the light that is scattered, re�ected, or gen-
erated from a spot, with that of the background, that
is, a part of the plate devoid of any compound. This
can be carried out directly on the raw TLC plate
or after derivatization with a chemical or biological
reagent, for example, to estimate a biological activ-
ity. Over the past 15 years, the scanning of TLC plates
employing optical instrumentation has been increas-
ingly used, notably in the �eld of quality control of
herbal drugs, where both �ngerprint and quantitative
assessment are required (Aperset al., 2006; Bhan-
dari et al., 2007; Bhopeet al., 2011). Herbal raw

Frit

Inlet Outlet

Plate/foil

Cutting edge
zones

5

Intens

4

3

2

1

0
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

200

195.1

×107 1.

(a) (b) (c) (d)

Figure 2 HPTLC-ESI-MS analysis of caffeine. (a) Chromatogram with 4-mm bands; (b) scheme of extraction piston; (c) same plate after
extraction of zone at hRf 15; (d) extracted zone identi�ed as caffeine, based on the mass signal atm/z 195 in positive mode. (Source:
Reproduced by permission of Gertrud Morlock, Camag (CBS 102, March 2009).)
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material or herbal drugs might be contaminated by
toxins released into the environment, such as pesti-
cides. These herbal compounds can also be adulter-
ated with synthetic drugs or contaminated with other
herbal drugs. The control of markers by TLC using
various detection methods has been developed for
all classes of natural products and reference books
are helpful for the work of a plant analyst (Wagner
and Bladt, 1996). In an attempt to provide semiquan-
titative data valuable in the evaluation of markers
in plant extracts, densitometric measurements have
been applied to common TLC to provide an image
that can be treated for dose-response purposes. One
example of the application of a simple TLC method is
the quanti�cation of the �uorescent alkaloid berber-
ine in batches ofArgemone mexicanaL. (Papaver-
aceae), a plant from which the decoction has shown
clinical ef�cacy in Africa (Willcox et al., 2007). TLC
followed by the detection of �uorescence has been
suggested as a cheap quality control method for an
herbal medicine approved in Mali for the treatment
of uncomplicated malaria. A �uorescence image of
the plate containing a calibration curve of the stan-
dard berberine and the extracts ofA. mexicanawas
treated by image conversion to a gray scale to pro-
vide densitometric values, enabling an estimation of
the berberine content (Figure 3) (Simões-Pires, 2009;
Simões-Pireset al., 2009b).

4 TLC BIOAUTOGRAPHIC ASSAYS

The �rst attempts to obtain a biological response from
planar chromatography were made in 1946 to detect
whether natural products could affect the growth of
microorganisms (Goodall and Levi, 1946). As this
type of assay characterizes a direct set of active
compounds against living organisms, it was there-
fore named bioautography. Nowadays, this term has
been widely accepted to refer to any method used to
assign bioactivity to compounds by combining chro-
matographic separation before a bioassay. Indeed,
although the term TLC bioautography should strictly
involve a living organism, it was extended by consen-
sus to designate any TLC separation followed by the
application of a reagent (biological or chemical) to
detect a biological response. Owing to its numerous
advantages, TLC bioautography has spread through-
out the world as a simple and useful •bench topŽ
bioassay to track bioactivity through all the frac-
tionation processes. Currently, bioautographic assays

are often used to detect antimicrobial compounds,
and they are also widely applied to the discovery of
antioxidants or free radical scavengers and the devel-
opment of bioautographic assays to detect enzyme
inhibition is promising.

4.1 Antimicrobial Bioautographic Assays

Historically, the �rst experiments of what we
currently call bioautographic assays used to involve
bacteria for the detection of antibiotics or growth
factors such as vitamin B derivatives (Goodall and
Levi, 1946; Lewin and Marcus, 1965; Matsuda and
Goto, 1952; Picken and Bauriedel, 1950). Bioauto-
graphy on TLC is particularly well adapted for the
detection of antimicrobial compounds that affect
the growth of bacteria, fungi, or protozoa (Betina,
1973). Three main variants of bioautographic assays
are encountered. The most commonly used is direct
bioautography, where a microorganism suspension is
applied directly onto the plate after chromatographic
separation. Agar diffusion and immersion prevailed
in the 1960s but are now used only when direct
bioautography is impossible.

The main challenge of any TLC bioautographic
assay is the visual detection of activity. Thus, it
makes sense that the �rst tested organisms were
spore-producing fungi, such asAspergillusor Cla-
dosporium species that form easily observable
green-to-black spores. Subsequently, antimicrobial
bioautography spread to a wide range of organisms
because of the development of reagents enabling
microbial growth visualization, such as tetrazolium
salt derivatives, which are reduced to purple for-
mazan in living cells. In both cases, zones of
growth inhibition appear as pale areas on a colored
background.

4.1.1 Direct TLC Bioautography

Direct bioautography involves the application of a
microorganism suspension directly onto the devel-
oped TLC plate, either by spraying or dipping.
This method is therefore applicable to any non-
pathogenic strain able to grow on a TLC layer. If
experiments deal with pathogenic bacteria or fungi,
they have to be carried out with extreme caution
to avoid unwanted contaminations, by working, for
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Figure 3 Semiquantitative TLC method for the determination of berberine inArgemone mexicanadecoction. The density of �uorescent
spots of standard berberine was measured by the public domain software ImageJ at different concentrations to produce a calibration
curve. The decoction of clinical batches of the plant was extracted with dichloromethane. Sample concentrations were calculated using
the linear equation provided by the calibration curve and were extrapolated to the total volume of decoction. (Source: C. Simões-Pires
(2009). Reproduced with permission © C. Simões-Pires.)

example, in a biosafety Class II cabinet. Contrary
to immersion, direct bioautography is performed
without agar: immediately before use, microorgan-
isms are usually transferred from their solid culture
medium to a sterile fresh broth containing all required

nutrients for proper microbial growth and having
a viscosity compatible with spraying if necessary.
After appropriate incubation, zones of growth inhibi-
tion are observed naturally for spore-producing fungi
and pigmented bacteria or revealed via tetrazolium
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(a) (c)(b)

1 2 1 2 1 2

Figure 4 Antimicrobial TLC bioautography usingp-iodonitrotetrazolium violet as an indicator of microbial growth. Comparison of the
antimicrobial chemical components in leaves (1) and stem bark (2) ofCurtisia dentata. Acetone extracts of leaves and barks were analyzed
on TLC againstEscherichia coli(a), Staphylococcus aureus(b), andCandida albicans(c). Clear bands indicate growth inhibition of the
microorganisms. (Source: Reprinted from S. Afr. J. Bot., 75, Shai L.J., McGaw L.J., Eloff J.N., Extracts of the leaves and twigs of the
threatened treeCurtisia dentata(Cornaceae) are more active againstCandida albicansand other microorganisms than the stem bark extract,
363…366, Copyright 2009, with permission from Elsevier.)

salts (Figure 4) (Shaiet al., 2009). An alcoholic solu-
tion can be subsequently sprayed onto the entire layer
to �x microorganisms.

4.1.2 Agar Diffusion Bioautography

Agar diffusion or contact bioautography is rarely
used nowadays. In this method, compounds are �rstly
separated on TLC, and after complete removal of the
solvent, the TLC layer is applied face-down directly
onto an agar medium previously inoculated with a
given microorganism (Wagman and Bailey, 1969).
The layer is left for 30 min to 1 h to allow diffusion,
before the TLC is removed and the agar gel is
incubated in suitable conditions. After an appropriate
time, zones of growth inhibition are compared to
the TLC to locate antimicrobial compounds. The
disadvantage of this method is the irregularity of
the diffusion and the possible dilution of substances
during transfer to the agar gel.

4.1.3 Immersion Bioautography

Immersion bioautography is an intermediate
technique between agar diffusion and direct
bioautography. In this approach, the developed
TLC is overlaid with a seeded agar gel, enabling

a uniform contact between the chromatogram and
the inoculated medium. After solidi�cation of the
gel, plates are incubated and subsequently observed
after development when needed (Haouatet al., 2013;
Hostettmann and Marston, 1994; Rahalisonet al.,
1991). This procedure is a good alternative when
direct bioautography is not possible, for example,
when blockage of the spray head with mycelia occurs
or when spraying should be avoided to minimize
microbial spreading and contamination within the
laboratory. However, as for contact bioautography,
the sensitivity is quite low because of the dilution of
active substances throughout the agar gel.

4.2 Toxicity Bioautographic Assays

Bioluminescent bacteria such asVibrio �scheri or
Photobacterium phosphoreumare microorganisms
that mostly occur in marine environments, which
are characterized by a readily visible light emission.
This glowing process is due to a luciferase-catalyzed
chemiluminescent reaction releasing chemical
energy in the form of blue-green light and is closely
related to other metabolic processes. When these
bacteria are exposed to poisonous substances, the
metabolic activity is affected, resulting in a propor-
tional decrease in luminescence. This phenomenon
can be exploited in TLC bioautographic assays to
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detect natural toxins (Eberzet al., 1996; Sherma,
2010). Even if this bioassay involves bacteria, it
cannot be considered as an actual antimicrobial
bioautographic test, as it does not show a genuine
growth inhibition but rather a disruption of the respi-
ratory chain. In practice, the developed TLC plate is
exposed to a solution of luminescent bacteria by dip-
ping, and if toxic compounds are present, they will
interfere with metabolism and appear after few min-
utes as dark spots against a luminescent background.

Currently, there are two bioluminizer systems
available for the measurement of luminescence
in TLC plates: Bioluminex’ (ChromaDex) and
BioLuminizer® (Camag). These have been applied
to detect natural toxins such as mycotoxins and
heavy metals and also to evaluate the toxicity of
natural secondary metabolites (Klöppelet al., 2008,
2013) or to detect adulterants for the quality control
of phytomedicines (Verbitskiet al., 2008).

4.3 Seed Germination and Growth-Inhibition
Bioautographic Assays

In addition to microorganisms, toxicity toward supe-
rior living organisms such as plants can be assessed
directly via TLC. Some secondary metabolites syn-
thesized by plants positively or negatively in�uence
the growth, survival, and reproduction of other organ-
isms. These compounds, termed allelochemicals, can
be of great interest, especially as organic herbicides
in agriculture.

In conventional research for allelopathic sub-
stances, the most common bioassay consists of
petri-dish germination assays, in which the crude
extract to be tested is contained within the agar
gel. The identi�cation of phytotoxic compounds is
therefore time consuming as it involves fractionation
steps routinely followed by experiments in petri
dishes to track the active substances. Using the TLC
bioautographic assay, the identi�cation of phytotoxic
compounds is greatly accelerated. After develop-
ment and proper drying of the TLC plate, a solution
of 0.5% agar is poured over the plate to obtain a
2-mm-thick layer. Then, seeds are sown in the agar
all along the band corresponding to the developed
extract and incubated in appropriate conditions of
humidity, temperature, and photoperiod (Inoueet al.,
1992). After a few days, the absence of germination
or a signi�cant difference in seedling growth reveals
the presence of phytotoxic compounds, as illustrated

1
2
3
4

Hexane…CHCl3…MeOH (4:10:1)

Figure 5 Growth inhibition TLC bioautographic assay of frac-
tions fromPolygonum sachalinense(5 days). Arrows point to areas
of inhibited plant activity. (1) Green amaranth, (2) timothy grass,
(3) crab grass, and (4) Chinese cabbage. (Source: Reproduced from
J. Chem. Ecol., 18, 1992, 1833, Allelochemicals fromPolygonum
sachalinenseFr. Schm. (Polygonaceae), Inoue M., Nishimura H.,
Li H.H., Mizutani J. With kind permission from Springer Science
and Business Media.)

in Figure 5. Different allelochemical-sensitive seeds
can be used in this bioassay if they are small enough
and easy to grow, such as (L.) Heynh. (Brassicaceae)
seeds, lettuce (Lactuca sativaL., Asteraceae), or
green amaranth (Amaranthus viridisL., Amaran-
thaceae) seeds. To date, this bioautographic assay
has rarely been used, although it is relatively easy
to perform and rapidly provides information about
germination or growth inhibitors. For example,
anthraquinone and naphthoquinone derivatives have
been proved to be potent germination inhibitors
using this TLC bioassay (Meyeret al., 2007).

4.4 Antioxidant and Free-Radical Scavenging
Activities

Oxidative stress is mainly associated with an
increased production of reactive oxygen species
(ROS) such as free radicals and peroxides. It is
now well attested that oxidative stress is one of the
main mechanisms involved in the development of
several disorders such as cancer, neurodegenerative,
vascular, and heart diseases. Furthermore, it has been
observed that a high intake of vegetables and fruits
reduces the risk of developing these disorders, sug-
gesting that dietary compounds might act as potent
antioxidants. Consequently, the search for natural
antioxidants and free radical scavengers represents
a large part of natural products research, and rapid
screening assays are therefore valuable. Manyin
vitro methods are currently available, and some of
these can be applied to TLC for postchromatographic
derivatization (Huanget al., 2005).
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4.4.1 The � -Carotene Bleaching Assay

The antioxidant activity of natural products can
be observed by their ability to prevent the discol-
oration of � -carotene, induced by the oxidative
degradation products of linoleic acid (Marco, 1968);
� -carotene bears a long unsaturated chain resulting
in an intense orange color, which disappears after
reaction with linoleic acid, because of the disruption
of conjugation.

For this purpose, developed and dried TLC plates
are sprayed with an emulsion of 0.03%� -carotene
in chloroform and 0.01% linoleic acid in ethanol
(1 : 2 v/v) (Philip, 1974). After 2- to 3-h exposure
to daylight, the yellow-orange background progres-
sively bleaches, whereas the coloration remains in
zones containing antioxidant products. Bleaching of
� -carotene can also occur without linoleic acid, by
simple exposure to daylight, although the reaction
will proceed more slowly. In this case, TLC plates
are sprayed with a solution of� -carotene only, and
left in sunlight for at least 12 h until bleaching of the
background occurs (Marston, 2011).

4.4.2 The ABTS€+ Scavenging Assay

The occurrence of radical scavengers can be
checked using 2,2� -azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS). This colorless compound
exists in a relatively stable radical cationic form,
ABTS€+, which exhibits a green-blue color (Lee and
Yoon, 2008). When reacting with radical scavengers,
this radical returns to its colorless neutral form,
and antioxidant activity can be directly related to
the fading of color (Milleret al., 1993; Miller and

Rice-Evans, 1997). This assay is often used in the
food and beverage industries, where the antioxidant
activity of products is compared to that of Trolox, an
analog of vitamin E, and is therefore referred to as
the Trolox equivalent antioxidant capacity(TEAC)
assay. It can be monitored in spectrophotometer
cuvettes following the decrease in absorbance at 415
or 734 nm, and it can also be adapted to TLC plates,
where radical scavengers will appear as colorless
spots against a green background. However, when
seeking radical scavengers from plant extracts, the
DPPH radical is preferred over ABTS€+ as it gives a
more stable coloration and better de�ned spots.

4.4.3 The DPPH€ Scavenging Assay

DPPH€ (2,2-diphenyl-1-picrylhydrazyl) is a stable
free radical with a deep violet color due to an
absorption band at 517 nm. However, when DPPH€

is neutralized by radical scavengers, there is a modi-
�cation of its UV spectrum and the dark purple color
progressively turns pale yellow (Figure 6) (Blois,
1958). This discoloration enables the monitoring
of radical scavenging activity, which can be fol-
lowed either by spectrophotometric measurements at
517 nm (Sharma and Bhat, 2009) or by TLC assay
(Glavind and Holmer, 1967; Takaoet al., 1994). In
the latter, an alcoholic solution of DPPH€ (gener-
ally 0.2% w/v) is sprayed onto the developed plate,
leading within 30 min to pale yellow spots against
a purple background, where substances demonstrat-
ing scavenging properties toward the DPPH radical
are located. When DPPH€ assays are carried out on
reversed-phase TLC (RPTLC), the background color
is relatively unstable and tends to fade within 3 min

N€
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O2N NO2

NO2

+ RH
NH

N

O2N NO2

NO2

+ R€

DPPH radical
(purple) Neutralized DPPH

(yellow)

Figure 6 Neutralization of the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH€) by radical scavengers.
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after dipping, leading to blurred active spots (Yrjönen
et al., 2003). It should be kept in mind that the nature
of the TLC layer might greatly in�uence the chemical
or biological response. This point is discussed further
(see Section 4.8).

4.5 Enzymatic Bioautographic Assays

As enzymes represent important pharmacological
targets, the development of suitable and rapid screen-
ing methods for enzyme inhibitors is a key element
in the �eld of drug discovery. Along with antimi-
crobial and antioxidant compounds, natural enzyme
inhibitors can be detected by TLC. Enzymatic bioau-
tographic assays require the successive application
of the enzyme and a suitable substrate on the entire
TLC layer, which react together to produce a colored
product, except in areas containing inhibitory com-
pounds because of the inactivation of the enzyme,
and consequently to the absence of the chain reaction.
To date, such assays exist to detect cholinesterase,
glucosidase, lipase, tyrosinase, and xanthine oxidase
inhibitors. The main dif�culty in the development of
these bioautographic assays is to �nd an appropriate
substrate that will give a product exhibiting a differ-
ent color after reaction to enable the visual detection
of inhibitory activity. Furthermore, when studying
enzyme activities, it is important to bear in mind that
near physiological conditions are required to recover
maximum activity. For this reason, TLC plates should
not be dried thoroughly with a hair dryer or using too
high temperatures after spraying the enzyme solution
to not denaturate it. Similarly, it is also better to prein-
cubate the enzyme at 37� C or an optimal temperature
in a humid chamber before adding the substrate to
ensure that the enzyme will display full activity.

4.5.1 Acetylcholinesterase and
Butyrylcholinesterase Inhibition

Alzheimer•s disease (AD) is the main form of
dementia among the elderly and is becoming more
prevalent with the increase in mean life expectancy,
especially in developed countries where AD is
one of the most costly diseases to society. The
cognitive impairments in AD are mainly due to a
cholinergic de�cit associated with neuronal loss. As
the neurotransmitter acetylcholine is regulated

in brain synapses by the hydrolytic action of
acetylcholinesterase (AChE, EC 3.1.1.7), cognitive
dysfunctions can be partially improved by the use
of AChE inhibitors, leading to an increase in acetyl-
choline levels. This is the case for galanthamine, an
alkaloid isolated from some Amaryllidaceae species
such as snowdrop (Galanthus nivalisL.), currently
approved to restore the cholinergic de�cit caused
by AD. In addition, recent studies have shown that
butyrylcholinesterase (BuChE) could be further
considered as a signi�cant therapeutic target for
the development of new drugs. To accelerate the
discovery of new cholinesterase inhibitors among
plant extracts, effective and rapid assays are needed
(Ciésla, 2012; Hostettmannet al., 2006). In this
framework, several colorimetric bioassays have
been developed. These are all based on the same
principle of the coupling of two successive reactions:
the enzymatic cleavage of an ester followed by
the subsequent reaction of the end product with a
chromogenic agent. In these bioautographic assays,
AChE inhibitors, therefore, appear as colorless spots
on a colored background.

The �rst bioautographic assay developed for AChE
inhibitors was based on Ellman•s reaction, which was
initially conducted in large cuvettes for kinetic mea-
surements of acetylcholinesterase activity (Ellman
et al., 1961). In this method, acetylthiocholine (ATC)
is cleaved by AChE to form thiocholine, which in
turn reacts with 5,5� -dithiobis-(2-nitrobenzoic acid)
(DTNB) to give a yellow 5-thio-2-nitrobenzoate
anion as depicted in Figure 7.

This method was adapted for TLC plates 30 years
later for the qualitative screening of AChE inhibitors
(Kiely et al., 1991). However, samples were simply
spotted onto the TLC plate in this study but were not
developed, so further adjustments were made to vali-
date the effectiveness of this bioautographic assay for
the screening of natural AChE inhibitors from crude
plant extracts. Rheeet al. (2001) have applied the
methodology to pure galanthamine as a positive con-
trol, together with Amaryllidaceae extracts known
to contain galanthamine and other active derivatives.
After migration of the extracts with an appropriate
solvent system, a solution of ATC and DTNB is �rst
sprayed onto the silica layer, and then a solution of
AChE is applied. A pale yellow coloration should
appear within about 5 min on the TLC plate. This
reaction does not occur when inhibitory compounds
are eluted, and these active products are consequently
revealed as white spots on the yellow background. In
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Figure 7 Ellman•s reaction.

this study, the limits of detection (LOD) were found
to be in the range 0.01…0.20� g for several known
inhibitors (e.g., 0.01� g for physostigmine), proving
that this bioassay is convenient for screening of plant
extracts at quantities usually loaded onto TLC plates.
These limits were even much lower for some com-
pounds than for those with UV detection at 254 nm
or with Dragendorff•s reagent and enabled the iden-
ti�cation of natural inhibitors in the studied extracts.

The enzyme concentration is set at 3 U mLŠ1 to
obtain an acceptable contrast without consuming
too much of the enzyme, which is quite expensive.
Indeed, spots can be dif�cult to distinguish because
of the weak yellow color intensity, and this is one
of the main drawbacks of the bioautographic assay
based on Ellman•s reaction. Moreover, the interpre-
tation of results should be performed carefully, as
some compounds (mostly aldehydes and amines) are
known to give false-positive reactions by inhibiting
the reaction between thiocholine and DTNB (Rhee
et al., 2003). However, this method was, and still is,
often used for preliminary screening or for the biogu-
ided isolation of natural AChE inhibitors (Adsersen
et al., 2006; Beedesseeet al., 2013; Dall•Acquaet al.,
2010; Houghtonet al., 2004).

In the meantime, another method was developed,
inspired by a combination of studies, including a
study of house�y esterases by colorimetric means
(van Asperen, 1962), as well as methods developed

to detect organophosphorus pesticides or carba-
mates, because these act by inhibiting AChE (Men-
doza et al., 1968; Weins and Jork, 1996). In this
bioassay, 1-naphthyl acetate is used as initial sub-
strate and Fast Blue B salt as a chromogenic agent
(Marston et al., 2002). The test was applied to
known anticholinesterase alkaloids and to different
Amaryllidaceae extracts and extended to butyryl-
cholinesterase. After elution of the plant extracts, the
TLC plate is dried and sprayed with the enzyme solu-
tion and incubated for a few minutes at 37� C. A
freshly prepared solution of 1-naphthyl acetate and
Fast Blue B salt is then sprayed onto the plate. Active
enzymes convert 1-naphthyl acetate into 1-naphthol,
which subsequently couples to Fast Blue B salt to
give a purple diazonium dye visible after a few min-
utes (Figure 8). As the contrast is greatly accentuated
compared to the bioassay based on Ellman•s reac-
tion, the purple coloration enables an easier detec-
tion of bioactive compounds, which appear as white
spots, as observed in Figure 9 (Adhamiet al., 2013;
Urbain et al., 2004, 2005). This probably explains
why the detection limit is lower for some compounds
(e.g., 1 ng for physostigmine). Similar results were
obtained using butyrylcholinesterase, even though
sensitivity to the inhibitory compounds can vary
slightly.

Further modi�cations have been made to this
bioautographic assay to improve both sensitivity and
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Figure 8 Reaction of acetylcholinesterase with 1-naphthyl acetate and subsequent diazotization.

A5 A6 A5 A6Chelidonine Chelidonine

Figure 9 TLC of fractions A5 and A6 after vacuum liquid chromatography (VLC) of a dichloromethane extract from galbanum.
Detection at UV 366 nm (left). Detection via the bioautography assay with AChE inhibition (right). Mobile phase: CHCl3…EtOAc…MeOH
(100+ 10+ 2). Chelidonine served as a positive control. (Source: H-R. Adhami,et al. (2013). Reproduced by permission of John Wiley &
Sons, Ltd.)

cost. Attempts were notably made to reduce the con-
sumption of the enzyme, which is quite expensive.
In Marston•s protocol, the acetylcholinesterase con-
centration is 6.7 U mLŠ1. Yanget al. (2009) reduced

this concentration to 1 U mLŠ1, but to maintain an
intense purple coloration, simultaneously decreased
the amount of Fast Blue B salt and increased the
concentration of 1-naphthyl acetate. Otherwise, the
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coupling of 1-naphthol with the stain is incom-
plete and produces an unstable azo-product still con-
taining one free diazoamino group, which gives a
pale and transient coloration. Therefore, the modi-
�ed method enables the enzyme consumption to be
reduced by 85%, while dramatically improving the
sensitivity, as the lowest amount of physostigmine
required to observe a white inhibition spot is 0.01 ng,
that is, 100-fold less than with Marston•s method and
1000-fold less than with the Ellman•s method modi-
�ed by Rhee.

Similarly, different parameters such as reagent
concentration, incubation time, and even the nature
of the TLC plate were tested to increase sensitiv-
ity and simultaneously reduce reagent consumption
(Mroczek, 2009). Even if 1-naphthyl acetate has a
stronger af�nity to AChE (van Asperen, 1962), and
is also less expensive, 2-naphthyl acetate was cho-
sen as the esteri�ed substrate, as it leads to a more
pronounced coloration, which appears more rapidly
(within 1 min) and remains longer (at least 24 h).
According to this optimized protocol, the TLC layer
is sprayed with a solution of AChE at 3 U mLŠ1, incu-
bated for 10 min at 37� C in a humid atmosphere, and
subsequently sprayed with a Fast Blue B salt water
solution at 1.25 mg mLŠ1. The initial substrate is not
sprayed over the layer in this assay, but added directly
to the elution solvent system, with an optimum con-
centration of 2-naphthyl acetate set at 1.5 mg mLŠ1

of mobile phase. This provides a homogeneous and
adequate substrate repartition on the plate and greatly
increases the sensitivity of the bioautographic assay
(the LOD for galanthamine is reduced to 0.36 ng).
Another notable aspect of this study is evidence of
the in�uence of the stationary phase: sensitivity was
signi�cantly higher when the assay was performed on
aluminum oxide plastic plates, extending the limit of
detection of galanthamine to 4.5 pg, possibly because
of the spherical distribution of the spots on the Al2O3
sheets. This modi�ed Fast Blue B method was further
used for the qualitative assessment of various extrac-
tion techniques applied to Amaryllidaceae alkaloids
(Mroczek and Mazurek, 2009).

Although many improvements in terms of sensitiv-
ity and cost have been brought to the method using
naphthyl acetate and Fast Blue B salt, the develop-
ment of novel TLC bioassays remains challenging.
The most recent method involves 4-methoxyphenyl
acetate. This ester is a suitable substrate of AChE,
leading to a deep blue coloration following subse-
quent reaction with a speci�c chromogenic agent.

The active enzyme converts 4-methoxyphenyl
acetate into its phenol derivative, which in turn
reacts with a mixed solution of potassium ferri-
cyanide (K3Fe(CN)6) and iron chloride hexahydrate
(FeCl3�6H2O) to produce an aquamarine blue color
on the TLC plates. Against this background, acetyl-
cholinesterase inhibitors appear not as white but as
light yellow spots (Yanget al., 2011). The weakness
of this study is that the chromogenic agent is not
sprayed onto the layer but soaked onto �lter paper
subsequently applied to the TLC surface for 1 min.
After processing in this way, the background does
not appear to be homogeneous and inhibition spots
are not clearly distinct. Furthermore, attempts to
establish the LOD estimated a minimum inhibitory
amount of 1 ng for physostigmine. Thus, this method
is 100-fold less sensitive than the modi�ed Marston•s
method previously published by Yanget al. (2009)
and does not appear to offer any advantage compared
to existing bioautographic assays. Nevertheless,
further assays should be attempted by spraying or
dipping the layer, instead of dabbing it with soaked
paper: a proper and uniform application of the chro-
mogenic solution might improve the resolution of
this bioassay.

The complete range of TLC bioautographic meth-
ods developed to detect AChE inhibitors is referenced
in Table 1.

4.5.2 Lipase Inhibition

The prevalence of obesity is increasing alarmingly in
developed countries and if not managed can result in
secondary diseases such as type 2 diabetes and car-
diovascular diseases. Even though physical exercise
and a balanced diet are the �rst necessary controlling
steps, medication can help reduce or control weight.
Only one drug is currently approved by the FDA for
the long-term treatment of obesity: orlistat, a deriva-
tive of the natural product lipstatin, a potent natural
inhibitor of pancreatic lipases (EC 3.1.1.3). Lipase
inhibitors alter the gastrointestinal absorption of fats:
triglycerides are not hydrolyzed into absorbable free
fatty acids and are excreted in feces, resulting in a
reduction in calorie intake.

Lipases belong to the group of carboxylic ester
hydrolases (EC 3.1.1), as do cholinesterases. For this
reason, it is possible to apply methods developed
from the study of cholinesterase inhibitors to the inhi-
bition of lipases. Using Marston•s protocol, orlistat
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Table 1 Main features of TLC bioautographic assays developed for acetylcholinesterase inhibition.

Method Substrate Chromogenic agent AChE
concentration
(U mLŠ1)

LOD
Physostigmine

LOD
Galanthamine

Rheeet al. (2001) Acetylthiocholine (ATC) 5,5� -Dithiobis-(2-
nitrobenzoic acid)

3 10 ng 10 ng

Marstonet al. (2002) 1-Naphthyl acetate Fast Blue B salt 6.7 1 ng 10 ng
Mroczek (2009) 2-Naphthyl acetate Fast Blue B salt 3.0 / 0.36 ng

4.5 pga

Yanget al. (2009) 1-Naphthyl acetate Fast Blue B salt 1.0 0.01 ng /
Yanget al. (2011) 4-Methoxyphenyl acetate Potassium ferricyanide+ iron

chloride hexahydrate
1.0 1 ng /

a On Al2O3 plastic plates.

can be detected as a white inhibition spot at a con-
centration of up to 0.01� g, and two plant extracts
known to contain lipase inhibitors, when tested, led
to the emergence of several inhibition spots after
postchromatographic derivatization (Hassan, 2012).
Similarly, a patent was registered for a TLC bioau-
tographic assay applied to the screening of lipase
inhibitors, using Fast Blue B salt as a chromogenic
agent. The sole noteworthy novelty is the use of
2-naphthyl myristate as an initial substrate (Wuet al.,
2013).

4.5.3 � - and � -Glucosidase Inhibition

Glucosidases (EC 3.2.1.20) are considered as impor-
tant therapeutic targets in type 2 diabetes, HIV infec-
tion, metastatic cancer, and lysosomal storage disease
(Asano, 2003; Mehtaet al., 1998). Particularly, the
enzyme� -glucosidase is responsible for the hydrol-
ysis of oligosaccharides into monomers and for the
hydrolysis of heterosides of� -glucose, providing an
aglycone and a glucose unit. The inhibitors of this
enzyme are of particular interest in type 2 diabetes,
because they are able to slow down the release of
glucose from oligosaccharides, lowering postpran-
dial levels of glucose in diabetic patients (Lebovitz,
1998). The search for� -glucosidase inhibitors from
nature led to the discovery of miglitol and acar-
bose, currently used in therapeutics (Grabley and
Thiericke, 1999).� -Glucosidase is also involved
in the glucosylation process of viral membrane
proteins responsible for cell adhesion, contribut-
ing to viral infection. Thus, the investigation of
� -glucosidase inhibitors is considered important in
the search for antiviral compounds (Chenet al., 2004;

Sanchez-Medinaet al., 2001). One such inhibitor
is the polyhydroxyalkaloid castanospermine, which
inhibits the growth of HIVin vitro (Walker et al.,
1987).

An enzymatic assay, based on the detection of
p-nitrophenol (400 nm) released by hydrolysis
of p-nitrophenyl-� -�-glycopyranoside, has been
used to identify� -glucosidase inhibitors in solu-
tion (Ali et al., 2002). A TLC bioautographic
assay has been adapted for the screening of plant
extracts using 2-naphthyl-� -�-glucopyranoside
as a substrate, followed by the reaction of the
released naphthol with the Fast Blue B salt
to provide a purple background (Simões-Pires
et al., 2009a). In this method,� -�-glucosidase
at 10 U mLŠ1 is sprayed onto a developed TLC
plate, which is then incubated at room tempera-
ture for 1 h. For subsequent detection of the active
enzyme, a mixture of equal volumes of ethanolic
2-naphthyl-� -�-glucopyranoside (2 mg mLŠ1) and
aqueous Fast Blue B Salt (2.5 mg mLŠ1) is sprayed
over the plate to give a purple background after
2…5 min (Figure 10). Inhibitors are identi�ed as
white spots. This method was also extrapolated
to � -glucosidase using the respective enzyme and
substrate, with a 20-min incubation at 37� C and a
substrate/Fast Blue B salt ratio of 1 : 4. Another assay
for � -glucosidase has been previously developed,
based on the conversion of esculin into esculetin,
which then reacts with FeCl3 to provide a brown
complex (Pandeyet al., 2013; Salazar and Furlan,
2007). This assay was notably applied to chemically
engineered plant extracts and led to the identi�cation
of a semisynthetic� -glucosidase inhibitor (Ramallo
et al., 2012). However, the method uses a natural
product as an enzymatic substrate, which might be
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Figure 10 Reaction of� -�-glucosidase with 2-naphthyl-� -�-glucopyranoside to give 2-naphthol and subsequent diazotization.

dif�cult for the detection of inhibitors from plant
extracts containing compounds of the same type as
esculetin (coumarins).

4.5.4 Tyrosinase Inhibition

Tyrosinase (EC 1.14.18.1) is the rate-limiting
enzyme that controls the production of melanin in
animals from tyrosine. It is also responsible for the
browning observed when fungi or plant tissues are
injured. This oxidase catalyzes the hydroxylation of
monophenols too-diphenols and their subsequent
oxidation to o-quinones, which will subsequently
undergo several reactions. Tyrosinase inhibitors are
widely used as whitening agents in cosmetics and
can be used as antibrowning agents in fruit products.
A large number of tyrosinase inhibitors have already
been isolated from natural products and the search
for new compounds is topical.

A large variety ofin vitro assays have been devel-
oped, most of them based on spectrophotometric
methods. Vanni and coworkers developed one of the
best-performing reaction mixtures, where tyrosinase,
�-DOPA, and the inhibitor are combined in solution.
The formation of dopachrome is then measured by
spectrophotometry in 96-well plates, and the tyrosi-
nase inhibition rate can be calculated over a blank
solution (Vanniet al., 1990). However, this assay
is not very convenient for the preliminary screening
of crude extracts. Thus, a TLC bioautographic ver-
sion has been proposed, in which a tyrosinase solu-
tion is sprayed onto the developed TLC plate and
is immediately followed by a spray of �-tyrosine
solution (Wangthonget al., 2007). After 10 min, the
background turns into a stable brownish-purple color
because of the oxidation of �-tyrosine, and tyrosinase
inhibitors are visualized as white areas.

This assay was validated with different known
inhibitors such as kojic acid. The concentration of
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both enzyme and substrate solutions was expressed
as a suitable coverage on the plate (ca. 4 U cmŠ2 and
10Š5 mmol cmŠ2, respectively), but the appropriate
quantity to use is not convenient in routine lab proce-
dures. Moreover, the contours of the inhibition areas
are not clearly distinguishable, even if activity can
be detected into the nanogram range. To improve
the contrast between background and active spots,
some modi�cations can be applied, such as spray-
ing the substrate (�-tyrosine) before the enzyme solu-
tion. This was performed, for example, to study the
activity of Sideroxylon inermeL., a South-African
tree whose stem bark is widely used as a skin light-
ener. The tyrosinase TLC bioassay was used for
the preliminary validation of activity and for the
bioguided isolation that resulted in the identi�cation
of epigallocatechin gallate and procyanidin B1 as
tyrosinase inhibitors (Momtazet al., 2008). A bet-
ter contrast can also be obtained with slight changes
in the substrate. Using the TLC bioassay with a mix-
ture of �-DOPA and �-tyrosine as a substrate, sev-
eral tyrosinase inhibitors could be clearly detected
from some other African plants traditionally used for
skin lightening (Kamagajuet al., 2013). Interestingly,
some compounds led to an activation of tyrosinase,
noticeably as dark-brown spots on the plate, and
were further con�rmed by an increased melanogene-
sis in melanoma human cell lines (Figure 11). This
autographic assay can, thus, detect both tyrosinase
inhibitors and activators.

The assay was also applied to sandalwood oil, indi-
cating that� -santalol inhibits tyrosinase activity. This
inhibition was subsequently con�rmed by conven-
tional spectrophotometric microplate measurements
(Misra and Dey, 2013).

To date, the bioautographic assays for tyrosinase
inhibition are only based on the mushroom enzyme,
which contains an extra allosteric site compared
to human tyrosinase. As this secondary site might
give false-positive results (Duboiset al., 2012), this
bioautographic technique should rather be used as
a rapid screening procedure to detect the presence
of tyrosinase inhibitors in crude extracts. Owing
to the intrinsically low enzymatic rate of human
tyrosinase, a visible background would hardly be
obtained using TLC.

4.5.5 Xanthine Oxidase Inhibition

The enzyme xanthine oxidase (XO, EC 1.17.3.2)
catalyzes the oxidation of hypoxanthine to xan-
thine and subsequently to uric acid, while generating
ROS. Therefore, the inhibition of xanthine oxidase
decreases oxidative stress involved in the develop-
ment of several pathologies such as cancer, in�am-
mation, and aging. It also reduces hyperuricemia and
related disorders such as gout and kidney stones.

In the bioautographic assay developed for the
detection of XO inhibitors, an agar solution

Figure 11 Inhibition of mushroom tyrosinase on a TLC-chromatoplate at 1 mg mLŠ1. Visualization of tyrosinase inhibition by all
chloroform and ethyl acetate extracts. Whitish spots indicate areas of mushroom tyrosinase inhibition with kojic acid as a positive control.
Dark spots indicate tyrosinase activation. (Source: Reprinted from J. Ethnopharmacol., 146, Kamagaju L., Morandini R., Bizuru E., Nyetera
P., Nduwayezu J.B., Stévigny C., Ghanem G., Duez P., Tyrosinase modulation by �ve Rwandese herbal medicines traditionally used for skin
treatment, 824…834, Copyright 2013, with permission from Elsevier.)
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containing XO (68 mU mLŠ1) and nitroblue tetra-
zolium chloride (NBT) is layered onto the plate,
which is dipped into a xanthine solution following
solidi�cation. The reaction with the active enzyme
leads to the production of superoxide radicals that
reduce the pale yellow tetrazolium salt to purple for-
mazan (Figure 12) (Ramalloet al., 2006). Inhibitors
such as allopurinol, for which the detection limit is
5 ng, subsequently appear as pale spots. It should
be noted that radical scavengers that do not act
directly on XO activity also give positive results in
this bioassay, as the chromogenic response involves
reaction with free radicals. Therefore, this assay
requires a further test to discriminate genuine XO
inhibitors from superoxide scavengers. This can be
performed using a mixture of ribo�avine and NBT
dissolved in agar, which is subsequently layered
onto the TLC plate: after solidi�cation and exposure
for a few minutes to daylight, pure XO inhibitors
do not produce any change, whereas radical scav-
engers appear as clear spots against the dark purple
background. As light can in�uence the activity of
xanthine oxidase, these assays (solidi�cation of the
agar solution and subsequent reactions) must be
performed in the dark.

4.6 Yeast Estrogen Screen (YES)
Bioautographic Test

To detect estrogenic compounds, a bioassay was
developed with genetically engineered yeasts
as indicator organisms. The genome ofSac-
charomyces cerevisiaewas transformed with a
plasmid encoding the human estrogen recep-
tor, along with estrogen-responsive sequences
controlling the expression of a reporter gene
encoding � -galactosidase. In the presence of
estrogen-like compounds,� -galactosidase is secreted
and subsequently reacts with chlorophenol red
� -�-galactopyranoside, which turns from yellow
to red in the presence of active substances (Rout-
ledge and Sumpter, 1996). The transposition of the
original microplate assay to TLC was facilitated by
the fact thatS. cerevisiaeis easy to grow on TLC
layers. Furthermore, the sensitivity of the bioassay
was improved by the use of the coumarin deriva-
tive, 4-methylumbelliferyl-� -�-galactopyranoside,
instead of chlorophenol red� -�-galactopyranoside,
leading to the �uorescent 4-methylumbelliferone
(Figure 13) (Coldhamet al., 1997; Müller et al.,
2004). Indeed, the contrast between the yellow back-
ground and red active spots is not suf�cient to clearly
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detect weak levels of estrogen-like substances, either
visually or with a TLC scanner for densitomet-
ric assessments. In practice, the developed TLC
plates are dipped into a suspension of recombinant
yeasts and incubated at 32� C for 26 h in a sterilized
tank containing humid paper. A 0.1 g LŠ1 solution
of 4-methylumbelliferyl-� -�-galactopyranoside is
then sprayed onto the layer, which is incubated
for a further 3 h. To increase the �uorescence of
4-methylumbelliferone, the TLC plates are exposed
to ammonia vapor for 5 min. In these conditions,
the minimum amount of 17� -estradiol detectable
at 366 nm on the layer (without chromatographic
separation) is 1.3 pg and the limit of quanti�ca-
tion is less than 3 pg (Buchingeret al., 2013).
This sensitive bioassay might be a valuable tool
for the discovery of natural products that possess
estrogen-like activities, but surprisingly, there are
no reports that cite the application of this TLC
bioautographic assay in the �eld of plant analy-
sis. Even using the microplate version, only two
studies have been published concerning estrogenic
properties of natural products, notably some dietary
�avonoids (Breinholt and Larsen, 1998; Zhanget al.,
2006).

4.7 Other TLC Bioautographic Assays

4.7.1 DNA-Binding

Despite progress in early diagnosis and new thera-
peutic treatments, cancer remains the leading cause
of death in developed countries. Currently, most of
the anticancer drugs approved for chemotherapy are
small DNA-binding molecules. Targeting DNA as
a cancer therapy was shown to be successful, and
thus, the search for such antitumor drugs is still rele-
vant. Cell-based assays are the main strategy to iden-
tify DNA-binding compounds. However, a screening
approach based on TLC was developed to analyze the
capacity of secondary metabolites to bind to DNA.

This test is based on the difference in migration
distance on the TLC plate, depending on whether
substances are linked to DNA. To observe the dif-
ferences inRf values, single compounds are spot-
ted twice, either as a pure sample or together
with DNA before chromatography. The af�nity for
DNA is then expressed by theRf2/Rf1 ratio, where
Rf1 represents theRf value of the pure compound
and Rf2 represents theRf value of the substance
cospotted with DNA (Maieret al., 1999). The assay,
validated with known intercalating drugs such as
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doxorubicin, is run on RP-18 silica gel plates eluted
with 4 : 1 (v/v) methanol:1 M aqueous ammonium
acetate solution to maintain a physiological pH value.
To observe a complete interaction, the appropriate
amounts to spot are 5� g for secondary metabo-
lites and 4� g for DNA. Detection can be per-
formed by classical means, such as UV extinction
at 254 nm or following derivatization with staining
agents. For complex mixtures such as crude extracts,
the TLC bioautographic assay must be adjusted by
the use of two-dimensional thin-layer chromatogra-
phy (2D-TLC). In the �rst dimension, samples are
spotted without DNA and eluted with 1 : 3 (v/v)
methanol:0.5 M aqueous ammonium acetate solu-
tion. Following this initial separation, the DNA solu-
tion is spotted as a thin straight line just above the
separated extract and the second separation step is
run with 4 : 1 (v/v) methanol:0.5 M aqueous ammo-
nium acetate solution. The application of this bioau-
tographic assay to some microbial extracts enabled
the characterization of several compounds as new
potential DNA-binding agents (Maulet al., 1999).

The main limitations of this bioassay are the poor
resolution due to the use of reverse-phase TLC plates,
and also the 2D-TLC procedure, which prevents the
simultaneous screening of numerous extracts.

4.7.2 Hemolytic Activity

Hemolytic activity, as well as the inhibition of seed
germination, is usually carried out in petri dishes
containing agar gel, and only crude extracts or frac-
tions are tested this way. This procedure generates no
information about the compounds responsible for the
observed activity in contrast to a TLC bioautographic
assay. This procedure was applied to a speci�cBacil-
lus subtilisstrain to detect potential hemolytic activ-
ity. Following elution of the microbial extract, the
silica gel plate was air-dried and subsequently placed
face down onto the surface of Columbia blood agar.
After 2 h of incubation at room temperature, some
hemolytic halos were clearly observed, enabling the
localization of active substances on the TLC plate
(Hofemeisteret al., 2004).

4.8 Pitfalls of TLC Bioautographic Assays

To obtain a clear �ngerprint of biological activity,
the development of the TLC plate is of the utmost

importance, together with the quality of the subse-
quent bioassay. The application of microbial suspen-
sions, enzymes, chemicals, or agar solutions is a key
step in the bioautographic assay, which can be per-
formed by spraying or dipping the layer. The latter
is the best method to obtain a uniform impregna-
tion, which is essential for semiquantitative measure-
ments. This requires the immersion of the developed
TLC plate in a tank containing the solution to apply,
either manually or using an automatic immersion
device. The solvents used to prepare the solution must
be carefully selected to not dissolve the compounds
from the layer itself, even if the immersion time is
relatively short (from a few seconds to 1 min). The
main drawback of this method is the large volume of
solution usually required to immerse the TLC plate
(200 mL for an automatic immersion device), which
is clearly not possible with expensive reagents such
as enzymes. In these cases, spraying can be a suit-
able alternative, if the solution is applied with a uni-
form movement (up-and-down and side-to-side) and
at an appropriate distance (15…20 cm) until the layer
is entirely covered. Excessive saturation should be
avoided as it leads to drips that distort the response
areas. To prevent polar compounds from dissolv-
ing during dipping or spraying, another application
technique has been recently developed. This method,
used for the bioluminescent assay withVibrio �s-
cheri, applies a rolling device, similar to a rolling
pin, impregnated with the test solution, over the
chromatographic plate (Baumgartneret al., 2011).
In this way, zones corresponding to polar com-
pounds, which tend to show tailing or blurring after
dipping, are better de�ned. Highly lipophilic com-
pounds might also be problematic when applying
aqueous solutions, but for other reasons. In some
cases, the question arises whether there is a gen-
uine effect or whether the solution •slidesŽ on the
lipophilic spot because of apparent repulsion between
water and nonpolar substances, avoiding any con-
tact between these compounds and the biological tar-
get. For this reason, it is essential to develop par-
allel bioassays to identify false positive or negative
results.

In addition, even if both development and reagent
application are successfully carried out, the obtained
results might vary signi�cantly according to the
nature of the layer and the reagents and solvents used
(Litwinienko and Ingold, 2003; Yrjönenet al., 2003).
To investigate the in�uence of the adsorbent on the
bioautographic response in depth, different layers
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were tested with the DPPH€ bioautographic assay.
Approximately 20 phenolic compounds were applied
to each layer as free radical scavenger standards. The
TLC plates were dipped immediately into a methano-
lic DPPH€ solution, without any chromatographic
elution, and the plates were photographed every
5 min for 1 h (Ciéslaet al., 2012). Images were then
processed using speci�c software to extract quantita-
tive data from the discoloration spots. As expected,
the global radical scavenging activity increases with
the number of phenolic groups. Nevertheless, sig-
ni�cant differences according to the nature of the
adsorbent are notable. The �rst observation concerns
reaction kinetics, which differ from one coating to
another; spots tend to appear immediately after stain-
ing on silica plates, whereas it requires several min-
utes to detect them on CN-silica plates. Furthermore,
reaction kinetics also vary according to the com-
pound tested; some require more time to develop a
stable yellow spot. However, the most striking dif-
ference is the variation in activity according to the
nature of the adsorbent. For example, protocatechuic
acid (compound5 in Figure 14) exhibits a strong
free-radical scavenging activity on silica gel and diol
plates, whereas almost no activity is distinguishable
on aluminum oxide, cyano, or reversed-phase sil-
ica plates. The overall activity is weaker on these
three coatings than on silica gel and diol-silica. These
two phases possess functional groups that are able
to interact with phenolic and carboxylic groups by
the formation of hydrogen bonds, leading to a pro-
tonation of phenolic compounds. In this case, hydro-
gen atom transfer during the DPPH€ neutralization
is accelerated, resulting in an enhancement of the
free-radical scavenging activity. For the same reason,
the nature of the solvent used to prepare the DPPH€

solution greatly in�uences the response (Musialik
et al., 2009). Therefore, as both adsorbent and sol-
vent might interfere with the TLC-DPPH€ assay,

to obtain accurate results, it would be preferable
to carry out the bioautographic assay on a non-
speci�c adsorbent such as RP-18-modi�ed silica
and to prepare the DPPH€ solution with nonprotic
solvents.

Finally, the main limitation of TLC bioautographic
assays is the restricted number of conceivable tar-
gets, as many pharmacological assays are not com-
patible with TLC conditions. As previously observed,
TLC assays require both a genuine reaction and
above all, visualization of the activity directly on
the plate, which can be problematic. In addition,
considering TLC bioautography as a screening pro-
cedure to discover hit compounds, the same prob-
lems encountered with conventional biologicalin
vitro strategies might exist. The risk to miss pro-
drugs or minor active compounds or the loss of
potential synergistic effects also arises with TLC
bioassays. Furthermore, in a few cases, TLC bioau-
tographic assays and conventional microtiter plate
assays do not lead to the same results. This can
be illustrated with acetylcholinesterase inhibitors,
comparing Marston•s TLC bioassay to the 96-well
plate assay based on Ellman•s method. Even when
83% of the tested compounds gave similar results
with both tests, 15% were found to inhibit AChE
in solution but not in TLC and only 2% were
active in TLC but inactive with Ellman•s microplate
assay. Additional experiments tend to explain these
results by a probable interaction of the silica layer
with the enzyme or the test substances, as previ-
ously mentioned, resulting in an altered af�nity of
acetylcholinesterase for the compounds (Di Gio-
vanni et al., 2008). Therefore, it can be useful to
validate positive results obtained from TLC with
microplate assays, especially to quantify activity
via IC50, for example, even if densitometric mea-
surements can be performed from highly resolved
HPTLC plates.
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Figure 14 Effect of the type of adsorbent on the DPPH€ scavenging activity of phenolic compounds. (Source: Reproduced by kind
permission of •ukasz Ciésla.)
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5 CONCLUSION

TLC has long been considered as a routine tech-
nique for the rapid analysis of plant extracts, as it
is cost effective and easy to perform. A few decades
ago, TLC was considered outdated, compared to the
recent advances in the �eld of other liquid chromato-
graphic techniques, especially regarding hyphenated
systems. Despite these prejudices, many innovations
and enhancements have been made within the last
few years to improve the TLC performance and to
expand its �eld of application (Poole, 2003). Through
the development of advanced automated devices and
high resolution stationary phases, TLC is now a
multipurpose technique, which can be applied for
the separation, quanti�cation, and subsequent struc-
tural elucidation of secondary metabolites from crude
plant extracts, with minimal sample preparation. Fur-
thermore, the coupling with bioautographic assays
provides usefulin situ information concerning the
biological activity of separated compounds.

Modern TLC, therefore, remains the technique
of choice in the �eld of plant analysis, either for
the quality control of herbal drugs or in the early
stage of drug development, as a powerful screening
method and a useful tool throughout all puri�cation
processes.
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1 INTRODUCTION

1.1 The Invention of Chromatography

Chromatography, one of the most widespread meth-
ods in today•s analytical science, was invented and
developed in plant analysis science. At the begin-
ning of the twentieth century, the chemical inves-
tigation of plants usually started with liquid…liquid
extraction of the samples. However, Michael (or
Mikhail) Semenovich Tswett, a young plant physiol-
ogist of Russian origin and by then living in Geneva
(Switzerland), was not satis�ed with the results and
started partition experiments with a broad range of
�ne-grained adsorbents. He packed these materials
into glass tubes with a stopcock at the lower end,
wetted them with an organic solvent, applied the
raw plant extract solution, and •developedŽ it with
the continuous addition of solvent. He termed the
packed tube a •columnŽ and the obtained pattern of
plant pigments a •chromatogram.Ž After numerous
trials, he found a promising separation system for
the pigments of green leaves: a calcium carbonate
column developed with carbon disul�de or benzene.
Tswett proved that chlorophyll consists of two com-
ponents (nowadays chlorophylls a and b, by then�
and� ) with different visible spectra. In the same run,
the xanthophylls separated into three or more yel-
low bands (Tswett, 1906, 1990). Richard Willstätter,
the plant pigment authority of these decades, claimed
that Tswett•s new method would be anodd way

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

and stuck to the conventional liquid…liquid extraction
(Willstätter and Stoll, 1913).

Soon after Twett•s publications, an important dis-
covery in plant science was made by Leroy Shel-
don Palmer. In his PhD thesis at the University of
Missouri (USA), he found using the new chromato-
graphic method that the carotenes in cow•s milk come
from the plants a cow is eating and that they are not
synthesized by the animal (Ettre and Wixom, 1993).

1.2 Chromatography Today

Tswett had developed what is called today •column
liquid chromatographyŽ. Its feature is the partition
of the analytes between a packed stationary phase
and a liquid mobile (moving) phase. Nowadays, chro-
matography is used in a variety of designs. The sta-
tionary phase can be a particulate matter of 1…100� m
size within a column or a thin �lm at the interior wall
of a capillary. Particular stationary phases can also
be �xed on a plate, which results in thin-layer chro-
matography (TLC). The mobile phase can be a liquid,
a gas [this approach is calledgas chromatography
(GC), usually in open capillaries], or a supercritical
�uid [supercritical �uid chromatography (SFC)].

This article describes liquid chromatography in
columns, packed with particles of 1…10� m in diam-
eter. Owing to the �ne packing, high pressure is
needed to force the mobile phase through the col-
umn. Therefore, the method was �rst known as
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high-pressure liquid chromatography(HPLC). Later,
when the problem of forcing a constant �ow by a
high-pressure pump through the column was more
or less solved, the abbreviation was interpreted as
high-performance liquid chromatography (HPLC).
In the decade between 2000 and 2010, its pressure
range could be expanded to 600…1000 bar. This new
variety is known asultra high-performance liquid
chromatography(UHPLC; see Section 8).

In plant research, HPLC in all its varieties is one of
its most important analytical tools (Wolfenderet al.,
2011).

2 THEORY OF LIQUID CHROMATOGRAPHY

2.1 The Liquid Chromatographic Process

Chromatography takes place if the different analytes
that are present in an extract or any other mixture have
different partition behavior between the mobile and
the stationary phases. They all must be soluble in the
mobile phase (or eluent). However, they must have
different partition coef�cients between these two
phases; otherwise, a separation is not possible. The
sample solution is injected into the �owing stream
of the liquid mobile phase; thus, it is transported
to the column packing (or chromatographic bed).
As soon as the analyte molecules are in contact
with both phases, they start partitioning according
to their physicochemical properties (dipole moment,
possible charges at their surface, shape, size, etc.).
Analytes with a high solubility in the eluent will
wander fast through the column and will soon be
eluted from its outlet. Those analytes with high
•adsorptivityŽ (in a broad sense) to the stationary
phase will stay longer within the column and will be
eluted late.

The chromatographic quantity for the description
of the partition between the phases is the retention
factork:

k =
nstat

nmob
(1)

where n is the number of moles of an analyte in
the stationary and the mobile phases, respectively,
under conditions of equilibrium. It is linked to the
distribution coef�cientK that relies on concentrations
instead of moles, but which is not of importance here.
(Formerly,k was known as the capacity factork� but

this nomenclature is out of date.) In many cases, it
is theoretically possible to predict the approximate
value ofk in a given phase system from the molecular
structure of the analyte, but this approach cannot
be used for the investigation of unknown and/or
complex mixtures. It is up to the skill and experience
of the analyst to �nd promising separation systems
for the problem at issue within short time.

2.2 The Chromatogram

In an ideal case, the different analytes or chemi-
cal compounds of the mixture under investigation
are eluted one after the other from the HPLC col-
umn. Their concentration pro�les are theoretically
of Gauss shape, although in reality they often show
more or less asymmetry. The concentration pro�les
need to be registered by a detector: �rst, because
most analytes are not colored and cannot be observed
by eye, and second because their concentration is
very low in a typical HPLC experiment. The detec-
tor (e.g., with UV lamp and UV-sensitive diodes for
compounds absorbing in the UV) transforms the reg-
istered physical effect (e.g., the absorbance) into a
voltage, which then will be displayed on a computer
screen (could also be a recorder). During the chro-
matographic run, the observer discovers the evolving
pattern of Gauss-shape signals, the so-called peaks,
on the screen. The peak pattern is the chromatogram.
Figure 1 shows the simplest possible chromatogram
with only two peaks and its numbers of merit.

The mobile phase does not interact with the sta-
tionary phase and needs the minimum time for its
�ow through the column, known asbreakthrough
time(sometimes also as dead time)t0. This time mark
is sometimes, but not necessarily, visible in the chro-
matogram as a small deviation of the baseline. The
individual peaks elute at their retention times, here
at tR1 andtR2. Retention times have a limited infor-
mative value because they depend on the �ow rate of
the eluent. A more scienti�c number is the retention
factor k already de�ned by Equation (1), because it
describes not only the partition equilibrium but also
the normalized retention time of an analyte in a given
separation system:

k =
tR Š t0

t0
(2)
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Figure 1 The simplest possible chromatogram with a small signal at the breakthrough timet0 and two incompletely resolved peaks
with their retention timestR. In the second peak, the in�ection tangents are drawn, which de�ne its widthw at the position of the
baseline.

The ratio of two retention factors is known as the
separation factor� (formerly as relative retention� ):

� =
k2

k1
(always� � 1.0) (3)

Peaks should be as narrow as possible, but the mass
transfer and diffusion processes within the column
lead to their broadening. The peak widthw is given
by the intersection of the in�ection tangents (the
straight lines that touch the peak curve at its sidewise
in�ection points) with the baseline (w can also be
calculated from the peak width at half height,w= 1.7
w1/2). The resolution,R, of two peaks is de�ned
by:

R = 2
tR2 Š tR1

w1 + w2
(4)

It is important to note that the two peaks with
resolutionR= 1.0 still have some overlap because
a Gauss function is not triangular. For baseline
resolution of two peaks of equal size,R must be at
least 1.5; this number must be higher for peak pairs
of unequal size. In many cases, incompletely resolved
peaks cannot be quanti�ed accurately (Meyer, 1995).

The retention time and width of a peak allow the
calculation of the number of theoretical plates,N, of
a column:

N = 16
� tR

w

� 2
= 5.54

�
tR

w1� 2

� 2

(5)

The theoretical plate concept is indeed a theoreti-
cal, but de�nitely a helpful one. A theoretical plate
can be imagined as the space within the column,
which is needed for the establishment of a complete
equilibrium of the analytes between the mobile and
the stationary phases. In a well-packed column and a
separation system with fast mass transfer, a theoreti-
cal plate has a heightH, which corresponds to about
2…3 particle diameters of the stationary phase. Conse-
quently, an excellent column of 10 cm length, packed
with a 4-� m phase, can yield more than 10,000 theo-
retical plates. Note that Equation (5) is only valid for
isocratic elution but not for gradient separations (see
Section 7.1).

The theoretical plate height is simply calculated
from N and the column lengthLc:

H =
Lc

N
(6)

and is usually given in micrometer. The smaller the
H is, the more ef�cient is the column.
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2.3 How to Obtain Chromatographic
Resolution

Equation (4) is the geometrical description of the
resolution of two peaks. The true value ofR comes
from the fact that it can also be described by the
interplay of the separation factor� , the theoretical
plate numberN, and the retention factork:

R =
1
4

(� Š 1)
�

N
k

1 + k
(7)

These three in�uence parameters show how the res-
olution of two peaks (and of a whole chromatogram)
can be in�uenced. The separation factor is the most
powerful point of action: If� can be increased from,
for example, 1.05 to 1.10, the resolutionRis doubled.
Unfortunately, it can be dif�cult to in�uence� in the
desired way because good knowledge of the physic-
ochemical properties of both phases and analytes is
needed (or good luck).

The theoretical plate number can be increased
using a longer column or one with a �ner packing.
The resulting effect, although easy to understand, is
limited because it is only the square root ofN that
in�uences the resolution.

The retention factor (whereby it is necessary to
distinguish amongk1, k2, or the meank, strictly
speaking) is only a powerful point of action if it is
small. Increasingk from 1.0 to 3.0 (i.e., doubling
the retention time from 2t0 to 4t0) increasesR by
50%. However, when the initialk is 10 and then
increased to 20, the effect onR is very limited. The
simplest possibility to in�uencek is by changing the
composition of the mobile phase, and the correlations
are easy to understand.

2.4 The van Deemter Curve

In HPLC, the analyte mixture is usually injected into
the eluent �ow as a very small volume of typically
10� L. During the travel through the chromatographic
bed, the individual analytes are (hopefully) separated
but their bands undergo peak broadening. The eluted
peaks are dissolved in a larger volume than the initial
one was; this dilution is a drawback of chromatog-
raphy and should be kept as low as possible. The
dilution effect has three reasons:

€ Eddy diffusion and �ow distribution of the eluent
within the column packing … the A term of the van
Deemter curve.

€ Self-diffusion, thus dilution of the analytes in the
surrounding eluent … the B term.

€ Mass transfer of the analytes from the mobile to
the stationary phase and back to the mobile phase,
whereas the latter has moved some small distance
toward the column outlet … the C term.

These three terms bring about a nonlinear relation-
ship between the theoretical plate height and the �ow
rate of the eluent, known as thevan Deemter curve
(van Deemter, Zuiderweg, and Klinkenberg, 1956)
shown in Figure 2. There is an optimum �ow rate
that yields the minimum plate height, thus the maxi-
mum number of theoretical plates. It is obvious that
too slow an eluent �ow rate is detrimental because
the separation takes longer than necessary and band
broadening (loss of resolution) is striking. Unfor-
tunately, the optimum is at rather low �ow rates.
Increasing the �ow reduces not only the analysis time
but also the resolution. The effect on band broadening
by higher �ow rates is dominated by the mass trans-
fer (the C term). Modern stationary phases should be
(and often are) designed in such a way that the mass
transfer is fast, which results in a low increase ofH
in the right part of the van Deemter curve. In this
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Figure 2 The van Deemter curve with its �ow rate optimum. A
In�uence of eddy diffusion and �ow distribution. B In�uence of
self-diffusion of the analytes in the mobile phase. C Mass transfer
of the analytes between mobile and stationary phases.
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case, fast separations are possible with only a small
detrimental effect on the separation.

2.5 Peak Capacity and Statistical Resolution
Probability

Analysts are not really interested in theoretical peak
numbers but in peak capacityn. This is the number
of peaks that would consecutively �t into a chro-
matographic run with mutual resolution 1.0 (which
is not baseline separation). For isocratic separations
(see Section 7.1),n is given by:

nisocratic = 1 +

�
N

4
ln(1 + kmax) (8)

The value ofkmax is the free decision of the analyst,
that is, how long one accepts to wait for the comple-
tion of the chromatographic run. In practical isocratic
HPLC,kmax will rarely be higher than 20 (the 21-fold
time of t0) because the peaks are the broader and the
less high the later they are eluted. The alternative to
isocratic elution is gradient separation (see Section
7.1) with changing composition of the mobile phase.
In a �rst approximation, gradient-eluted peaks are of
constant widthw (linked to the theoretical plate num-
ber of the column and to the gradient steepness), and
n is much higher than predicted by Equation (8); it is
simply a geometric question how many peaks will �t
into the gradient run timetRmax:

ngradient=
tRmaxŠ t0

w
(9)

Peak capacity is an important number because it
must be high for the separation of complex mix-
tures. In a given separation system, the analytes will
be eluted with a retention factor, which is dictated
by their physicochemical properties. For the ana-
lyst, however, a complex mixture will yield a com-
plex chromatogram that can only be predicted theo-
retically to a limited degree (e.g., polar compounds
will be earlier eluted than nonpolar ones on many
stationary phases). In reality, the peaks will appear
as a random pattern, and many will overlap, which
is detrimental for their detection and quantitation.
The statistical probabilityP that a certain analyte is
resolved in the chromatogram withR� 1.0 is (Davis
and Giddings, 1983):

P 
 eŠ2m� n (10)

with n= peak capacity andm= number of analytes
(peaks) in the mixture. It is obvious that the highern
is, the larger isP. Note that in an unknown mixture,
m is unknown as a matter of course. The probability
P� that all analytes of a mixture will be resolved with
R� 1.0 is (El Fallah and Martin, 1991):

P� =
�

1 Š
mŠ 1
n Š 1

� mŠ2
(11)

P� is a frustratingly low number ifmis 10 or higher
andn is less than 100.

2.6 The Limits of Column Liquid
Chromatography

If high peak capacity is needed, the �rst thing the
analyst needs is a column with a high number of
theoretical platesN. Unfortunately, successful sepa-
rations of complex mixtures can only be obtained in
return for long analysis times and/or high pressure.
N increases with column length and with decreas-
ing particle diameter of the stationary phase. Both
approaches (and their combination, of course) require
high pressure between 100 and 1000 bar. A low �ow
rate would reduce the pressure, but the van Deemter
curve (Figure 2) makes clear that the �ow must not be
smaller than the curve•s optimum. Working at the van
Deemter optimum is always best with regard to pres-
sure and also to time and solvent consumption if both
column length and particle diameter are optimized for
the separation problem (Meyer, 2010a) although it is
usually not made.

The fundamental limitation of all chromatographic
techniques comes from the diffusion and mass trans-
fer processes of the analytes in the mobile and
stationary phases. Diffusion needs time; therefore,
also chromatographic separations need it; thex-axis
of chromatograms is time. Many separations ben-
e�t from higher temperature because diffusion is
faster and the eluent is less viscous; both effects
allow shorter analysis times with a given pressure
(Plumb et al., 2007). Peak broadening is less pro-
nounced at elevated temperature. Unfortunately, not
all analytes will tolerate higher temperature, the
handling of the eluent can be more demanding,
and some peak pairs (especially in enantioselec-
tive chromatography) may show lower separation
factors.
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Figure 3 Peak capacity nomogram for isocratic separations of small molecules with an eluent of viscosity 0.9 mPa s, performed at the van
Deemter optimum. Solid lines: pressure; dashed lines: column length; dotted lines: particle diameter of the stationary phase.

The practical limitation of HPLC comes from the
available pressure delivered by the eluent pump.
For decades, the available pumps could operate at
a maximum pressure of about 350 bar. Now instru-
ments with an upper limit of 600 or even 1000 bar
are available on the market, which expand the possi-
ble peak capacity range, unfortunately not by a factor
of 2 or 3 but to a lower degree only.

The dependence of peak capacity from analysis
time, particle diameter, column length, and pres-
sure is shown in Figure 3. It is valid for typical
HPLC columns run with an isocratic mobile phase
of viscosity 0.9 mPa s (e.g., water at 25� C) and for
analytes of low molecular mass (not for proteins or
polymers). The full background of such nomograms
can be found elsewhere (Meyer, 2008). For lower vis-
cosity eluents, as used in adsorption chromatography,
and for gradient separations, the situation is more
bene�cial, that is, the possible peak capacity with a
given pressure is higher.

The nomogram of Figure 3 represents HPLC
columns that are operated at their van Deemter opti-
mum. Faster chromatography, above the optimum,
is possible at the expense of higher pressure and a
more or less decrease of the theoretical plate num-
ber and thus of the peak capacity, depending on the
C term of the phase system. In any case, the van
Deemter optimum allows the best use of the avail-
able pressure (Meyer, 2010a). Within the full area
of the nomogram, the isocratic separation ends at
kmax= 20. The particle size is represented with dot-
ted lines, the column length with dashed lines, and
the pressure with solid lines. The nomogram is read
as follows:

€ If the maximum retention time is around 10 min,
one will obtain a modest peak capacity of about 30
with a 3-cm column packed with a 5-� m material
and operated at 10 bar.

€ A peak capacity of 80 within 10 min is obtained
with 7 cm/2� m and less than 300 bar.
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€ With 1000 bar and 10-min analysis time, the
peak capacity is in the range of 110 using a
10-cm/2.5-� m column.

€ By expanding the analysis time to 1 h and operat-
ing at 1000 bar, the peak capacity is almost 180.
A column of around 40 cm length with a 2.2-� m
phase is needed.

All these data depend on the speci�c conditions
of the separation, which may result in a higher
or lower peak capacity and in a different column
length/particle size combination. However, Figure 3
shows that a pressure increase from 300 to 1000 bar
brings a rather modest increase of peak capac-
ity, although this higher separation power may be
extremely helpful for the resolution of demanding
mixtures.

Pressures higher than 1000 bar are theoretically
possible but such separations would come along with
practical problems such as the compressibility of the
eluent or disadvantageous thermic effects (Martin
and Guiochon, 2005).

For a more detailed description of HPLC the-
ory, see textbooks (Meyer, 2010b; Snyder, Kirkland,
Dolan, 2010).

3 COLUMNS, STATIONARY PHASES,
FITTINGS, AND CAPILLARIES

The book by Neue, although dating from 1997, is still
the classic of this topic (Neue, 1997).

Figure 4 shows some items discussed in this article.

3.1 Columns for HPLC

The common type of HPLC columns is a stainless
steel tube of 2…4 mm inner diameterdc and 5…30 cm
length Lc. For decades, most columns had 4.6 mm
inner diameter, which resulted in high solvent con-
sumption. The necessary volumetric �ow rate for
a certain linear �ow rate (ort0) increases withd2

c.
Therefore, a 4.6-mm column needs twice the mobile
phase volume compared to a 3.2-mm column with-
out offering any advantage such as better resolution.
Two-millimeter columns are still more eluent saving,
which is favorable with regard to the (certainly not
falling) prizes of organic solvents and the amount
of waste generated by chromatographic analyses.

Figure 4 The heart of any HPLC instrument. From top to down:
two columns of different length and with different end �ttings, a
connecting capillary, another type of end �tting, and a precolumn
holder.

One-millimeter columns are demanding concerning
the volume of the HPLC instrument �ow path. The
connecting capillaries between injector and column
as well as between column and detector must not add
noticeable to peak broadening (see Section 3.4).

So far, packed capillaries with, for example,
100� m or even less inner diameter did not �nd
widespread use in HPLC. They need special instru-
mentation and are used if the sample volume is
extremely limited (Hernández-Borgeset al., 2007).

Besides the solvent economy, small-diameter
columns or capillaries yield higher peaks if a con-
stant amount of sample is injected because the
analyte band is less diluted within them. The peak
maximum concentrationcmax at the outlet of the
column is given by:

cmax =
ci � Vi

VR
(12)

whereci is concentration of the analyte in the sample
solution that is injected,Vi the injected volume, and
VR the retention volume, that is, the eluent volume
needed for the elution of the peak.VR itself is
proportional to the column diameter, thuscmax is
inversely proportional to the square ofdc:

cmax �
1
d2

c

(13)
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Therefore, small-diameter columns are especially
advantageous in trace analysis or if the amount of
sample is limited.

Other materials than steel are sometimes used for
HPLC columns: tantalum, glass, Peek (polyether-
etherketone), or polyethylene. They do not release
transition metal cations into the eluent that may react
with critical analytes or may change the conformation
of biopolymers. In such cases, the whole �ow path
of the eluent within the HPLC instruments must be
constructed from nonsteel materials.

Precolumns are short columns mounted between
injector and column. They can be packed with the
identical stationary phase as the one in the column
or with a cheaper (coarser, less speci�c) material.
They retain noneluting analytes or particulate mat-
ter present in the sample; therefore, they protect
the expensive column from fast deterioration. Pre-
columns are replaced whenever necessary (e.g., after
a large number of samples of low purity) or in regular
intervals.

3.2 Stationary Phases

The classical HPLC phase is a spherical, fully porous
material of 2…10� m diameter (see Figure 5a). The
pore width is 6…200 nm, which results in a speci�c
surface area of several 100 m2 g…1. Most phases are
based on silica (SiO2 covered with Si…OH groups
at the surface). In its pure form, it is used as an
adsorbent with nonpolar eluents (normal-phase liquid
chromatography, see Section 6.1).

However, derivatized silica is of much greater
importance. The most widespread HPLC material is
the so-called C18… or ODS (octadecyl) silica with a
surface of covalently bonded and stablen-octadecyl
groups:

…SiOH+ Cl…Si(CH3)2…(CH2)17…CH3 Š�

…Si…O…Si(CH3)2…(CH2)17…CH3 + HCl

The reaction must be performed under anhydrous
conditions. ODS phases are used with aqueous elu-
ents, resulting in the ubiquitous reversed-phase chro-
matography (RP) (see Section 6.2).

Other functional groups can be bonded to sil-
ica with similar chemical reactions: shortern-alkyl
chains such as C8H17, cyclohexyl, nitrile, nitro, or
amino groups, ion exchanger moieties, chiral groups
for the separation of enantiomers, and countless other
functionalities.

Silica is chemically stable in the pH range from 1
to 8. The same is generally true for bonded phases
on silica base; however, using highly pure silica and
sophisticated bonding chemistry, some phases can be
used up to pH 10 or even higher.

Besides silica, other materials are used for HPLC,
although most of them are niche products: pure
or derivatized alumina, titania, zirconia, porous
graphitic carbon, hydroxylapatite, and organic
materials such as polystyrene (also derivatized)
or methacrylate gels. Unfortunately, it seems that
many analysts are not aware of the potential of this
cornucopia �lled with interesting phase systems

(a) (b)

10 � m 20 � m

Figure 5 Appearances of stationary phases for HPLC. (a) Spherical silica 3.5� m. (Source: Kromasil, photo supplied by AkzoNobel, used
with permission.) (b) Monolithic structure. (Source: Photo supplied by Bei Nu, Waters Chemistry Operations Research & Development
Analytical Laboratory, used with permission.)
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that offer different separation modes, but they try
to separate all their mixtures on ODS phases in the
reversed-phase mode.

The smaller a totally porous stationary phase par-
ticle is, the shorter is the maximum diffusion path
for an analyte molecule that enters the particle,
undergoes mass transfer to the stationary phase, and
�nally diffuses out of the particle. Short diffusion
pathways mean short residence time of the molecule
within the particle. Consequently, faster chromatog-
raphy is possible with �ne-grain packings such as 2
or 3� m. Even faster separations are obtained if the
packing is not fully porous. The so-called core-shell
phases have a solid core and a porous outer layer of
only 0.25…0.5� m (Fekete, Oláh, and Fekete, 2012).
Core-shell particles are 1.7…2.7� m in diameter, thus
their pressure resistance is high, and the necessary
high �ow rates of the eluent, dictated by the van
Deemter curve, add an extra increase to the pressure
demands. If used in a UHPLC system, they offer new
dimensions of peak capacity.

The packing of these �ne-grain materials into
HPLC columns is not trivial. A slurry of the station-
ary phase in a suitable liquid is packed at high pres-
sure (higher than the later operating pressure) into the
tube. Details are a secret of the column producers.
Although it is possible that analysts pack their own
columns, it is no longer practiced with phases that
are available on the market.

An interesting approach for using HPLC at lower
pressures is the monolithic stationary phases (see
Figure 5b). Instead of a particulate packing, the
column contains a single rod of porous material.
Although both the solid structure and the channels
within it have a diameter in the 1…5� m range, the per-
meability of monoliths is astonishingly high, so they
can be operated at rather low pressure (Guiochon,
2007). The monoliths can be synthesized separately
and then cladded with a pressure-resistant column
wall material although this manufacturing process
is demanding. However, monomers can also easily
be synthesized within the column and most interest-
ingly even within capillaries (Liet al., 2012). Suit-
able monomers are, for example, alkyl dimethacry-
lates (such as dodecanediol dimethacrylate) dis-
solved in methanol…dodecanol mixture that contains
an initiator. The solution is placed in UV transpar-
ent fused-silica capillaries whose inner surface was
treated before in a suitable manner, then the poly-
merization is performed by irradiation with UV light
for some minutes (Liu, Tolley, and Lee, 2012a). Such

capillaries offer high peak capacity at moderate pres-
sure. They must be used with special instrumentation.

3.3 Fittings and Frits

All items in the �ow path of the HPLC instru-
ment, from the eluent feed line to the detector out-
let, are connected to each other with �ttings, most of
them are resistant to high pressure. Fittings include
screws, nuts, ferrules, column heads (usually con-
structed with nuts on the side remote from the col-
umn), and unions (Batts, 2011). In most cases, they
are made from stainless steel. The advantage of plas-
tic �ttings is that they can be installed and used
without tools … they are •�ngertightŽ … but their
pressure resistance is limited and some types can-
not be reused often. Fittings must not be overtight-
ened! Unfortunately, there is no standard for �ttings
and in many cases brand A is not compatible with
brand B or C. Intermixing different brands may lead
to extra-column volumes or to damage of the threads
or of the connected parts.

The large �ttings that act as column closures con-
tain a frit that retains the particulate packing (for
monolithic columns, no frits are needed). Most frits
are porous stainless steel disks, in some cases sur-
rounded by a plastic ring.

3.4 Connecting Capillaries

The various modules of the HPLC instrument and the
column are connected with capillaries. Their com-
mon outer diameter is 1/16 in. (1.6 mm). The inner
diameter must be so small that the capillary volume
from the injector outlet to the detector inlet does not
add notably to peak broadening. Depending on the
column volume (especially its inner diameter) and
its performance, capillaries have an inner diameter
of 0.25 mm or less. For 3-mm and wider columns,
capillaries of 0.25 mm inner diameter can be used,
with 2-mm columns, they should not be wider than
0.18 mm and the requirements with 1-mm columns
are even stricter. They are made from stainless steel
or from polyether-etherketone (Peek). Peek does not
release metal cations into the eluent, but it is less pres-
sure resistant than steel and cannot be used with all
organic solvents or concentrated acids.
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4 INSTRUMENTATION: FROM THE SOLVENT
RESERVOIR TO THE COLUMN

4.1 The HPLC Instrument

The basic design of an HPLC instrument is shown
in Figure 6. It consists of the eluent reservoir, the
high-pressure pump, the injector, the column (the
smallest part in Figure 6), the detector, and the data
system that is also the control unit for all individual
modules. In principle, the modules can be from
different manufacturers, but today•s HPLC systems
are purchased from one single company. The modules
are usually piled up to a tower.

The basic design as shown in Figure 6 can be
expanded. There can be more than one eluent bottle,
which is necessary for gradient elution. In this case,
the two or more liquids are mixed before the pump
(low pressure gradient) or there are as many pumps
as bottles and the mixing occurs behind the pumps
(high-pressure gradient). The injector can be a simple
hand-operated valve or an autosampler with vial rack,
if necessary with a cooling unit for the samples.
The column can be placed in the interior of an
oven (sometimes also with cooling possibility) to
allow the analyses to be performed at elevated and/or
constant temperature. The detector of Figure 6 is a
UV detector but here a great variety is possible (see
Section 5), and more than one detector can be used in
series or in parallel.

For troubleshooting HPLC instruments, see the
respective textbooks (Dolan and Snyder, 1989;
Sadek, 1999).

4.2 Requirements for Mobile Phases

Water and organic solvents used for HPLC must be of
high purity, although •highŽ depends on the intended

use and the detection method. HPLC qualities are
sold with detailed certi�cates, and the users should
check if the guaranteed data meet their requirements.
If a detection method such as refractive index (RI)
or conductivity is used, a high UV transparency is
not of interest. On the other hand, a special •low UV
gradeŽ is needed if the detection must be performed
at 210 nm because a typical •UV gradeŽ is perfect
for higher wavelengths but maybe not for the lower
ones. Special qualities are often needed for mass
spectrometric detection.

The same requirements are valid for additives such
as buffer salts, acids, bases, and all kinds of reagents.

In general, for gradient elution and for trace analy-
sis, the mobile phase must be purer than for isocratic
separations or for analyses well apart from the detec-
tion limit.

The mobile phase should be degassed. This mea-
sure improves the repeatability of quantitative analy-
ses, decreases baseline noise, and may prevent from
extra peaks in the chromatogram. Degassing can be
done by helium sparging of the eluent in the reservoir
(helium is less soluble in solvents than nitrogen and
oxygen) or by on-line vacuum treatment in a special
module placed in front of the pump.

4.3 Pumps

The HPLC pump must deliver a constant �ow,
selected by the analyst, despite the fact that the pres-
sure depends on the column properties (length and
particle diameter) and on the �ow rate. During a typ-
ical gradient elution, for example, with water and ace-
tonitrile, the viscosity of the eluent mixture changes
over time, but the �ow rate must remain constant
anyway. It becomes clear that such a pump is a
high-performance instrument, which must be han-
dled carefully. The parts that can (and in many cases

308
bar

262
nm

Eluent Pump Injector Column Detector Waste Data system

Figure 6 The modules of a basic HPLC instrument. The �ow of the mobile phase is shown in blue.
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must) be replaced are the piston made from sapphire
or ceramics, its seal, made, for example, from Te�on
and graphite, and the check valves with ruby balls and
sapphire seats. To prevent damage of these delicate
items, two rules must be observed:

€ A pump must not run dry!
€ Do not switch off the pump overnight or longer if

it contains buffer or another salt solution! The salts
might crystallize. Either the solution is replaced by
pure water or a low �ow (e.g., 0.1 mL minŠ1) is
maintained until the next separations will be run.

4.4 Injectors and Autosamplers

The heart of the injector is a multiport valve, usually
with six ports, which allows to �ll a loop with a
de�ned volume by a syringe (or similar device) and
to switch the loop into or out of the mobile phase �ow
path. The loop has a typical volume of 1…100� L (but
can also be less or more). It should be �lled with the
sample solution to either not more than 50% of its
volume or with its multifold volume (e.g., �vefold).
Filling a loop exactly to its volume may lead to poor
precision because of imperfect �ow pro�les. This
valve can be operated manually or by the control unit;
the interior rotor seal of a six-port valve is turned by
60� , thereby opening or closing the way of the eluent
through the loop. Its wearing parts are the syringe
seal and the rotor seal, a disk with �ne channels
usually made from vespel. For applications in the
basic range over pH 10, tefzel seals are needed, which
have poorer mechanical properties.

An autosampler is an instrument module with a
built-in multiport valve, a rack for the sample vials,
and some robotics for moving either the valves or the
syringe or both. Many autosamplers can be equipped
with a cooling element if temperature-sensitive sam-
ples must be analyzed.

5 DETECTION AND INTEGRATION

5.1 General Requirements

Analysts wish rugged and cheap detectors with a
wide linear range (i.e., a linear relationship between
analyte mass or concentration and signal intensity).

They should be either selective and register only the
analytes of interest, such as the �uorescing ones,
or nonselective, which means that such instruments
register any change in the composition of the col-
umn eluate. For trace analysis, their detection limit
should be low. Their electronic time constant must
be adjustable and must match the requirements of the
actual separation, that is, of the peak width. The same
is true for the detector cell volume because it must not
dilute the eluting peaks. The narrower the peaks are,
the shorter must be the time constant and the smaller
the cell volume. However, too low a time constant
results in increased baseline noise, and too small a
cell volume results in a poor detection limit.

Most HPLC detectors are concentration sensi-
tive, which means that they register the actual con-
centration of an analyte in the eluent but not its
mass. Mass-sensitive devices are the coulometric and
light-scattering detectors; concerning the mass spec-
trometers used as detectors, their sensitivity depends
on the ionization and measuring principle.

Besides the detectors mentioned in the follow-
ing sections, there exist also instruments with other
detection principles: infrared, electrical conductivity,
photoconductivity, radioactivity, or viscosity.

5.2 UV Detection

The most widespread HPLC detectors are UV detec-
tors that are relatively cheap, easy to operate, and
rugged, and which have a wide linear range of
four concentration decades (Lendi and Meyer, 2005).
They are equipped with a deuterium lamp emitting a
continuous spectrum from<200 to 340 nm. In addi-
tion, also a tungsten-halogen lamp can be built in,
which expands the spectrum into the visible range up
to 850 nm. The detection wavelength can be selected
within the offered range; it has a spectral bandwidth
of approximately 10 nm (too narrow a bandwidth
would result in low light intensity). A conventional
detector cell has a volume of 8� L at a length of
10 mm, but for narrow-bore columns of highest per-
formance, the volume must be smaller.

Diode array instruments are a special type of UV
detectors in which the cell is not irradiated with a
selected wavelength but with the full lamp spectrum.
After passing through the cell, the light is divided
spectrally by a grating and the resulting light cone
falls on an array of individual light-sensitive diodes.
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The spectral resolution is 1 nm or even less. The
most interesting feature of a diode array detector
is its ability to obtain the UV spectrum of a peak
in real time; therefore, it is the simplest possibility
to couple HPLC with spectroscopy. If the spectra
of the expected analytes are known, peaks can be
identi�ed by them although UV spectra have limited
informative value. The diode array detector can also
be used for peak purity tests, although it can only
prove that a peak is not pure; the opposite result can
be a deception (Papadoyannis and Gika, 2004).

UV and UV…Vis detectors register all analytes
absorbing in the UV or Vis, that is, most organic
molecules. Depending on the analytical task, this low
selectivity can be an advantage or a disadvantage.

5.3 Fluorescence Detection

Some classes of compounds, such as the a�atoxins,
show �uorescence when irradiated with the appro-
priate UV wavelength. The emitted wavelength is
higher than the excitation wavelength. The �uores-
cence light that comes out of the cell is detected
at a 90� angle to the incident light beam. Fluores-
cence detection gives markedly lower (better) detec-
tion limits than UV detection, and its selectivity is a
most valuable tool for the search or analysis of �uo-
rescing molecules.

5.4 Refractive Index Detection

If analytes do not absorb in the UV, the RI detector
can be used. Its advantage is also its drawback,
namely that it detects all RI �uctuations in the eluate,
be they from an analyte, from a composition change
of the mobile phase (e.g., owing to �uctuations in
the gradient mixing system), or from a change in
temperature. RI detectors have higher (i.e., worse)
detection limits than UV detectors. They are rather
cheap, and their operation is simpler than with the
alternative light-scattering detector.

5.5 Light-Scattering Detection

The evaporative light-scattering detector (ELSD) is
used for nonvolatile analytes without UV absorption.

The eluate from the column is nebulized in a stream
of inert gas. Subsequently, the droplets are evaporated
and the produced solid analyte particles transported
into a light beam. Finally, the scattered light is
detected. Unfortunately, the relationship between
analyte mass and signal is not linear. The mobile
phase and all additives (buffer salts, etc.) must be
volatile but the composition of the eluent may change
during the chromatographic run, in contrast to RI
detection. Light-scattering detection is a valuable
tool for classes of compounds such as saponines,
oligosaccharides, or lipids.

5.6 Electrochemical Detection

Some functional groups can be oxidized electro-
chemically: aromatic hydroxides, aromatic amines,
indoles, phenothiazines, mercaptans, and others. The
working electrode that is in contact with the eluate
has a positive potential. (Reduction of suitable ana-
lytes is also possible but less convenient.) The mobile
phase must be conductive but not necessarily aque-
ous. The electrochemical conversion rate is usually
approximately 10%; if it is 100%, the technique is
called coulometric detection. Owing to its selectivity
for a limited number of classes of compounds, elec-
trochemical detection can be the method of choice for
these analytes.

5.7 Mass Spectrometric Detection

In principle, HPLC and mass spectroscopy (MS)
are dif�cult to couple because the �rst method is
liquid based, whereas the second one is vacuum
based. When liquids are evaporated, a large amount
of vapor is generated, which must be removed before
it enters the mass analyzer. What was a great chal-
lenge decades ago has been developed to a rather sim-
ple, convenient, small-sized, and affordable detection
method (Hol�capek, Jirásko, and Lísa, 2012). Various
coupling and ionization systems are in use, all having
their prerequisites, advantages, and limitations. Some
techniques yield mass spectra of the analytes includ-
ing the molecule ion (M+H)+ , which can be used
for structure elucidation or con�rmation. Others yield
fragments only. With single ion detection, one gets
a highly selective analytical method, which reduces
the necessity of complete chromatographic resolution
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because all analytes that yield ions or fragments of
another mass are not detected, even if they are coelut-
ing with the investigated molecules.

HPLC-MS is of utmost importance in research;
this coupling technique is presented and discussed
elsewhere in this handbook, seeLC and LC-MS:
Techniques and Applications.

5.8 Coupling of HPLC with Nuclear Magnetic
Resonance

The investigation of the eluted fractions by nuclear
magnetic resonance (NMR) is possible, either on-line
and in real time or after storage in capillaries or other
reservoirs (Sturm and Seger, 2012; Gonnella, 2012).
In the latter case, the measuring times can be as long
as needed. One of the mobile phase solvents can
be used as in conventional HPLC (e.g., acetonitrile)
because its NMR signal can be suppressed, whereas
the other one (or all the others) must be deuterated
(e.g., water). High radiofrequency such as 500 MHz
is needed; therefore, this method is extremely expen-
sive. As with MS, the immediate structure elucidation
is possible. The combined coupling of HPLC with
diode array, MS, and NMR detection is a research
tool of unsurpassed investigative power.

HPLC-NMR is presented and discussed elsewhere
in this handbook.

5.9 Integration

The size of chromatographic peaks is usually pro-
portional to the amount or concentration of the ana-
lyte in the column eluate (depending on the detection
method and the linear range of the detector). •SizeŽ
means peak height or area. Usually the peaks are eval-
uated by area; however, in trace analysis with low
signal-to-noise ratio, peak heights give better repeata-
bility than areas. Strictly speaking, the term •integra-
tionŽ means area determination but the measuring of
heights is also subsumed under it.

For quantitative analysis, it is necessary to com-
pare the peak size of a standard with the one of the
analyte under identical chromatographic conditions.
Accurate integration is in many cases not possible
if the peaks are not well, that is, baseline resolved
(Meyer, 1995), and if the true position of the baseline

is unknown. Integration can be in�uenced by a num-
ber of parameters such as data acquisition rate, time
constant, and threshold (Dyson, 1998). While the
default settings of the integrator should be suitable
for the analyses usually performed with the respec-
tive HPLC instrument, knowledge of these parame-
ters and how they act on the quantitative analysis is
recommended. Narrow peaks must be integrated with
a higher acquisition rate than broader ones because
the number of data points over the width of a peak
should at least be 10.

6 SEPARATION MODES

Details about the different HPLC modes mentioned
here can be found in the respective chapters of the
textbooks (Meyer, 2010b; Snyder, Kirkland, Dolan,
2010).

6.1 Adsorption Chromatography
(Normal-Phase Chromatography)

Because chromatography was invented on adsor-
bents, this mode was the •normalŽ one, leading
decades later to the term •normal-phase chromatog-
raphyŽ (NP). Here the stationary phase is polar, usu-
ally underivatized silica but sometimes also alumina
(alox, Al2O3). The mobile phase is nonpolar or mod-
erately polar. The polarity of organic solvents is listed
in the so-called eluotropic series with then-alkanes
being at the nonpolar end and water (or salt solutions)
at the polar end. Typical eluents for adsorption chro-
matography are hexane or heptane (less toxic) and
all solvents miscible with it, for exampletert-butyl
methyl ether, dichloromethane (should be avoided
owing to ecological reasons), tetrahydrofuran, iso-
propyl alcohol, or ethyl acetate (Meyer and Pala-
mareva, 1993). The sample solution must be non-
aqueous.

Polar analytes are retained most, and less or non-
polar ones are eluted early in the chromatogram.
Adsorption chromatography is well suited for the
separation of geometrical isomers such ascis…trans
or ortho…meta…paramixtures.

6.2 Reversed-Phase Chromatography

In this HPLC mode, the stationary phase is non-
polar, typically a C18 material (ODS phase, see
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Section 3.2). The eluent is aqueous with water as the
�rst component of the mobile phase and a miscible
organic solvent as the second one: usually methanol,
acetonitrile, or tetrahydrofuran. Consequently, polar
analytes are eluted �rst and the less or nonpolar ones
will appear later. The elution pattern is generally
(but not in detail) inverted compared to adsorption
chromatography; therefore, the method got the name
•RPŽ. The sample solution should be aqueous.

The viscosity of RP solvent mixtures is higher
than in the case of purely organic solvents as used
in adsorption chromatography; therefore, the �ow
resistance is higher and diffusion is slower. This
leads to higher pressures than in NP HPLC; on the
other hand, the van Deemter optimum is at lower
�ow rates although this fact is often ignored and
separations are performed at too high �ow rates
(which is of minor importance if the C term of the
van Deemter curve is not steep).

RP HPLC is of utmost importance for the analysis
of aqueous samples such as biological and environ-
mental samples. It can be used for almost all classes
of compounds. Its strength, although rarely utilized,
is the separation of homologs. Its most important fea-
ture is the fact that bonded stationary phases on silica
can easily be used with changing composition of the
mobile phase, a technique known as gradient elution
(see Section 7.1). This allows the separation of mix-
tures that contain a vast polarity range of analytes.

Users of RP HPLC must be aware of the fact that
there is an immense number of stationary phases
available on the market with the designation C18
or ODS. Their properties may differ considerably
owing to differences in the silica used, the bond-
ing chemistry, the bonding density, and so on (see
Figure 7). Consequently, one must specify exactly
which column was used for a certain separation. If
one wants to repeat a published separation, the same
stationary phase should be used; if it is not at hand or
cannot be purchased, one has to check which column
is similar and could be used instead. An excellent list
is published by the U.S. Pharmacopoeial Convention
(USP Chromatographic Columns, 2011) based on
comprehensive research data (Snyder, Dolan, and
Carr, 2007).

6.3 Hydrophilic Interaction Chromatography

Hydrophilic interaction chromatography (or hydro-
philic interaction liquid chromatography (HILIC)) is
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Figure 7 Stationary phases of the same general class, here RP
n-alkane C18H37 materials of different manufacturers, can have
very different separation properties. Sample: extract fromRadix
isatidis(used in traditional Chinese medicine). Stationary phases:
as indicated. Column dimensions: 15 cm length, 4.6 mm inner
diameter in all cases. Mobile phase: water/acetonitrile, both with
0.1% tri�uoroacetic acid, 0.85 mL minŠ1. Gradient: from 0% to
5% acetonitrile within 0…60 min, then isocratic. Detection: UV
280 nm. Temperature: 30� C. (Source: J. Zeng, et al. (2010).
Reproduced from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.)

a more recent separation mode of HPLC (Buszewski
and Noga, 2012). It allows the separation of polar
analytes on polar or moderately polar stationary
phases using an aqueous mobile phase. The sta-
tionary phase can be underivatized silica as well as
bonded amino, nitrile, amide, or polyethylene gly-
col moieties and numerous other chemistries. They
all should be especially designed for HILIC because
conventional silica etc. may give poor results. The
eluent is based on an aqueous buffer solution or an
alcohol; the second component, important for gra-
dient separations, is, for example, acetonitrile. The
content of this less polar solvent decreases during
gradient elution (which is the opposite situation com-
pared to reversed-phase HPLC, see Section 7.1). Less
polar analytes are eluted earlier than the more polar
ones, as in adsorption chromatography.

The strength of HILIC lies in the separation of very
polar analytes such as carbohydrates, glycosylated
compounds, peptides, and many more, which are not
retained in RP systems (because their solubility in the
eluent is high) and not eluted in NP systems (because
the nonaqueous mobile phase is not polar enough).
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6.4 Medium-Polar Bonded Stationary Phases

The classical bonded phases on silica are the ones
with diol, amino, nitrile, or nitro groups although in
principle any functionality can be prepared. These
materials can be handled in the NP or in the RP
mode, that is, with a nonpolar or a polar eluent.
They can offer high selectivity for certain classes of
compounds:

Diol: for steroids, organic acids, tetracyclines, sur-
factants, biopolymers, and so on, namely for ana-
lytes that form hydrogen bonds with the diol func-
tion.

Amino: for sugars and glycosylated compounds. It is
also a weak anion exchanger.

Nitrile (cyano): for analytes with double bonds, the
best phase for tricyclic antidepressants.

Nitro: for aromatic compounds, especially also for
polycyclic aromatic hydrocarbons and hetero-
cyclic analytes.

6.5 Ion-Exchange Chromatography

Stationary phases with acidic groups are cation
exchangers, and those with amino groups are anion
exchangers. They interact with ionic or ionizable ana-
lytes. The mobile phase is a buffer of suitable pH.
Silica-based ion exchangers cannot be used over the
full pH range, especially not at high pH. Therefore,
polystyrene-based HPLC materials are of widespread
use although their pressure stability is limited. In
principle, there are four classes of ion exchang-
ers:

Strong cation exchangers (SCX) with sulfonic acid
…SO3

Š groups, charged over the full pH range.
Weak cation exchangers (WCX) with carboxylic

acid …COOŠ groups, not charged at low pH,
fully charged above pH 6, and partially charged
in-between.

Strong anion exchangers (SAX) with quaternary
amino groups …NR3

+ , charged over the full pH
range.

Weak anion exchangers (WAX) with e.g. diethy-
lamine groups …NH(CH2…CH3)2

+ , fully charged
below pH 7, not charged at high pH, and partially
charged in-between.

Only charged groups can act as ion exchang-
ers. However, the chromatographic retention is also
governed by the counterions (the type of ions present
in the mobile phase) of the buffer in use. An impor-
tant tool to obtain resolution is pH gradients because
the analytes will be not, partially, or fully charged,
depending on their pKS value, at changing pH of the
eluent. Similarly, the stationary phase will change its
retentive properties during a pH gradient if it is a
weak exchanger.

While classical ion exchange is suited for organic
analytes whose pKS values are not extreme, that is,
whose charge depends on the pH of the eluent, it
fails for the separation of the ions of strong acids
and bases, such as nitrate, phosphate, sulfate, or
ammonium and sodium. For such analyses, a variant
calledion chromatographywas developed (Fritz and
Gjerde, 2009). Complex mixtures with anions and
cations can be separated by ion-pair chromatography
where detergent-like counterions are added to the
eluent (Cecchi, 2009).

6.6 Size-Exclusion Chromatography

Porous stationary phases for HPLC have a
well-de�ned pore size and pore size distribution.
It is obvious that large macromolecules cannot
enter, for example, a material with 10 nm (100 Å)
pores, whereas small analyte molecules (as well
as the ones of the mobile phase) can fully pene-
trate its pore system. Molecules of medium size
can enter the pore system, but the volume that is
available to them is limited. Consequently, properly
designed porous materials will separate a mixture
of molecules of different size (which may be pro-
portional to their molecular mass) according to their
size. Large molecules will be eluted �rst, small ones
last; the separation is not in�uenced by adsorption
(retention) phenomena of any kind if the mode is
pure size-exclusion chromatography (SEC) (Striegel
et al., 2009).

A certain stationary phase with its pore size can
only separate a certain molecular mass range; usu-
ally 1…2 ranges of magnitude. Therefore, many types
of SEC phases are commercially offered in various
pore sizes. SEC is classi�ed into two sub-modes,
GPC and GFC: in GPC, the eluent is nonpolar,
thus this technique is especially used for the inves-
tigation of synthetic polymers (plastics). In GFC,
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the eluent is aqueous; therefore, it is used for
biopolymers.

6.7 Af“nity Chromatography

This separation mode, in many cases used in
low-pressure column chromatography or even
in membranes, uses highly speci�c biochemical
interactions (Hage, 2006; Zachariou, 2007). The
stationary phase contains functional moieties such
as antibodies or enzymes (maybe only the part with
the active site). These groups retain the matching
analytes, whereas all other compounds present in
a sample will be eluted without retention. After a
change in the mobile phase composition (pH, ionic
strength, counterion, etc.), the retained molecules
will be washed out of the column. Therefore, af�nity
chromatography is a purifying method that can be
used not only for preparative isolation but also for
the undisturbed quanti�cation of a wide range of
interesting analytes.

7 SEPARATION STRATEGIES

7.1 Gradient Elution

If the eluent composition remains constant during
a liquid chromatographic separation, the method
is called isocratic elution. The peaks will become
broader over time because the theoretical plate num-
ber of the column is constant (at least in principle). In
many cases, an isocratic separation is not expanded
over approximatelyk= 20 (or 21 times the break-
through timet0); later eluting peaks would be dif�-
cult to integrate. Strongly retained peaks will not be
eluted at all.

The way out of this so-called general elution
problem is found when the elution strength of the
mobile phase is increased over time. This mode
is known asgradient elution(Snyder and Dolan,
2007), and it is most popular in RP chromatography
although it can be used in all HPLC modes (even
adsorption chromatography). Gradient separations
open the door to large peak capacities.

In a typical RP gradient separation, the mobile
phase composition at the beginning is, for example,
90% water or buffer (weak or A solvent)/10%

acetonitrile (strong or B solvent). Over the sepa-
ration time, the acetonitrile content is continuously
increased. Because the organic solvent is a stronger
eluent than water in this phase system, its increas-
ing concentration changes the partition equilibrium
of the analytes between stationary and mobile phases
toward the latter. Compounds with an initial prefer-
ence of the stationary phase are then gradually eluted
as sharp peaks. Figure 8 shows an unsatisfactory iso-
cratic separation of carotenoids and its improvement
by gradient elution.

Gradient pro�les can be steep or shallow, linear,
curved, or composed with parts of different slope,
including isocratic time intervals anywhere in the
chromatogram. If a simple linear gradient fromx%
to y% B does not provide a satisfactory separation, it
needs to be improved, which can be time-consuming
even for experienced analysts. Computer simulation
software is an almost indispensable help (Jayama-
ran et al., 2011). Although most gradient separa-
tions are performed with two eluents, it is possi-
ble to use three or even four different ones for very
demanding analytical problems with a large num-
ber of different classes of compounds. The HPLC
instrument must be equipped with either the nec-
essary low-pressure or high-pressure gradient mod-
ules (see Section 4.1). RP stationary phases are well
suited for gradient separations, thanks to their fast
re-equilibration to the starting conditions after the
end of a run.

7.2 Comprehensive Two-Dimensional
Separations

Many (probably most) samples of biological ori-
gin contain an incredibly high number of different
molecules. The peak capacity of even the best
chromatographic columns under the most sophis-
ticated elution modes is limited (see Section 2.6).
Consequently, there is always the risk of coeluted
analytes that will not be discovered. Therefore,
two-dimensional chromatography was developed:
The eluate from the �rst (usually long) column is
separated again on a second (usually short) column
of different selectivity. If this procedure is performed
on-line and over the full time range of the �rst
separation, the method is called •comprehensive
two-dimensional chromatographyŽ (Dugo et al.,
2008; Carr, Stoll, and Wang, 2012).
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Figure 8 Separation of 15 all-E-carotenoids. Stationary phase: Suplex pKb-100 5� m (alkylamide phase on silica). Column dimensions:
25 cm length, 4.6 mm inner diameter. Mobile phase with acetonitrile (ACN),tert-butyl methyl ether (tBME), and water (H2O), 0.5 mL min…1.
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70 : 20 : 10. (b) Optimized gradient separation with shorter analysis time. Eluent A: ACN:tBME:H2O 70 : 20 : 10. Eluent B: ACN:tMBE
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disuccinate; 2, astaxanthin; 3, adonirubin; 4, canthaxantin; 5, capsanthin; 6, adonixanthin; 7,� -apo-8� -carotenal; 8, asteroidenone; 9,
citranaxanthin; 10,� -apo-8� -carotenoic acid ethyl ester; 11, lutein; 12, zeaxanthin; 13, echineone; 14, lycopene; 15,� -carotene. (Source:
K. Mitrowska,et al. (2012). Reproduced from Elsevier.)

The separation time on the second column must
be short compared to the analysis time on the �rst
one, for example, 1 min, which means that every
minute the next portion of eluate is sent to the
second column. Both involved mobile phases must
be miscible with each other. The stationary phases
must be selected such that their orthogonality is
high, that is, their separation modes are different
(Gilar et al., 2005). Interesting column pairs can be
reversed-phase and ion exchange, gel �ltration and
reversed-phase, octadecyl and nitrile phase, and so
on. Figure 9 presents the two-dimensional separation
of steroid glycosides on C18 and polyamine phases
(Liu et al., 2012b).

Usually the �rst dimension is performed in the
gradient mode, whereas the second separation is
isocratic. For highly demanding separations, gradi-
ents are also necessary in the second dimension, an

approach that is not simple because the gradient times
on the second column are short (Jandera, 2012).

8 ULTRA HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY

As explained in Section 2.6, the separation speed
and the peak capacity of all chromatographic modes
are limited by diffusion phenomena. This physical
barrier cannot be removed, and all possibilities to
shorten analysis times and/or to increase peak capac-
ity lead to higher pressures needed. In the course of
the 1970s, reliable HPLC pumps were developed to
marketability; they could be used up to a maximum
of 300…350 bar. For decades, this limit restricted the
work of the analysts especially in research. Only after
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the year 2000, commercial pumps with a pressure
limit of 600…1000 bar were available and the new
term UHPLC was coined, with U for ultra (Wu and
Clausen, 2007; Neueet al., 2010). (Actually, the �rst
systems were developed by Waters, and this com-
pany created the term UPLC®, which must not be
used by other manufacturers.) Figure 3 contains a
1000-bar line that shows the expansion of the (iso-
cratic) separation performance when working at such
high pressure. It is obvious that the combination of
UHPLC with gradient elution leads to even higher
peak capacities, unreachable in the twentieth century
with commercial equipment.

For successful UHPLC, one cannot just buy a
UHPLC pump and use it with traditional HPLC
instrumentation. First, the packing materials must
be especially designed for the ultra-high pressures.
Second, columns with, for example, 1.7-� m pack-
ings (and of considerable length) fully utilize the

expanded possibilities; however, they generate nar-
rower peaks than traditional columns do; therefore,
the data acquisition and processing must be rapid.
Third, all parts of the HPLC system such as mixers,
injectors, capillaries, or �ttings must tolerate the pres-
sure maximum generated by the pump.

Figure 10 shows an impressive example of how
the peak capacity can be improved from HPLC to
UHPLC (Wolfenderet al., 2011). The peaks in the
second chromatogram are much narrower because
the UHPLC column has the threefold number of
theoretical plates compared to the original one. In
research and method development, but even in rou-
tine analysis, UHPLC is frequently coupled with MS
detection, thus generating a huge amount of infor-
mation. The coupling is not trivial but manageable
if done properly (Rodriguez-Alleret al., 2013).

HPLC and UHPLC are still in full development,
and column liquid chromatography is a method well
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prepared to cope with future analytical demands
(Carret al., 2011).
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Near-Infrared (NIR) Spectroscopy in
Natural Product Research

Christian W. Huck
Leopold-Franzens University, Innsbruck, Austria

1 INTRODUCTION

Herbal medicine is not only the oldest and most
widely used form of medicine in the world
but also increasingly popular because of their
health-promoting properties (Krüger and Schulz,
2007). Many medicinal and herbal plant properties
are related to individual compounds, and their active
chemical ingredients in natural products usually
are found in the parts per million and/or parts per
billion range (Krüger and Schulz, 2007). During
the recent couple of years, different pharmaceutical
companies have initiated sophisticated plant screen-
ing programs, applying biochemical high throughput
techniques in order to �nd new drugs with dis-
tinct properties (e.g., anticancer and antibacterial
properties) (Schulz, 2004).

For a long time, the use of separation techniques
including thin-layer chromatography (TLC), liquid
chromatography (LC), gas chromatography (GC),
and capillary electrophoresis (CE) hyphenated to
mass spectrometry (MS) was focused on the eluci-
dation of isolated compounds from different plant
matrices (Krüger and Schulz, 2007; Schulz, 2004).
These analytical techniques have been found useful
in phytochemical and physiological studies enabling
recording a �ngerprint and/or identifying single
active compounds (Stecheret al., 2003).

Spectroscopic analytical techniques using the NIR
wavelength region of the electromagnetic spectrum

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

have been used in the food industry to monitor
and evaluate the composition and quality of foods
(Williams et al., 1985). Even though the NIR region
was the �rst known nonvisible part of the elec-
tromagnetic spectrum and was discovered in 1800
by Herschel, only in the 1950s, �rst applications
of near-infrared spectroscopy (NIRS) for analytical
chemistry were developed. Since the 1960s, there
was a steady increase of applications with the most
dramatic growth in recent 25 years.

NIR spectroscopy is characterized by low molar
absorptivities and scatterings. Originally, the NIR
region was regarded as having little potential for ana-
lytical work; it has nowadays become one of the most
promising techniques for molecular spectroscopy.
Affordable end powerful computers have further sup-
ported the implementation of applications in several
�elds, including medical, textile, polymer, and phar-
maceutical applications (Blancoet al., 1998).

This contribution highlights the fundamental prin-
ciples of NIR spectroscopy, its applicability, regu-
latory issues, advantages, and limitations in natural
product research.

2 NEAR-INFRARED (NIR) SPECTROSCOPY

Infrared (IR) radiation is the region of the electro-
magnetic spectrum between the visible (VIS) and the
microwave wavelengths (McClure, 2003). In NIR
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spectroscopy, excitation of molecules is accom-
plished in a wavelength range between 750 and
2500 nm (Figure 1), corresponding to a wave number
range between 4000 and 13,000 cmŠ1 (Herschel,
1800). Solid, liquid, or gaseous samples can absorb
parts of the incoming IR radiation at speci�c
wavelength resulting in a �ngerprint or a spectrum
(Blanco and Villarroya, 2002). In this spectral region,
molecules containing C…H, C…O, C=O, N…H, and
O…H functional groups are excited to perform
stretching-, deformation-, and scissor-vibrations.
In comparison to the mid-infrared (MIR) region,
where only fundamental vibrations (•signaturesŽ)
can be observed, overtones and combinations can be
found in the NIR region containing a manifold of
information compared to MIR (Barton, 2002). This
often results in a crowded spectrum with overlap-
ping peaks. Although NIR intensities are 10…1000
times lower than that of the MIR, highly sensitive
spectrometers can be built through several means
including the use of ef�cient detectors (McClure,

2003). The light recorded by the detector contains
compositional information that can be unraveled
by a computer to report multiple analyses almost
instantaneously. NIR spectroscopy can provide
simultaneous, rapid, and nondestructive qualitative
and quantitative analyses of major components
in many organic substances (Osborne, Fearn, and
Hindle, 1993).

3 MODEL OF THE HARMONIC AND
ANHARMONIC OSCILLATORS

The physical principle describing the observed
effects both in the MIR and in the NIR region is the
model of the harmonic and anharmonic oscillators.
According to the inset in Figure 2, the reduced mass
	 performs vibrations with the frequency
 osc. In
the MIR, this vibration follows the equation for the
harmonic oscillator, whereas in the NIR, the equation
for the anharmonic oscillator is valid, describing the
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excitation into higher energy states. Chemometrics,
a mathematical, statistical, multivariate analytical
(MVA) tool, is applied for further treatment of
recorded spectra (Figure 3).

4 INSTRUMENTATION AND SAMPLE
PREPARATION

Owing to the vast amount of work and reviews
published related to NIR spectroscopy, the purpose
of this section is to give an overall introduction to
the different available instruments most commonly
applied in natural product analysis.

An NIR spectrophotometer consists of a light
source (e.g., tungsten halogen lamp), sample pre-
sentation accessories, monochromator, detector, and
optical components including lenses, collimators,
beam splitters, integrating spheres, and optical �bers
(Figure 3) (Williams and Norris, 1987).

One of the most frequently cited bene�ts of anal-
ysis by NIR spectroscopy is that little or no sample

preparation before analysis is required. In principle,
transparent materials such as liquid extracts can be
analyzed by transmission or trans�ection, whereas
solid materials such as tissue can be analyzed by dif-
fusive re�ection and/or interactance mode (Figure 4).
In re�ection mode, light source and detector are
mounted under a speci�c angle, for example, 45� ,
to avoid specular re�ection. In transmission mode,
the light source is positioned opposite to the detec-
tor, whereas in interactance mode, the light source
and detector are positioned parallel to each other in
such a way that light due to specular re�ection can-
not directly enter the detector (Williams and Norris,
1987).

Spectrophotometers are conveniently classi�ed
into dispersive and nondispersive instruments.
For example, in a dispersive �lter instrument, the
monochromator is a wheel holding a number of
absorption or interference �lters owing the disad-
vantage of limited resolution (Williams and Norris,
1987). In a scanning monochromator instrument, a
grating or a prism is used to separate the individual
frequencies of the radiation. In Fourier transform



230 INSTRUMENTATION FOR CHEMICAL ANALYSIS

Detector
diffuse reflection

Refelected wave

Attenuated wave

Qualitative analysis

Monochromator

Detector
transmission

Light source

Sample

Physical properties Chemical properties

Particle size, porosity,� Modified surfaces,� Quantitative analysis

2.5

2.5

5.0

5.0

7.5

7.5

True property particle size (� m)

P
re

di
ct

ed
 p

ro
pe

rt
y 

pa
rt

ic
le

 s
iz

e 
(�

m
)

10.0

10.0

12.5

12.5

15.0

15.0

17.5

17.5

E
rfassen physikalisch-chem

ischer param
eter

Chemometrics/
multivariate data analysis

Validation spectra f(x) = 1.0017x Š 0.0385 r = 0.999950
Calibration spectra f(x) = 0.9999x + 0.0007 r = 0.999952

Figure 3 Measurement setup in near-infrared (NIR) spectroscopy.

Transmission Reflectance
or transflectance
0…45° optics or
integrating
sphere

Interactance
fibre optic probe

T

+

Š

R I

I t = 0

I t

I r

I0

I0

I0

�

Figure 4 Measurement modes.

spectrophotometers, interferometers are used to
generate modulated light and time domain signal
of the light re�ected or transmitted by the sample
can be converted into a spectrum via a fast transfor-
mation (Faix, 1992). In most cases, a Michelson or
polarization interferometer is used.

Photodiode array (PDA) spectrophotometers
consisting of a �xed grating that focuses the
dispersed radiation onto an array of silicon (Si,
350…1100 nm) or indium gallium arsenide (InGaAs,
1100…2500 nm) offer the advantage of high acquisi-
tion speed (between 50 ms and a few milliseconds).

Therefore, they are often mounted on online lines.
Miniaturized, portable, and affordable (less than
 30,000) low cost versions are available from several
companies, such as Thermo Fisher (USA) or JDSU
(Milpitas, CA, USA).

As an alternative laser-based systems without the
necessity to use a monochromator, or acousto-optic
tuneable �lter instruments, using a diffraction-based
optical band-pass �lter can be effective (Nicolaïet al.,
2007). During recent years, liquid crystal tuneable �l-
ter (LCTF) instruments have been developed (Nicolaï
et al., 2007). In this type, a special �lter is used to
create constructive and destructive interferences.

Microelectromechanical systems (MEMSs) com-
bine mechanical parts, sensors, actuators, and elec-
tronics on a common substrate using microfabrica-
tion technology.

During the recent couple of years, hyperspectral
imaging systems have become popular (Salzer and
Siesler, 2009). A multi- (a few wavelengths) or
hyperspectral (a continuous range of wavelengths)
cube is recorded consisting of spectra recorded at
every 2-D spatial position. The cube is recorded
by stepwise moving the object of interest under
the camera by means of an actuator while at each
step, a line is scanned. In latest developments,
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focal plane array detectors are employed (MCT,
mercury…cadmium…telluride). In combination with
attenuated total re�ection (ATR) spectroscopy, the
maximal resolution of 1.2� m can be reached (Salzer
and Siesler, 2009; Osborne, Fearn, and Hindle, 1993).

In quantitative analysis, the amount of absorbed
radiation is dependent on the Lambert…Beer•s law of
the concentrationc of the sample, the thicknessd of
the sample, and its molar extinction coef�cient� .

E = log
I0

I
= � � d � c (1)

whereI is intensity of the transmitted light,I0 inten-
sity of the incident light,c concentration of the
absorbing substance (unit: mol dmŠ3 or mol LŠ1), �
decimal extinction coef�cient (unit: molŠ1 dm2), and
d thickness of the irritated body (unit: cm).

5 CHEMOMETRICS INCLUDING DATA
PREPROCESSING

The NIR spectrum is represented by a huge number
of partially overlapping overtones and combination
vibrations. Additionally to these scattering effects,
instrumental noise and/or sample inhomogeneities
might occur (McClure, 2003). The consequence out
of this circumstance is the fact that it is in many
applications impossible to correctly assign the corre-
sponding vibration bands. Therefore, NIR in combi-
nation with multivariate statistical analysis (MVA) is
a powerful combination enabling the extraction of the
required information from the spectrum (Blanco and
Villarroya, 2002). The most appropriate chemomet-
rical procedures include principal component anal-
ysis (PCA) for reducing the number of variables
facilitating both qualitative and quantitative analy-
ses. Data pretreatment minimizes inhomogeneities
originating from the recording of the spectra and
enables elimination of baseline shifts. Differences
in intensity caused by different sample positioning
can be eliminated by normalization algorithms. Dif-
fusion and/or unexpected particle size effects can
be compensated by multiplicative scatter correction
(MSC). Spectral noise can be reduced by perform-
ing the �rst or second derivative of the original spec-
trum. Calibration development can mathematically
describe the covariation between certain variables
or �nd a mathematical function (regression model),
by which the values of the dependent variables are

calculated from the values of the measured variables
(Siebert, 2001). In this context, it is important to
select an optimum number of variables or compo-
nents. If too many are used, the system can become
over-�tted and the model will provide then poor pre-
diction results. On the other hand, using too few com-
ponents will cause under-�tting, and the model is too
small to capture the variability in the data. This �tting
effect is strongly dependent on the number of sam-
ples and in general more samples give rise to more
accurate predictions (Cozzolino, 2009).

The calibration procedure of the NIR spectrome-
ter can be summarized in �ve steps: (i) choice of
a representative sample set; (ii) recording of the
NIR spectra; (iii) measurement of the reference val-
ues; (iv) multivariate modeling in order to gener-
ate a relationship between the recorded spectra and
the reference values; and (v) validation of the sys-
tem. The most frequently used regression methods
are principal component regression (PCR), partial
least square regression (PLSR), discriminant analysis
(DA), and arti�cial neural networks (ANNs) (Pallua
et al., 2011).

The choice of the highest suitable regression model
is based on the calculation of the following values:

1. Bias, that is, the average deviation between the
predicted values (yn) and the actual values (xn), in
the calibration-set, should be close to zero.

BIAS =
1
N

�
(xn Š yn) (2)

2. Predicted residual error sum square (PRESS) is
the sum of the square of the deviation between
the predicted values and the reference values.
The PRESS value of the validation set should be
as small as possible and similar to that of the
calibration set.

PRESS=
�

(xn Š yn)2 (3)

3. Standard error of estimation (SEE), is the standard
deviation of the differences between the reference
values and the NIRS results in the calibration set.

SEE=

�
1
N

�
(xn Š yn Š BIAS)2 (4)

4. Standard error of prediction (SEP) is the counter-
part for the test-set samples. SEE and SEP should
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be as small as possible.

SEP=

�
1
N

�
(xn Š yn Š BIAS)2 (5)

5. The correlation coef�cient (R2) should app-
roach 1.

6 CHARACTERIZATION OF MEDICINAL
PLANTS AND THEIR CONSTITUENTS,
SPECIES, AND ORIGIN

In Section 6.1, the potential of NIRS for the classi-
�cation of the origin of natural products and veri�-
cation of authenticity is discussed. Section 6.2 points
out the potential of NIRS for the quantitative charac-
terization of medicinal plants and their constituents
including secondary metabolites and leading com-
pounds.

6.1 Qualitative Analysis

There are several reports in the literature describ-
ing the classi�cation, discrimination, or authentica-
tion of different natural products by the use of NIR
spectroscopy (Cordellaet al., 2002): NIRS espe-
cially shows high potential for classifying the origin
of natural products on the one hand and for verify-
ing authenticity on the other hand. Adulteration is
practiced since ancient times because of pro�t rea-
sons and, in some cases, mixtures can be prepared to
hide the misuse. To overcome these problems, sev-
eral analytical techniques including TLC, GC, LC,
and coupled techniques especially to MS have been
developed.

St. John•s wort: Huck-Pezzeiet al. (2013)
established a procedure to discriminate between
pharmaceutical formulations prepared from either
Hypericum perforatumor Hypericium hirsutum
originating from China (Figure 5).

Scutellariae Radix: The suitability of NIR to dis-
tinguish between 27 cultivated and 22 wild samples
collected from nine different regions in China was
investigated. Figure 6 shows the mean spectra for
all original NIR data of the wild and cultivated vari-
eties. Spectral differences between wild and culti-
vated plants were enhanced after second derivative

preprocessing. The most intense band in each spec-
trum could be assigned to the second overtone of
the carbonyl group (5352 cmŠ1), followed by the CH
stretch and CH deformation vibration (7212 mŠ1), the
OH vibration (4440 cmŠ1), the CH2 (5742 cmŠ1), and
the CH3 overtone (5808 cmŠ1). Furthermore, PCA
was used to develop a cluster model for qualita-
tive analysis of wild and cultivatedradix scutellar-
iae. Figure 7 shows the 2-D cluster plot represented
by the �rst principal component (PC1) and the sec-
ond principal component (PC2). The total variance
explained by the �rst principal component was 81%.
Table 1 compares the different pretreatments and
calibrations applied for quantitative analysis. In this
study, the best results were obtained when models
were based on the 4200…7716 cmŠ1 spectral region.
Second derivative is obviously superior to other pre-
treatments, which is demonstrated in the similarity of
the results for SEC and SEP.

Tea plant: Xiaoli and Yong analyzed 200 and 93
samples from �eld experiments (He, Li, Deng, 2007).
Wavelet transformation (WT), PCA, and ANN were
used to classify the tea samples. The ANN models
developed gave good classi�cation accuracy up to
77.3% for the varieties analyzed.

The fast analytical judgment of green, black,
and Olong teas in combination with support vector
machine (SVM) was reported (Chenet al., 2007).
Thereby, the spectral features of each category can
be used to differentiate in the NIR region the three
tea varieties. The best classi�cation rates were up to
90%, 100%, and 93.33% using the calibration set
and 90%, 100%, and 95% using the validation set,
respectively.

Coffee: The discrimination between Arabica and
Robusta pure coffee varieties and mixtures therefrom
was also achieved by NIRS (Huck, Guggenbichler,
and Bonn, 2005).

Tanreqing:Tanreqing injection is a widely used
patent drug in China. It is made from �ve kinds
of TCM (traditional Chinese medicine) extracts,
namelyRadix Scutellariae, Forsythia Suspense, Flos
Lonicerae, Bear gall powder, andCornu gorais, and
was used chie�y in treating infection of the upper
respiratory tract and serious in�uenza; the medicine
also has satisfactory ef�cacy on the defense of SARS
(Serious Acute Respiration Symptom) and A/H1N1
�u. In its manufacturing process, several kinds of
intermediates need to be analyzed to ensure that the
operation runs steadily. Liet al. (2010) established a
qualitative model to monitor the quality of produced
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Table 1 The performance parameters of the established models of B via different spectra preprocessing methods.

Pretreatment Wave number (cmŠ1) PLS factors SEC (%) SEP (%) BIAS R2 (c-set) R2 (v-set)

Without preprocessing 4200…7716 14 0.148 0.142 Š0.0411 0.890 0.932
MSC 4200…7716 14 0.180 0.182 Š0.0383 0.837 0.893
SNV 4200…7716 14 0.156 0.138 0.0048 0.878 0.942
First derivative 4200…7716 9 0.0768 0.0599 Š0.00719 0.970 0.989
Second derivative 4200…7716 9 0.0484 0.0522 Š0.0205 0.988 0.990

batches according to process analytical technology
(PAT) guidelines recommended by the US FDA.

Saffron: Zalacainet al. developed a NIRS method
to determine the chemical composition and geo-
graphical origin of 111 samples from the main pro-
ducing countries: Iran, Greece, and Spain (Zalacain
et al., 2005). Compared to UV…vis and high perfor-
mance liquid chromatography (HPLC) as reference
methods, NIRS was found to be appropriate for deter-
mining moisture and volatile content according to the
ISO 3632 Technical Speci�cation Normative.

Wine: Guggenbichleret al. (2006) investigated
different vine grapes (genusVitis), grape varieties,
and bottled red wines using �ber-optics-based

NIR trans�ectance and transmission spectroscopy.
Recording of spectra in the transmission mode
allowed distinguishing between different vine
grapes. Totally, 57 bottles ofCabernet Sauvignon,
Lagrein, andChianti Classicowere analyzed. PCA
over a wave number range from 4500 to 10,000 cmŠ1

including data pretreatment allowed assigning each
wine to a separate cluster with aQ-value of 0.72.
PLSR additionally allowed determining the mixing
ratio of grape varieties in one bottle of red wine.
Therefore, this model can help the consumer check
the wine for its quality and thus prevent him or her
from being misled. In order to achieve a fast and sim-
ple quantitative analysis in the trans�ectance mode of
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the carbohydrate, total acid, tartaric acid, malic acid,
polyphenol content, and pH value in Weißburgunder,
Chardonnay, Ruländer, Silvaner, Müller Thurgau,
Gewürztraminer, Sauvignon, Lagrein, Grossver-
natsch, Blauburgunder, Cabernet, and Merlot grapes,
a NIRS method was established.

Other examples for the qualitative investigations of
natural products include tea (He, Li, and Deng, 2007),
ganoderma lucidum(Chenet al., 2008a), cinnamon,
(Julianiet al., 2006), and several others.

6.2 Quantitative Analysis

In the following section, a summary of recent appli-
cations on the quantitative analysis of different
compounds in natural products, including medicinal
and aromatic plants is described.

6.2.1 Phenolic Compounds

Phenolics in several different plants have been inves-
tigated by NIR spectroscopy to determine total
polyphenols, catechins, and others (Cozzolino, 2009;
Bittner et al., 2013) also to get knowledge upon
the antioxidative (Perron and Brumaghim, 2009),
antimicrobial (Rauhaet al., 2000), antiviral (Perez,
2008), anti-in�ammatory, analgesic, antipyretic, and
vasodilatory (Padillaet al., 2005) effects.

Wine: There are several reports about NIRS appli-
cation of phenolic compounds in wine. Garde-Cerdán
et al. (2010) measured 510 aged wines with differ-
ent storage times and in different oak barrels to cal-
culate PLS (partial least square) calibration models
to predict 10 different oak volatile compounds and
ethylphenols. In a recent publication, Garde-Cerdán
et al. (2012) applied NIRS to analyze �ve different
haloanisols and halophenols in barrelled red wine.
Totally 600 wines were measured and PLS calibra-
tions were calculated for all wines, age groups, and
zone groups of the barrelled wine. Cozzolinoet al.
(2004) used NIRS in combination with multivari-
ate data analysis to simultaneously determine the
concentrations of malvidin-3-glycoside, pigmented
polymers, and tannins in red wine. PLS calculations
resulted in squared correlation coef�cients for the
calibration above 0.80. A method for the determi-
nation of the total phenolic content in red wine was
introduced by Guggenbichleret al. (2006).

Green tea: NIRS in combination with PLS was
described to quantify the epigallocatechin gallate,
epicatechin, and trolox equivalent antioxidant capac-
ity (TEAC) in green tea (Camelia sinensisL.) leaves.
For the control of the total phenolic content in green
tea, Folin-Ciocalteu was used as a reference method
resulting in an RMSECV of 0.75 g gŠ1 for a calibra-
tion range 15.84…24.39 g gŠ1. (Chenet al., 2010a)
Employing HPLC as a reference was used for the
investigation of the total polyphenol content in four
varieties. Chen and coworkers compared the three
algorithms PLS, interval partial least square (iPLS),
and synergy interval partial least square (siPLS) to
predict the total polyphenol content (Chenet al.,
2008b). The siPLS model performed best with an
RMSEP of 0.7327 (range: 15.84…24.39%) using
�ve PLS factors. The same work group reported
PLS calibrations to determine the contents of the
main catechins. Using 75 samples, epigallocatechin
(EGC) (0.14%, range: 2.4…5.4%), epicatechin (EC)
(0.017%, range: 0.1…0.4%), epigallocatechingallate
(EGCG) (0.38%, range: 7.7…14.1%), and epicate-
chingallate (ECG) (0.12%, range: 1.8…3.7%) were
calibrated using 10…14 PLS factors. Luypaert, Zhang,
and Massart (2003) utilized NIRS in combination
with PLS algorithms to predict caffeine, EGCG, EC,
and total antioxidant capacity. Zhanget al. (2004)
predict the total antioxidant capacity in green tea
using PCR regression with test-set validation with
100 samples in the calibration set and 23 in the vali-
dation set. In a recent publication, Chenet al. (2012)
report about a comparison of PLS, back propaga-
tion arti�cial neural networks (BP-ANN), and sup-
port vector machine regression (SVMR) to measure
the antioxidant activity in green tea.

Kava: Kava (Piper methysticum) has been tradi-
tionally used for thousands of years in the South
Paci�c region. It promotes a state of relaxation with-
out the loss of mental alertness. Gautzet al (2006)
developed PLS calibration models for kavalactones
(desmethoxyangonin, dihydrokavain, yangonin,
kavain, dihydromethysticin, methysticin, and total
kalvalactones) using a maximum of seven PLS
factors. The SEPs were 0.20% (range: 0.08…2.35%)
for desmethoxyangonin, 0.31% (range: 0.10…3.33%)
for dihydrokavain, 0.47% (range: 0.08…3.02%) for
yangonin, 0.21% (range: 0,11…3.02%) for kavain,
0.15% (range: 0.08…2.58%) for dihydromethysticin,
0.19% (range: 0.09…2.70%) for methysticin, and
1.05 % (range: 0.54…14.68%) for total kalvalactones.
Kava has become a part of the herbal pharmacopoeia
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throughout the United States and Europe because of
its anxiolytic properties (Gautzet al., 2006). Never-
theless, in 2007, BfArM cancelled the admission with
an exception for homeopathic preparations. Swiss
(Swissmedic), France (AFSSAPS), the Netherlands
(CBG), and Great Britain (MHRA) followed came
to the same decision even though other countries
did not.

Grape skins: Ferrer-Gellegoet al. (2011) ana-
lyzed phenolic compounds in grape skins and intact
grapes during ripening. They established modi�ed
partial least square (mPLS) models using 56 samples.
Anthocyanins, phenolic acids, �avonols, �avanols,
and total phenolic compounds were quanti�ed with
standard RPDs ranging from 4.4 to 13.6. The same
workgroup also worked on calibration models to
determine �avanols in grape seeds (Ferrer-Gallego
et al., 2010). Qualitatively, the possibility to discrim-
inate between possible wine yards of origin has been
evaluated. Quantitatively, 14 categories of �avanols
were analyzed using 50 samples and applying 5…7
PLS factors resulting in RPDs from 2.8 to 10.7.

Blueberries: Sinelli et al. (2008) developed a
system to determine total soluble solid (TSS), total
phenols, total �avonoids, total anthocyanins, and
ascorbatein blueberries (Vaccinium corymbosum)
applying NIRS and MIR spectroscopy comparing
cross validation and test-set validation, respectively.

Tocopherols: Sz›yk, Szyd›owska-Czerniak, and
Kowalczyk-Marzec (2005) worked on a NIRS
method to evaluate the natural� -tocopherol content
in vegetable oils after extraction with ethanol. PLS
calibrations for eight different edible oils were cal-
culated. Precision and accuracy of the NIR method
was comparable to the HPLC reference method.

Honeybush: A NIRS method for the quanti�cation
of mangiferin and hesperidin in dried green hon-
eybush (Cyclopia genistoides) was established by
Joubert, Manley, and Botha (2006a,b). PLS calibra-
tions were calculated using 160 samples with four
and six PLS factors resulting in SEPs of 0.46%
(range: 0.70…7.21%) for mangiferin and 0.38 %
(range: 0.64…4.80%) for hesperidin. RPDs were 1.96
(mangiferin) and 1.90 (hesperidin).

Roiboos: Joubert, Manley, and Botha (2006a,b)
reported a NIRS method in combination with PLS
to predict total polyphenols, aspalatin, notofa-
gin, and dihydro-chalcone in dried green roiboos
(Aspalathus linearis) and aspalathin in water
extracts. More robust models could be achieved
by adding dried roiboos extract powder to some of

the samples to increase the aspalathin and nothofagin
contents.

Magnolia of�cinalis: Yu, Tong, and Huang (2007)
reported about a NIRS method for quanti�cation of
phenolic compounds inMagnolia of�cinalis. PLS,
mPLS, and PCR algorithms were compared with
mPLS performing best with reaching correlation
coef�cients of 0.97 for the calibration and 0.95 for
validation.

Rice grain: The applicability of NIRS in combina-
tion with multivariate data analysis to determine total
phenolic and �avonoid contents, as well as antioxi-
dant capacity of rice grain was discussed by Zhang
et al. (2008). The PLS and mPLS algorithms were
compared delivering similar low SEP and correlation
coef�cients above 0.84 for total phenolics and antiox-
idant capacity. However, the NIRS models to predict
the �avonoid content were not successful with corre-
lation coef�cients< 0.4.

Snow lotus: Chen, Jiang, and Zhao (2010b) applied
NIRS to measure the total �avone content in snow
lotus (Saussurea involucrata) using interval partial
least square with genetic algorithm (iPLS-GA) to
select the ef�cient spectral regions and variables.

Bamboo Leaves: Flavonoids and phenolic acids in
extracts of bamboo leaves were determined by Lu
et al. (2011) applying NIRS in combination with PLS
and least squares SVM.

Honghua oil: Wuet al. (2008) reported about MIR
and NIRS methods for quantitative analysis of the
three marker components� -pinene, methyl salicy-
late, and eugenol to assess the quality of Honghua
oil, a TCM oil preparation, consisting of several plant
essential oils.

Alfalfa: González-Martínet al. (2006) applied
NIRS to determine tocopherols in alfalfa. Using
mPLS calibration models for 60 fresh and dehydrated
samples, SECVs of 0.37 mg/100 g for� -tocopherol
(range: 0.55…5.16) and 0.027 for (� + � )-tocopherol
(range: 0.07…0.48) were achieved.

Radix puerariae: Puerarin, daidzin, and total
�avonoids in Radix puerariaewere determined by
Lauet al. (2009) calculating PLS regression models.
Correlation coef�cients in the range 0.939…0.970
were reached using a maximum of �ve PLS factors.
For qualitative analysis, linear discriminant analysis
(LDA) in combination with SIMCA was applied
to discriminate between the two species ofRadix
puerariae, Pueraria lobataandPueraria thomsonii.

Ginkgo biloba: Zhou et al. (2007) reported about
NIRS in combination with iPLS to determine
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Figure 8 Strategy for calibrating the NIR spectroscopic system for the quantitative analysis of FlosPrimulae veris.

quercetin in extracts ofGinkgo biloba. The cali-
bration was calculated using 99 samples and 15
PLS factors. The RMSEP is 1.40% with a quercetin
content range 4.62…7.33%.

Cannabis: Wilson and Heinrich (2006) reported
about a NIRS method to discriminate between
tetrahydrocannabinol (THC)-rich and hemp forms
of Cannabis. Using PCA •highŽ and •lowŽ THC
content samples could be separated.

Primula: Hucket al. (1999) developed a method
for controlling the �avonoid content inFlos Prim-
ulae veris, which is used as an expectorant related
to its anti-in�ammatory properties for the treat-
ment of sinusitis. In Figure 8, a general strategy
scheme for NIR-analysis of compounds in liquid
plant extracts is shown. For the control of the
Primulae verisFlos content, the leading compound
3� ,4� ,5� -trimethoxy�avone was determined by
reversed-phase liquid chromatography (RP-LC) as
a reference method. Recording the NIR-spectrum
(Figure 9) and calculation of its �rst derivative spec-
trum allowed identifying characteristic absorption
bands. The most intensive band in the spectrum
belonged to the vibration of the second overtone
of the carbonyl group (5352 cmŠ1), followed by
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Figure 9 First derivative of the NIR spectrum with characteristic
vibrations.

the C…H stretch and C…H deformation vibration
of ethanol (7212 cmŠ1), the-OH vibration of
water and ethanol (4440 cmŠ1), the …CH2 over-
tone (5742 cmŠ1), and the …CH2…/…CH3 overtone
(5808 cmŠ1). All recorded spectra were normalized
to allow minimizing baseline shifts and transformed
to their �rst derivative before calculating the PLS
model. The high robustness of the NIRS model is
demonstrated in the similarity of the results for SEE
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Figure 10 Calibration curve for 3� ,4� ,5� -trimethoxy�avone.
Correlation between LC and NIRS.

(0.0057 mg LŠ1) and SEP (0.0099 mg LŠ1). Accuracy
is expressed in the bias. Its value isŠ3.89% with
respect to the mean. Finally, a correlation coef�cient
of 0.95421 for the calibration curve of NIR values
against LC values was established (Figure 10). The
ethanol/water ratio was controlled simultaneously

Table 2 Validation and results of real samples for the quality
control of the leading compound 3� ,4� ,5� -trimethoxy�avone in a
plant extract.a

Ch Charge HPLC value
(ng� LŠ1)

NIR value
(ng� LŠ1)

% H2O % EtOH

34 0.219 0.219 80.38 15.7
22 0.222 0.210 80.83 15.2
11 0.197 0.230 80.25 15.7
2 0.210 0.186 81.33 14.5

42 0.245 0.193 79.69 15.7

a Source: Mattle et al. (2010)

with the same system with a correlation coef�cient of
0.99530 for water (reference method: Karl-Fischer
titration), and a coef�cient of 0.99701 for ethanol
(reference method: GC). Validation and results
of real samples showed that the robustness and
reproducibility of the NIRS model for the determi-
nation of the 3� ,4� ,5� -trimethoxy�avone, water, and
ethanol content are high (Table 2). For the identi�-
cation ofFlos Primulae verisand quantitation of the
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leading compound, NIR spectroscopy was applied as
a detector in TLC (Figure 11) (Mattleet al., 2010).

St. John•s wort: St. John•s wort extract is used for
the treatment of skin injuries, burns, and neuralgia,
for its bacteriostatic and bactericide activities, and as
a treatment for mild to moderate depression (Chiou
et al., 2001). It is still unclear how and why St. John•s
wort extract works as an antidepressant (even if it
is known that the extract acts as a mild monoamine
oxidase inhibitor and a strong serotonine reuptake
inhibitor (Butterweck, 2003). Both hypericin and
hyperforin play an important role as standards in the
phytopharmaceutical industry (Barnes, Anderson,
and Phillipson, 2001).

For the investigation of St. John•s wort and its
ingredients, different analytical procedures have
been established including infrared imaging spec-
troscopy (Huck-Pezzeiet al., 2012 and 2013).
UV-spectroscopy, �uorescence microscopy, TLC,
LC, LC coupled to mass spectrometry (LC-MS), and
CE (Huck et al., 2006). For the analysis in human
body �uids, tailored sample pretreatment proce-
dures including liquid…liquid extraction (LLE) and
solid-phase extraction (SPE) have been established
and described in details in the literature (Pirkeret al.,
2002). Nevertheless, all these methods are extremely
time-consuming and peak-tailing effects in LC make
quantitative determinations dif�cult. In contrast, NIR
offers a fast alternative for the simultaneous quan-
titation. Before spectroscopic analysis via NIRS, a
reference method based on LC, LC-MS, and CE was
established (Hucket al., 2006). In the following, 320
spectra of 80 extracts were recorded in trans�ection
mode using light �ber optics over a wavelength range
from 4008 to 9996 cmŠ1 with a resolution of 12 cmŠ1

at 23� C and an optical pathway of 1 mm. Calculation
of the �rst derivative spectra allowed identi�cation of
characteristic absorption bands. The most intensive
band in the spectrum belonged to the vibration of the
second overtone of the carbonyl group (5352 cmŠ1),

followed by C…H stretch and C…H deformation
vibration, the …OH vibration (4440 cmŠ1), and the
…CH2 overtone (5742 cmŠ1). Five primary factors
were necessary to reach the best calibration equation.
The robustness of the established NIRS model is
high, which is demonstrated in similarity of results
for SEE and SEP: 0.52 and 0.50� g mLŠ1 and 0.64
and 0.71� g mLŠ1 for hypericin and hyperforin,
respectively (Table 3). Results show the possibility
for phytopharmaceutical industry to replace LC
method, usually applied to determine hypericin
and hyperforine in the routine analysis, with NIR
method, guaranteeing a high degree of robustness
and reproducibility.

Scutellariae Radix: Scutellariae Radix, also
known asHuang-Qin, is of high pharmacological
interest because of the contained �avonoids. About
30 �avonoids were identi�ed and quanti�ed in
Radix Scutellariae, using different analytical tech-
niques such as CE (Liu and Sheu, 1994), GC, TLC,
ion-pair high performance liquid chromatography
(HPLC), HPLC with UV spectroscopy, high-speed
counter-current chromatography (HSCCC), high
performance liquid chromatography (HPLC), and
high-performance liquid chromatography (HPLC)
coupled to MS (Horvath, Martos, and Saxena, 2005).
The main �avonoids contained in the plant are
wogonin, baicalein, and baicalin; the latter found in
higher amount. Several pharmacological effects of
baicalin and its aglycone baicalein are reported in the
literature (Motoo and Sawabu, 1994) including inhi-
bition of cancer cell growth or induction of apoptosis
in breast and prostatic cell lines, anti-in�ammatory,
antioxidant and free radical scavenging, antiviral
(HIV), and anti-SARS coronavirus effects (Cushnie
and Lamb, 2005).

Huang et al. (2009) determined baicalin and
total �avonoids in Radix scutellariae measuring 61
samples in diffuse re�ection mode with baicalin
contents ranging from 12.24% to 21.34%, and

Table 3 Calibration and prediction results obtained for 80 St. John•s wort extract samples by applying NIRS in the �ber optics
trans�ectance mode.a

Compound Reference NIRS

Measurements Calibration

Range (� g mLŠ1) Regression equation SEE (� g mLŠ1) SEP (� g mLŠ1) BIAS R2

Hypericin 5.12…49.76 y= 0.9861x+ 0.3201 0.54 0.68 1.8× 10Š14 0.99
Hyperforin 0.10…145.41 y= 0.9897x+ 0.3648 0.49 0.72 4.2× 10Š14 0.99

a Source: Hucket al. (2006).
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total �avonoid contents ranging from 16.08%
to 26.52%. PLS calibration showed correlation
coef�cients of 0.902 for baicalin and 0.952 for total
�avonoids.

6.2.2 Essential Oils

Pepper: The content and composition of the volatile
fraction in various pepper samples were determined
by applying NIRS and PLSR (Schulzet al., 2005).
In the study, the determination of pungency, ter-
penoids, and �avor in white and black pepper-
corns was reported with the conclusion that both
NIRS and Raman have the potential to substitute
time-consuming traditional analytical procedures.

Cinnamon: Several African essential oils were ana-
lyzed to determine adulteration by Julianaiet al.
(2006). In cinnamon (Cinnamomum zeylanicum) and
clove (Syzygium aromaticum) essential oils, which
have similar compositions, 23 components (repre-
senting 97.8…99.9% of the oil) were quanti�ed; in
Cinnamomum camphora, 20 components; and in
Ravensara aromaticaandLippia multi�ora, 26 com-
ponents. All squared correlation coef�cients showed
values above 0.985.

Honghua oil: Honghua oil, a traditional Chinese
medicinal oil, is a mixture of several plant essential
oils. Gas chromatographic (GC) investigation of 48
commercially available oils was carried out to estab-
lish PLS calibrations for the three marker compo-
nents� -pinene, methyl salicylate, and eugenol with
SEP values of 1.55%, 0.957%, and 0.389%, respec-
tively (Wu et al., 2008).

6.2.3 Ginsenosides

Yap et al. performed simultaneous quanti�cation
of ginsenosides Rb1, Rb2, Rc, Re, Rd, Rg1, Ro,
m-Rb1-, m-Rb2, m-Rd, and m-Rc in American
ginseng. Among the calibration equations for the
11 individual ginsenosides, those of RB1, Re, and
m-Rb1 showed the lowest relative standard deviation
using HPLC as a reference method (Yapet al., 2005).

6.2.4 Volatile Compounds

The usability of NIRS for the prediction of volatile
compounds employing GC-MS as a reference

method related to the aroma in Riesling wines was
reported by Cozzolinoet al. (2006).

6.2.5 Glycoside Compounds

Buckwheat: Tartary buckwheat (Fagopyrum tartar-
icum) was analyzed by Yang & Ren (2008) to quan-
tify the rutin and �-chiro-inositol (DCI) content. PLS
regression models delivered squared regression coef-
�cients of 0.76 for rutin (8 PCs) and 0.86 for DCI
(9 PCs).

6.2.6 Glucosinolates

Brassica: Several authors reported on the determina-
tion of glucosinolates inBrassicaspp.. (Cozzolino,
2009) includingBrassica napus(Bala and Singh,
2013), B. pabularia, B. olearacea, and B. juncea
(Fontet al., 2005a).

Cabbage: The potential of NIR spectroscopy
for screening the total glucosinolates, gluconapin,
gluconasturtin, and neoglucobrassacin contents of
cabbage leaf cultivars from Portugal and Spain was
reported (Fontet al., 2005b).

Indian mustard: About 2700 winter Indian
mustard seeds were analyzed using mPLS as
regression method. The SEP values reported were
15.65 mmol gŠ1 of dry weight for glucosinolates
(Fontet al., 2004).

7 REGULATORY ISSUES

The European Medicine Agency published in 2012
guidelines on the use of NIRS by the pharmaceu-
tical industry and the data requirements for new
submissions and variations (EMEA/CHMP/CVMP/
QWP/17760/2009 Rev2; http://www.ema.europa.eu/
docs/en_GB/document_library/Scienti�c_guideline/
2012/02/WC500122769.pdf). This guideline des-
cribes the regulatory requirements for marketing
authorization applications and variation applica-
tions submitted for medicinal products for human
or veterinary use, which include the use of NIRS.
NIRS is described in the European Pharmacopoeia;
however, a single reference to the Ph.Eur. General
chapter on NIR spectroscopy (Ph.Eur. 2.2.40) as a
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sole description for the NIRS procedure is insuf-
�cient to support the use of such a procedure in
marketing authorization applications or variation
submissions.

This guideline outlines the requirements for appli-
cations in which NIRS is used for qualitative and
quantitative analyses or where it is used as a PAT for
monitoring and controlling the synthesis of drug sub-
stances and the manufacturing processes of �nished
products. Approaches other than those described in
this guidance may be used, if appropriately explained
and justi�ed. The chemometric principles described
within this guideline may also be applicable to other
analytical techniques.

In the European Pharmacopoeia 5, Chapter 2.2.40,
a general description of NIRS is included along
with several distinct recommendations on how to
record corresponding spectra and establish quali-
tative and quantitative models. This includes more
or less the fundamental principles, and in case of
further interest, the reader is referred tothe literature
(http://lib.njutcm.edu.cn/yaodian/ep/EP5.0/02_
methods_of_analysis/2.2._physical_and_physico-
chemical_methods/2.2.40.%20Near-infrared%20
spectrophotometry.pdf).

8 BENEFITS, LIMITATIONS, AND
CONCLUSION

It was shown that NIRS offers a huge potential
for the qualitative and quantitative analytical char-
acterizations of different medicinal plants and their
constituents deriving from manifold sources. Chem-
ical parameters can be analyzed simultaneously with
physical parameters. The main advantages of this
technique over the traditional chemical and chro-
matographic methods are the rapidity and the ease of
use in routine operations. Moreover, NIR is a non-
destructive technique, requiring no or only minimal
sample preparation. Nevertheless, for the quantita-
tive analyses, a calibration model must be established
with known analyte concentrations obtained by suit-
able reference methods. Although there have several
instrumental advances been achieved, including, for
example, miniaturization, the complexity of the spec-
trum in the NIR region and the chemometrical treat-
ment afterward are still understood as a black box for
many. Here, the formal education in both NIR spec-
troscopy and chemometrics will be of importance for
the future.

Finally, there is no doubt that NIRS is a very
attractive technique with a bright future in the arena
of natural product analysis.
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1 INTRODUCTION

GC is a fundamental analytical technique for ana-
lyzing plant metabolites, thanks to its versatility,
ef�ciency, and sensitivity. GC is the technique
of choice to analyze several classes of plant
metabolites, containing compounds that are in
the vapor phase or that can be vaporized at a suitable
temperature.

In chemical terms, thevolatile fractionof a matrix
of vegetable origin can in general be de�ned as a
mixture of volatiles that can be sampled because
of their ability to vaporize spontaneously, and/or
under suitable conditions, or by adopting appropri-
ate techniques (Bicchi and Maffei, 2012; Rubiolo
et al., 2010a,b). This de�nition, together with the
fact that the volatile fraction of a plant mainly
consists of homogeneous groups of medium-to-low
polarity components, often with similar struc-
tures and physicochemical characteristics (e.g.,
monoterpenoids) leads to two techniques being
the primary choices for the analysis of this frac-
tion: (i) headspace (HS) for sample preparation,
because it is easy to automate and to combine with
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GC, and (ii) gas chromatography (GC) as such or
combined with mass spectrometry (GC…MS) for
analysis.

This chapter provides an overview of these two
techniques in plant volatile analysis and discusses
headspace sample preparation techniques that can
be coupled directly to GC and fast GC, as such or
in combination with mass spectrometry (GC…MS),
qualitative and quantitative analysis, enantioselective
GC with cyclodextrins derivatives as chiral selec-
tors, the role of derivatization, and multidimensional
(MD) GC.

2 HEADSPACE SAMPLING

2.1 Some Fundamental De“nitions

HS is de�ned as an approach to sampling the gaseous
or vapor phase in equilibrium with a solid or liq-
uid matrix that aims to study its composition (Kolb
and Ettre, 1997). This de�nition refers primarily to
a one-step gas extractiontechnique, better known as
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static headspace sampling(S-HS). S-HS composi-
tion mainly depends on analyte partition coef�cients
between matrix and vapor phase at equilibrium and
is representative of the original matrix. An aliquot
of headspace is in general online and automatically
transferred to a GC or GC…MS system for analysis
(Kolb and Ettre, 1997). Figure 1 reports a diagram
of an equilibrium headspace system (Bicchiet al.,
2012).

Headspace sampling (HS) can also be achieved
with a second approach, known asdynamic
headspace sampling(D-HS). It usually consists
of three main steps: (i) the continuous removal of
the volatile components released from a matrix into
the empty volume of the sealed vessel in which it is
contained, by an inert gas �owing through or over it;
(ii) the concentration of those components from the
above-mentioned �ow stream, through cryotrapping,
or a solid adsorbent, a sorbent, a liquid stationary
phase coated on a solid support, or a selective reagent
for a speci�c class (or classes) of compounds; and
(iii) the recovery of the collected analytes from the
trap by solvent elution or thermal desorption online
or off-line to a GC or GC…MS system for analysis.
D-HSis a nonequilibriumcontinuous gas extraction
process, better known asdynamic headspace anal-
ysisor thepurge-and-trap method(Kolb and Ettre,
1997).

Gas phase

Solid or

liquid phase

Volatiles

Headspace

Figure 1 Diagram of an equilibrium static headspace system.
(Source: Reprinted from Comprehensive Sampling and Sample
Preparation: Analytical Techniques for Scientists, 4, Bicchi C.,
Cordero C., Liberto E., Sgorbini B., and Rubiolo P., Headspace
Sampling in Flavor and Fragrance Field, 1…25, Copyright (2012),
with permission from Elsevier.)

2.2 Headspace Sampling: A Short History and
Evolution

HS is a sample preparation and clean-up technique
that has •grownŽ in parallel to GC and that has been
applied to plant volatile fraction analysis since its
introduction at the end of the 1950s.

As reported by Ettre (2002) in an exhaustive review
on the beginnings of headspace, the �rst description
of HS was by Harger, Bridwell, and Raney (1939) at
the Department of Biochemistry and Pharmacology
of the School of Medicine of Indiana University
in 1939 (of course, not in combination with GC);
they applied this method to the rapid determination
of alcohol in water and body �uids. However, the
terms •headspaceŽ and •headspace analysisŽ were
�rst used by Stahl, Voelker, and Sullivan (1960),
adapting an expression used in the food packaging
industry. The �rst study in which HS sampling was
combined with GC analysis was by Bovijn, Pirotte,
and Berger (1958) who, in 1958, applied sampling
of the •gaseous phase in equilibrium with a liquid
phaseŽ to monitoring hydrogen at the 1-ppb level, in
the water of high pressure boilers.

D-HS analysis was introduced by Wahlroos (1963).
One of its �rst applications concerned plant volatiles:
Herout (1967) applied D-HS, using a short chromato-
graphic precolumn �lled with 8% Apiezon L coated
on Chromosorb as trapping system, hydrodistillation
(Clevenger apparatus), and solvent extraction (pen-
tane) to study the scent composition of three �owers:
hyacinth (Hyacinthus orientalis), violet (Viola odor-
ata), and orchid (Lycaste macrobulbon). They later
extended the analysis to white and violet-colored lilac
�owers (Syringa vulgarisL. andS. persicaL.) (Her-
out, Streibl, and Holasova, 1970); trapped volatiles
were recovered by direct thermal desorption onto the
GC column.

Fundamental contributions to the af�rmation of
D-HS were made by Teranishi•s group in 1972, with
their studies on volatile organic components present
in breath and urine (Teranishiet al., 1972), and by
Zlatkis• group in 1973, with the introduction of Tenax
as an adsorbent (Zlatkis, Lichtenstein, and Tishbee,
1973).

The success of HS was immediate, because
of its simplicity, �exibility, and sensitivity, but its
widespread af�rmation, in particular for plant volatile
routine analysis, dates only to the 1990s, when it
became more widely adopted as a consequence
both of the exponential increase in the demand for
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controls and of the success of solvent-free sample
preparation techniques, that is, those techniques in
which analytes are isolated from a matrix without
using a liquid solvent. The delay in the af�rmation
of HS was also due to the precision of the de�nition
of the principles of S-HS and D-HS approaches that,
paradoxically, slowed down the development of HS
techniques. This hindrance was overcome in the
early 1990s with the introduction of an additional
approach,high concentration capacity headspace
techniques(HCC-HS) (Bicchi, Cordero, and Rubi-
olo, 2004a). These techniques established a bridge
betweenS-HSandD-HS, based on either the static or
the dynamic accumulation of volatile(s) on polymers
operating in sorption and/or adsorption, or, more
seldom, on solvents.

2.3 Static Headspace

Since its introduction, S-HS in combination with GC
has successfully been used to study the plant volatile
fraction, because of its simplicity, speed, ease of
automation, and versatility. It is in general applied to
analyses in the low parts per million to percent range
of concentrations, because of its limited sensitivity.

In S-HS sampling, the liquid or solid sample sealed
in the headspace vial is equilibrated, at a given
temperature for a suitable time; at equilibrium, an
aliquot of the resulting vapor phase is transferred to
the GC system for analysis. The vapor transfer to
GC can be run by either manual or automatic suction
with a (thermostated) gas-tight syringe, or with a
number of systems, the best known of which are (i)
the balanced-pressure sampling systems and (ii) the
pressure/loop system (Kolb and Ettre, 1997).

Figure 2 reports a diagram of a S-HS-GC sampling
system with sampled headspace transferred to GC by
manual or automatic suction and conventional GC
injection (i) or by pressurized sampling (ii) (Bicchi
et al., 2012).

2.4 Dynamic Headspace

D-HS is probably the vapor phase sampling approach
most widely used to study the plant volatile fraction
composition exhaustively, mainly because of its great
�exibility in terms of both volume of •extractingŽ
gas and number of possible trapping approaches and

(a)

Automatic transfer
to GC and 
injection

Thermostatic

Injector DetectorCarrier
gas

system

(b) Thermostatic system

GC unit

Figure 2 Diagram of an S-HS-GC sampling system with
headspace sample transferred to GC by both manual or automatic
suction and conventional GC injection (a) or by pressurized sam-
pling and introduction (b). (Source: Reprinted from Comprehen-
sive Sampling and Sample Preparation: Analytical Techniques for
Scientists, 4, Bicchi C., Cordero C., Liberto E., Sgorbini B., and
Rubiolo P., Headspace Sampling in Flavor and Fragrance Field,
1…25, Copyright (2012), with permission from Elsevier.)

materials. These factors enable recovery of the ana-
lytes under study to be optimized in function of their
chemical nature, but D-HS requires more sophis-
ticated instrumentation and sampling procedures,
because of the large number of parameters to be stan-
dardized to obtain reliable sampling reproducibil-
ity and comparability. However, new technologies
and collecting materials, together with increasing
automation, have partially or entirely overcome these
limits.

In D-HS sampling, the volatile fraction is recov-
ered from the gaseous �ow stream strippedthrough
(purge-and-trap (P&T) approach) orover (dynamic
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approach) the matrix onto a suitable trapping system
(e.g., cold trap) or medium (a sorbent, an adsorbent,
or a speci�c reagent or solvent for a speci�c class
or classes of compounds). The sampled volatiles are
usually released either online by thermal desorption
or vaporization (after cryotrapping) directly to the
GC or GC…MS system or, more seldom, off-line by
solvent elution from the trap. Figure 3 reports a dia-
gram of a D-HS-GC sampling and analysis (Bicchi
et al., 2012).

A crucial step in D-HS is trapping, or better the
choice of trapping mode and materials. The most
widely used approach is adsorption on materials
such as carbon in its various forms (carbon molec-
ular sieves, activated charcoal, graphitized carbon
black, etc.), tenax (poly-2,6-diphenyl-phenylene

Adsorption,
sorption or 
cryo-trapCarrier

gas

Thermostatic
system

GC unit

Injection +
cycoconcentration

DetectionThermal
desorberCarrier

gas

(a)

(b)

Figure 3 Diagram of a D-HS-GC procedure: (a) D-HS sampling
and (b) thermal desorption and GC analysis. (Source: Reprinted
from Comprehensive Sampling and Sample Preparation: Analyti-
cal Techniques for Scientists, 4, Bicchi C., Cordero C., Liberto E.,
Sgorbini B., and Rubiolo P., Headspace Sampling in Flavor and
Fragrance Field, 1…25, Copyright (2012), with permission from
Elsevier.)

oxide), chromosorb 102 (styrene-divinylbenzene),
chromosorb 104 (acrylonitrile-divinylbenzene),
parapack Q (ethylvinylbenzene-divinylbenzene), or
others. The advantages and limitations of adsorption
are well known, the latter including analyte dis-
crimination due to polarity, production of artifacts
because of the catalytic activity of the adsorbent,
and irreversible bonding onto the adsorbent surface
(Baltussen, 2000). Some of these limits have more
recently been overcome by sorption, an approach
based on a group of highly inert and thermally stable
polymeric materials (mainly polydimethylsiloxane,
PDMS, and to a lesser extent polyacrylates) oper-
ating in partition. PDMS as trapping material was
introduced by Grob and Habich (1985), with open
tubular traps (OTT); others continued its develop-
ment (Bicchiet al., 1989), but only in the second
half of the 1990s did it become suitable for routine
analysis, with the development of gum-phase extrac-
tion (GPE) thanks to the in-depth investigation on
sorption fundamentals by Sandra•s and Cramers•
groups (Baltussen, Cramers, and Sandra, 2002).
New techniques and approaches were developed
on the basis of these studies, for example, stir bar
sorptive extraction (SBSE) (Baltussenet al., 1999a),
headspace sorptive extraction (HSSE) (see later)
(Bicchi et al., 2000a; Tienpontet al., 2000), and
equilibrium sorptive extraction (ESE) (Baltussen
et al., 1999b).

2.5 Static and Trapped Headspace

Static and trapped headspace (S&T-HS) was intro-
duced by Chaintreau•s group to combine the advan-
tages of S-HS and D-HS while overcoming their main
limitations (Chaintreau, 2000). In S&T-HS, a moving
piston evacuates the vapor phase in equilibrium with
the matrix from the HS chamber by pressure and con-
centrates the vapor components onto an adsorbent in
a cartridge through which the gas �ows. The trapped
analytes are then recovered by thermal desorption
and online injected into a GC unit for analysis. The
sensitivity depends closely on the sampled gas vol-
ume and, hence, on the cell volume.

Figure 4 reports a diagram of a cell for S&T-HS
sampling (Chaintreau, 2000).

This technique has been shown to be very effec-
tive for theoretical studies, and for quantitation,
either by combining the determination of the ana-
lyte air-to-liquid partition coef�cients with multiple
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Figure 4 Diagram of a cell for S&T-HS sampling. (Source:
A. Chaintreau (2000). Reproduced by permission of John Wiley
& Sons, Ltd.)

headspace extraction (MHE) or by the standard addi-
tion (SA) procedure (see later) (Chaintreau, 2000).

2.6 High Concentration Capacity Headspace
Techniques (HCC-HS)

The extension of HS sampling applications to routine
use began in the early 1990s with the development
of the HCC-HS approach, which was particularly
favored by the success of solvent-free sample prepa-
ration techniques (Bicchiet al., 2008a; Pawliszyn,
1997). HCC-HS techniques combine the advantages
of S-HS and D-HS, and their success, in particu-
lar in the plant �eld, has mainly been related (i)
to their ease of automation and combination online
to the analytical instrumentation, which has favored
the adoption of HS, whenever possible, instead of

time-consuming and/or polluting solvent-consuming
extraction or distillation and (ii) to the new possi-
bilities offered by sorption and adsorption, the main
phenomena involved in analyte recovery onto a poly-
mer from a liquid or vapor phases (Baltussenet al.,
1999b; Baltussen, 2000).

Several HCC-HS-based sampling techniques
enabling the number of their possible applications to
be extended have been developed as a complement
to conventional S-HS and D-HS. The best known
of these, together with their underlying principles,
are described in brief, in particular, HS-solid-phase
microextraction (HS-SPME) (Zhang and Pawliszyn,
1993), headspace liquid-phase microextraction
(HS-LPME) (Tankeviciute, Kazlauskas, and Vick-
ackaite, 2001; Theiset al., 2001), in-tube sorptive
extraction (INT, INCAT, and HS-SPDE) (Bicchi
et al., 2004b; McCombet al., 1997; Musshoffet al.,
2002), HSSE (Bicchiet al., 2000a; Tienpontet al.,
2000), solid-phase aroma concentrate extraction
(SPACE) (Ishikawaet al., 2004), and large surface
area HCC-HS sampling (MESI, MME, and HS-STE)
(Bicchi et al., 2007a; Bruheim, Liu, and Pawliszyn,
2003; Segalet al., 2000).

HCC-HS, HS-SPME, and D-HS techniques in the
sample preparation of the plant volatile fraction,
their advantages and limitations, have recently been
reviewed by the authors• group (Bicchi and Maffei,
2012; Bicchiet al., 2008b, 2012).

2.7 Headspace-Solid Phase Microextraction
(HS-SPME)

The �rst, and today the most widely adopted,
HCC-HS technique is HS-SPME, introduced by
Zhang and Pawliszyn (1993) and derived from
SPME, developed by Arthur and Pawliszyn (1990).
In SPME, the fractions of interest in the liquid or
vapor phase are accumulated onto a �lm of a sor-
bent and/or an adsorbent, coated on a retractable
fused silica �ber, which is part of a stainless steel
needle assembled onto a customized device. The
sampled analytes are in general recovered by thermal
desorption directly into the body of a conventional
split/splitless GC injector.

Figure 5 reports a diagram of a HS-SPME holder
and of a fused silica �ber (Bicchiet al., 2012).

Figure 6 reports the HS-SPME-GC…MS pattern
of a sample of American pepper fruits (Schinus
molleL.).
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Figure 5 Diagram of a HS-SPME holder and of a fused silica
�ber. (Source: Reprinted from Comprehensive Sampling and Sam-
ple Preparation: Analytical Techniques for Scientists, 4, Bicchi C.,
Cordero C., Liberto E., Sgorbini B., and Rubiolo P., Headspace
Sampling in Flavor and Fragrance Field, 1…25, Copyright (2012),
with permission from Elsevier.)

The same group also advanced a theory for SPME
applied to HS sampling (Gorecki and Pawliszyn,
1995; Zhang and Pawliszyn, 1993), which can easily
be extended to all other HCC-HS techniques. This
theory hypothesizes that analyte recovery from
the headspace of a matrix onto a �ber depends
on two closely related but distinct equilibria: (i)
the sample/HS equilibrium, responsible for the
HS formation and composition (measured by its
distribution coef�cient, Khs), and (ii) the HS/�ber

equilibrium, conditioning the analyte accumulation
onto the SPME �ber (expressed by its distribution
coef�cient, Kfh). The theoretical model shows that
a direct proportion is established at equilibrium
between the amount of analyte accumulated by
the �ber and its initial concentration in the sample
matrix. However, as the time to reach equilibrium
can vary from a few minutes to several hours,
nonequilibrium sampling under rigorously standard-
ized conditions of the key parameters (i.e., nature
of polymeric �ber coating; coating volume, extrac-
tion temperature, sample agitation, pH and ionic
strength, phase ratio (� ), and extraction time) (Ai,
1997) is usually applied to assure comparable and
signi�cant results. The most used coatings are poly-
dimethylsiloxane (PDMS), polyacrylate (PA), and
composite materials such as PDMS/divinylbenzene
(DVB), carbowax/PDMS (CW)/PDMS), carboxen
(CAR)/PDMS, and CAR/DVB/PDMS. SPME the-
ory, technology, evolution, and applications have
periodically been updated by Pawliszyn and cowork-
ers (Pawliszyn, 1997, 2002), whereas HS-SPME
in the plant �eld was reviewed by Belliardoet al.
(2006).

SPME operating in the D-HS mode was also devel-
oped and patented by Silva, Aquiar, and Augusto
(2004).

2.8 Headspace Liquid-Phase Microextraction
(HS-LPME)

LPME was �rst introduced for sampling in the liq-
uid phase by Jeannot and Cantwell (1996) at the
beginning of the 1990s; its use was later extended
to S-HS by Theiset al. (2001) and Tankeviciute,
Kazlauskas, and Vickackaite (2001). In HS-LPME,
the volatile fraction is accumulated into a drop of a
solvent generated at the tip of a syringe needle sus-
pended into the HS of the investigated matrix in a
sealed vial; after sampling, the drop is retracted into
the needle and directly (and if possible automati-
cally) injected into the GC injector. The solvent must
produce stable drops, be compatible with GC analy-
sis, and have a vapor pressure low enough to avoid
its evaporation during sampling. The wide range of
adoptable nonpolar, polar, and water-miscible sol-
vents makes HS-LPME very �exible and it can easily
be modi�ed for speci�c applications and/or online
or off-line combined with other extraction and dis-
tillation techniques (Ouyang, Zhao, and Pawliszyn,
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Figure 6 HS-SPME-GC…MS pro�le of an American pepper sample (Schinus molleL.). Analysis system: Agilent 6890 GC-5973 MSD
system (Agilent, Little Falls, DE, USA). Sample preparation: SPME �ber: CAR/PDMS/DVB, 2 cm; sample amount: 20 mg; vial volume:
20 mL; sampling time: 30 min; sampling temperature: 60� C. GC…MS conditions: column: MEGAWAX 20M (50 m,dc: 0.20 mm,df :
0.20� m); oven temperature: from 50 (1 min) to 230� C (5 min) at 3� C minŠ1. Desorption temperature: 230� C; desorption time: 5 min;
injection mode: split, ratio 1 : 20; carrier gas: He; �ow rate: 1 mL minŠ1. List of identi�ed compounds: (1)� -pinene, (2)� -pinene, (3)
sabinene, (4)
 -3-carene, (5)� -phellandrene, (6) limonene, (7)� -phellandrene, (8)p-cymene, (9)� -terpinolene, (10)� -copaene, (11)
� -caryophyllene, and (12) germacrene D.

2007). HS-LPME is widely used in the plant �eld, in
particular with 1-octanol and hydrocarbons of differ-
ent volatilities as solvents (Bicchiet al., 2008b).

Figure 7 shows a diagram of a HS-LPME sampling
system (Bicchiet al., 2012).

Figure 8 reports the hydrodistillation-LPME-GC…
FID pattern of theLavandula angustifoliaL. volatile
fraction (Fakhariet al., 2005).

2.9 In-Tube Microextraction

In-tube microextraction is the basic approach of
a group of techniques operating in D-HS mode,
principally developed to increase the concentration
capability of the S-HS-based HCC-HS techniques
(e.g., HS-SPME). With in-tube microextraction tech-
niques, analytes are recovered from a vapor or liquid
phase in a needle whose inside is coated or packed
with a sorbent or an adsorbent, through which a �xed
volume of a liquid or a gas can be pulled-in and
pushed-out by a gas-tight syringe or a pump, for an
appropriate number of times within a �xed interval
of time. Alternatively, they are recovered passively

by diffusion. After sampling, the analytes are online
thermally desorbed and introduced by means of a
�xed volume of carrier gas into the GC injector body
for GC or GC…MS analysis or recovered by solvent
elution and transferred online or off-line into an ana-
lytical instrument.

Several approaches have been proposed, three of
which are mentioned here. The inside needle capil-
lary adsorption trap (INCAT) (McCombet al., 1997)
consists of a hollow needle, the inside of which is
coated with either carbon or a short piece of GC cap-
illary column. Sampling is as described earlier and
analyte recovery is by thermal desorption.

In solid phase dynamic extraction (SPDE), also
known as •the magic needleŽ (Lipinski, 2001),
analytes from a vapor phase (HS-SPDE) (Bicchi
et al., 2004b; Musshoffet al., 2002) are accumu-
lated on a thick �lm (50� m, about 4.5� L) of a
polymer, coated onto the inside wall of the stain-
less steel needle (5.5 or 7.5 cm long) of a gas-tight
syringe (2.5 mL). Again, sampling is carried out
as described earlier and analytes are recovered by
thermal desorption. Several polymeric coatings
are available: PDMS, PDMS/activated charcoal,
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Figure 7 Diagram of a HS-LPME sampling system. (Source:
Reprinted from Comprehensive Sampling and Sample Prepara-
tion: Analytical Techniques for Scientists, 4, Bicchi C., Cordero
C., Liberto E., Sgorbini B., and Rubiolo P., Headspace Sampling
in Flavor and Fragrance Field, 1…25, Copyright (2012), with per-
mission from Elsevier.)

PDMS/cyanopropyl-methyl phenyl-methylsilicone
(OV) 225, PDMS/phenyl-methylpolysiloxane,
polyethylene glycol (PEG), and polydimethyl
siloxane, 7% phenyl-, and 7% cyanopropyl (OV
1701).

The HS-SPDE sampling system is illustrated in
Figure 9 (Bicchiet al., 2012).

Gas-tight
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Magic
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Polymer
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Thermostatic
system

Figure 9 Diagram of a HS-SPDE sampling system. (Source:
Reprinted from Comprehensive Sampling and Sample Prepara-
tion: Analytical Techniques for Scientists, 4, Bicchi C., Cordero
C., Liberto E., Sgorbini B., and Rubiolo P., Headspace Sampling
in Flavor and Fragrance Field, 1…25, Copyright (2012), with per-
mission from Elsevier.)

Figure 10 reports the HS-SPDE-GC-MS pattern
of a dried leaf sample of rosemary (Rosmarinus
of�cinalis L.) (Bicchi et al., 2004b).

In needle trap extraction, the sampling devices
(needle trap devices, NTDs) are packed with a solid
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Figure 8 (a) Lavandula angustifoliaessential oil GC-FID pro�le . Analysis system: Thermoquest-Finnigan Trace instrument (Thermo
electron … Milano, Italy). GC…MS conditions: column: DB-1 (60 m,dc: 0.25 mm,df : 0.20� m); oven temperature: from 60 to 250� C at
a rate of 5� C minŠ1; injection mode: split, ratio 1 : 20; carrier gas: N2; �ow rate: 1.1 mL minŠ1; injector temperature: 250� C, detector
temperature: 280� C. (b)L. angustifoliaHD-HSME-GC-FID pro�le. Sampling conditions: sample amount, 2 g; extraction time, 4 min; drop
volume, 3 mL. List of identi�ed compounds: (1) linalool, (2)� -terpineol, (3) linalyl acetate, (4) lavandulyl acetate, (5) geranyl acetate, (6)
solvent (n-hexadecane), and (7) internal standard (n-heptadecane). (Source: A.R. Fakhari,et al. (2005). Reproduced from Elsevier.)
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Figure 10 Rosemary (Rosmarinus of�cinalisL.) HS-SPDE…GC…MS pro�le; analysis system: CTC-Combi-PAL-Autosampler (Bender
and Hobein, Zurich, Switzerland) assembled on a GC…MS system consisting of an Agilent model 6890 Series Plus/5973 N. Sample
preparation: SPDE needle: PDMS containing 10% of activated carbon; sample volume: 2 mL; vial volume: 21.2 mL; equilibration time:
15 min; sampling temperature: 50� C. Sampling conditions: agitator (sampling) temperature: 50� C; headspace syringe temperature: 55� C;
number of �lling cycles per extraction: 50; plunger speed for extraction: 50� L sŠ1 (each aspiration taking 40.5 s); helium volume for
desorption: 1 mL; plunger speed for desorption: 15� L sŠ1; predesorption time in the GC injection port: 30 s; desorption temperature:
230� C. GC…MS conditions: column: HTS-FSOT capillary column (PEG 20M, 25 m,dc: 0.25 mm,df : 0.25� m, Mega (Legnano, Italy));
oven temperature from 20 (2 min) to 220� C (5 min) at 5� C min; injector temperature: 230� C, mode splitless; carrier gas: He; �ow rate:
1 mL minŠ1. MSD conditions … ionization mode: EI (70 eV), temperature: MS source: 230� C, quadrupole: 150� C, transfer line: 280� C;
mass range: 35…350 amu. List of identi�ed compounds: (1)� -pinene, (2) limonene, (3) 1,8-cineole, (4) isoamyl alcohol, (5) linalool oxide,
(6) camphor, (7) 3,5-octadien-2-one, (8) linalool, (9) bornyl acetate, (10) verbenone, (11) borneol, (12)� -ionone, and (13) thymol. (Source:
Reprinted fromJ. Chromatogr., A, 1024, Bicchi C., Cordero C., Liberto E., Rubiolo P., and Sgorbini B., Automated headspace solid-phase
dynamic extraction to analyse the volatile fraction of food matrices, 217…226, Copyright 2004, with permission from Elsevier.)

material as such or in combination with others of
different natures (silica, tenax, carbon, polydivinyl-
benzene, etc.); NTDs have recently been the object
of in-depth studies, in particular for environmen-
tal applications. The main theoretical and practical
aspects and applications of in-tube microextraction
techniques (INCAT, SPDE, MEPS, NTD, and ITEX)
have been the object of a group of reviews, most
of them by Pawliszyn•s group (Eom, Tugulea, and
Pawliszyn, 2008; Lord, Zhan, and Pawliszyn, 2010;
Wang, Fang, and Pawliszyn, 2005a).

Other approaches based on the same principles
have more recently been described, in particu-
lar inside needle dynamic extraction (INDEX)
(Ampuero, Bogdanov, and Bosset, 2004; Bos-
set et al., 2004) and in-tube extraction (ITEX)
(www.ctc.ch/misc/documents/Itex.pdf). To the best
of the authors• knowledge, these techniques have
very seldom been reported for use in the �eld of
vegetable matrices.

2.10 Headspace Sorptive Extraction (HSSE)

HSSE was introduced in 2000 by Bicchiet al.
(2000a) and Tienpontet al. (2000) as an extension
of SBSE (Baltussenet al., 1999a; Baltussen, 2000)
for HS in the vapor phase. In HSSE, the analytes are
accumulated on a device (known as aTwister®) con-
sisting of a thick �lm of PDMS (25…250� L) coated
onto a glass-coated magnetic stir bar and suspended
in the matrix headspace. After sampling, the PDMS
stir bar is placed in a glass tube, from which the
recovered analytes are thermally desorbed and online
transferred to a GC or GC…MS. Some applications in
D-HSmode, with the twister suspended in a gaseous
�ow stream for a �xed time, have also been described
(Splivallo et al., 2007).

Figure 11 reports a diagram of a HSSE sampling
system together with conventional (a), dual phase (b),
and SE-HSSE twisters (c) (Bicchiet al., 2012).
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Figure 11 Diagram of a HSSE sampling system together with
(a) conventional, (b) dual phase, and (c) SE-HSSE twisters.
(Source: Reprinted from Comprehensive Sampling and Sample
Preparation: Analytical Techniques for Scientists, 4, Bicchi C.,
Cordero C., Liberto E., Sgorbini B., and Rubiolo P., Headspace
Sampling in Flavor and Fragrance Field, 1…25, Copyright (2012),
with permission from Elsevier.)

Figure 12 reports the HSSE-GC-MS pattern of a
dried leaf sample of rosemary (R. of�cinalis L.).

Several studies have concerned PDMS, because it
is an apolar polymer that can discriminate recovery
of polar analytes from complex or multi-ingredient
matrices. Two approaches have principally been fol-
lowed: (i) replacing PDMS with a polar polymeric
sorbent having similar operative characteristics and
performance (Nie and Kleine-Benne, 2011; Sgorbini
et al., 2012) or (ii) modifying PDMS polarity, for
example, dual-phase twisters (DP-twisters) (Bicchi
et al., 2005) or solvent enhanced-HSSE (SE-HSSE)
(Sgorbiniet al., 2010).

2.11 Solid-Phase Aroma Concentrate
Extraction (SPACE)

SPACE is an S-HS technique, introduced by Ishikawa
et al. (2004), in which analytes are accumulated
on a mixture of adsorbents, mainly graphite carbon

coated onto a stainless steel rod suspended in the
vapor phase; the sampled analytes are then recovered
by thermal desorption online to the GC or GC…MS
system.

2.12 Large Surface Area High Concentration
Capacity HS Sampling

The dimension of the active contact surface of the
accumulating material has been shown to in�uence
extraction ef�ciency and sensitivity over time, for
both in-solution and S-HS sampling, because of the
larger surface area/extraction phase volume ratio
(Bruheim, Liu, and Pawliszyn, 2003). A number of
HCC-HS techniques have been developed with the
aim of maximizing analyte recovery by exploiting
this property (Bruheim, Liu, and Pawliszyn, 2003).
Membrane extraction sorbent interface (MESI) was
introduced by Yanget al. (1994) for in-solution
sampling and applied to HS sampling by Segalet al.
(2000). In MESI, the analytes are dynamically and
selectively recovered by a multistep process (Mulder,
1991; Yanget al., 1994) involving (i) vaporization
of the components from the investigated matrix, (ii)
their transfer by an inert gas �ow to a thin-�lm
PDMS membrane, (iii) their diffusion through the
membrane, (iv) their stripping from the opposite
side of the membrane into a �owing gas, and (v)
their concentration onto a sorption (adsorption) trap.
The sampled analytes are then recovered by thermal
desorption and online analyzed by GC or GC…MS. A
portable MESI-GC microsystem was used for on-site
in-�eld monitoring of biogenic emissions from plants
(Liu et al., 2004) and a conventional system was
used to sample the volatiles emitted from plants into
indoor air (Wanget al., 2002).

Sorptive tape extraction (STE) was developed by
Sisalli et al. (2006) for sampling directly at the sur-
face of the matrix investigated by means of a thin �ex-
ible PDMS tape; this has in particular been used for
in vivo sampling at the human skin surface to study
sebum composition. The sampled analytes are then
recovered by either thermal or solvent desorption and
analyzed by GC or GC…MS. Bicchiet al. (2007a)
developed STE by direct contact (DC-STE) or for HS
sampling (HS-STE) to increase recovery over time, to
be used (i) to monitor chemical messages emitted by
plants (or animals) as a consequence of a variation in
their metabolism because of stress and (ii) to sample
aromatic plants and fruits.
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Figure 12 Rosmarinus of�cinalisL. HSSE-GC…MS pro�le. Analysis conditions … Analysis system: Agilent 6890 GC-5973N MSD system
(Agilent, Little Falls, DE, USA) provided with a Gerstel TDU unit installed on an MPS-2 multipurpose sampler (Gerstel, Mülheim a/d Ruhr,
Germany). Sample preparation: Twisters: polymeric coating: PDMS, 1-cm long, 0.5-mm thick; sample amount: 20 mg; vial volume: 20 mL;
sampling time: 30 min; sampling temperature: 60� C. GC…MS conditions: column: Mega5 capillary column (30 m,dc: 0.25 mm,df : 0.25� m,
Mega (Legnano, Italy)); oven temperature: from 0 (1 min) to 50� C (0 min) at 50� C minŠ1, then to 250� C (5 min) at 3� C minŠ1; desorption
program: CIS: fromŠ50 to 250� C (5 min) at 12� C sŠ1, TDU: from 30 to 250� C (5 min) at 60� C minŠ1; injection mode: split, ratio 1 : 20;
carrier gas: He; �ow rate: 1 mL minŠ1. MSD conditions … ionization mode: EI (70 eV), temperature: MS source: 230� C, quadrupole: 150� C,
transfer line: 280� C; mass range: 35…350 amu. List of identi�ed compounds: (1)Z-3-hexen-1-ol, (2)� -pinene, (3)� -myrcene, (4)
 -3-carene,
(5) p-cymene, (6) limonene, (7) 1,8-cineole, (8) linalool, (9) camphor, (10) borneol, (11) verbenone, and (12) germacrene D.

Figure 13 is a scheme of a HS-STE sampling
system together with that of a PDMS tape (Bicchi
et al., 2012).

Figure 14 reports the HS-STE-GC…MS pattern of
licorice (Glycyrrhiza glabraL.) leaves.

3 GAS CHROMATOGRAPHY AND VOLATILE
FRACTION

3.1 Gas Chromatography: De“nition and
Short History

The volatile fraction of a plant is, in general, a
complex but homogeneous mixture that can con-
tain several hundred components with quite similar
structures and physicochemical characteristics, hav-
ing relatively different polarities and medium-to-high
volatility. A high ef�ciency technique is, therefore,
required for their separation: capillary GC is the tech-
nique of election for their analysis (Bicchi and Maf-
fei, 2012). The importance of GC in this �eld has

grown steadily, in particular after the introduction of
metabolite pro�ling to characterize plant species and
behavior (and thence also metabolomics). The tech-
nological improvement of analysis techniques, the
dramatic increase in the number of chemical analyses
a routine laboratory is required to run (Rubioloet al.,
2010b), and the ever-more-important role played by
data processing to meet increasing demands for a
•higherŽ level of information, among others, have
radically changed analysis strategies over the past
15…20 years. In developing a modern method for ana-
lyzing the plant volatile fraction, a sequence of com-
plementary but closely connected successive steps
must be kept in mind, that is, component separation,
identi�cation, quantitation (when required), and fur-
ther data processing.

The following sections of this chapter examine
the most recent advances for routine work in GC
and fast-GC combined with FID and MS, automatic
component identi�cation, quantitation approaches,
enantioselective-GC combined with FID (ES-GC)
and/or MS (ES-GC…MS), and multi dimensional GC
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Figure 13 Scheme of a HS-STE sampling system and of a PDMS tape. (Source: Reprinted from Comprehensive Sampling and Sample
Preparation: Analytical Techniques for Scientists, 4, Bicchi C., Cordero C., Liberto E., Sgorbini B., and Rubiolo P., Headspace Sampling in
Flavor and Fragrance Field, 1…25, Copyright (2012), with permission from Elsevier.)
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Figure 14 Licorice leaves (Glycyrrhiza glabraL.) HS-STE-GC…MS pro�le. Analysis conditions … Analysis system: Agilent 6890
GC-5973N MSD system (Agilent, Little Falls, DE, USA) provided with a Gerstel TDU unit installed on an MPS-2 multipurpose sampler
(Gerstel, Mülheim a/d Ruhr, Germany). Sample preparation: Twisters: polymeric coating: PDMS, 1-cm long, 0.5-mm thick; sample amount:
25 mg; vial volume: 20 mL; sampling time: 60 min; sampling temperature: 30� C. GC…MS conditions: columns: Mega5 capillary column
(30 m,dc: 0.25 mm,df : 0.25� m, Mega (Legnano, Italy)); oven temperature: from 0 (1 min) to 70� C (0 min) at 80� C minŠ1, then to 250� C
(5 min) at 3� C minŠ1; desorption program: CIS: fromŠ50 to 250� C (5 min) at 12� C sŠ1, TDU: from 30 to 250� C (5 min) at 60� C minŠ1;
injection mode: split, ratio 1 : 20; carrier gas: He; �ow rate: 1 mL minŠ1. MSD conditions … ionization mode: EI (70 eV), temperature:
MS source: 230� C, quadrupole: 150� C, transfer line: 280� C; mass range: 35…350 amu. List of identi�ed compounds: (1) limonene, (2)
dodecane, (3) nerol, (4) neryl acetate, (5) italicene, (6)� -bergamotene, (7)� -curcumene, and (8)� -curcumene.
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(GC…GC and GC× GC) applied to the plant volatile
fraction analysis.

Chromatography in general comprises a process
that separates the components (solutes) of a mixture,
on the basis of a series of consecutive equilibria
resulting from their differential interaction between
two phases, the �rst �xed or stationary and having a
large speci�c surface and the second (a liquid or a
gas) moving in contact with or through the stationary
phase.

In GC, the mobile phase is a gas; if the station-
ary phase is a high viscosity, low volatility liquid
and the separation is based on partition, it is de�ned
as •gas-liquid chromatographyŽ (GLC), whereas if
the stationary phase is a solid and mainly operates
in adsorption, it is known as •gas…solid chromatog-
raphyŽ (GSC) (Jennings, Mittlefehldt, and Stremple,
1997). The former is more widely used, whereas the
latter is mainly adopted to separate highly volatile
compounds, including �xed gases.

The history of GC was concisely but effectively
described by Bartle and Myers (2002). James and
Martin (1952) are considered to be the inventors
of GC; their 1952 study reported the separation of
volatile fatty acids by partition chromatography with
nitrogen as mobile phase and silicone oil/stearic
acid supported on diatomaceous earth as stationary
phase. However, the origins of GC lie in a 1941
publication in which Martin and Synge (1941)
�rst described liquid-phase partition chromatog-
raphy; in their words, •Very re�ned separations
of volatile substances should be possible in a col-
umn in which permanent gas is made to �ow over
gel impregnated with a non-volatile solvent. . . .Ž
Martin and coworkers focused their studies on
partition as a separation principle, although other
researchers (including Hesse, Cramer, and Phillips
(Smolkova-Keulemansova, 2000)) in the same period
were working to develop gas adsorption chromatog-
raphy. The petroleum industry, in particular Shell
(e.g., Keulemans and Adlard) and British Petroleum
(Desty), immediately adopted GC for compositional
analysis, making a big contribution to its develop-
ment (Smolkova-Keulemansova, 2000). GC rapidly
extended its �elds of application from theoretical
studies (e.g., investigation of reaction kinetics) to
biochemistry (amino acid analysis), natural prod-
ucts (e.g., essential oils and steroids), and food and
�avors.

Early GC was carried out on packed columns, typ-
ically 1- to 5-m long and 1- to 5-mm i.d., �lled with

particles each coated with a liquid or elastomeric sta-
tionary phase. The resolution of packed columns was
limited by their length, mainly because of the pres-
sure drop consequent on the resistance to gas �ow.
This limit was overcome with the introduction of cap-
illary columns: the idea was again suggested by Mar-
tin (1957) in 1956 but was independently achieved in
1957 by Golay (1957), who also introduced the the-
oretical bases in 1958 (Golay, 1958).

In a capillary column, the stationary phase is coated
on the inner wall, either as a thin �lm (wall-coated
open tubular) or impregnated into a porous layer
on the inner wall (porous layer or support-coated
open tubular) with the mobile phase �owing within
a single channel. Capillary columns offer dramati-
cally increased separation ef�ciency versus packed
columns, as well as lower operative temperatures,
with much better separation in equal times or compa-
rable separation in shorter times. The much smaller
amounts of stationary phase employed in a capillary
column require speci�c sample introduction methods
and sensitive detectors.

3.1.1 Conventional GC Analysis

The usual strategy in plant volatile analysis in
general requires two different-polarity stationary
phases to be adopted to obtain complementary
standardized chromatographic data because of the
high structural similarity of sample components
(Mondello et al., 1995; Rubiolo et al., 2010b;
d•Acampora Zellneret al., 2008). The apolar sta-
tionary phases most widely used in routine analysis
are those based on methyl polysiloxanes (SE-30,
OV-1, OV-101, DB-1, HP-1, PS-347.5, etc.) and
methyl-phenyl-polysiloxanes (SE-52, SE-54, DB-5,
HP-5, PS-086, etc.), whereas the most widely
employed polar phases are polyethylene glycols
(PEG-20M, CW-20M, DB-Wax, etc.). Medium
polarity phases based on cyanopropyl-phenyl
polysiloxane (i.e., OV-1701 and DB-1701) have
also recently gained ground.

The choice of a correct set of column (i.e., coated
with orthogonal stationary phases) is fundamental for
component identi�cation, which is usually carried
out by GC…MS through a synergistic combination of
chromatographic data (Kovats indices (Is) (Kovats,
1958), linear retention indices (ITs) (Van den Dool
and Kratz, 1963; Van den Dool, 1974), relative
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retention times, locked retention times (Blumberg
and Klee, 1998a; Giarrocco, Quimby, and Klee,
1997), and mass spectra and dedicated libraries (see
later).

3.2 New Trends in Stationary Phases

The most recent achievements in this �eld include
stationary phases based on (i) sol…gel technology and
(ii) ionic liquids (ILs).

A sol…gel material is a synthetic glass with
•ceramic-likeŽ properties, which is generally pro-
duced by hydrolysis and condensation of a metal
alkoxide (tetraethoxysilane) to form a •glass-likeŽ
material at room temperature; this is then coated
with suitable polymers (stationary phase) to obtain
capillary columns with better thermal stability and
less column bleeding (de Zeeuv and Luong, 2002;
Sidelnikov, Patrushev, and Belov, 2006). Sol…gel
columns coated with dimethylpolysiloxane and
polyethylene glycol are currently available from
SGE.

ILs are among the most widely investigated new
materials for use as GC stationary phases (Dorman
et al., 2010). The •room-temperature ionic liquidsŽ
(RTILs) are a group of low melting point, nonmolec-
ular solvents with differing solvation properties,
whose physical…chemical properties mainly depend
on the speci�c cation…anion combination. ILs are
monocationic or geminal dicationic and polyionic
ILs, often consisting of an N- or P-containing organic
cation (e.g., alkyl imidazolium and phosphonium)
and an organic or inorganic anion (Anderson and
Armstrong, 2003, 2005; Armstrong, He, and Liu,
1999; Berthod, Ruiz-Angel, and Carda-Broch,
2008). These materials have already demonstrated
unique selectivity, while their reliability in terms
of ef�ciency and temperature stability is constantly
increasing and is now almost comparable to that of
conventional stationary phases. RTILs have •dual
behaviorŽ acting as nonpolar stationary phases
when used with nonpolar or slightly polar solutes,
while being highly interactive and retentive when
used with analytes with acidic or basic functional
groups (Anderson and Armstrong, 2003, 2005).
Commercially available IL capillary columns have
been ranked on the basis of their polarity, esti-
mated with McReynolds and Rohrschneider probes
(McReynolds, 1970; Rohrschneider, 1966), and have

been found to be more polar than classical PEG
20M columns and more similar in polarity to 25%
methyl…75% cyanopropyl siloxane (e.g., SP-2330),
100% cyanopropyl siloxane (e.g., SP-2580), and
1,2,3-tris(2-cyanoethoxy) propane (TCEP). Their
properties have also led to interesting applications
in �avors and fragrances (Payagalaet al., 2009) and
essential oil analysis (Caglieroet al., 2012b).

Figure 15 reports chromatographic pro�les of
chamomile essential oil (Matricaria chamomilla
L.) obtained with (a) an SE52 capillary column
(25 m L× 0.25 mm i.d.× 0.25 mmdf Mega, Legnano
(Milan), Italy) and (b) an SLB-IL76 IL station-
ary phase (30 m L× 0.25 mm i.d.× 0.20 mm df,
Supelco, Bellafonte, PA, USA). See �gure cap-
tion for chromatographic conditions and analyte
identi�cation.

3.3 GC-FID and GC…MS and Derivatization

GC is generally used for volatiles or molecules that
can be vaporized by applying temperatures up to
400…450� C. However, medium-to-high boiling and
medium polarity analytes can also be analyzed by
GC-FID or GC…MS, after modifying their structure
and, as a consequence, their volatility through suit-
able derivatization reactions. Quite recently, Halket
et al. (2005) and Fiehn (2008) critically discussed
the role of GC…MS after sample derivatization in
plant metabolite pro�ling. Derivatization reagents
are of course chosen depending on the analyte
structure, or better the function(s) to be deriva-
tized: for example, sugar and phenolic compound
hydroxyls are generally derivatized to the corre-
sponding trimethylsilyl derivatives (TMS) with pyri-
dine andN,O-bis-(trimethylsilyl)tri�uoroacetamide
(BSTFA) with 1% trimethylchlorosilane (Isidorov
and Szczepaniak, 2009), whereas free fatty acids are
transformed to the corresponding methyl or ethyl
esters. The main advantages of GC…MS with deriva-
tization include (i) a well-repeatable FID response to
analytes, depending on their amounts, at least within
a homogeneous group of compounds, (ii) the possi-
bility to apply IT

S to locate (and identify) analytes
in the total chromatogram (Isidorov and Szczepa-
niak, 2009), (iii) mass spectra with diagnostic and
reproducible fragmentation patterns, and (iv) better
peak shape of components interacting with the sta-
tionary phase, which otherwise produce leading or
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Figure 15 Matricaria chamomilla L. essential oil GC…MS pro�le obtained with (a) a Mega 5 capillary column (25 m× 0.25 mm
dc × 0.25 mmdf, Mega, Legnano (Milan), Italy) and (b) a SLB-IL76 ionic liquid stationary phase (30 m× 0.25 mmdc × 0.20 mmdf), Supelco,
Bellafonte, PA, USA. Legend: (1) (E)-� -farnesene, (2) germacrene D, (3)� -selinene, (4) bicyclogermacrene, (5) spathulenol, (6)� -bisabolol
oxide B, (7)� -bisabolone oxide A, (8)� -bisabolol, (9) chamazulene, (10)� -bisabolol oxide A, and (11) spiroether.

tailing peak distortion, thus improving the reliability
of quantitative data. Conversely, derivatization of low
volatility components requires (i) the correct applica-
tion of percent normalization using an internal stan-
dard and FID response factors, (ii) the availability of
reference standards to build a dedicated libraryIT

S
and mass spectra and of TMS derivatives for cor-
rect identi�cation and quantitation, (iii) careful tun-
ing of derivatization conditions to achieve high yield
and to avoid multiple products because of incom-
plete reactions in molecules containing a number of
hydroxyls with different reactivities, which can make
the chromatogram increasingly complex, and (iv) the
possibility of altering the gas chromatographic and

MS performance (injector, liner activity, column ef�-
ciency, and ion source pollution), so as to avoid any
decomposition of reagents and derivatized analyte(s).

3.4 Fast-GC and Fast-GC…qMS Analysis

High speed GC for routine analysis in the plant
volatile �eld has only become popular over the past
10…15 years, although it was �rst applied by Proot
and Sandra (1986) to essential oils in the mid-1980s.
Fast chromatographic techniques, and in particular
fast-GC, aims to reduce analysis time to a mini-
mum, while keeping separation and qualitative and
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quantitative results comparable. Two approaches are
currently adopted to speeding up a GC analysis; both
achieve a reduction in analysis time of up to a fac-
tor of 10 compared to conventional methods. They
are both based on shortening columns: the most pop-
ular method keeps the ef�ciency of the GC system
constant by reducing the inner diameter (dc) of the
column (0.1 mm or less) (F-GC) (Mondelloet al.,
2004); the second is based on the rational decrease in
excessive ef�ciency, not necessary for a given sepa-
ration, by shortening a conventional capillary column
(e.g., from 25 m× 0.25 mmdc to 5 m× 0.25 mmdc)
(SCC-GC) (Bicchiet al., 2001). SCC-GC is partic-
ularly useful for routine quali-quantitative analysis
of medium complexity samples (up to about 30…40
components) with 5-m columns (vs 30 m) combined
with a suitable temperature program (Bicchiet al.,
2001); if the ef�ciency of the short column is not
suf�cient for the required separation, a stationary
phase with a suitable selectivity for the application
can also be chosen (Sandra, Proot, and Dirick, 1987).
Figure 16 reports the GC pro�les of peppermint
essential oil (Menthax piperita L.) analyzed by (a)
conventional-GC, (b) short conventional column-GC,
and (c) F-GC with narrow-bore columns (for analy-
sis conditions and peak identi�cations, see the �gure
caption).

The theoretical and practical aspects involved in
F-GC have been discussed in several review articles,
for instance, by Cramerset al. (1999) and Davidet al.
(1999). In everyday work, a •fastŽ GC analysis of a
complex mixture in general takes less than 10…15 min
and is carried out with a column withdc between
0.25 and 0.1 mm, length 5…15 m, and temperature
programs from 20 to 60� C minŠ1, resulting in peak
widths in the 0.5- to 5-s range (Blumberg and Klee,
1998b; Magni, Facchetti, and Cavagnino, 2002).

Klee and Blumberg (2002) introduced a pro-
cedure to develop an optimized F-GC method,
starting from the original conventional method.
This approach (commonly known asmethod trans-
lation) implies de�ning the best speed/separation
trade-off with a conventionaldc column, and then
automatically translating the resulting method
to narrow-bore columns via dedicated software
(http://www.chem.agilent.com). It is based on dis-
tinguishing the parameters in�uencing the speed of
a GC analysis into translatable and nontranslatable:
(i) translatable parameters are column length, inner
diameter and �lm thickness, carrier gas and �ow rate,
proportional changes in heating rates, duration of

temperature plateau, and detector working at reduced
pressure (MS); (ii) nontranslatable parameters are
stationary phase, phase ratio, and initial and plateau
temperatures. The method translation procedure
operates on four fundamental parameters: (i) void
time (tM), that is, a time unit adopted to express
time-related components in all chromatographic
metrics, (ii) the normalized temperature program,
that is, duration of each temperature plateau and
heating rates expressed intM units measured at
the same temperature, (iii) ef�ciency optimal �ow
(EOF), that is, the �ow corresponding to the column
minimum plate height (Hmin) FH, and (iv) speed
optimal �ow (SOF) that, for thin �lm columns, can
be calculated fromFH X

�
2. Two methods are

mutually translatable if they have identical non-
translatable parameters and the same normalized
temperature program.

Improvements in instrumentation have also con-
tributed considerably to making routine F-GC reli-
able: in particular (i) electronic pressure control of the
mobile phase, (ii) highly effective oven temperature
regulation and control, and (iii) high speed detectors,
that is, high frequency FID, high speed quadrupole
(qMS), and time-of-�ight (TOF) mass spectrome-
ters. Mass spectrometric detection is an indispensable
tool for reliable and of�cially accepted GC analyses;
quadrupole analyzers are the most popular MS detec-
tors for GC in routine analysis, because of their reli-
ability and acceptable cost. Their performance with
F-GC has been exhaustively and critically reviewed,
both in general (Mastovska and Lehotay, 2003) and in
essential oil analysis (Rubioloet al., 2008). The latter
study used peppermint essential oil as model sample
and dealt with separation, identi�cation, and quanti-
tation of 10 components characteristic of this essen-
tial oil, with F-GC-qMS with narrow-bore columns.
The results were compared to those obtained by con-
ventional GC-qMS; results with F-GC-qMS were
fully comparable or better, while a reduction in anal-
ysis time by a factor of about 10 was achieved (from
about 35 to 3…4 min).

3.5 Qualitative Analysis

As already mentioned, plant volatile fractions often
consist of complex groups of components with very
similar structures (e.g., mono- and sesqui-terpenoids
and essential oils). They often have indistinguishable
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Figure 16 Peppermint (Mentha x piperitaL.) essential oil GC-FID pro�les: (a) conventional GC, (b) short conventional GC column, (c)
F-GC with narrow-bore column. Analysis system: Trace GC Ultra (Thermo, Rodano, Milano, Italia). Sample amount: 1 mL of essential oil
diluted 1 : 200 in cyclohexane. GC-FID conditions: columns: OV1701 (25 m,dc: 0.25 mm,df : 0.25� m); OV1701 (5 m,dc: 0.25 mm,df :
0.25� m); OV1701 (5 m,dc: 0.10 mm,df : 0.10� m). Oven temperature: from 50 (1 min) to 250� C (5 min) at 5� C minŠ1; from 50 (1 min) to
250� C (5 min) at 15� C minŠ1; from 50 (1 min) to 250� C (5 min) at 50� C minŠ1. Injector temperature: 230� C; injection mode: split, ratio
1 : 20; carrier gas: H2; �ow rate: 1 mL minŠ1. Detector temperature: 250� C. List of identi�ed compounds: (1)� -pinene, (2)� -pinene, (3)
sabinene, (4) limonene, (5) 1,8-cineole, (6) menthofurane, (7) menthone, (8) menthyl acetate, (9) menthol, (10) pulegone, (11) neomenthol,
(12) � -caryophyllene, (13) piperitone, (14) germacrene D, and (15) viridi�orol.
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mass spectra, making chromatographic data indis-
pensable for their reliable identi�cation. Retention
indices on the same stationary phases are, there-
fore, widely used in this �eld to enable different
laboratories to share data and successfully exploit
the available linear retention index databases. Lin-
ear retention indices (ITs) were �rst introduced by
Kovats (1958) for isothermal analysis (Is); their use
was later extended to temperature programmed anal-
ysis (linear retention indices (ITs)) by Van den Dool
et al. (Van den Dool and Kratz, 1963; Van den
Dool, 1974).IT markedly improves the robustness
of the identi�cation of an analyte obtained with
its mass spectrum, because it supplies a numerical
value indicating the entity of its interaction with
the applied stationary phase, relative to a reference
standard mixture (homologous series of hydrocar-
bons or fatty acid methyl or ethyl esters) and pro-
vides its unequivocal position in the chromatogram.
The effectiveness of theIT/mass spectrum combi-
nation is reinforced by their orthogonality, as they
are based on completely different principles. In
spite of their advantages, only a few commercially
available mass spectral library software packages
include retention index information to help com-
ponent identi�cation (Mondelloet al., 1995; Shel-
lie et al., 2003; Van Asten, 2002; Adams, 2007;
FFNSC library; NIST 0-NIST/EPA/NIH Mass Spec-
tral Library, 2005; AMDIS, 2007) and even fewer
such packages provide for these two parameters•
operating •interactively.Ž The role and performance
of ITs in the analysis of essential oils were quite
recently reviewed by d•Acampora Zellneret al.
(2008). Costaet al. (2007) developed an interac-
tive IT/mass spectrum system (FFNSC MS Library,
2011) to characterize and identify plant volatile frac-
tion components, whereITs are automatically cal-
culated and incorporated as an active part of the
matching criteria together with mass spectra. The
correct identi�cation of an analyte is assured by the
range within which itsIT must fall (retention index
allowance (RIA)), which must be determined pre-
liminarily. Automatic mass spectral deconvolution
(AMDIS) is another software package developed by
the National Institute of Standards and Technology
(USA) that actively usesITs, often in combination
with NIST Mass Spectral Libraries.

Retention time locking (RTL) (Blumberg and Klee,
1998a; Giarrocco, Quimby, and Klee, 1997) is a
different approach for reliable analyte identi�ca-
tion from its GC retention data in programmed

temperature analysis. The principle underlying RTL
involves determining the adjustment of inlet pressure
necessary to achieve the desired match in retention
time(s) of an analyte or analytes with similarly con-
�gured GC systems. The RTL-based software pack-
age (Flav�d) operates without index determination
and can be combined with an additional mass spec-
trum library in the identi�cation process (AMDIS).

3.6 Enantiomer Separation with Conventional
and Fast Enatioselective GC (Es-GC,
Es-Fast-GC, and Es-Fast-GC-qMS)

Routine GC chiral recognition, to determine the
enantiomeric excess (ee) or enantiomeric ratio (er)
of one or more markers of a sample, is an additional
and crucial step for an exhaustive analysis of plant
volatile fractions, because it enables the stereochem-
istry of an enantiomer (i.e., its absolute con�guration)
to be correlated with its biological activity (e.g., its
odor), as well as provides the opportunity to de�ne
its biosynthesis correctly, to con�rm its geographi-
cal origin, to evaluate plant sample authenticity and
discover possible frauds, and to check and reveal any
technological treatments to which a vegetable matrix
has been subjected.

Derivatized cyclodextrins (CDs) are nowadays
the chiral selectors of election for enantioselective
GC (Es-GC) of components present in the plant
volatile fraction, without derivatization. Cyclodex-
trins, also known as cycloamiloses, cycloglucanes,
and cyclomaltoligoses, are a homologous series
of nonreducing cyclic oligosaccharides, compris-
ing 6…12 (� )-�-glucopyranose units linked by an
� -1-4-glycoside bond. CDs are derived from the
enzymatic degradation of starch polysaccharide by
cyclodextrin glycosiltransferase, from eitherKleb-
siella pneumoniaor Bacillus macerans(Schurig and
Nowotny, 1990).

CDs were �rst introduced as GC chiral selec-
tors for packed columns by Sybilska and Kosciel-
ski (1983), while at almost the same time, in 1987,
Juvancz, Alexander, and Szejtli (1987) and Schurig
and Nowotny (1988) applied them to capillary GC.
One of the crucial advances whereby CD became
established in routine Es-GC was due to Nowotny
et al. (1989), who proposed diluting CD deriva-
tives in moderately polar polysiloxane (OV-1701)
to improve their chromatographic properties and
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extend their operative temperatures range. Three
years later, Dietrichet al. (1992) introduced a new
generation of derivatives, with a substitution pat-
tern giving the resulting CDs high enantioselectiv-
ity and stability and good chromatographic proper-
ties; these derivatives (still today the most widely
used) mainly consist of� -cyclodextrin substituted
in position 6 (i.e., the CD narrow side) with a
bulky group (tert-butyldimethylsilyl-(TBDMS) or
tert-hexyldimethylsilyl-(THDMS)) and with alkyl or
acyl groups (mainly methyl, ethyl, and acetyl) in
positions 2 and 3 of its wider side. Enantiomer dis-
crimination with CDs is due to the relatively small
difference in the energy of the host…guest interac-
tions that each enantiomer of a racemate establishes
with the cyclodextrin selector (Jung, Schmalzing, and
Schurig, 1991; Schurig and Nowotny, 1988).

Chiral recognition of marker components in com-
plex real-world samples, such as plant volatile frac-
tions, often requires a two-dimensional approach,
because the number of peaks of chiral analytes may
be doubled by Es-GC, thus increasing the complex-
ity of the chromatogram and the probability of peak
overlap and, consequently, of an incorrect ee and/or
er determination. This drawback can be overcome by
two complementary but distinct approaches:

1. The �rst, and most used, approach comprises
using a second dimension in separation, that
is, MD GC systems. In general, conventional
heart-cut 2DGC (GC…GC) is used when a lim-
ited number of components have to be submitted
to chiral recognition (Dugo, Dugo, and Mondello,
2002; Schomburget al., 1984), whereas com-
prehensive GC (GC× GC) is applied when very
complex samples have to be analyzed and/or
when a large number of components must be
investigated simultaneously (Dugo, Dugo, and
Mondello, 2002; Shellieet al., 2004).

2. The second approach entails a second dimen-
sion in detection, that is, exploiting the selectiv-
ity of mass spectrometry (MS) as a detector. MS
is not a selective chiral probe; therefore, enan-
tiomers cannot be discriminated by their mass
spectra. Es-GC…MS can provide an unequivocal
identi�cation of a given enantiomer in a complex
mixture, by reversing the conventional GC…MS
approach, that is, the mass spectra (or diagnos-
tic ions) are used to locate the enantiomers in the
chromatogram and retention indices (ITs) to iden-
tify them.

Both of these approaches require the availability
of a standard of at least one of the two enantiomers,
or of a plant sample unequivocally known to contain
one of them, so that their correct elution order in
the chromatogram may be assigned (Konig and
Hochmuth, 2004). Libertoet al. (2008) built an
Es-GC…MS library to identify enantiomers auto-
matically, consisting of about 140 chiral standards
of plant volatiles; identi�cation is based on the
interactive use of MS spectra, RIA (see earlier)
andITs, determined on four CD derivatives, that is,
6I…VII-O-pentyl-2I…VII-3I…VII-O-methyl-� -CD, 6I…VII-
O-TBDMS-2I…VII- 3I…VII- O-methyl -� -CD-� -CD,
6I…VII- O-TBDMS-2I…VII-3I…VII-O-ethyl-� -CD-� -CD,
and 6I…VII-O-TBDMS-2I…VII-3I…VII-O-acetyl-� -CD.

The earlier considerations are also determinant to
speed-up Es-GC analysis (Bicchiet al., 2008a). A
conventional chiral GC recognition with CDs as chi-
ral stationary phases (CSPs) in general takes quite a
long time, because of the high chromatographic ef�-
ciency needed, and the slow temperature programs
necessary to obtain enantiomer baseline separation,
because of the small energy difference between the
enantiomer and the CSP host…guest interactions.
Es-GC analysis can successfully be speeded up by
adopting: (i) short conventional internal diameter (dc)
or narrow-bore columns and (ii) mass spectrometry
as selective detector, combined interactively (or not)
with ITs. Short columns also enable enantiomer elu-
tion temperatures to be reduced, with a gain of enan-
tioselectivity that can (at least partially) recoup the
loss of ef�ciency (Bicchiet al., 2008a; Caglieroet al.,
2012a).

This approach was investigated in depth on a
series of real-world samples in the essential oil �eld,
analyzed on four narrow-bore columns of differ-
ent lengths (1-, 2-, 5-, and 10-m long, 0.10-mmdc,
0.10-� mdf) coated with different CD chiral selectors;
the results were compared to those of a correspond-
ing conventionaldc column (25-m long, 0.25-mm
dc, 0.15- and 0.25-� m df) (Bicchi et al., 2008a).
Figure 17 reports the ES-GC…MS pro�les of berg-
amot essential oil (Citrus bergamiaRisso et Poiteau)
on a 5 m× 0.10 mmdc × 0.10� m df coated with 30%
6I…VII-O-TBDMS-2I…VII-3I…VII-O-acetyl-� -CD in
PS086 at 5� C minŠ1 (a) and 10� C minŠ1 (b) together
with the corresponding linalyl acetate extract ion pro-
�les at m/z 80 (for analysis conditions, see the �gure
caption). The analysis time compared to the corre-
sponding conventional GC analysis is reduced by a
factor of about 5 at 5� C minŠ1 and 8 at 10� C minŠ1.
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Figure 17 ES-GC…MS pro�les ofCitrus bergamiaRisso et Poiteau essential oil on a 10 m× 0.10 mmdc × 0.10 mmdf column coated with
30% 6I…VII-O-TBDMS-2I…VII-3I…VII-O-ethyl-� -CD in OV1701 at 5� C minŠ1 (a) and 10� C minŠ1 (b). Extract ion pro�les of linalyl acetate
(69, 80m/z) at 5 (c) and 10� C minŠ1 (d). Peak identi�cation: (1)� -pinene, (2) limonene, (3) linalool, (4) linalyl acetate, and (5)� -terpineol;
a, (R)-enantiomer; b, (S)-enantiomer.
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A second and complementary approach consists
of seeking the best trade-off, between separation
of the most critical peak pairs in a sample and
analysis time. As reported by Klee and Blumberg
(Blumberg, 1997; Blumberg and Klee, 1998a), this
strategy implies four main steps (Section 3.4): (i)
determination of the critical parameters required
for the GC method translation approach (i.e.,tM)
from the initial routine analysis conditions on the
conventional column, (ii) determination of the opti-
mal normalized multirate temperature program (r)
for a predetermined �xed column �ow-rate, (iii)
determination of ef�ciency-optimized �ow (EOF)
and speed-optimized �ow (SOF) for the normal-
ized optimal multirate temperature program, and
(iv) translation of the method to the corresponding
narrow-bore columns (Bicchiet al., 2010; Blum-
berg, 1997). This strategy was applied to a lavender
essential oil (L. angustifoliaP. Mill.) sample, �rst
optimizing the analysis conditions on a conventional
25 m× 0.25 mm dc starting from routine condi-
tions and then transferring the method to shorter
narrow-bore columns (10 and 5 m× 0.10 mm)
using method-translation software, so that peak
elution order and separation were maintained.
Figure 18 reports the ES-GC…MS pro�les of the
lavender essential oil sample, analyzed on a 30%
6I…VII-O-TBDMS-2I…VII-O-ethyl-3I…VII-O-methyl-� -
CD in PS086 chiral selector: (a) routine conditions on
conventional column (25 m× 0.25 mm× 0.25� m),
(b) SOF conditions on conventional column
(25 m× 0.25 mm× 0.25� m), and (c) SOF conditions
on 10-m NB column (10 m× 0.10 mm× 0.10� m)
(for analysis conditions, see the �gure caption).
The analysis time was reduced from about 40 min,
with the routine method, to 25 min under optimal
conditions with the conventionaldc column and to
13 min with the narrow-bore column, while keeping
the same degree of separation.

3.7 Multidimensional Gas Chromatography

An MD separation was de�ned Giddings (1987) as:
• ƒ an orthogonal two column separation, with
complete transfer of solute from the separation sys-
tem 1 (column 1) to the separation system 2 (col-
umn 2), such that the separation performance from
each system (column) is preserved.Ž Two techniques,
commonly known as MD GC, are at present used for

volatile fraction analysis: (i) heart-cut GC…GC where
one or a very few components(peaks) eluting from
the �rst column (1st dimension …1D) are online and
automatically transferred to a second column (2nd
dimension …2D) coated with a different stationary
phase, through a dedicated time-programmable inter-
face, for a given time fraction of the whole chromato-
graphic run (Deans, 1968; Mondelloet al., 1998;
Schomburget al., 1982), and (ii) two-dimensional
comprehensive GC (GC× GC) introduced by Liu and
Phillips (1991), whereeach componenteluting from
the �rst column is online and automatically trapped,
refocused, and reinjected into the second column, in a
�xed time (4…8 s) by a thermal or valve-based focus-
ing device (modulator). A GC× GC system con-
sists of a column of conventional inner diameter and
length, connected to a very short narrow-bore col-
umn, the latter enabling a fast analysis in the second
dimension, taking the time of a modulation. GC× GC
is the most recent and powerful separation technique
available at present.

Both heart-cut GC…GC and comprehensive GC
have been used for several applications in analysis
of the plant volatile fraction (Adahchouret al.,
2003; Corderoet al., 2007; Debonneville, Thome,
and Chaintreau, 2004; Dugo, Dugo, and Mon-
dello, 2002; Shellie and Marriott, 2003; Shellie,
Marriott, and Morrison, 2001). As discussed ear-
lier (Section 3.6), heart-cut GC…GC is used in
chiral recognition in complex real-world samples
to avoid peak overlap because of the doubling of
peaks corresponding to chiral components, thus
obtaining correct •eeŽ or •erŽ determinations.
Figure 19 reports heart-cut GC…GC analy-
sis of bergamot essential oil (C. bergamia
Risso et Poiteau) with a HP-5 (25 m× 0.25 mm
dc × 0.25 mm df) as a �rst column and 30%
6I…VII-O-TBDMS-2I…VII-3I…VII-O-ethyl-� -CD in
PS086 (25 m× 0.25 mm dc × 0.25 mm df) as a
second column; for analysis conditions and peak
identi�cation, see the �gure caption.

However, with heart-cut GC…GC, only a small
number of peaks (or fractions) (possibly eluting at
relatively different temperatures) can be transferred
from the �rst to the second column in a single GC
run; different eluting temperatures are required in
particular when heart-cut GC…GC is run in a sin-
gle oven. GC× GC does not suffer from this draw-
back, because each peak eluting from the �rst dimen-
sion is online and fully transferred to the second col-
umn. Unlike heart-cut GC…GC, in GC× GC chiral
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Figure 18 ES-GC…MS pro�le of Lavandula angustifolia P. Mill. essential oil analyzed on a 30%
6I…VII-O-TBDMS-2I…VII-O-ethyl-3I…VII-O-methyl-� -CD in PS086 column: (a) routine conditions on a conventional column (25 m× 0.25 mm
dc × 0.25 mmdf), (b) SOF conditions on a conventional column, (c) SOF conditions on a 10-m NB column (10 m× 0.10 mmdc × 0.10 mm
df). Peak identi�cation: (1)� -pinene, (2) camphene, (3)� -pinene, (4)� -phellandrene, (5) limonene, (6) 1-octen-3-ol, (7) camphor, (8)
linalool, (9) borneol, (10) linalyl acetate, (11) terpinen-4-ol, (12) lavandulol, (13)� -terpineol, (14) lavandulyl acetate, and (15) sabinene; a,
(S)-enantiomer; b, (R)-enantiomer.
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Figure 19 Heart-cut GC…GC analysis ofCitrus bergamiaRisso et Poiteau 1st column: HP-5 (25 m× 0.25 mmdc × 0.25 mmdf), 2nd
column: 30% 6I…VII-O-TBDMS-2I…VII-3I…VII-O-ethyl-� -CD in PS086 (25 m× 0.25 mmdc × 0.25 mmdf). Analysis conditions: temperature
program, 1st column 50� C/3� C/min/220� C; 2nd column, 60� C/2� C/min/180� C. Peak identi�cation: (1)� -pinene; (2) sabinene; (3)
� -pinene; (4)� -myrcene; (5) limonene; (6)� -terpinene; (7) linalool; (8) neral; (9) linalyl acetate; (10) geranial; (11)� -terpinyl acetate;
(12) neryl acetate; and (13) geranyl acetate; a, (R)-enantiomer; b, (S)-enantiomer.

recognition, the chiral column must be in the �rst
dimension because of the high ef�ciency required for
effective enantiomer separations (Shellieet al., 2004;
Shellie and Marriott, 2002).

GC× GC was immediately successful in the min-
eral oil industry, where samples consist of thousands
of components (Adahchour, Beens, and Brinkman,
2008), but it is now also extensively applied to plant
volatile fraction analysis. This is particularly the
case for samples containing hundreds of components
(e.g., vetiver essential and oils) or components that

may be very similar in structure and dif�cult to
separate (e.g., sandalwood essential oils), but that are
decisive to de�ne product quality and authenticity,
and also when the pro�le is used as a parameter
characterizing a species.

Figure 20 reports the GC× GC contour plots of
the Vetiver (Chrysopogon zizanioides(L.) Roberty)
essential oil (a) from Haiti and of the volatile fraction
of dried roots (b) from Java sampled by HS-SPME
with more than 300 separated components (for anal-
ysis conditions, see the �gure caption).
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Figure 20 GC× GC contour plots of the Vetiver (Chrysopogon zizanioides(L.) Roberty) essential oil from Haiti (a) and of the volatile
fraction of dried roots (b) from Java. Black bubbles indicate 2D separated peaks. Analysis conditions: Vetiver essential oil (a) was diluted
in cyclohexane (10 mg LŠ1) and directly injected (2� L) in a split…splitless injector; dried roots from Java were submitted to HS-SPME
sampling as follows: 2-cm Stable�ex 50/30� m DVB-Carboxen-PDMS (Supelco, Bellafonte, USA) … sample amount: 500 mg, vial volume:
20 mL; sampling time: 60 min; temperature: 80� C. GC× GC analyses: GC× GC…MS system: Agilent 6890 GC…Agilent 5975 MSD
ionization mode: EI 70 eV (Agilent, Little Falls, DE, USA); transfer line temperature: 280� C, scan range:m/z 35…250 in fast scanning
mode (10,000 amu sŠ1). GC× GC interface: KT 2004 loop modulator (Zoex Corporation, Houston, TX, USA), modulation time: 5 s.
Column set: 1D: SE54 column (30 m,dc: 0.25 mm,df : 0.25� m), 2D OV1701 column (1 m,dc: 0.1 mm,df : 0.10� m) (Mega … Legnano
(Milan), Italy). Analysis conditions: injection mode: split, ratio: 1/20, temperature: 270� C; carrier gas: helium; temperature program: 60� C
(1 min)/2.5� C/min/260� C (10 min).

3.8 Headspace, GC (GC…MS) and Volatile
Quantitation

The need for data concerning the relative abundance
of components, and/or the quantitation of diagnos-
tic markers of plant volatile fractions, is continually
increasing not only because of the ever growing
demand for quality and safety controls but also
because of the crucial role they play in metabolite

pro�ling (Bicchi and Maffei, 2012). A technique or
a method cannot be fully accepted as reference tech-
nique if it cannot provide reliable quantitation. It
is now generally accepted that quantitative analysis
involves the entire analytical procedure (i.e., sample
preparation, analysis, and data processing). Unfortu-
nately, though, it is often approached ambiguously
because it may be quite complex and time-consuming
to run correctly, as was quite recently discussed in
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depth by Bicchiet al. (2008c) and Cicchetti, Merle,
and Chaintreau (2008) for the �avor, fragrance, and
essential oil �elds. This section summarizes the basic
approaches to quantitation with HS and GC. These
two techniques are highly integrated and complemen-
tary; in general, all approaches developed for HS (or
HCC-HS) are based on data resulting from a GC
analysis. The �rst part of this section is a general
discussion about the component quantitation of the
plant volatile fraction in GC, whereas the second part
includes a rather detailed description of quantitation
approaches in HS or HCC-HS sampling.

3.8.1 Quantitative Analysis in GC

The different chemical compositions and physical
states of matrices to be investigated, and the varying
nature of the data required, means that there is
no •one size �ts allŽ for quantitative analysis: this
section discusses some of the most evident aspects
and �elds of application of the three most popular
quantitation approaches: (i) relative % abundance,
(ii) internal standard normalized % abundance, and
(iii) true quantitation of one or more components
(target analysis) with or without a validated method.

Relative % abundance is the most popular approach
and is used when the relative percent ratio among
the components of extracts, distillates, essential oils,
or headspaces are to be determined, and in partic-
ular when the resulting data will be used to com-
pare samples of the same matrix within a group. In
spite of its clear de�nition and relative simplicity,
this approach is often applied incorrectly: two condi-
tions are mandatory for the correct comparison of the
composition of a group of samples but are often •for-
gottenŽ: (i) the raw data must be normalizedversus
an internal standard (or at least vs an external stan-
dard, if an automatic injector is available) and (ii) the
% abundance versus the sum of the normalized areas
of a �xed number of markers must be determined; for
preference, they should be selected from among com-
ponents common to all samples investigated. From
these considerations, the relative % abundance as
such can correctly be used only when what is required
is the relative ratios of components for the investi-
gated sample. A further parameter in�uencing the
correct quantitation is that detector response varies
with the chemical structures (analyte response fac-
tor). The most common GC detectors for this �eld,

that is, MS and FID, perform differently. MS as detec-
tor cannotbe used in total ion current (TIC) mode
for quantitation in normalized % abundance, because
ion formation and intensity depend on the analyte
structure, and the resulting data would not be repre-
sentative of the true component ratios in the sample.
FID gives response factors that differ widely depend-
ing on the analyte structure, for example, some esters
can respond up to 1.6 times as strongly, compared to
a linear hydrocarbon (n-nonane) (Costaet al., 2008).
To determine the response factor of each component
experimentally, using FID, would be very time con-
suming, due to the high complexity of plant volatile
fraction; the result would also be limited by the lack
of pure standards. Two solutions have been proposed
to overcome this dif�culty: (i) the �rst, introduced by
Costaet al. (2008), involves the determination of a
response factor for each class or subclass of com-
pounds (hydrocarbons, aldehydes, alcohols, esters,
etc.) in the investigated sample, calculated versus the
internal standard, taking one component represen-
tative of each class; (ii) the second approach, pro-
posed by Cicchetti, Merle, and Chaintreau (2008)
and Chaintreauet al. (2003), involves building up
of a response factor database, calculating them pre-
dictively from combustion enthalpies and molecular
structures.

Normalized % abundance, however, is not suf�-
cient to quantify the •trueŽ amount of an analyte in
a plant volatile fraction (•trueŽ quantitation). When
one or more diagnostic markers must be quanti-
�ed, for example, because the amount present is
restricted by the legislation in force, then true quan-
titation is necessary. Analyte concentration or abso-
lute amount in a real-world sample must be deter-
mined from its chromatographic area (measured in
SIM mode with MS) in the suitably diluted sam-
ple, normalized versus the internal (or external) stan-
dard, and quanti�ed via a calibration curve built up
from amounts of marker standard in the linearity con-
centration range (Corderoet al., 2007; Schieberle
and Grosch, 1987). Quantitation with GC…MS can
also be carried out by the stable isotope dilution
assay (SIDA), introduced by Schieberle and Grosch
(Schieberle and Grosch, 1987; Steinhaus, Fritsch,
and Schieberle, 2003), described in greater detail
later. Isotope-labeled components (in general 2D or
13C-labeled compounds) overcome most of the prob-
lems mentioned earlier, giving response factors and
recoveries that are equal or very close to those of
the native compounds and the same fragmentation
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pattern, but with a known increase in molecular
weight, that is, with diagnostic or molecular ions that
is easy to detect by MS.

3.8.2 Quantitative Analysis in HS

Quantitative analysis in HS depends on the analyte
distribution between the matrix and the vapor phase,
in equilibrium or not with it. These considerations
can quite easily be extended to HCC-HS techniques,
bearing in mind that in this case the analyte or ana-
lytes are distributed in a three-phase system (again in
equilibrium or not): that is, sample, headspace, and
accumulating polymer. Several parameters in�uence
HS recovery and quantitation:

1. the experimental conditions, namely temperature,
sampling time, stirring, sample and headspace
volumes, and, as a consequence, phase ratio (� );

2. the matrix effect, that is, the in�uence of other
sample components on the release of the inves-
tigated analyte(s) into the headspace (partition
coef�cient);

3. the dif�culty to •buildŽ a reliable reference matrix
of a known composition for correct analyte cali-
bration;

4. salting out, that is, the addition of a signi�cant
amount of a strong electrolyte (in general a salt
such as sodium chloride, or potassium sulfate or
chloride) to an aqueous sample to reduce the sam-
ple/headspace partition coef�cient of the investi-
gated analyte(s) and, as a consequence, their sol-
ubility, while increasing their concentration in the
vapor phase. Salting out is, therefore, especially
effective for quantitation of weakly polar analytes
in aqueous samples.

These factors are in general met by applying sam-
pling conditions as standardized as possible and by
adopting suitable calibrations and internal and/or
external standards. Three calibration approaches are
the most widely used, although they all need to be
carefully managed. They are SA, SIDA, and MHE
(see later) (Bicchiet al., 2012; Kolb and Ettre, 1997).

Correct quantitation is conditioned by three main
factors:

1. the physical state of samples. In the plant �eld,
solid samples have very often to be analyzed.

Two approaches are possible with solid matri-
ces: quantitation on the matrix as such or on the
matrix suspended in a nonvolatile liquid. When
possible, sample suspension in liquid phase (in
particular water) is recommended because (i) it
enables the resulting suspension to be spiked reli-
ably with an internal standard and (ii) sensitiv-
ity can be increased when analyte solubility in
the dispersion liquid is low or null (Bicchiet al.,
2012).

2. correct use of the quantitation approaches (SA,
SIDA, and MHE);

3. standardization and/or normalization of the accu-
mulating polymer(s) in HCC-HS techniques. This
is a fundamental aspect with HCC-HS techniques,
as shown by Bicchiet al. (2007b) for �bers in
HS-SPME when used in routine HS analysis of
the headspace of aromatic and medicinal plants.
The considerations given here for HS-SPME
�bers can easily be extended to other HCC-HS
devices.

The performance of the polymer coating(s) can
be monitored through different but complementary
approaches, including

1. analysis of a standard mixture or a reference sam-
ple (better if it contains the analyte(s) of inter-
est) to evaluate the performance of the accumulat-
ing polymer(s) over time. A number of objective
approaches have been developed in this respect,
including (i) analyte relative concentration factors
(CFs) (Bicchi, Drigo, and Rubiolo, 2000b) and
(ii) the criterion function,Fij , introduced by Zuba,
Parczewski, and Reichenbacher (2002) and sim-
pli�ed by Hamm et al. (2003) with which �bers
are regularly tested with a reference sample or
standard solution to verify and compare their per-
formance

2. adopting an internal standard inside the sample.
This approach enables data to be normalized,
and recoveries of the accumulating polymer(s)
compared, in particular when the vegetable matrix
is suspended in a dispersion liquid.

3. normalizing polymer coating performances
through equilibrium in-�ber internal standard-
ization, as proposed by Pawliszyn•s group for
HS-SPME (Wanget al., 2005b), which entails
preloading a standard into the polymer coat-
ing as an approach to standardize sampling
internally.
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3.9 Quantitation Approaches: Standard
Addition (SA), Stable Isotope Dilution
Assay (SIDA), and Multiple Headspace
Extraction (MHE)

In addition to the internal and external standard
methods usually adopted for liquid sampling, three
approaches are widely used in headspace quantitation
of volatiles, in particular from solid matrices: SA,
SIDA, and MHE (Bicchiet al., 2012).

3.9.1 Standard Addition (SA)

SA was the �rst approach introduced for quantitation
of headspace components that overcame the matrix
effect, and it is still the most widely used (Kolb and
Ettre, 1997). In addition to the analysis of the sample
as such, SA requires that other determinations be
carried out on the same sample, after known amounts
of standard of the investigated analyte(s) have been
added.

SA can be carried out as a •single-pointŽ or a
•multiple-pointŽ calibration.Single-point calibration
requires both the sample as such and the sample
spiked with a known amount of analyte standard to
be analyzed. The amount of spiked standard must
provide a signal at least 20% more intense than that
of the analyte in the sample as such. The result with
single-point calibration can be affected by deviations
in sampling performance or in linearity. These devi-
ations can be avoided bymultiple-point calibration.
The latter method requires two steps: (i) the sample is
analyzed as such, and after having been spiked with
increasing and known amounts of standard analyte,
(ii) the analyte amount initially present in the sample
is calculated from the standard-added linear calibra-
tion function by extrapolation.

The single-point calibration procedure should
mainly be used in routine analyses, after the linear
range of the investigated analyte(s) over the con-
centration range of interest has been determined
by the multiple-point calibration method. The main
limitations of SA are (i) the need for speci�c cali-
bration for each analyte, entailing a large number of
measures and making the method time consuming,
(ii) the possible nonavailability of analyte standard,
and (iii) the nonhomogeneous distribution of the
added standard within the solid matrix, making it
necessary to spike the standard directly into the gas

phase of the vial (•gas phase addition,Ž GPA) to
obtain reliable results (Kolb and Ettre, 1997).

3.9.2 Stable Isotope Dilution Assay (SIDA)

The SIDA was introduced by Schieberle•s and
Grosch•s groups (Schieberle and Grosch, 1987;
Steinhaus, Fritsch, and Schieberle, 2003) for reli-
able quantitation of analytes in liquid samples, in
particular for trace analysis (Rychlik and Asam,
2008). SIDA adopts a labeled stable isotope of the
target analyte as internal standard, thus possessing
almost identical chemical and physical properties.
The analyte labeled with an appropriate isotope is,
therefore, •conceptuallyŽ the most effective internal
standard, provided that labeling is stable throughout
the analytical procedure. The analyte and its isotopic
analog can then be easily differentiated by GC…MS
because of their different molecular weights: this
makes MS detection indispensable. With SIDA, any
loss of analyte is, therefore, fully compensated by an
identical loss of the isotopolog, unlike what occurs
with conventional internal standards, where the ratio
between standard and analyte may be altered during
sample clean-up procedures, which often include
several steps.

The content of the target analyte can easily be cal-
culated by spiking the sample with a known amount
of labeled standard, after having established a rela-
tionship between isotopolog ratio and the intensities
of analyte and standard. SIDA is less time consum-
ing than SA and affords highly speci�c quantita-
tion because it is generally based on ions diagnostic
of the analyte(s) investigated. However, it requires
(i) labeled standards to be available and (ii) label-
ing to remain very stable throughout the analyti-
cal procedure to keep the isotopic ratio unvaried.
In general, labeling with [13C] or [15N] is very sta-
ble, whereas [18O] or [2H or D] can be the object
of losses, because of possible •exchange,Ž (iii) a
further requirement is that the equilibrium between
native analyte and isotopic analog should maintain
the same concentration ratio in all sample compart-
ments. The application of SIDA to complex solid
matrices, such as in the analysis of the plant volatile
fraction, can be dif�cult, because uniform distribu-
tion of the labeled standard throughout the matrix is
only possible if the sample is liquid or suspended in
a suitable liquid.
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3.9.3 Multiple Headspace Extraction (MHE)

MHE is a dynamic gas extraction carried out stepwise
at regular time intervals to quantify volatiles in solid
or complex liquid samples (Kolb and Ettre, 1997).
MHE was introduced by Suzuki, Tsuge, and Takeuki
(1970) and McAuliffe (1971) and developed with the
fundamental contribution of Kolb and Ettre (1997).
Kolb and Ettre (1997) compared MHE •ƒ to a
repeated liquid extraction of a sample in a separatory
funnel: in each step, part of the analyte present is
removed until no analyte is left in the original sample
. . . .Ž After the �rst HS, a portion of theheadspace
is removed, so that a new equilibrium has to be
established and a smaller peak results in HS-GC
analysis. With a suitable number of •extractionsŽ and
a suitable matrix amount, it is, therefore, possible
to strip off all the volatile(s) from the sample to
obtain an exponential decay of the peak areas and to
calculate the total area of an analyte in the sample
by summing the areas of the target peak in each
•extraction.Ž MHE, thus, excludes the in�uence of
the sample matrix on the �nal results, that is, the
matrix effect.

In routine work, a small number of extractions
(generally three or four) are suf�cient to predict the
total area of the analyte in the sample because MHE
follows a logarithmic path, making it unnecessary to
continue until the analyte has been entirely removed
from the sample matrix. The total area of the ana-
lyte(s) under investigation can be calculated with the
following equation:

AT =
i=��

i=1

Ai =
A1

(1 Š eŠq)
=

A1

(1 Š Q)
(1)

whereA1 is the analyte area after the �rst analysis,
AT the total area of the investigated analyte,Ai the
peak area obtained in theith extraction, andŠq
(Q= eŠq) a constant representing the exponential
decline during the stepwise MHE procedure, which
can be calculated from the linear regression analysis
equation:

ln Ai = Šq(i Š 1) + ln A1 (2)

The total analyte amount in the sample can then be
obtained from the total area,AT, with a calibration
curve or more simply with an external standard

procedure. Equation 2 shows that the total area of
the analyte in the sample can be calculated from
the area of the �rst extractionA1 and the constant
Q (calculated from the linear regression equation);
conversely, aQ value for each sample should ideally
be determined, making the procedure extremely time
consuming for routine laboratories.

MHE can easily be extended to HCC-HS tech-
niques (Bicchiet al., 2011; Ezquerro, Pons, and
Tena, 2003). The main difference, compared to con-
ventional MHE applied to S-HS, is that the ana-
lyte is partitioned among sample, headspace, and
�ber. MHS-SPME can be carried out under nonequi-
librium conditions, signi�cantly reducing the anal-
ysis time (Ezquerro, Pons, and Tena, 2003), pro-
vided that all SPME parameters (i.e., extraction time
and agitation) are kept constant in each individual
extraction (Martinez-Urunuela, Gonzalez-Saiz, and
Pizarro, 2005). The MHE procedure can be simpli�ed
when analyte amounts fall within a reasonably lim-
ited range in relatively homogeneous samples. Under
these conditions,Qand correlation coef�cient (r) val-
ues are very similar, thus enabling an averageQvalue
to be adopted for the routine determination of subse-
quent samples. This hypothesis was demonstrated to
be correct in the authors• laboratory, with the quan-
titation by HS-SPME of furan and 2-methyl-furan in
150 samples of roasted coffee of different varieties,
origins, and of several spices (Bicchiet al., 2011).
The possibility of HS quantitation with a single-area
determination makes the MHE approach very rapid
and highly time competitive, not least because the
concentration can be calculated from the total area
very quickly, through an external standard determi-
nation (Kolb and Ettre, 1997).

4 CONCLUSIONS

HS and GC used together are ideal techniques to
study the complexity of the plant volatile fraction
and to obtain reliable information on sample com-
position. Thanks to the high recovery effectiveness,
reliability, and �exibility of HCC-HS techniques, the
most suitable approach may be applied depending
on the nature of the sample to be analyzed. The
high GC separative power, advanced technology, and
combination with MS have meant that these two
techniques have contributed synergistically to the
af�rmation of the role of the volatile fraction as a
fundamental parameter to study plant metabolism.
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Conversely, the importance of the information pro-
vided by the volatile fraction in the quest to under-
stand plant biochemistry and behavior and the ever
increasing demand for that information have also
stimulated HS and GC technique development, in
particular favoring their online combination. This
thrust has been aimed at obtaining reliable and rep-
resentative pro�les and improving component iden-
ti�cation through effective coupling with mass spec-
trometry and automatic data handling and processing.
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1 INTRODUCTION

In the United States Pharmacopeia, electrophore-
sis is de�ned as the migration of charged electri-
cal species, suspended or dissolved in an electrolyte,
through which an electric current is passed. Accord-
ingly, the German physicist Ferdinand Friedrich von
Reuss was the �rst to describe such a phenomenon in
1807, when he noticed that clay particles dispersed
in water start to migrate in an electric �eld (Zait-
seva, 2001). Classical electrophoresis as reported by
Tiselius in the �rst half of the twentieth century uti-
lizes gels or impregnated paper strips for separa-
tion, an approach with several major disadvantages
(e.g., sometimes problematicin situquanti�cation or
extended analysis time). In order to overcome these
limitations, separations in open tubes were attempted
as detection, high electric �eld strengths, and cool-
ing are easier to achieve. Hjerten (1967) was the
�rst one to report on successful separations in 3-mm
glass tubes, but in order to control thermal convec-
tion they needed to be under rotation during analysis.
The years to follow brought major improvements by
the studies of Virtenen [advantages of columns with
small internal diameter (ID)], Everaerts (on-column
UV detection in 200� m Te�on capillaries), and
Jorgenson and Lukacs, who utilized small diameter
(<100 � m ID) fused-silica capillaries for the �rst
time (Jorgenson and Lukacs, 1981). Their pioneer-
ing work on theory and application can be considered
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the beginning of modern capillary electrophoresis
(CE or HPCE, high performance capillary elec-
trophoresis), a starting point from which the tech-
nique has impressively evolved. Just to name the
invention of micellar electrokinetic chromatography
(MEKC or MECC) by Terabeet al. (1984), the �rst
report on capillary electrophoresis-mass spectrome-
try (CE-MS) in the year 1987 (Olivareset al., 1987),
or the availability of commercial instruments in 1989
as further milestones. Currently, the following tech-
niques are compiled under the term CE, capillary
zone electrophoresis (CZE), MEKC, microemul-
sion electrokinetic chromatography (MEEKC), cap-
illary electrochromatography (CEC), capillary gel
electrophoresis (CGE), capillary isotachophoresis
(CITP), and capillary isoelectric focusing (CIEF)
(Natishan, 2005). Owing to many desirable features,
some of them are already used in routine analysis,
others are still in developmental stage and mainly of
academic interest. Yet, for a relatively young sepa-
ration technique, CE plays an important and indis-
pensable role in analytical sciences already. After a
brief introduction to separation theory and instrumen-
tation, the relevance of CE for natural products anal-
ysis is described and discussed in this contribution.

2 SEPARATION THEORY

In contrast to many other separation techniques,
the fundamentals of CE can be described in rather
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simple terms. As stated at the beginning, ions or
charged solutes will move in an applied electric �eld,
anions toward the anode and cations to the cath-
ode. Their migration direction and speed (migration
velocity) are depending on electric �eld strength and
the analytes own electrophoretic mobility. The latter
is in�uenced by charge of the ion, ion radius, and
solution viscosity; higher charge and smaller size will
result in greater mobility and vice versa (Weinberger,
2000). When glass capillaries are used, this mobil-
ity is superimposed by another unique driving force,
the electroosmotic �ow (EOF). Above a pH value
of 3.0, the silanol groups of uncoated silica capillar-
ies are increasingly deprotonated (Karger and Foret,
1993). Accordingly, when a buffer (background elec-
trolyte, BGE) is present, buffer cations will form a
double layer at the negatively charged inner wall. The
double layer is typically very thin (a few hundred
nanometers), composed of a rigid (Stern layer) and
diffuse layer, and the corresponding potential differ-
ence is calledzeta potential(Karniadakis, Beskok,
and Aluru, 2005). When voltage is applied, cations
of the diffuse layer are free to move, carrying the
whole bulk of buffer to the cathode. In contrast to
pressure-driven separation techniques such as HPLC,
the resulting �ow pro�le is �at and not parabolic. This
is one of the reasons for superiority of CE in terms
of separation ef�ciency (Altria, 2010). Another one
is additionally diminished band broadening, which is
only caused by longitudinal diffusion; other factors
mentioned in the Van Deemter equation, for example,
mass transfer, are minimized because of the use of
open capillaries with small diameter (Li, 1992).

For natural products analysis, the most common
CE-techniques are CZE, MEEK, MEEKC, and CEC;
they are described in detail in Chapter 3 of this
article. Here, the generation of an EOF is desired, as
it speeds up migration, which is the result of EOF
and compound-speci�c migration. In case detection
is achieved at the cathodic side, cations (separated
based on their mobility) will elute �rst, followed by
neutral, not separated species (only for CZE). Anions
can be detected as long as the EOF is stronger than
their native migration. If required, the EOF can also
be reverted by the addition of cationic surfactants
such as cetyltrimethylammonium bromide (CTAB).
For other approaches such as CGE, CITP, or CIEF,
an EOF is usually disadvantageous and suppressed
using coated capillaries (e.g., with methylcellulose)
or adding special agents (e.g.,s-benzylthiouronium
bromide) (Weinberger, 2000).

Unfortunately, CE separations and particularly
those of natural products in plant extracts are not
as facile as they possibly seem. Even if the princi-
ples are simple, CE method development is usually
tedious. It involves the selection of separation and
detection mode, optimization of separation condi-
tions (type of buffer, its pH value, buffer molarity,
temperature, voltage, and need of modi�ers such
as organic solvents or cyclodextrins), and sample
preparation and capillary treatment within analyses
(Wätzig, Degenhardt, and Kunkel, 1998). Each
parameter has to be optimized and controlled; for
example, the pH value of the buffer will have an
in�uence on charge of the ion, its solubility in the
BGE and EOF/zeta potential, or the separation tem-
perature is relevant as the viscosity of many solvents
changes by 2% per degree Celsius. Not to forget
the possible electrostatic adsorption of constituents
on the capillary surface, causing problems in repro-
ducibility and peak shape (Karger and Foret, 1993).
In such a case, sample preparation and capillary
preconditioning need to be optimized for obtaining
reproducible results.

3 RELEVANT SEPARATION MODES

3.1 Capillary Zone Electrophoresis

CZE, sometimes also termedfree solution capillary
electrophoresis(FSCE), is the simplest and most
common CE mode. Its separation mechanism is, as
mentioned in the previous chapter of this article,
based on different effective mobilities of the ana-
lytes at a given pH value (Gotti, 2011). It only will
permit the separation of cations and/or anions, and
therefore pH control of the buffer solution is usu-
ally the most crucial parameter to adjust. Taking an
acidic compound (e.g., phenolic acid) as an example,
at low pH values (<pK Š2), the compound remains
basically noncharged and cannot be separated by
CZE from other neutral analytes, at its pK value
half of it is ionized, and only at a pH� pK +2
all molecules are deprotonated. Accordingly, such a
buffer pH should be selected for analysis, which, in
this case, also assures solubility in aqueous buffers
and suf�cient EOF. Concerning the type of buffer, the
analyst can choose from a long list, varying in many
factors such as pH range, buffer capacity, solubility,
or conductivity. Common electrolyte systems include
phosphate (pH 1.1…3.1 and 6.2…8.2), acetate (pH
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3.8…5.8), borate (pH 8.1…10.1), or Tris-buffers (pH
7.3…9.3) (Li, 1992). Their in�uence on the separation
can further be modi�ed by buffer molarity or the
addition of modi�ers and chiral selectors. Typical
examples for the latter are cyclodextrins, compounds
that are able to form stereoselective analyte-selector
complexes, and thereby enable the separation of
enantiomers (Scriba, 2008). Adding an organic sol-
vent to the aqueous BGE serves two purposes, to
modify selectivity and enhance solubility of the ana-
lytes. It even can end up with the full replacement of
water by an organic solvent, an approach that is called
nonaqueous capillary electrophoresis(NACE). In the
early days of CE, there was a lack of interest concern-
ing this technique, possibly because of instrumental
problems (evaporation of solvents during analysis).
Today, these problems are solved and NACE a rec-
ognized alternative to aqueous CZE, especially as
respective buffers usually generate low electric cur-
rent (Cherkaoui, Geiser, and Veuthey, 2000). Joule
heating, resulting in air bubble formation in the buffer
and thus instable electric current, is less limiting, and
higher voltages can be applied for faster and more
ef�cient separations. The choice of solvent, which is
to be used, depends on factors such as solvent prop-
erties, chemical stability, instrumental demands (e.g.,
UV transparency), viscosity, and volatility (Geiser
and Veuthey, 2009).

3.2 Micellar Electrokinetic Chromatography

MEKC is an elegant way to overcome a major lim-
itation of CZE, which is only being able to resolve
charged analytes. It can be described as micellar
solubilization by means of a surfactant (El Deeb,
Iriban, and Gust, 2011). The latter is composed
of a hydrophobic, nonpolar hydrocarbon tail and
a hydrophilic, polar head with anionic, cationic,
nonionic, or zwitterionic character. Once a certain
concentration is reached in the solution (CMC, crit-
ical micelle concentration), the monomers aggregate
to form micelles, structures that exist in dynamic
equilibrium with the monomeric tensides (Unger,
2009). These micelles act as pseudo-stationary
phase and, except those of nonionic surfactants,
display external charge and electrophoretic mobility.
Depending on their distribution coef�cient, neutral
analytes will now be allocated between micelle and
solution and therefore migrate differently depending
on their chemical structure (Terabe, 2008). Charged

species can be separated too as they move in the
electric �eld anyway.

The most commonly used tenside in MEKC is
sodium dodecylsulfate (SDS), an anionic surfactant
with a CMC of 8.1 mM in water. Respective micelles
move toward the anode and not to the cathode, where
detection is usually achieved. Anyway, as long as
the net movement is in direction toward the detector,
neutral analytes will be detectable. Other previ-
ously utilized detergents include sodium octane sul-
fonate (anionic), cetyltrimethyl ammonium chloride
(cationic), cocamidopropyl betaine (zwitterionic),
polyoxyethylene sorbitan monolaureate (Tween 20,
nonionic; they only can be used in combination with
others), or bile salts such as sodium cholate (El Deeb,
Iriban, and Gust, 2011). More recently, the use of
polymers, liposomes, or nanoparticles (gold and car-
bon) as pseudo-stationary phases in MEKC has been
described as well (Liu, 2009; Shpak, Pirogov, and
Shpigun, 2004). Regardless what actually is used,
the molecular structure of the surfactant has a pro-
nounced effect on the analyte…micelle interaction
and therefore on separation selectivity and ef�ciency.
Other parameters that also have to be considered
are separation temperature, pH value of buffer, and
the possible need of modi�ers such as organic sol-
vents, chiral additives, or ion pairing reagents. Sam-
ple preconcentration techniques such as sweeping
or stacking (Section 4) are feasible with MEKC
buffers as well; on the other hand, their use for
CE-MS is limited to a large extent as most surfac-
tants are nonvolatile. There have been attempts to
solve respective problems by partial �lling technique,
instrumental modi�cations (e.g., APCI instead of ESI
interface), or the use of speci�c micelle polymers;
yet, user-friendly solutions for routine analysis are
still in demand (Silva, 2007).

3.3 Microemulsion Electrokinetic
Chromatography

At �rst sight, MEEKC seems very similar to MEKC,
yet there are distinct differences between these two
CE modes. Microemulsions are de�ned as stable,
isotopically clear solutions of oil (e.g., octane)
and water stabilized by a surfactant and cosurfac-
tant (Ryanet al., 2011). Accordingly, oil-in-water
(O/W) and water-in-oil (W/O) systems have to
be differentiated. For O/W systems, SDS can be
used as surfactant at concentrations well above the
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CMC, and a straight alcohol such as butanol serves
as cosurfactant. The surfactant lowers interfacial
tension, and the cosurfactant reduces electrostatic
repulsion between the surfactants head groups, so
that stability of the emulsion is strongly enhanced
(Ryanet al., 2009). As a result, small droplets of oil
(size� 10 nm, pseudo-stationary phase) are formed,
which, depending on the type of surfactant used,
are charged. The analytes (neutral and charged)
are selectively partitioned between oil and aqueous
phases; for example, the more hydrophobic they are,
the more they will be in the oil droplet. Thus, the
separation principle resembles that of MEKC to a
large extent, but one major advantage of MEEKC is
a greater solubilizing power for polar and nonpolar
compounds at the same time. It has also been sug-
gested that compounds can partition more effectively
in a microemulsion droplet than a more rigid micelle.
This leads to higher rates of mass transfer and more
ef�cient separations (Ryanet al., 2011).

Compared to MEKC, this method offers more
options for �ne-tuning, thus, it is an interesting but
challenging approach (Ha, Hoogmartens, and Van
Schepdael, 2006); extensive preformulation stud-
ies are usually required, investigating amount and
hydrophobicity of the drug(s) on one side, and nature,
combination, and proportion of the formulation com-
ponents on the other side (Furlanettoet al., 2011).
However, once this is optimized, a versatile and pow-
erful procedure is at hand, as indicated by recent
MEEKC-MS applications (Bytzeket al., 2010) or
separations in multiplexed (48 capillaries in parallel)
format (Lynenet al., 2011).

3.4 Capillary Electrochromatography

CEC is unique in a sense that it combines selectivity
of HPLC with ef�ciency of CE. Capillaries with usu-
ally 75…150� m ID are �lled with stationary phase,
and separation is mainly based on chromatographic
interaction. Yet, the buffer is pushed through the cap-
illary by applying voltage and the resulting EOF.
Fundamental studies in this respect have been per-
formed by Knox and coworkers, who showed that
particle diameters as low as 1.5� m have no reduc-
ing effect on EOF (Knox and Grant, 1991). Com-
pared to CE, the latter is more complex to explain
for CEC. Here, the externally applied electrical �eld
interacts with space charges in the electrical double

layer of the stationary phase, caused by ionizable sur-
face functionalities, the adsorption of buffer compo-
nents or molecular/particulate coatings (Ganzera and
Nischang, 2010). This explains the fact why usually
mixed mode separations are observed in CEC, as the
same surface that is responsible for generating the
EOF may also provide chromatographic selectivity
(Freitag and Hilbrig, 2007).

There is a vast choice of stationary phases suit-
able for CEC use, even if only a few ready-made
CEC capillaries are commercially available till date.
The options include packed columns, which are �lled
with regular LC stationary phases of small particle
size, monolithic materials, or open tubular columns.
The latter are capillaries with modi�ed inner sur-
face, which, for example, is covered by a thin porous
layer, molecularly imprinted polymers, or nanopar-
ticles. Compared to packed beds, they are easier to
prepare (e.g., no frits are required) and versatile, but
their separation ef�ciency is low because of a reduced
phase ratio (Yang, Zhao, and Li, 2010). A good alter-
native in this respect are porous monoliths. They can
be either silica or polymer (styrene/acrylate) based,
are comparatively easy to prepare byin situpolymer-
ization directly in the capillary, are extremely �exi-
ble in their separation properties because of the large
variety of functional precursors, and can be fabri-
cated in diverse formats (Eeltink and Kok, 2006).
Accordingly, these materials are in the main focus
of research, as indicated by interesting contributions
such as surface modi�cations for enantioselective
CEC (Lämmerhofer and Gargano, 2010), CEC-MS
by photoionization (Gu and Shamsi, 2010), or the
preparation of organic-silica hybrid monoliths (Wu
et al., 2011). Regardless of these promising attempts,
CEC is still in some kind of experimental stage, with
little impact on routine analysis. Possible reasons for
this (current) status might be the facts that separation
mechanisms are dif�cult to predict, the technique is
vulnerable to methodological variables (e.g., sample
composition), and, even easy at �rst sight, a lot of
experience is required in the fabrication of columns
with reproducible performance.

4 INSTRUMENTAL AND OPERATIONAL
OPTIONS

CE instruments comprise only a few essential com-
ponents, which are two buffer and one sample vial,
two electrodes connected to a high-voltage unit, a
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separation capillary, and a suitable detection device.
For CEC, the same instrumentation can be used,
except that both buffer vials have to be pressurized
during analysis in order to prevent air bubble for-
mation and therefore �uctuations in electric current.
Otherwise analysis is performed in a similar way,
meaning the capillary has to be prepared for anal-
ysis by �ushing with suitable solvent(s) (in CE, an
NaOH solution is usually included in this step for
deprotonation of the silanol groups) and buffer (equi-
libration). The sample solution is injected and by
applying high voltage via two electrodes inserted in
the same buffer vials as the capillary tips (inlet at
injection side and outlet at detection side), the com-
pounds start migrating toward the detector. Detection
is achieved right through the capillary (on-line) most
of the time, so that depending on the type of capil-
laries used (e.g., UV transparent or nontransparent)
the coating has to be removed at the detector win-
dow by burning or treatment with acid. Considering
that microscale separations are utilized (injected sam-
ple volumes are usually in the range 10…50 nL and
the total column volume is a few microliter only),
special emphasis has to be put on quality and purity
of solvents. Accordingly, for satisfactory results, all
solutions including sample need to be membrane �l-
tered and degassed before use and replaced after a
few analyses.

4.1 Injection

In CE, there are two injection modes with practi-
cal relevance, hydrodynamic and electrokinetic injec-
tion. In the �rst case, the sample is injected by
applying pressure at the inlet side of the capillary
or vacuum at the outlet or through a height differ-
ence between sample and outlet buffer vial (siphon-
ing). For electrokinetic injection, voltage is applied
for a short time when the sample vial is placed at
the inlet side (and buffer at the outlet); depending
on their electrophoretic mobility, the resulting EOF
will transport sample constituents into the capillary.
Thus, in this mode, an inherent discrimination of the
injected analytes takes place.

4.2 Analysis

As mentioned earlier, CE separations can be per-
formed in different modes and formats. Typically

bare fused glass capillaries with an ID between 50
and 100� m are employed, at variable (approximately
30…80 cm) or instrument-dependent length. In order
to suppress possible analyte … capillary adsorption
effects, coated capillaries are an alternative. They
can be prepared by dynamic (coating agents are con-
tinuously present in the BGE) or static (covalent
attachment of the coating agent to the capillary wall)
coating and optimize the wall properties for particu-
lar analytes, for example, for protein analysis cationic
coatings are favorable (Huhnet al., 2010). Most com-
mercial instruments are equipped with an autosam-
pler and provide voltages of up to 30 kV, either in
positive (cathode at the outlet electrode) or in neg-
ative direction (anode at the outlet). The capillar-
ies are placed in temperature-controlled cassettes (air
or liquid cooling), assuring an ef�cient heat dissipa-
tion. Buffers generating low electric currents (� 150
� A) during analysis should be preferred, as otherwise
Joule heating and related problems may occur. The
majority of reports describe separations in analytical
scale, but by changing the outlet vial(s) during anal-
ysis, CE can also be used for fractionation.

4.3 Detection

The standard detection technique in CE, regardless
which mode is selected, is de�nitely UV…vis photom-
etry in the form of a diode array or �xed wavelength
detector. They are robust, show a good linear range,
and are fairly sensitive. Yet, as detection is usu-
ally performed on-line through the separation cap-
illary of small ID (and therefore short optical path
length) and the injected sample volume is extremely
small, sensitivity is lower than for other analyti-
cal techniques; detection limits are typically two to
three orders of magnitude worse than LC (Bread-
more, Dawod, and Quirino, 2011; Suntornsuk, 2010).
Capillaries with extended light path (bubble cells)
or z-shaped detector cells can be used to solve this
problem. Other options include the use of speci�c
sample preconcentration techniques (Section 4.4) or
alternative detectors. Concerning the latter electro-
chemical (EC), chemiluminescence (CL), conduct-
less conductivity (C4D), or �uorescence detectors
(FD) as well as a mass spectrometer (MS) are pos-
sible options. Each of them has unique characteris-
tics and applications, for example, C4D is well suited
for nonchromophore species such as inorganic and
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organic ions (Zemannet al., 1998), and CL detection
is more sensitive but applicable to certain compounds
only. For example, primary and secondary amines
are not good coreactants of Ru(bpy)3

2+ , the most
common CL emitter, and therefore, they cannot be
determined precisely (Guo, Fu, and Chen, 2011).
The use of CE-MS has gained popularity in the
recent past even its routine application has not kept
pace with technical and instrumental developments
(Timerbaev, 2009). The choice of electrolytes for sep-
aration is limited as nonvolatile buffer salts usually
impair detection and should be avoided. However, the
advantages of MS still prevail. They include higher
sensitivity and the assignment or identi�cation of
compounds based on their speci�c mass-to-charge
ratios; for exact qualitative and quantitative determi-
nations, the baseline separation of each compound
is not required. Other previous drawbacks such as
interface design have been resolved by now. Cur-
rently, sheath �ow interfaces are the most popular
ones. At the end of the capillary (in the MS ion-
ization source), an additional �ow of liquid (sheath
or make up liquid) is added by an external pump,
assuring an electrical contact between BGE and elec-
trode and enhancing ionization. This technique cre-
ates no dead volumes but results in sample dilution;
sheathless interfaces with conductive emitter tips or
metal sleeve junctions have been described already
but are not widely used (Maxwell and Chen, 2008).
Among the sources suitable for CE-MS coupling are
electrospray ionization (ESI), atmospheric pressure
chemical ionization (APCI), and atmospheric pres-
sure photoionization (APPI). APPI is a more recent
approach and a good alternative for compounds that
are not amendable by other ionization techniques.
Here, ionization is achieved by a photon beam from
a kypton or a xenon lamp and the help of a dopand,
a preferably ionized substance (Marchi, Rudaz, and
Veuthey, 2009). The choice of mass analyzer is �exi-
ble too, as quadrupole, ion-trap, time-of-�ight (TOF),
and Fourier transform-ion cyclotron resonance MS
instruments have successfully been utilized in com-
bination with CE (Suntornsuk, 2010).

4.4 Sample Preconcentration

A major disadvantage of CE is its generally lower
sensitivity compared to other approaches such as
HPLC, especially when the most common UV…vis
detectors are used (see above). Simply increasing

sample volume or concentration does not solve
the problem as respective systems are easily over-
loaded, and deteriorated separations or distorted
peaks are observed. Nevertheless, the injection step
offers interesting options that can lead to drasti-
cally enhanced sensitivity. Most of them are based
on the velocity change of the analytes between
sample zone and separation solution zone (Simp-
son, Quirino, and Terabe, 2008). For example, in
�eld-enhanced sample stacking, conductivity of the
injected sample solution is lower than the separa-
tion buffer (Figure 1a). Owing to the fact that �eld
strength is higher at lower conductivity, the sample
zones are focused during analysis and peak heights
increase. Another powerful on-line sample precon-
centration technique is sweeping. It can be described
as a procedure in which analytes are accumulated by
a pseudo-stationary phase (see MEKC or MEEKC)
penetrating the sample zone. Conductivity of buffer
and sample solution should be the same, and as
shown in Figure 1b, a comparatively large sample
volume can be injected. Once voltage is applied,
micelles from the buffer move through the sam-
ple zone; they concentrate the analytes in a narrow
zone, so that separation itself can take place depend-
ing on the type of buffer used. The obtained results
are impressive and sensitivities can be increased
5000-fold (Aranas, Guidote, and Quirino, 2009);
even concentration factors up to 3,900,000 have
been reported using this approach (Kitagawaet al.,
2006). A rather new approach is SPE-CE (solid-phase
extraction capillary electrophoresis), which has been
described in in-line (the SPE sorbent is incorpo-
rated in the CE capillary) and on-line modes (the
SPE column is separated but interfaced with a CE
capillary). The applicable materials for extraction
include monoliths, molecularly imprinted polymers,
or impregnated membranes positioned between two
capillaries (Ramautar, Somsen, and de Jong, 2010);
this technique is still in developmental stage and
applications on natural products are limited.

4.5 Novel Trends

Concerning instrumental innovation, there is a clear
tendency toward further miniaturization. A good
example is microchip CE, where separations are
performed in channels with usually 10…100� m ID
etched in a planar substrate. Because of chemical
stability and the EOF generation, glass is still the
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Figure 1 Sample preconcentration techniques in CE: (a) stacking due to differences in conductivity of sample solution and BGE;
(b) sweeping due to a pseudo-stationary phase migrating through the sample zone.

preferred material for chips, but certain polymers
such as poly(dimethylsiloxane) can be used as well.
EC detection is the standard for this format as it
is sensitive and can be miniaturized without loss of
performance (detection limits close to 100 nM have
been reported). The basic design of a CE microchip
is shown in Figure 2. In its simplest form, injection
is performed in the unpinched approach, in which
high voltage is applied to the sample reservoir with
the detection reservoir held at ground; owing to elec-
trokinetic forces, the sample is introduced into the
separation channel. After a few seconds, high voltage
is switched back to the buffer reservoir and separa-
tion can start. The bene�ts of this design are high
speed and throughput, minute solvent consumption,
and the possibilities for portable/disposable devices
(Martin, 2006; Suntornsuk, 2010). Another innova-
tive trend is the use of carbon nanotubes (CNTs) or
boron-doped diamond (BDD) �lms as electrodes for
EC detection on chips or in conventional CE (Chen,
2007). These materials show unique properties, for
example CNTs provide a large active surface on small

dimension electrodes, enhance electronic transfer,
and possess strong sorption capacity; their practical
applicability for the analysis of diverse analytes
including natural products (e.g., iso�avones, vita-
mins, and dietary antioxidants) has been reported
(Escarpaet al., 2008).

Other recent developments in the �elds of detec-
tion, sample preconcentration, or novel materials
have been described in respective chapters of
this manuscript already. What additionally should
be mentioned is immunoaf�nity capillary elec-
trophoresis (IACE). Its unique feature is an analyte
concentrator-microreactor device (AMC), which
is connected online to the CE separation capillary
(Guzman and Phillips, 2011). The AMC contains
a piece of capillary �lled with beads coated with
antibodies or other af�nity molecules. When the
sample is introduced through a separate transport
tube in cross-sectional direction, matching com-
pounds are retained, and later on they can be assayed
by CE. Therefore, IACE is especially useful in drug
screening and the search for novel biomarkers.
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Figure 2 Schematic design of a CE microchip with electrochem-
ical detector.

5 CHARACTERISTICS OF TECHNIQUE

Even they have been discussed individually earlier,
a brief recapitulation of the major pros and cons
of CE will be helpful to describe the technique
in a nutshell. Main advantages are (i) high sep-
aration ef�ciency and selectivity, combined with
short analysis time; (ii) versatility in respect to
analytes, separation modes, and instrumentation;
and (iii) small sample and solvent consumption.
The downsides on the other hand are (i) robustness,
especially when complex samples are assayed;
(ii) sensitivity, in particular for UV detectors;
and (iii) handling and availability of materi-
als (e.g., CEC columns and speci�c interfaces).
Some of these disadvantages can be minimized
by optimizing sample preparation or changing
the mode of detection; others are just the same
as for any microscale separation technique that
is relatively new. This indicates that the advan-
tages of CE, once a system is truly optimized,
should actually prevail. Whether this is a theoret-
ical statement or one of practical relevance will
be veri�ed in the chapters to follow, which sum-
marize CE applications for the analysis of natural
products.

6 APPLICATIONS

6.1 Alkaloids

Owing to the fact that most alkaloids contain alka-
line nitrogen atoms in their scaffold, this class of
compounds is especially suitable for analysis by
electro-driven separation techniques such as CE.
Accordingly, a large number of respective reports
can be found in literature. Taking one prominent
alkaloid drug, opium, as �rst example already
indicates the versatility in the different methods
described so far. Several manuscripts report on the
successful use of •simpleŽ CZE to separate alkaloids
such as thebaine, morphine, papaverine, and codeine
with acetate buffers in the acidic pH range [e.g., a
3 : 7 mixture of 100 mM sodium acetate buffer with
pH 3.1 in methanol, applied voltage and detection
wavelength were 15 kV and 224 nm, respectively
(Reddyet al., 2003)]. Other groups used a compa-
rable setup but added chiral selectors such as 5 mM
� -CD (Fakhariet al., 2010) or the mixture of 25 mM
hydroxypropyl-� -CD and 75 mM dimethyl-� -CD to
the BGE to enhance selectivity (Lurieet al., 2003).
These methods were well suited to differentiate
different Papaverspecies (P. dubiumL., P. fugax
Poir.,P. glaucumHort. Leichtlin, andP. tenuifolium
Bois. & Hohen.) and to determine major alka-
loids with adequate sensitivity (LOD 0.2� g mLŠ1)
and precision [relative standard deviation below
2.9% (Fakhariet al., 2010)]. Options to enhance
sensitivity are CL detection or CE-MS. Regard-
ing the �rst, Gao and colleagues have described
an interesting approach using a buffer contain-
ing an ionic liquid (1-ethyl-3-methylimidazolium
tetra�uoroborate, EMImBF4). It was added at a
concentration of 8 mM to a 25-mM borax solution
with pH 9.18; detection itself was achieved with
tris(2,2-bipyridyl)ruthenium(II) as CL reagent (Gao
et al., 2006). With an analysis time of<6 min, the
determination of four major opium alkaloids in real
samples was possible, with detection limits ranging
from 10Š9 M (morphine) to 10Š6 M (narcotine). For
more details regarding this matter, the review by
Franciset al., 2008 is suggested, which gives an
excellent overview to the determination of poppy
alkaloids by CL detection. A CE-MS study of using
gold nanoparticle-coated capillaries for the sepa-
ration of diversePapaveralkaloids [plate numbers
close to 500,000 (Zhanget al., 2009)], their analysis
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by a chitosan-modi�ed open tubular capillary (Zhou
et al., 2010) or an assessment by monolithic CEC
(Lin et al., 2007) are mainly of theoretical interest as
practical applications are missing.

Tropane alkaloids such as atropine, scopolamine,
and anisodamine have been investigated by CE as
well. Yuan et al., 2010 described the analysis of
these three constituents by NACE and dual detec-
tion. The electrophoretic buffer comprised 2.5 mM
tetrabutylammonium perchlorate, 1 mM acetic acid,
and 20 mM sodium acetate in a mixture of acetoni-
trile (ACN) and 2-propanol (8 : 2). This BGE facili-
tated the separation of the alkaloids in 5 min (18-cm
bare-fused silica capillary with 25� m ID, 20 kV), and
their simultaneous detection by EC and CL detec-
tion. The latter showed to be less sensitive (e.g.,
LOD for scopolamine 5 vs 50� M, respectively).
This range is comparable to similar CE-UV applica-
tions, but less sensitive than another CE-CL assay for
the same substances (Li, Chun, and Ju, 2007). In an
aqueous 50 mM phosphate buffer (pH 5.0) containing
20% tetrahydrofuran (THF), the observed LOD for
scopolamine was 0.2� M; in both studies, Ru(bpy)3

2+

was used as CL emitter. In another study, two dif-
ferent MS detectors, TOF and ion trap, were uti-
lized for the analysis ofAtropa belladonnaL. by
CE-MS (Arraez-Romanet al., 2008). The authors
used an alkaline ammonium acetate buffer for sep-
aration and detected seven alkaloids in positive ESI
mode. The compounds were assigned in extracted
ion current mode using CE-ESI-TOF-MS, and the
ion-trap instrument was used for MS/MS experi-
ments. This study presented qualitative data only, but
owing to excellent selectivity, the author considered
this approach to be a valuable addition to existing
LC-MS or GC-MS procedures.

Among the most toxic alkaloids are aconitine
(in Aconitum napellusL. or Aconitum carmichaelii
Debeaux) and strychnine (Strychnos nux-vomicaL.).
Despite their potential danger, respective drugs are
used in traditional Chinese medicine (TCM), for
example Aconitum preparations to alleviate pain,
rheumatism, and neurological symptoms. Before use,
the crude aconite roots are processed by prolonged
boiling, heating, or steaming, so that their toxicity is
within an acceptable limit. Nevertheless, to avoid any
toxic incidents, stringent quality control is required;
CE showed to be a suitable approach for this purpose.
Six alkaloids (aconitine, mesaconitine, hypaconitine,
and their benzoyl derivatives) could be determined
by CZE inA. carmichaeliiandAconitum kusnezof�i

Rchb., two species listed in the Chinese Pharma-
copeia (Songet al., 2010). The optimized running
buffer comprised 200 mM Tris, 150 mM percholic
acid, and 40% 1,4-dioxane. A nonaqueous system
(60 mM ammonium acetate in methanol, with 0.5%
acetic acid and 15% ACN) has been described as
well (Li et al., 2004b). At a detection wavelength of
214 nm, three major alkaloids could be determined
in two TCM preparations (Chuanwuand Caowu).
The highest alkaloid levels were found inChuanwu
for hypaconitine (450 mg kgŠ1 root). Another study
emphasized on the bene�ts of FASS concentration
for the analysis of aconite alkaloids (Hu, Cui, and
Liu, 2010). By injecting a short water plug at the
column inlet, sample stacking was achieved, result-
ing in a 5…142-fold increase in detection sensitiv-
ity (e.g., LOD for hypaconitine 0.02� g mLŠ1).
The running electrolyte was prepared by dissolving
35-mM 1B-3MI-TFB (1-butyl-3-methylimidazolium
tetra�uoroborate; ionic liquid) in water and adjust-
ing the pH to 8.5 (Figure 3). For the determination
of strychnine and brucine, the major alkaloids in
S. nux-vomica, a 100-mM NaH2PO4 solution with
pH 4.5, showed to be an ideal buffer (Zhanget al.,
2003); applied voltage, temperature, and detection
wavelength were 20 kV, 25� C, and 214 nm, respec-
tively. As for the previous report, sensitivity was
enhanced by injecting a short water plug. In a more
recent study, comparable separation conditions were
reported (40 mM ammonium acetate buffer with pH
3.64, 25 kV, and 203 nm), but the number of ana-
lytes was extended to four (strychnine, brucine, and
respective N-oxides). Sensitivity was typical for CE
with LOD values ranging from 1.0 to 2.5� g mLŠ1,
and the authors observed that by fermenting the drug
the major alkaloids are converted to the respective
N-oxides (Yanget al., 2011).

Isoquinoline alkaloids are found in many impor-
tant medicinal plants, for example inHydrastis
canadensisL. (berberine and hydrastine),Che-
lidonium majus L. (sanguinarine, coptisine, and
protopine), or differentSophora(matrine, oxyma-
trine, and sophocarpine) andCoptis (berberine,
coptisine, and palmatine) species. All of them have
successfully been assayed by CZE using similar
aqueous acidic BGE systems (pH range from 2.5
to 4), sometimes containing an organic solvent as
modi�er (e.g., 10% ACN or 3.3% isopropanol) or
different cyclodextrines as selectivity enhancer (e.g.,
1% 1-hydroxypropyl-� -CD). The preferred detection
technique was UV in the short wavelength range from
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200 to 225 nm. Another uncommon alternative was
described by Kulpet al. (2011). They used ultravio-
let light-emitting diode-induced native �uorescence
(UV-LEDIF) detection for the determination of
alkaloids inC. majus. Excitation was achieved by
an LED at 280 nm, and �uorescence recorded with
a wideband �lter from 341 to 600 nm. This setup
permitted the baseline separation of seven alkaloids
in crude plant extracts (no sample cleanup was
required) with excellent sensitivity (e.g., LOD for
protopine 0.05� g mLŠ1). The method was validated

and the obtained quantitative results were in good
agreement to HPLC-UV data (Figure 4). Besides
CZE, isoquinoline alkaloids were also assessed by
NACE and CEC. Concerning the latter, the described
stationary phases were either a silica-based monolith,
prepared by sol…gel process and chemical modi�-
cation using 3-mercaptopropyltrimethoxysilane
(Xie et al., 2005), or an acrylamide-based mono-
lith with strong cation-exchange properties (Dong
et al., 2007). Both were used for the separation
of Coptis chinensisFranch. extracts to indicate

1
3

2

10 12 14 16

Time (min)

18 20 22 24

R
el

at
iv

e 
flu

or
es

ce
nc

e 
in

te
ns

ity

5

4

6

x

7

Figure 4 CE-LED separation of a crudeCheledonium majusextract; (1) sanguinarine, (2) coptisine, (3) chelerythrine, (4) stylopine, (5)
chelidonine, (6) protopine, (7) allocryptopine, and (x) unknown component. (Source: Reprinted from J Chromatogr A, 1218, Kulp M, Bragina
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alkaloids and their cytotoxicity in extracts ofChelidonium majusL, 5298…5304, Copyright (2011), with permission from Elsevier.)
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practical applicability, without method validation or
presenting quantitative results. The major alkaloids
in this plant were also assayed under nonaqueous
CE conditions using a buffer containing 35 mM
ammonium acetate, 0.25% acetic acid, and 5% ACN
in methanol (Liuet al., 2006). The required analysis
time to determine three major alkaloids (berberine,
palmatine, and jatrorrhizine) was 4 min, using a
75 � m ID fused silica capillary with an effective
length of only 20 cm and applying 10 kV. Detec-
tion was achieved by a �uorescence spectrometer
(excitation at 488 nm, emission recorded from 500
to 650 nm). Similar conditions have been described
for the CE separation ofSophoraalkaloids (e.g.,
matrine and oxymatrine) using UV detection at
205 nm (Chenet al., 2009a) or ESI-MS (Wang, Qu,
and Cheng, 2007). In 2012, this group published
another method for the analysis of �ve alkaloids
in Sophora �avescensAit. after sample preparation
by subcritical water extraction (SWE). The buffer
consisted of 110 mM monosodium phosphate at pH

3.0 mixed with isopropanol at the rate of 85 : 15 and
FASS was optimized by adding 0.8 mM phosphoric
acid to signi�cantly improve reproducibility (Wang
et al., 2012).

The impact of sample preconcentration techniques
was impressively shown by Sun and colleagues. They
used either FASS (Sun and Tseng, 2004) or sweep-
ing (Sun and Tseng, 2005) to determine berberine,
coptisine, and palmatine inC. chinensisextracts;
the observed concentration factors were 240- and
500-fold, respectively. In case of sweeping, the sam-
ple was dissolved in 50 mM phosphoric acid, the
running electrolyte composed of 100 mM phosphoric
acid with 15 mM SDS and 10% THF.

Besides the above-mentioned examples for the
analysis of alkaloids by CE and related techniques,
a large number of similar applications can be found
in literature. As they cannot be discussed in detail at
this point, a few selected methods are compiled in
Table 1. The provided information includes name of
analytes, separation technique and conditions, degree

Table 1 Selected applications of alkaloid analysis by CE and CEC.

Application/analytes Technique/buffer Detection Validated Application References

Citrus aurantium
(tyramine, synephrine,
and octopamine)

CEC (monolith)/3:7 mixture of
10 mM ammoniumacetate (pH
9.5) in ACN/isopropanol (1 : 3)

UV (210 nm) 1…4 S, SA+ (Chizzali, Nischang,
and Ganzera,
2011)

colchicine and related
alkaloids (colchicoside
and thiocolchicine)

MEKC on microchip/25 mM CHES
buffer (pH 9.0) with 10 mM SDS

UV (350 nm) 1, 2 S (Lu, Copper, and
Collins, 2006)

Corydalisspecies
(coptisine, palmatine,
protopine, and others)

NACE-MS/50 mM ammonium
acetate, 1 M acetic acid in
ACN/methanol (9 : 1)

ESI+ 1…4 S, SA+ (Sturm, Seger, and
Stuppner, 2007)

Fritillaria species
(verticine and
verticinone)

CZE with ionic liquid/40 mM
BMImBF4 in 8 mM phosphate
buffer (pH 8.0)

CL 1…4 S, SA+ (Gaoet al., 2009)

Lupinusspecies
(sparteine, lupanine,
and angustifoline)

NECE-MS/100 mM ammonium
acetate in MeOH, ACN, and water
(7 : 2 : 1), and 1% HOAc

UV (210 nm), ESI+ 1…4 S, SA+ (Ganzera, Krüger,
and Wink, 2010)

Pyrrolizidine alkaloids in
TCM (senkirkine,
retrorsine, and others)

MEKC/20 mM borate buffer (pH
9.1), 30 mM SDS, and 20%
methanol

UV (220 nm) 1-4 S, SA+ (Yu et al., 2005)

Sinomenium actum
(sinomennine and
berberine)

NACE/80 mM ammonium acetate in
MeOH containing 20% ACN and
2% HOAc

UV (262 nm) 1…4 S, SA+ (Zhuet al., 2010)

Stephania tetrandra
(tetrandrine and
fangcholioline)

NACE/50 mM ammonium acetate,
0.5% HOAc, in ACN/MeOH (1 : 1)

UV (214 nm) 1…4 S, SA+ (Gaoet al., 2005)

Tinospora sagittata
(columbamin,
palmatin, and
deoxyecdysone)

CEC (C-18 packed) in pressure
mode/0.04% FA in 5 mM
ammonium acetate, ACN, and
water

UV (247 nm) 1…4 S, SA+ (Yanget al., 2007b)

Validated, 1 (sensitivity), 2 (speci�city), 3 (accuracy) and 4 (precision); Application, S (standard), SA (sample) and+ (quanti�cation).
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of validation, and type of application, for example,
standard mixture or real-life sample.

6.2 Anthraquinones

Anthraquinones are the largest group of naturally
occurring quinones. They can be considered as
oxidized anthracene derivatives, and they usually are
of intense yellow, orange, or red in color. The latter
explains their traditional use as dyes for textiles
and papers. Concerning medicinal relevance, many
herbal drugs containing these compounds (mostly in
the form of glycosides) are employed as laxatives,
with Senna [the differentiation in Cassia senna
L. and Cassia angustifoliaVahl. is not supported
by recent data, both are now compiled toCassia
alexandrinaThell., Fabaceae (Rahfeld, 2011)], aloe
or rhubarb being the most prominent examples.
Especially for the analysis of rhubarb, different elec-
trophoretic techniques have been reported. Several
Rheumspecies (e.g.,R. palmatumL., R. tanguticum
Maxim. ex Balf., andR. of�cinale Baill.) play an
important role in traditional Chinese medicine for
purging heat, promoting blood circulation, and
to treat gastric and renal disorders (Zhang and Liu,
2004); major bioactive compounds in these plants are
1,8-dihydroxyanthraquinones such as aloe-emodin,
rhein, physcion, and chrysophanol. For their CE

separation, Li et al. utilized a 15-mM aqueous
sodium borate solution (pH 9.3) containing 30 mM
� -cyclodextrin, 20% ACN, and 1% ethanediol. The
latter was found to be advantageous to improve peak
shape and to reduce analysis time to 20 min. For
extraction of the analytes, the samples (unspeci-
�ed Rheumspecies and TCM preparations) were
acidi�ed with 20% sulfuric acid and exhaustively
extracted with chloroform; then the organic solvent
was evaporated and the residue dissolved in methanol
(Li, Cao, and Ding, 2004a). The same compounds
could also be well resolved with a BGE comprising
50 mM borate buffer (pH 8.2), 25% ACN, and 25%
isopropanol; yet, migration times were prolonged by
the factor of 2 approximately (Gonget al., 2005).
Koyama and coworkers described a CZE approach
enabling the determination of 11 anthraquinones
(Figure 5), including the mentioned aglyca ear-
lier, their respective glucosides and sennosides A
and B (Koyama, Morita, and Kobayashi, 2007).
To a large extent, their buffer resembled the one
described by Li, but instead of� -cyclodextrin, it
contained a mixture of 5 mM� -cyclodextrin and
2 mM 2,6-di-O-methyl-� -cyclodextrin. The authors
also developed an HPLC assay for the same analytes,
and in their �nal statement, they concluded that
the CE approach has certain bene�ts (e.g., better
separation of sennosides and rhein-8-� -�-glucoside)
and also disadvantages too (LOD for CE: 0.1…0.8
� g mLŠ1, HPLC: 0.02…0.2� g mLŠ1). General
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Figure 5 CZE separation of anthraquinones in a rhubarb extract; (1) emodin, (2) chrysophanol, (3) aloe-emodin, (5)
emodin-1-� -�-glucoside, (6) emodin-8-� -�-glucoside, (7) chrysophanol-1-� -�-glucoside, (8) chrysophanol-8-� -�-glucoside, (9)
rhein-8-� -�-glucoside, (10) sennoside A, and (11) sennoside B. (Source: Reprinted from J Chromatogr A, 1145, Koyama J, Morita
I, Kobayashi N, Simultaneous determination of anthraquinones in rhubarb by high-performance liquid chromatography and capillary
electrophoresis, 183…189, Copyright (2007), with permission from Elsevier.)
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preferences for either of them were therefore not
possible. Even they were described, the addition
of SDS (Shang and Yuan, 2003) or the use of an
ionic liquid as buffer (Tianet al., 2007) did not
signi�cantly enhance separation ef�ciencies for
these compounds. An innovative option for the anal-
ysis of rhubarb anthraquinones might be CEC (Lu
et al., 2007), as an in-house prepared methacrylate
monolithic column (with iso-butyl methacrylate,
ethylene dimethacrylate, and methacrylic acid as
monomers) enabled the baseline separation of the
main aglyca in<6 min. This was possible on a
20-cm long capillary in p-CEC mode, that is, during
analysis voltage (Š20 kV) and pressure (100 psi at
inlet) were applied simultaneously. A mixture of
10 mM phosphate buffer (pH 6.2) in ACN (35/65)
showed to be the optimum mobile phase for this
application.

Several reports describe the CE analysis of the
same 1,8-dihydroxyanthraquinones in other medic-
inal plants, for example inCassia obtusifolia
L. (Jiang, Lv, and Wang, 2005) orPolygonum cus-
pidatum Siebold & Zucc. (Tianet al., 2006). The
described procedures resemble the already men-
tioned ones to a large extent, for example, MEKC
with sodium cholate as tenside or cyclodextrins
were added to the BGE. A different technique was
utilized by Li, who assessed less polar methoxyan-
thraquinones inXanthophytum attopvensisPierre
by NACE (Li et al., 2005). In this case, the run-
ning electrolyte consisted of 50 mM sodium cholate
and 1% acetic acid in ACN and methanol (4/6,
v/v). Cholate served two purposes, as electrolyte
and surfactant; it is also well soluble in methanol.
The addition of acid showed a pronounced and
positive effect on the separation of compounds
bearing ionizable groups such as an active aldehyde
(e.g., 1-methoxy-2-formyl-3-hydroxy-9,10-anthra-
quinone). Applied voltage, temperature, and
detection wavelength were kept constant at 25 kV,
21� C, and 254 nm, respectively, during analysis.
For the three analytes of interest, method validation
con�rmed linear ranges from 1 to 250� g mLŠ1,
excellent correlation coef�cients of at least 0.9999,
and detection limits below 0.4 mg LŠ1. As the quan-
titative analysis of one plant extract was feasible
with excellent repeatability too, this procedure can
be considered an excellent alternative to established
procedures such as HPLC.

6.3 Flavonoids

Flavonoids are polyphenolic compounds commonly
found in plants. At least 6500 �avonoids have
been identi�ed so far and they can be divided into
seven subgroups, namely �avones, �avanols, �a-
vanones, iso�avones, catechins, anthocyanidins,
and chalcones. They are well known for their
health-promoting qualities and their pharmacologi-
cal potential (Bachmannet al., 2007). Owing to their
reported antioxidant properties, �avonoids are pro-
tective substances against coronary heart diseases,
cancer, and stroke (Molnarperl and Fuzfai, 2005).
In addition, they can downregulate in�ammatory
processes and they show antimutagenic properties.
Although HPLC is the most popular method for their
qualitative and quantitative analysis, CE is known to
be an excellent alternative, as it is very fast, simple
in usage, highly ef�cient, and does not generate a lot
of costs (Bachmannet al., 2007).

The majority of CE assays for �avonoid analysis
utilize CZE (Table 2). The buffers described are usu-
ally based on borate or sodium tetraborate (borax)
with varying concentrations from 10 to 100 mM,
whereby it was not always made clear in literature
if the term •borateŽ equals •boraxŽ or not. A typi-
cal example is the usage of a 50-mM borax buffer
with pH 8.2 for the determination of hyperosid,
quercetin, vitexin, and other �avonoids inCrategus
monogynaJaqu. Separation is performed at 25� C
and an applied voltage of+25 kV, with UV detec-
tion set to 280 nm (Urbonaviciuteet al., 2006). Sim-
ilar conditions were chosen for the investigation of
�avonoids in Garcinia kola Heckel (Okunji et al.,
2002),Fagopyrum esculentumMoench (Hinneburg,
Mrestani, and Neubert, 2004), orSolanum lycoper-
sicumL. (Helmja et al., 2008). An enhancement of
sensitivity can be achieved via sample stacking tech-
niques such as LVSS (low voltage sample stacking).
For this purpose, a low voltage ofŠ5 kV was applied
for 83 s after injection of the sample, which consisted
of �avonoids (quercetin and kaempferol) fromBras-
sica oleraceaL. This procedure was followed by a
CZE separation with a simple 10 mM borax buffer at
pH 8.4 (Lee, Boyce, and Breadmore, 2012).

In many applications, a certain amount, usually
between 10% and 30%, of organic solvents (e.g.,
methanol and ACN) was added to the BGE, for
example, for the separation of apigenin, luteolin, their
7-O-glycosides, and rutin inAchillea millefoliumL.
In this case, the buffer consisted of 30 mM borate
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Table 2 Selected applications of �avonoid analysis by CE and CEC.

Applications/analytes Buffer Detection Validated Application References

Fagopyrum esculentum(rutin,
hyperoside, and chlorogenic acid)

CZE/60 mM borate; pH
10

UV (206 nm) 1,2,4 SA+ (Hinneburg,
Mrestani, and
Neubert, 2004)

Passi�ora incarnata(vitrexin,
swertisin, and orientin)

CZE/25 mM borax, 20%
MeOH; pH 9.5

UV (275 nm) 1,2,4 SA+ (Marchart, Krenn,
and Kopp, 2003)

Verbena of�cinalis(luteolin,
apigenin; phenylethanoides, and
iridoid-glycosides)

MEKC/50 mM borax,
50 mM SDS; pH 9.3

UV (205, 235 nm) 1…4 SA+ (Müller, Ganzera,
and Stuppner,
2004)

Agrimonia pilosa(catechin,
hyproside, quercitrin, quercetin,
and rutin)

CZE/60 mM borax,
120 mM NaH2PO4; pH
8.8

ECD 1…4 SA+ (Xu et al., 2005)

Flavonoids and carboxylic acids
(e.g., apigenin, luteolin, and
ferulic acid)

CEC (C18
packed)/20 mM
Tris…HCl, in ACN and
water (40 : 60); pH 6.5

UV (205, 210, and
254 nm)

1 S (Stogglet al., 2006)

Olea europaea(�avonoids, lignans,
secoiridoids, phenyl alcohols, and
phenyl acids)

CE-MS/25 mM
ammonium hydrogen
carbonate, pH 9;
isopropanol/water=
1 : 1 (sheat liquid)

ESIŠ 1…4 SA (Carrasco-Pancorbo
et al., 2007)

Saussurea katochaete(e.g., apigenin
and 7-hydroxy-coumarin)

CZE/20 mM sodium
phosphate, 10%
MeOH; pH 11

UV (214 nm) 1…4 SA+ (Yue, Li, and Shi,
2007)

Prunella vulgaris(rutin, quercetin,
ursolic acid, and rosmarinic acid)

CZE/40 mM borax, 2 mM
� -CD, 4% MeOH; pH
9.4

UV (210 nm) 1…4 SA+ (Cheung and Zhang,
2008)

Chinese herbal teas (apigenin,
kaempferol, luteolin, rutin,
quercetin, and ferulic acid)

CZE/400 mM potassium
hydrogen carbonate,
200 mM borax, 0.2 mM
� -CD; pH 7.6

ECD 1…4 SA (Chiet al., 2009)

Validated, 1 (sensitivity), 2 (speci�city), 3 (accuracy) and 4 (precision); Application, S (standard), SA (sample) and+ (quanti�cation).

solution and 30% methanol; the sample was intro-
duced by hydrodynamic injection. To enhance the
detection sensitivity, a capillary with extended light
path (bubble cell) was used. Other examples for the
use of borax/borate buffers with organic solvents as
modi�ers can be found forLamiphlomis rotataKudo
(Luoet al., 2007),Scorzonera austriacaWilld. (Jiang
et al., 2007),Halenia ellipticaD. Don (Yang, Yue,
and Shi, 2006),Myricaria bracteataRoyle, Myri-
caria wardii C. Marquand (Zhaoet al., 2005a),Saus-
surea mongolicaFranch. (Jiang, Li, and Shi, 2004b),
Passi�ora incarnataL. (Marchart, Krenn, and Kopp,
2003),Crataegus pinnati�daBunge (Chen and Liu,
2005),Nelumbo nuciferaGaertn. (Doet al., 2012),
and differentEpidemiumspecies (Chenet al., 2009b).

Cyclodextrins are popular additives in CE, because
they are able to enhance peak shape and separation
ef�ciency (especially for chiral compounds). For
the determination of two �avonoids and six other
compounds inPrunella vulgarisL., a 40-mM borax

buffer containing 4% methanol and 2 mM� -CD
enabled good results (Cheung and Zhang, 2008).
Comparable procedures can be found for the analysis
of Hippophae rhamnoidesL. (Yue, Jiang, and Shi,
2004) andGinkgo bilobaL. (Shaban, Gajdo•ová, and
Havel, 2006).

Apart from the very popular borax and borate
buffers, other electrolytes were applied for �avonoid
analysis too. The determination of 26 compo-
nents in the aerial parts ofGenista tenera(Jaqu.)
Kuntze, including several �avonoids, was possi-
ble with a 10-mM ammonium carbonate solution
in a water/propan-2-ol mixture (95 : 5, v/v; pH
9.25 adjusted with ammonium hydroxide). This
volatile buffer was required because of the use
of CE-MS (Edwardset al., 2006). Another buffer
system that, even not volatile, has also been used
for CE-MS was a 200-mM boric acid solution at
pH 9.5. It allowed the determination of different
�avonoids in bitter (naringin and hesperidin) and
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sweet (narirutin and neohesperidin) variations of
Citrus x aurantiumL. by CZE-ESI-IT-MS (Sawalha
et al., 2009). For the CZE-MS analysis of phenolic
compounds in extra-virgin olive oil (Olea europaea
L.), a 25-mM ammonium bicarbonate buffer at pH 9
has been described (Carrasco-Pancorboet al., 2007),
whereas the same scientists later also published a
NACE-MS method using electrospray ionization and
time-of-�ight mass spectroscopy (ESI-TOF-MS)
for assessment of the same matrix. This water-free
method was developed to simplify the injection of
the hydrophilic sample matrix, whereby the buffer
consisted of 25 mM ammonium acetate/acetic acid in
methanol/ACN (1 : 1, v/v) at pH 5 (Gomez-Caravaca
et al., 2009). Last but not least the same authors
also described a •regularŽ CZE procedure for the
analysis of �avonoids and other compounds such as
phenols, lignans, or phenolic acids in olive oil. Here,
the optimum buffer consisted of an aqueous 45 mM
borax solution at pH 9.3, enabling the separation
of 26 compounds in Oleum olivae virginum within
10 min (Carrasco-Pancorboet al., 2006). In a later
study, this method was used to compare the quality
of extra-virgin olive oils from several Spanish and
Italian Protected Designations of Origin•s (PDO•s)
(Carrasco-Pancorboet al., 2009).

Another strategy for the CE analysis of �avonoids
is the use of Tris buffers. In this respect, a 20-mM Tris
electrolyte containing 3 mM HCl has been described
for the fast analysis of baicalin, farrerol, and puer-
arin in Scutellaria baicalensisGeorgi. The required
separation time was only 1.9 min using a fused silica
capillary with 9 cm length (8.8 cm effective length;
50� m id) and applying a voltage of 4 kV (Tian and
Qin, 2009). For the baseline separation of a standard
mixture of (Š)-epicatechin, hesperetin, myricetin,
naringenin, and quercetin by CEC, Stögglet al. used
a solution of 10% aqueous 20 mM Tris…HCl, 40%
ACN, and 50% water at pH 6.5. The acidic pH was
required to assure protonation of the �avonoids, yet
the pH should be as high as possible in order to pro-
duce suf�cient EOF. The capillaries used were of
33.5 cm length (25 cm effective length) with an inner
diameter of 100� m and �lled with 3� m reversed
phase material (Hypersil ODS, 120 Å). During the
measurements, inlet and outlet of the capillary were
set under pressure to prevent the formation of air bub-
bles (Stogglet al., 2006).

Sodium phosphate buffers are commonly employed
for �avonoid analysis by CE as well; for example,
Yue, Li, and Shi (2007) developed a CZE method to

assay six active �avonoids inSaussurea katochaete
Maxim. using a 20-mM sodium phosphate buffer
containing 10% MeOH (Yue, Li, and Shi, 2007),
whereas Zhouet al. (2007) was able to separate
three different plant constituents, one of them being
the �avonoid rutin, in samples ofAcanthopanax
senticosusHarms. In this case, a phosphate/borate
buffer was advantageous (7.5 mM sodium phosphate
and 7.5 mM borax), and EC detection was used. In
general, this technique is widely used in combina-
tion with CE for detection of �avonoids because
of their oxidizable nature. Just to name a few out
of many examples, Xu determined catechin, hyper-
osid, quercetin, quercitrin, and rutin inAgrimonia
pilosa Ledeb. (Xuet al., 2005), inHouttuynia cor-
data Thunb. andSaururus chinensis(Lour.) Bail.
(Xu et al., 2006), Cao and coworkers the structurally
closely related derivatives liquiritigenin and isoliquir-
itigenin in Glycyrrhiza uralensisFisch. ex DC. (Cao
et al., 2004), or Peng several �avonoids and phenolic
acids (apigenin, luteolin, catechin, ferulic acid, ros-
marinic acid, and caffeic acid) inPerilla frutescens
L. (Peng, Ye, and Kong, 2005).

Multiple MEKC methods for the investigation
of �avonoids can be found in literature. For the
separation of apigenin, diplacone, and mimulone
in Paulownia tomentosa(Thunb.) Steud., a 20-mM
borax buffer in 5% methanol, containing 10 mM
sodium dodecyl sulfate (SDS) as anionic surfactant,
was used (Jiang, Du, and Shi, 2004a). Five com-
pounds, including apigenin-7-O-� -�-diglucuronide
and luteolin-7-O-� -�-diglucuronide, in Verbena
of�cinalis L. have been investigated using a BGE
consisting of 50 mM borax and 50 mM SDS (Müller,
Ganzera, and Stuppner, 2004). The separation of
12 compounds, mainly �avonoids (e.g., luteolin
and quercetin-3-O-� -�-glucoside) but also caf-
feic acids and leontopodic acids, inLeontopodium
alpinium Cass. was possible with a 60 mM borax
buffer containing 25 mM SDS and 35% ACN at
pH 6.75 (Ganzeraet al., 2012). To separate three
�avonoids in S. baicalensisGeorgi, 10 mM sodium
cholate (SC) was added to a solution of 20 mM
borax and 20 mM SDS, in order to improve the
separation without increasing the migration time
(Dong et al., 2009). Zhuet al. (2007) compared
two different preconcentration techniques, which
were stacking with reverse migrating micelles
(SRMMs) and anion-selective electrokinetic injec-
tion with water plug-sweeping and reverse migrating
micelles (ASIW-sweep-RMMs) before separating
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six �avonoids (tangeretin, nobiletin, hesperetin,
naringenin, hesperidin, and naringin) with MEKC.
In respect to preconcentration, both approaches
worked well, yet with ASIW-sweep-RMM, slightly
better ef�ciencies (a 25…66-fold increase of peak
area) were observed. The CE buffer consisted of
20 mM aqueous phosphoric acid, 100 mM SDS,
and 20% ACN at pH 2 (Zhuet al., 2007). A similar
procedure was successfully applied for �avonoid
analysis inSwertia mussotiiFranch. andSwertia
franchetianaHarry Sm. (Liet al., 2008b). Fanet al.
(2010) additionally added 50 mM� -CD to a borax
buffer with 50 mM SDS to be able to separate six
structurally similar �avonoid gallate esters occurring
in Nepenthes gracilisKorth. (Fanet al., 2010).

An ITP-CZE method was implemented to deter-
mine quercetin, quercitrin, chlorogenic acid,
isoquercitrin, hyperoside, and rutin inHypericum
perforatumL. This required optimization of lead-
ing electrolyte (LE) and a terminating electrolyte
(TE), as well as the running buffer for CZE. The
optimum LE for this separation problem showed
to be a 10 mM HCl solution with Tris as counte-
rion and 0.2% 2-hydroxyethylcellulose at pH 7.2.
The TE was 50 mM boric acid at pH 8.2, with the
pH being adjusted with barium hydroxide. For the
CZE separation, a 50 mM Tris-buffer containing
25 mM � -hydroxy-4-morpholino-propanesulfonic
acid (MOPSO) and 65 mM boric acid was prepared.
All six �avonoids could be baseline separated in
30 min with this method (Hamoudova, Pospisilova,
and Spilkova, 2006). Another innovative option is
the coupling two different CE methods for �avonoid
analysis. Zhanget al. created a heart-cutting
two-dimensional (2D) CE method combining MEKC
in the �rst and CZE in the second dimension to effec-
tively separate kaempferol, hesperetin, apigenin,
rutin, hyperoside, and quercetin inLeonurus car-
diacaL. In between the two separation steps, sweep-
ing by means of analyte focusing by micelle collapse
(AFMC) was implemented. The latter was essential
to destroy the micelles required for MEKC, narrow
the analyte zone, and to decrease the peak width for
an optimized separation (Zhang and Zhang, 2011).

6.4 Terpenes

Terpenes, also known asterpenoidsor isoprenoids,
consist of chains of C5-isoprene units that are linked

to each other via their head or tail ends. Depending
on the amount of isoprene units connected, the chains
form mono- (10 carbons), sesqui- (15 carbons), di-
(20 carbons), or triterpenes (30 carbons). The for-
mation of longer chains is also possible but does
not occur frequently. General statements about the
chemical and physical properties of terpenes are not
possible because of their structural variability, so that
this aspect will be brie�y discussed in the chapters to
follow (Hänsel and Sticher, 2007a). An overview to
selected CE procedures for terpene analysis is shown
in Table 3.

6.4.1 Mono- and Sesquiterpenes

Monoterpenes may be present in an acyclic, mono-
cyclic, or bicyclic constitution. They are commonly
found in the aerial parts of most plants in the form of
essential oils. As those oils are responsible for pro-
tection against herbivores, they usually show antibac-
terial, antihelmintic, and antifungal activities (Gotti,
2011).

A CZE method for the separation of the monoter-
penes� -pinene,� -pinene, camphene, and limonene
as well as tetralin and terbutalin was published by
Gahm, using a 10-mM sodium phosphate buffer at
pH 3.3 with an addition of 6.5 mM sulfated� -CD.
The separation was performed in reversed mode, that
is, the applied voltage at the cathode was negative
(Š20kV). Special attention was paid to the separa-
tion of chiral analytes, and the addition of different
types and amounts of CDs studied in detail (Gahm,
Chang, and Armstrong, 1997). In another study that
is also dealing with the dif�culties of separating chi-
ral monoterpenes, Diagoneet al. tried to compare
two different CE-methods, CZE and MEKC, to capil-
lary liquid chromatography (C-LC). The investigated
sample was a standard mixture of monoterpenes typ-
ically found in Citrus essential oils. Again, it was
con�rmed that in any case cyclodextrins were nec-
essary for the separation of these chiral analytes. In
CZE, an acidic 20 mM phosphate buffer with the
addition of 50 mM SDS was used, and the impact of
(2,3,6-tri-O-methyl)-� -cyclodextrin (met-� -CD) and
� -CD studied in detail. The cyclodextrins were added
individually or in combination at different concen-
trations (0 to 25 mM). It was observed that using
met-� -CD resulted in decreased migration times, but
neither of the two CDs permitted the separation of
racemic carvone. The optimum MEKC electrolyte
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Table 3 Selected applications of terpene analysis by CE and CEC.

Applications/analytes Buffer Detection Validated Application References

Monoterpenes
Citrus essential oil (e.g.,

citral, linalool, pinene, and
carvone)

MEKC/20 mM phosphate,
50 mM SDS, 20 mM
met-� -CD; pH 8.1

UV (214, 254 nm) 2 S (Diagone, Ogawa,
and Lancas,
2003)

Piper nigrum(e.g.,
caryophyllene, piperine,
and limonene)

CEC (C-18 packed)/50 mM
ammonium acetate/
acetonitrile (1 : 9); pH 6.0

UV (210, 265, and
338 nm)

1…4 SA+ (Musengaet al.,
2007)

Diterpenes
Ginkgo biloba(diterpene

trilactones, sesquiterpenes,
and �avonoids)

MEKC/20 mM phosphoric
acid, 40 mM SDS,
12 mM� -CD; pH 2.2

UV (190, 250 nm) 1…4 SA (Dubber and Kanfer,
2006)

Salvia miltiorrhiza
(abietane-type diterpenes,
e.g., tanshinone I)

MECK/140 mM SC in
methanol

UV (275 nm) 1…4 SA+ (Chenet al., 2005)

Iridoids
Picrorhiza kuroa(picrosid,

veronicosid, and apocynin)
MEKC/100 mM borate,

30 mM SDS, 1%
acetonitrile; pH 8.6

UV (205 nm) 1…4 SA+ (Sturm and
Stuppner, 2001)

Triterpenes
Glycyrrhiza glabra(saponins,

e.g., glycyrrhizin)
CZE/50 mM borax, 5 mM

� -CD; pH 9.0
UV (254 nm) 1 SA+ (Sung and Li, 2004)

Boswellia serrata(boswellic
acids)

CEC (C-18 packed)/20 mM
ammonium formate/
acetonitrile (1:9); pH 6.5

UV (210, 254 nm) 1…4 SA+ (Ganzeraet al.,
2003)

Validated, 1 (sensitivity), 2 (speci�city), 3 (accuracy) and 4 (precision); Application, S (standard), SA (sample) and+ (quanti�cation).

consisted of a 20-mM phosphate buffer (pH 8.1) with
the addition of 50 mM SDS and 20 mM met-� -CD.
This setup showed better results; nevertheless, a base-
line separation of racemic carvone was still not possi-
ble. Compared to a parallel-developed C-LC method,
the authors concluded that MEKC is equally suitable
for this separation problem (Diagone, Ogawa, and
Lancas, 2003).

A CEC method for the separation of 11 terpenoid
compounds inPiper nigrumL., such as limonene,
piperine, and 3-carene, using a 32 cm long capillary
packed with C18 material (LiChrospher 100 RP18, 5
� m) was reported more recently. The buffer consisted
of 50 mM ammonium acetate solution and ACN
(ratio 1 : 9, v/v) at pH 6 (Musengaet al., 2007). The
required analysis time was below 25 min, and method
validation indicated adequate sensitivity (LOD val-
ues ranging from 1.0 to 10� g mLŠ1) and repeatability
(RSD below 3%).

The number of reports describing the analysis of
sesquiterpenes by CE is much smaller. One of the
few examples is a CZE procedure for the separation
of eremophilenolides inLigulariopsis shichuanaY.L.
Chen. These compounds are typical for the genus
Ligularia andCacalia, so that their occurrence in the

just mentioned species was considered as proof for
a close chemosystematic relationship. Four respec-
tive compounds could be well resolved in a plant
extract in <10 min using a simple 20 mM borate
buffer at pH 10, without the need of additional modi-
�ers; detection was performed at 214 nm (Jianget al.,
2006). Another manuscript reports on the separa-
tion of the (+)- and (Š)-enantiomers of gossypol in
Gossypium. As (Š)-gossypol is more toxic for ani-
mals, it is important to determine the ratio of both
compounds in order to cultivate cotton with a low
toxicity. This was possible by HPCE using a 50 mM
borate buffer at pH 9.3, with a separation voltage of
15 kV and a cassette temperature of 15� C. Both enan-
tiomers could be resolved within 6 min on a relatively
short capillary of only 24.5 cm effective length and an
inner diameter of 50� m (Vshivkovet al., 2012).

6.4.2 Iridoids

Biogenetically, iridoids are monoterpene deriva-
tives. They comprise two isoprene units forming a
unique cyclopentane ring fused to a six-membered
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oxygen heterocycle. Iridoids can further be sub-
divided into three groups, the iridoid glycosides,
the secoiridoidglycosides, and the nonglycosidic
iridoids. The CE assays for iridoid analysis do not
differ much from already described approaches. To
give two typical examples only, four iridoid glyco-
sides (6-O-methylcatalpol, aucubin, harpagid, and
harpagosid) occurring inScrophularia ningpoensis
Hemsl. were separated by CZE using a 100 mM
borax buffer containing 20% methanol at pH 9.3
(Li et al., 2008a). The iridoid glycosides occurring
in Picrorhiza kuroa Royle ex Benth, including
picrosid, apocynin, and veronicosid, have success-
fully been analyzed by MEKC. A total of 13 different
derivatives could be baseline separated using a 100
mM borate buffer containing 30 mM SDS and 1%
ACN at a pH of 8.6. This method was compared
to HPLC-MS and it was found that both methods
deliver comparable qualitative and quantitative
results, but the MEKC method was advantageous
in respect to required analysis time (15 vs 40 min)
(Sturm and Stuppner, 2001).

6.4.3 Diterpenes

More than 3000 diterpenes are known so far, nearly
all of them are cyclic. One of the most common basic
structures is labdane, which can be further metabo-
lized by ring modi�cations and additional functional
groups. Accordingly, lipophilic and hydrophilic
diterpenes are differentiated; yet, the polar deriva-
tives possessing hydroxyl, epoxy, or carbonyl groups
are usually the chemical and biological more active
ones (Hänsel and Sticher, 2007a).

For the determination of the three isomeric diter-
penes acanthoic acid, continentalic acid, and kau-
renoic acid inAcanthopanaxL., a CZE method using
a 50 mM borax buffer containing 30 mg mLŠ1 of
� -CD sulfobutyl ether at pH 8.5 has been reported
(Phuonget al., 2006). Roots and stem bark of these
plants are used as sedative and tonic in traditional
Asian medicine, as well as the treatment of dia-
betes and rheumatism. A CE-MS procedure for the
determination of seven phenolic diterpenes and sev-
eral phenolic acids inRosmarinus of�cinalisL. can
also be found in literature, but the separation condi-
tions resemble previously described ones (e.g., mix-
ture of 40 mM ammonium acetate and ammonium
hydroxide at pH 9.0 as buffer) to a large extent
(Herreroet al., 2005a).

Another popular option for diterpene analysis
is MEKC, and it was used for the separation of
horminone and 7-O-methylhorminone inSalvia
chionanthaBoiss. andSalvia kronenburgiiRech.f.
for example. The optimized background elec-
trolyte for this application was found to be 50 mM
SDS in 25% methanol at pH 11.5 (Oztekinet al.,
2010). Another sage species was investigated via
nonaqueous-micellar electrokinetic chromatography
(NAMEKC). The abietane-type diterpenes cryp-
totanshinone, tanshinone IIA, and tanshinone I in
Salvia miltorrhiza Bunge were separated using a
nonaqueous buffer consisting of 140 mM sodium
cholate in methanol. This bile salt served as bio-
logical surfactant (CMC in methanol 111 mM) as
well as electrolyte. Two compounds, tanshinones
IIA and I, could not be baseline separated; therefore,
a second-order derivative electropherogram had to
be constructed to perform quanti�cations (Chen
et al., 2005). A reversed-�ow micellar electroki-
netic chromatography (RF-MEKC) method was
developed for the determination of terpene trilac-
tones (ginkgolides A, B, and C) together with the
sesquiterpene bilabolid and several �avonoids inG.
biloba L. The buffer consisted of 20 mM phosphoric
acid with 40 mM SDS and 12 mM� -CD at pH
2.2. During analysis (run time 22 min), the applied
voltage was changed after 11 min fromŠ17.5 to
Š20 kV, an adjustment that helped to reduce the
required separation time (Dubber and Kanfer, 2006).
For the analysis of andrographolide and dehydroan-
drographolide inAndrographis paniculataNees, two
MEEKC methods have been reported. The �rst one
using an ethyl acetate oil-based BGE (0.5% ethyl
acetate, 0.6% SDS, and 6.0% 1-butanol in 30 mM
borax buffer at pH 9.5; applied voltageŠ15 kV)
(Zhaoet al., 2005b), the second a BGE consisting of
0.81% heptane, 3.31% SDS, and 6.61% butan-1-ol
in 10 mM borax buffer at+ 20 kV (Yanfanget al.,
2006). Both were found equally suitable for sample
analysis; yet, the �rst procedure required an analysis
time of<3 min only.

6.4.4 Triterpenes and Saponins

Triterpenes represent the largest group within ter-
penes, and they can be divided into three classes,
lipophilic triterpenes, such as phytosterols or
triterpene alcohols, highly oxidized triterpenes
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with medium polarity and hydrophilic, glycosidic
triterpens such as saponins. Saikosaponins, which
are found in differentBupleurumspecies, are typical
examples for the latter. A simple CZE procedure to
separate three of them (saikosaponins a, c, and d) was
developed by Lin, using a 40 mM borate buffer at pH
10 (Lin et al., 2005). For the investigation of seven
bioactive triterpene acids (including maslinic acid,
arjunic acid, and euscaphic acid) inRubus chingii
Hu, a CZE method using a 200 mM borax buffer
containing 15 mM� -CD and 12.5% methanol was
best suited (Guo, Gao, and Yang, 2005b). Similar
electrolyte systems were reported for the separation
of oleanolic acid and ursolic acid inPterocephalus
hookeri (C.B. Clarke) Airy Shaw & M.L. Green
(Yang et al., 2007a), or a selection of different
acids, some of them triterpenic acids (e.g., betulinic
acid) in P. vulgarisL. (Cheung and Zhang, 2008).
A nonaqueous system comprising 65% methanol,
35% ACN, and 90 mM Tris has been reported for
the determination of oleanolic and ursolic acids,
together with 2� ,3� ,24-trihydroxy-urs-12-en-28-oic
acid, in different Chinese herbs (Qiet al., 2006). The
investigated species included relevant TCM plants
such asPiper kadsura(Choisy) Ohwi, Ligustrum
lucidum Hort. ex K.Koch, andV. of�cinalis L.; in
most species, ursolic acid (content 3…13 mg gŠ1

plant material) was dominant.
One of the most popular herbal remedies is

licorice, Glycyrrhiza glabraL., a plant containing
saponins such as glycyrrhizin and glycyrrhetic acids
as major bioactive ingredients. Not surprisingly,
these compounds have also been investigated by CE
several times. The applied buffers range from alka-
line borax solutions containing cyclodextrins (5 mM
� -CD) (Sung and Li, 2004), a carbonate buffer
containing methanol, ethylene glycol and� -CD
(Sabbioniet al., 2005), or simple borax solutions
(70 mM borax) without any additives. The latter per-
mitted the quantitative determination of glycyrrhizin,
glycyrrhetic acid, glabridin, liquiritin, and licochal-
cone A in twoGlycyrrhizaL. species (G. glabraand
G. uralensisFisch) and allowed the differentiation of
Asian and European licorice (Rauchensteineret al.,
2005). Another well-known medicinal plant, also
containing characteristic saponins (ginsenosides),
is ginseng (Panax ginsengC.A. Mey., Araliaceae).
These compounds are mainly based on tetracyclic
aglyca of the dammarane-type, belonging either to
the protopanaxadiol or protopanaxatriol subtype.

Special attention has to be paid on the exact authenti-
cation of the plant material because the termginseng
is also used for otherPanaxspecies [e.g.,P. quin-
quefoliusL., P. notoginseng(Burkill) F.H.Chen ex
C.Y.Wu & K.M.Feng] or even unrelated ones (e.g.,
Eleutherococcus senticosusMaxim., the so-called
Siberian Ginseng). For the separation of 10 gin-
senosides (including Rd, Rc, Rb1, Rg1, and Re) in
P. notoginseng, MEKC was successfully utilized
(Figure 6). The optimum buffer contained 10 mM
phosphoric acid, 140 mM SDS, 20% ACN, and
15% 2-propanol. A methanolic extract of the root
material was prepared, and to enhance sensitivity of
the method, an on-line concentration of the saponins
was achieved using �eld-enhanced sample injection
with reverse migrating micelles (FESI-RMMs). The
then observed LOD values ranged from 2 to 6� g
mLŠ1 (Wang, Ye, and Cheng, 2006).

Among the few applications of CEC for triterpene
analysis is the analysis of several boswellic acids
in Boswellia serrataRoxb. The authors prepared
packed capillaries with different reversed phases
(Hypersil MOS 3 � m, Hypersil ODS 3� m, and
Prontosil C30 3� m) and evaluated their perfor-
mance on the separation of a standard mixture of six
boswellic acids and a plant extract. Best results were
obtained with the C-18 material and a mobile phase
comprising 20 mM ammonium formate and ACN in
the ratio 1 : 9; samples were injected by simultane-
ously applying voltage (20 kV) and pressure (10 bar
at inlet) for 12 s. The quantitative results obtained
were in good agreement to respective HPLC data
(Ganzeraet al., 2003).

6.5 Proteins and Lectins

Proteins are biological macromolecules formed by
amino acids, lectins on the other hand are pro-
teins linked to a glycan residue (Hänsel and Sticher,
2007b). Both are found in plants and especially
lectins usually show pronounced pharmacological
effects; therefore, they represent an interesting type
of natural products. Because of their natural occur-
rence in small quantities only, CE is not a very com-
mon analytical approach for the analysis of proteins.
Regardless, it is sometimes used (often coupled to
MS), especially for smaller lectins or the clari�cation
of amino acid compositions.

One example for the analysis of lectins by CE is
the investigation ofUrtica dioica L. The lectins in
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stinging nettle root are calledUDA (Urtica dioica
agglutinin), a mixture of several isolectins composed
of 80…90 amino acids. As UDA is strongly stimulat-
ing lymphocyte proliferation, it might be an expla-
nation for the health bene�ts of this plant in the
treatment of benign prostate hyperplasia (BPH). In a
study by Ganzeraet al., three isolectins (ILs I, II, and
VI) were isolated from plant material by chromato-
graphic means and then used for developing a CZE
assay. Most suitable for separation was a 200 mM
sodium acetate buffer at pH 3.75, adjusted with acetic
acid (Figure 7). Applied voltage, temperature, and
detection wavelength were 25 kV, 30� C and 228 nm,
respectively. By changing to a 100 mM ammonium
formate buffer with the same pH, CE-MS experi-
ments were possible. They con�rmed identity of iso-
lated lectins and allowed the assignment of additional
ones. Quantitative results of different nettle root sam-
ples indicated varying lectin pro�les, ranging from
0% to 0.42% (Ganzeraet al., 2005). Another pub-
lication presented the CZE separation of six legu-
minous lectins isolated from different species of the
Erythrina genus, for example,E. caffra Thunb. or

E. belliformis Kearn. Once again, separation was
achieved in the acidic pH range and CE-ESI-MS uti-
lized for detection (Bonneilet al., 2004).

The analysis of proteins is done predominantly
with CZE, coupled to different detection methods
such as MS, UV, or FLD. In order to monitor the
extraction of phycobiliproteins from the microalga
Spirulina platensis, a CZE-ESI-MS assay was
reported. The biological material was extracted
by pressurized liquid extraction (PLE) and the
resulting extracts separated using a BGE containing
40 mM ammonium hydrogen carbonate in 45%
water, 50% ACN, and 5% 2-propanol; pH of this
solution was 7.8 (Herreroet al., 2005b). Another
study investigated the composition of 58 peptides
in the seeds ofBrassica napusL. by CZE-ESI-MS.
Commercial rapeseed meal was concentrated for
proteins and then hydrolyzed with Alcalase® at pH
9 and subjected to gelchromatography on Sephadex
material to obtain a solution rich in small proteins
(� 1000 Da). Afterward this solution was analyzed by
HPLC-MS and CE-MS, the latter with a buffer only
containing 50 mM formic acid in water (pH of 2.75).
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The sheath liquid, introduced at a �ow rate of 6� L
minŠ1 by a syringe pump, was methanol containing
0.2% formic acid (Tessieret al., 2005). The analysis
of SDS complexes with subunits of the protein
ribulose-1,5-bisphosphatecarboxylase/oxygenase
(rubisco) inVigna unguiculataL. Walp andEuca-
lyptus diversicolorF. Muell was possible using a
not further speci�ed •SDS-polymer running buffer.Ž
Main focus of this study was the question to which
extent the presence of a nitrogen source has an
in�uence on the concentration of rubisco in these
plant species (Warren, Chen, and Adams, 2000).

6.6 Lipids

The term lipids encompasses fatty acids, sterols,
glycerophospholipids, sphingolipids, and glyc-
erolipids (Gotti, 2011). Especially for the �rst three

compound classes, CE has been utilized for analysis.
The major free fatty acids (e.g., stearic, oleic, and
linoleic acids) occurring in peanut (Arachis hypogaea
L.) seeds were analyzed using a partially aqueous
electrolyte system. It was composed of 40 mM Tris,
2.5 mM adenosine-5� -monophosphate (AMP), and
7 mM � -CD in a mixture ofN-methylformamide,
dioxane, and water (5 : 3 : 2). In this application,
AMP served as background absorber for indirect
UV detection of the fatty acids at 254 nm, whereas
� -CD was required as selectivity modulator. Before
analysis, a rather complicated sample cleanup was
required, including several partitioning steps; yet,
excellent recovery rates of 97% and higher were
observed. In all samples analyzed, oleic acid was
found to be the dominant fatty acid (Bannoreet al.,
2008). A similar approach was reported for the
analysis of 10 fatty acids inBertholletia excelsa
O. Berg oil (brazilnut oil), which were formed
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during hydrogenation of the oil. Again, the analytes
were monitored by indirect UV detection, this time
using a phosphate buffer containing 4 mM SDS,
10 mM polyoxyethylene 23 lauryl ether (Brij 35),
2% 1-octanole, and 45% ACN. Under mild hydro-
genation conditions, larger amounts of oleic and
linoleic acids remained, under severe conditions
predominantly stearic and elaidic acids were formed
(de Oliveiraet al., 2003). For the separation of six
anacardic acids (6-alkylsalicylic acids) from the
shell liquid of cashew nuts,Anacardium occidentale
L., two CE methods were developed. Conventional
MEKC in uncoated silica capillaries was compared
to RF-MEKC in polydimethylacrylamide-coated
capillaries; in these capillaries, the residual EOF was
reduced to 1% of the original value for bare-fused
silica material. Nevertheless, by utilizing a 10 mM
phosphate buffer containing 1 M urea, 20% ACN,
10 mM � -CD, and 1 mM heptakis-6-sulfo-� -CD
better results were obtained at comparable analysis
time (20 min, applied voltageŠ17.5 kV) (Cesla
et al., 2006).

Important membrane phospholipids such as phos-
phatidylcholine (PC), phosphatidylethanolamine
(PE), and phosphatidylinositol (PI) were investi-
gated by MEKC and NACE. The analytes were
determined in chloroform/methanol extracts of
Glycine maxL., Juglans regiaL., Helianthus annuus
L., Arachis hypogeaL., Prunus armeniacaL., and
Corylus avellanaL.; the solvent was removed and
the obtained residue dissolved in the respective
mobile phase. NACE with a BGE containing 0.3%
acetic acid and 60 mM ammonium acetate in an
ACN/2-propanol mixture (6 : 4) enabled faster sep-
arations compared to MEKC utilizing a cholate
buffer. Otherwise, both approaches were comparable
in many aspects (e.g., linear range, precision, and
sensitivity) and the obtained quantitative results were
in good agreement (Guoet al., 2005a).

The CEC separation of unsaponi�able lipids, toco-
pherols, and plant sterols in rice bran oil (Oryza
sativaL.) and soybean oil (G. maxL.) was attempted
by Abidi and colleagues. For this purpose, they com-
pared packed capillaries �lled with different station-
ary phases (penta�uorophenylsilica, triacontylsilica,
and octadecylsilica) with regular HPLC, to conclude
that CEC provided a much better resolution. The
best results were obtained on penta�uorophenylsilica
material (25 cm effective capillary length, 3� m par-
ticle size; material from ES Industries, West Berlin,
NJ, USA) with an ACN/Tris buffer at pH 8 (6:4, v/v;
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Figure 8). Even if the application on real life samples
is presented, this study emphasized mainly on sep-
aration mechanisms and theoretical aspects of CEC
(Abidi, Thiam, and Warner, 2002).

6.7 Organic Acids

The use of capillary electrophoretic methods for the
analysis of organic acids, especially for those with
a low molecular mass, is rather common and usu-
ally shows good results (Table 4). Many applica-
tions describe the use of alkaline buffer systems,
so that negative separation voltages are applied for
achieving faster results. One exemption is the analy-
sis of 13 short chain organic acids, including oxalate,
formate, and citrate, in natural rubber latex derived
from Hevea brasiliensis(Willd. ex A. Juss.) Müll.
Arg. In this case, the buffer was acidic (pH 6.25)
and contained 0.5 mM CTAB, a cationic surfactant
to suppress EOF; the applied voltage during analy-
sis wasŠ10 kV. Because of low sensitivity of some
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Table 4 Selected applications of organic acid analysis by CE.

Applications/analytes Buffer Detection Validated Application References

Hevea brasiliensis(e.g., nitrate,
oxalate, formate, fumarate,
aconitate, and succinate)

CZE/0.5 M phosphoric acid,
0.5 mM CTAB (pH 6.25)

UV (200 nm) 1…4 SA (Galli, 2003)

Acer pseudoplatanus,
Arabidopsis thaliana,
Ranunculus glacialis(e.g.,
citric acid, malic acid, succinic
acid, and oxalic acid)

CZE/20 mM trimellitate,
0.3 mM TTAB (pH 9.0)

UV (indirect at
240 nm)

1…4 SA+ (Rivasseauet al.,
2006)

Chrysanthemum morifolium,
Prunella vulgaris, Morus alba
(e.g., oxalate, valeriate, malate,
and glutamate)

CZE/15 mM Tris, 3 mM
1,2,4-benzenetricarboxylic
acid, 1.5 mM TEPA, and
20% methanol (pH 8.4)

UV (indirect at
254 nm)

4 SA (Fung and Tung,
2001)

Chrysanthemum morifolium
Morus alba, •Var splendensŽ
(e.g., benzoate, lactate,
glycolate, and formate)

CZE/200 mM histidine,
0.1 mM CTAB, 0.025%
hydroxypropyl-� -CD, and
10% methanol; pH 6.0

C4D 1, 4 SA+ (Law et al., 2007)

Aristolochia fangchi(aristolochic
acid I and aristolochic acid II)

CZE/100 mM phosphate,
10% acetonitrile, and
3 mM cucurbit(7)uril; pH
7.5

UV (254 nm) 1, 4 SA+ (Wei and Feng,
2008)

Validated, 1 (sensitivity), 2 (speci�city), 3 (accuracy) and 4 (precision); Application, S (standard), SA (sample) and+ (quanti�cation).

of the analytes, sample stacking was utilized, which
required samples and standards being dissolved in
a 1 : 1 mixture of ACN and 0.5% sodium chlo-
ride solution. Enhancement factors over 16 were
observed using this technique (Galli, 2003). Similar
analytes were also investigated in a common Chi-
nese vegetable, which cannot be further de�ned as
the provided botanical name (Var splendens) is incor-
rect. Again, an EOF suppressing additive (0.6 mM
tetradecyltrimethylammoniumbromide, TTAB) was
added to the BGE, which also contained 15 mM
phthalate for indirect detection of the analytes at
254 nm; the applied voltage wasŠ15 kV (Wang
et al., 2003). Comparable procedures have been
reported for the analysis of organic acids inAcer
pseudoplatanusL., Arabidopsis thalianaSchur., and
Ranunculus glacialisL. (Rivasseauet al., 2006), in
corn (Zea mays) exposed to cadmium stress (Guo
et al., 2007), inBrachiaria brizanthaStapf (Simas
Vaz et al., 2012), or in diverse TCM plants such
as Chrysanthemum morifoliumRamat. andMorus
alba L. (Law et al., 2007). In all of them, an
EOF suppressant is used in buffers with pH val-
ues ranging from slightly acidic to pH 9.0. The
latter enabled excellent and fast separations (anal-
ysis time 1.8 min) combined with detection lim-
its in the low pmol range (e.g., LOD for oxalate:
0.082 pmol) (Rivasseauet al., 2006). Detection was

performed either in indirect UV-mode or by C4D,
using a 200-mM histidine buffer solution containing
CTAB, hydroxypropyl-� -CD, and methanol (Law
et al., 2007).

To investigate the antioxidant capacity of four
phenolic acids (danshensu, salvianolic acid B, caf-
feic acid, and lithospermic acid) occurring in the
root and rhizome ofSalvia miltiorrhiza Bunge,
a FASS-CZE-ESI-MS method has been described.
This approach combined a simple CZE separation,
using a 10 mM ammonium acetate buffer at pH
7.0, with a FASS preconcentration step in order to
increase detection sensitivity. The antioxidant poten-
tial of the analytes was studied by adding 0.3 mM
DPPH, a free radical, to the sample solutions. In case
an antioxidant was present the peak area of DPPH
decreased, so that the activity of the respective phe-
nolic acid could be deduced indirectly (Duan, Cao,
and Zhang, 2012).

For the separation of three low molecular organic
acids (oxalate, malate, and citrate), sugars and glu-
tamate in different vegetables such as tomato (S.
lycopersicumL.), pepper (Capsicum annuumL.), or
orange (Citrus sinensisOsbeck), a running buffer
consisting of 20 mM 2,6-pyridine dicarboxylic acid
at pH 12.1 and 0.1% hexadimethrinebromide (HDM)
was most suitable. To increase repeatability, the cap-
illary was rinsed for 2 min with 58 mM SDS solution
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between two injections before �ushing it with BGE
for 5 min. This procedure showed to be very effective
to increase peak resolution and to reduce analysis
time. In addition, up to 200 consecutive injections
were possible, if the buffer is replaced every 5 h
(Cebolla-Cornejoet al., 2012).

Among the group of medicinal plants associated
with safety concerns isAristolochia fangchiY.C.
Wu ex L.D. Chow & S.M. Hwang, a TCM remedy
used as an traditional aid in childbirth. Several years
ago herbal slimming products were adulterated with
this plant, and severe kidney diseases were observed
(Chinese herb nephropathy). Responsible for these
effects are nitrophenanthrene carboxylic acids (aris-
tolochic acids), and one option to determine these
toxic compounds is by CE. Weiet al. used a simple
CZE method with a 100 mM phosphate buffer (pH
7.5), containing 10% ACN, and 3 mM cucurbit(7)uril
(CB[7]) for the assessment of aristolochic acids I
and II. CB[7] is a macrocyclic molecule, being able
to form inclusion complexes just like cyclodextrins.
This additive, in combination with sample precon-
centration by FESI, enabled the selective and sensi-
tive determination of the two target compounds (Wei
and Feng, 2008). Another CE method for the same
two analytes used a 20 mM phosphate buffer at pH 10
in combination with EC detection (Zhouet al., 2006).
A third option for separation of these compounds

is MEEKC. An O/W buffer system was prepared
by mixing 0.81% octane, 3.31% SDS, and 6.61%
butan-1-ol with 89.27% of a 10 mM borax solution
at pH 9.2. After method validation (R � 0.005; LOD
� 4.6� g mLŠ1; recovery rates� 97.2%), this method
showed to be ideal for the quantitative analysis
of diverse aristolochic acids (AA-a, AA-b, AA-c,
AA-d, AA-e, and AA-k) in plant material (Figure 9).
In all Aristolochia specimens, AA-1 was dominant
(4.7…13.0 mg gŠ1), whereas AA-c and AA-k were
detected in traces only (Zhai, Luo, and Shi, 2006).
To analyze aristolochic acids in 61 different Chinese
herb samples, laser-induced �uorescence detection
was used after an initial CE separation under MEKC
conditions (50 mM borax containing 10 mM SDS at
pH 9.0). The analytes had to be reduced with iron
powder before detection because aristolochic acids
show no intrinsic �uorescence (Hsiehet al., 2006).

Many respective publications deal with the analy-
sis of organic acids in food and beverages, especially
in wine. For example, a CZE method for the deter-
mination of tartaric, malic, succinic, acetic, lactic,
and citric acid in red, white, and rosé wine, as well
as tartaric, malic, and citric acid in grape juice was
developed by Mato, Suárez-Luque, and Huidobro
(2007). The reported separation conditions do not
differ much from already described ones, except that
direct UV detection at 185 nm was performed and



ANALYSIS OF NATURAL PRODUCTS BY CE 301

the buffer contained a speci�c EOF modi�er, tetrade-
cyltrimethylammonium hydroxide (TTAOH) (Mato,
Suárez-Luque, and Huidobro, 2007). Other groups
were also working on this topic, including the anal-
ysis of organic acids in 39 red wines from Spain
(Castiñeira, Peña, and Herrero, 2002), or the CZE
separation of the six organic acids in the same matrix
using a microchip (Masáret al., 2005). The list of
food items analyzed by CE for organic acids can
further be extended to coffee (Galli, 2004), beer
(Cortacero-Ramírezet al., 2005), fruit juices (Tang
and Wu, 2005), honey (Matoet al., 2006), or milk
products such as whey (Buiarelliet al., 2003) and
cheese (Izco, Tormo, and Jiménez-Flores, 2002).

6.8 Tannins and Other Polyphenols

Tannins are water soluble, weakly acidic polyphe-
nolic compounds (usual mass range is from 500 to
3000 Da) that occur in plants as secondary metabo-
lites; they are subdivided into two groups, which
are hydrolysable tannins and proanthocyanidins
(Bronze, Vilas Boas, and Belchior, 1997). Most of
the CE methods reported focus on the analysis of
monomeric or smaller building blocks such as gallic
acid or ellagic acid (Table 5). For example, both have
been determined in extracts ofQuercus roburL.
(oak) and barrel-aged brandy using a buffer prepared
from 0.1 M borax and 5% ethanol at pH 9.2 (Bronze,

Vilas Boas, and Belchior, 1997); similar electrolyte
systems have been described for the separation of
trans-resveratrol, catechin, and gallic acid inMyrica
gale L., H. rhamnoidesL., and Reynoutria japon-
ica Houtt. (Vaher and Koel, 2003) or in different
types of berries (e.g., blueberries and raspberries)
(Ehala, Vaher, and Kaljurand, 2005). The analysis
of hydrolysable tannins inTerminalia chebulaRetz.
fruits was attempted by CZE and MEKC. The deter-
mined analytes include punicalagin, pentagalloyl
glucose, casuarinin, and the two above-mentioned
acids. Better results in respect to resolution were
obtained with MEKC (25 mM borax, 5 mM sodium
phosphate, 20 mM SDS, and 10% ACN at pH 7.0),
in which the sample was injected in electrokinetic
mode (5 kV for 3 s) using protocatechuic acid as
internal standard (Juang, Sheu, and Lin, 2004).

6.9 Fingerprinting

The characteristic pattern of a large number of plant
constituents shown in a chromatogram or electro-
pherogram can be a suitable way for identi�cation
and differentiation. Instead of a few marker com-
pounds, the whole metabolic pro�le is re�ected and
compared, an approach that is especially popular
in Asia where traditional medicine is mostly based
on holistic principles. Accordingly, �ngerprinting is
recommended by the Chinese Pharmacopeia as a

Table 5 Selected applications of tannin analysis by CE.

Applications/analytes Buffer Detection Validated Application References

Quercus robur(e.g., gallic acid,
ellagic acid, rutin, and ferulic acid)

CZE/0.1 M borax buffer, 5%
ethanol; pH 9.2

UV (280 nm) 1, 4 SA (Bronze, Vilas Boas,
and Belchior, 1997)

Myrica gale, Hippophae rhamnoides,
andReynoutria japonica(e.g.,
trans-resveratrol, catechin,
quercetin, and gallic acid)

CZE/25 mM borax buffer; pH
9.4

UV (240 nm) 1 SA (Vaher and Koel, 2003)

Vaccinium myrillus, Vaccinium
vitis-idaea, Vaccinium oxycoccus,
Fragaria ananassa, Ribes nigrum,
andRibes rubrum(e.g.,
(+)-catechin, cinnamic acid,
ferulic acid, quercetin, morin, and
gallic acid)

CZE/35 mM borax, 5%
methanol; pH 9.3

UV (210 nm) 1…4 SA+ (Ehala, Vaher, and
Kaljurand, 2005)

Fucus vesiculosus(phloroglucinol,
gallic acid, and catechin)

CZE/20 mM borax, 50 mM
sodium acetate, and ace-
tonitrile/methanol/acetic
acid= 74 : 25 : 1; at pH 9.0

UV (210 nm) 1 SA (Truuset al., 2004)

Validated, 1 (sensitivity), 2 (speci�city), 3 (accuracy) and 4 (precision); Application, S (standard), SA (sample) and+ (quanti�cation).
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Figure 10 Fingerprinting ofGlycyrrhiza glabra(a),Glycyrrhiza
uralensis(b) andGlycyrrhiza in�ata(c) by CE with the assignment
of several marker compounds; GLAB, glabridin; GA, glycyrrhetic
acid; IL, isoliquiritin; LQ, liquiritin; LCA, licochalcone A; LA,
liquiritin apioside; GL, glycyrrhizin; and IS, internal standard=
cinnamic acid. (Source: Reprinted from J Pharm Biomed Anal,
38, Rauchensteiner F, Matsumura Y, Yamamoto Y, Yamaji S,
Tani T, Analysis and comparison of Radix Glycyrrhizae (licorice)
from Europe and China by capillary-zone electrophoresis (CZE),
594…600, Copyright (2005), with permission from Elsevier.)

potential and reliable strategy for the quality control
of complex mixtures such as herbal medicines.

Many CE �ngerprinting procedures can be found
in literature, most of them also enabling the deter-
mination of individual marker compounds. The
above-mentioned method by Rauchensteineret al.
(Section 6.4.4; Figure 10) is one example. It utilizes
�ngerprints as well as the quantitative determination
of individual compounds for the differentiation
of several licorice species (Rauchensteineret al.,
2005). Another typical example is the comparison
of different batches ofS. baicalensisGeorgi andS.
amoenaWright (Wang et al., 2005). The authors
�rst optimized the extraction procedure to observe
the maximum number and height of peaks. Then
samples were extracted accordingly and compared
to �nd signals occurring in all of them (common
peaks). These signals were used to construct an aver-
age electropherogram, and based on the relative peak

areas of common peaks in the individual samples,
the •samenessŽ of specimens could be deduced.
The latter is possible by calculating correlation
coef�cients or angles of cosine. The CE separa-
tion itself was performed using a BGE typical for
�avonoid analysis, that is, an alkaline borax buffer
(Wanget al., 2005). Another interesting application
in this respect is the differentiation of Flos Carthami
(Carthamus tinctoriusL.) from its substitute in
Chinese medicine, Stigma Croci (Crocus sativusL.),
and an adulterant, Flos Hemerocallis (Hemerocallis
citrina L.). Two methods were developed for this
purpose, one CZE assay (Sunet al., 2003) and
another one by CEC (Xieet al., 2005). Sunet al.
used three reference compounds (adenosine, rutin,
and quercetin) to develop the assay, and based on
the results of 10 sample batches, a clear differen-
tiation of the three plant species was possible. The
CEC procedure was performed on a commercially
available packed capillary (EP-150-30/50-5-C18;
Unimicro Technologies) in gradient mode (solvent
A: 0.02% TFA in water; solvent B: 0.02% TFA in
95% aqueous methanol). Hydroxy sa�oryellow A
served as reference to identify 43 •common peaksŽ
(by HPLC only 21 could be identi�ed). Accordingly,
the authors considered CEC advantageous as it
•showed better performance and contained more
chemical informationŽ; validation of the assay was
not attempted. One last example out of many more is
the characterization ofS. miltiorrhizaby NACE �n-
gerprint. The optimum electrolyte contained 125 mM
borax and 50 mM sodium deoxycholate in methanol
at a pH of 10; it allowed the assignment of seven
compounds (some were identi�ed as tashinones) in
the plant extracts. These results were compared to
the separation achieved by high speed countercurrent
chromatography (HSCCC), an approach that was
found to be better suited for tashinones. Yet, by
NACE, more peaks could be resolved (Guet al.,
2004).

7 CONCLUSIONS

CE, with all its versatility in respect to separation
and detection mode as well as many desirable opera-
tional features, de�nitely deserves a better standing
in the �eld of analytical chemistry in general and
natural products analysis in particular. Sometimes
raised concerns regarding poor reproducibility and
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sensitivity can be resolved most of the time or at
least reduced to an acceptable minimum by utilizing
a combination of optimum techniques and investing
time in method development and validation. Then,
the obtained results will often not only be comparable
to established approaches but also superior. That this
�nal statement is based on solid scienti�c evidences
rather than on wishful thinking has hopefully been
shown in this chapter.
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1 INTRODUCTION

Mass spectrometry coupled with LC (liquid chro-
matography) separation has developed into a tech-
nique routinely applied for targeted as well as for
nontargeted phytochemical analysis of plant samples.
Earlier on, LC…MS (liquid chromatography…mass
spectrometry) was mostly part of the efforts for iden-
ti�cation of one or few unknown metabolites of inter-
est as part of a phytochemical study. As a major
strategy, unknown compounds had to be puri�ed in
suf�cient quantities. The puri�ed fractions were then
subjected to LC…MS/MS as part of the structural
elucidation, mostly complemented by NMR (nuclear
magnetic resonance) analysis. With the advancement
of mass spectrometrical instrumentation, LC…MS
is now widely applied for analysis of crude plant
extracts and large numbers of samples. By that, it
has become an essential part of metabolomic studies
(SeeMetabolomics), aiming at the comprehensive
coverage of the metabolite pro�les of cells, tissues,
or organs. Owing to the huge chemical diversity of
small molecules, conditions for the extraction will
restrict the subfraction of the metabolome which can
be actually analyzed. The conditions for LC have to
be adjusted to allow good separation of the particular
metabolites from any extract. Major consideration
will be the selection of an appropriate column
and suitable eluents, the establishment of gradient

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

pro�les, temperature conditions, and so on. The
reader is referred to (SeeExtraction Methodologies:
General Introduction, Supercritical Fluid Extrac-
tion, New Trends in Extraction of Natural Prod-
ucts: Microwave-Assisted Extraction and Pressur-
ized Liquid Extraction , andSolid-Phase Microex-
traction (SPME) and Its Application to Natural
Products) for sample preparation and extraction and
to HPLC and Ultra HPLC: Basic Concepts for
more information on HPLC (high performance liquid
chromatography) and ultra HPLC.

The reader is also referred to other recent reviews
covering the application of LC…MS for plant metabo-
lite analysis (Allwood and Goodacre, 2010; Dunn,
2008; Marston, 2007). LC…MS analysis is also the
central approach for plant proteome analysis and has
replaced to a large extent the former gel-based meth-
ods (Matroset al., 2011).

2 LC AND LC…MS INSTRUMENTATION

LC coupled with mass spectrometry is most com-
monly performed by (ultra) HPLC instruments (see
HPLC and Ultra HPLC: Basic Concepts). Alterna-
tively, capillary electrophoresis is applied (Analysis
of Natural Products by Capillary Electrophore-
sis and Related Techniques). A variety of detectors
can be used to monitor the elution of compounds.
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Most commonly, absorbance detection is practiced,
either in a single wavelength mode recording or by
using a diode array system and extracting the chro-
matogram(s) at appropriate wavelength(s) as part of
the data evaluation after �nishing sample runs. Other
principles to monitor elution of separated compounds
are based on �uorescence, electrochemical detection,
evaporative light scattering, radioactivity, or refrac-
tivity (Meyer, 2010). Compared with these detec-
tion methods, mass spectrometry provides the most
universal applicability. All detectors based on detec-
tions other than mass spectrometry are covered in
(SeeHPLC and Ultra HPLC: Basic Concepts) in
detail. This section will focus on mass spectrometri-
cal detection in LC…MS, and the relevant instrumen-
tal con�gurations. Technical aspects of the combina-
tion of MS with other detection systems will however
be brie�y considered.

2.1 Type of MS Instruments for LC…MS

Any MS instrument consists of three components,
namely, a source to create ions, a mass analyzer, and
a detection system (Figure 1).

Ion sourcesused in LC…MS include electrospray
ionization (ESI), atmospheric pressure chemical ion-
ization (APCI), and atmospheric pressure photoion-
ization (APPI).

In an ESI source, ion formation takes place in a
capillary held at a high voltage. Nebulization of the
liquid and desolvatation are required to enable trans-
fer of the ions into the gas phase. The development
of the electrospray technology was awarded with the
noble prize in 2002 to J. B. Fenn and the reader is
referred to his noble lecture (Fenn, 2003). Fragmen-
tation can already occur in the source, depending on
the chemical structure of the analytes. For example,
loss of side chains of �avonoids or the glucose moiety
of the coumarin scopolin could easily be observed.
Important parameters to control are the cone voltage

Ion source

D
etector

Mass
analyzer

Figure 1 Components of MS instruments

and the dry gas temperature. In-source fragmentation
can be used to generate information on the chemical
composition of individual metabolites in case the
instrument has no MS/MS capability. Formation of
positive and negative ions occurs in ESI. In addition
to the [M+ H]+ and [MŠ H]Š ions, alkali adducts
are frequently observed. Sample preparation and the
composition of the solvent will impact the degree of
various adducts formed.

ESI is also characterized more as a method of ion
transfer, as it mostly relies on analyte ions already
present in the liquid (Gross, 2011).

On the contrary, ions are actively generated in an
APCI source. The liquid from the LC is transferred
through a pneumatic nebulizer into a heater cartridge
operated at a temperature of about 500� C for vapor-
ization. Ion formation is supported by a corona dis-
charge; for details of the processes leading to ion
formation, see Gross (2011).

APCI has been used for analysis of apolar metabo-
lites such as triacylglyerols (Rezanka and Sigler,
2007) and carotenoids (Rezankaet al., 2009).

In APPI, generation of ions is initiated using UV
(ultraviolet) light, requiring the use of a quartz tube
in the source design. APPI has been compared with
APCI as a source for the analysis of pentacyclic
triterpenoids extracted from the bark of plane birch.
It was found that APPI provided higher sensitivity
than APCI in positive ion mode, whereas opposite
with APCI, greatest sensitivity for acidic triterpenes
was observed in the negative ion mode (Rhourri-Frih
et al., 2009).

Imbert et al. (2012) compared ESI, APCI, and
APPI for a wide range of lipids. They used standard
mixtures and biological extracts prepared fromLeish-
mania donovanipromastigotes resistant to ampho-
tericin B (AmB). APPI provided the highest signal,
signal-to-noise (S/N), and sensitivity for nonpolar
and low-polarity lipids. ESI and APCI provide higher
sensitivity for the most of the polar lipids.

Recently, a fast targeted method for wax ester
for semiquantitative pro�ling using nano-ESI with a
triple quadrupole (QqQ) detector after direct infusion
was presented (Ivenet al., 2013). The method was
applied to characterize jojoba seed oil and Arabidop-
sis lines modi�ed by expression of wax ester biosyn-
thetic genes. Earlier results based on APCI-MS and
GC…MS (gas chromatography…mass spectrometry)
could be con�rmed, and it is expected that the novel
method will be instrumental in screening larger sets
of plants (Ivenet al., 2013).
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When comparing the three modes, ESI-MS is by
far the mostly used technique. However, for particular
applications, APPI or APCI sources might be advan-
tageous as outlined in the selected references. Current
instruments allow rapid switching between the dif-
ferent sources, so that different applications can be
conveniently scheduled.

Further development of existing and the introduc-
tion of novel types ofmass analyzershave fundamen-
tally contributed to the applicability of LC…MS for
metabolite analysis.

Time-of-�ight (TOF) analyzers are based on the
fact that ions with differentm/z are separated in a
�eld-free �ight tube. Ions having lower ratios will
have higher velocity.

Linear TOF as well as re�ector TOF analyzers
were designed. The re�ector mode provides an
improvement in the resolving power [for technical
details, see (Gross, 2011) and references therein]. A
modi�ed design is present in the TOF analyzers with
orthogonal acceleration of ions (oaTOF, orthogo-
nal acceleration time-of-�ight). From a continuous
�ow of ions, pulses are orthogonally extracted into
the TOF module. The oaTOF design bears sev-
eral analytical advantages and has therefore been
successfully used in novel instrument generations
afterward (Gross, 2011).

A linear quadrupole (Q) mass analyzer consists
of four rods, which are of cylindrical or hyperbolic
shape. The opposite rods are pairwise connected
electrically, and voltage is applied having DC and
a RF component. The selected potentials enable a
trajectory to some of the ions so that they can move
through the quadrupole, whereas ions with higher
or lower m/z values are lost by collision with the
rods. The Q mass analyzer operates as a mass �lter,
and with the variation in the potential settings, a
mass scan can be performed (Gross, 2011). When the
constant voltage of the Q mass analyzer is set to zero,
the quadrupole acts as a wide band pass �lter for ions
andq is now used as abbreviation.

The design of a quadrupole can be changed in a
way so that it can work as a linear ion trap (LIT). A
trapping potential can be achieved with electrodes at
both ends of the quadrupole. A LIT is frequently used
as an accumulating device for other mass analyzers
such as the already mentioned oaTOF.

In a Fourier transform ion cyclotron resonance
(FT-ICR) type of mass analyzer, ions are guided
by the Lorentz force to circulate perpendicular to
a strong magnetic �eld in a cell with ultrahigh

vacuum. The cyclotron frequency is proportional to
the ion charge and the magnetic �eld, and is inversely
proportional to the ion mass. In practice, the real
motion is rather complex, as other effects impose
on the pure motion derived from the action of the
Lorentz force; see Gross (2011) for a detailed out-
line. As frequencies can be measured very precisely
and along with the introduction of very strong mag-
nets, FT-ICR instruments provide high resolution
and mass accuracy. FT-ICR-MS instruments are fre-
quently operated with ESI sources. The ion current
provided is additionally controlled by further compo-
nents between the ion source and the ICR cell, such
as a linear ion trap (Wanget al., 2000).

The orbitrap mass analyzer represents a novel
principle of an ion trap, where the ions are kept mov-
ing in an electrostatic �eld. The �eld is created from
a central electrode with a spindle-like form and an
outer electrode split in two halves. An image current
is recorded between these two halves and them/z
values are calculated from the oscillation frequencies
using Fourier transformation (Gross, 2011; Scigelova
and Makarov, 2006). A linear quadrupole ion trap
was added to the orbitrap mass analyzer to reach a
higher application range of the instrument. When
compared with FT-ICR instruments, the resolving
power of the orbitrap analyzer is lower in the lower
m/z range and better for higherm/z values, with the
actual range settings being dependent on the given
instruments being compared.

2.2 Hybrid Instruments

It has already been mentioned that many of the
available instruments have several mass analyzer
components such as in the FT-ICR-MS and in the
orbitrap MS.

Another prominent class of hybrid instruments fre-
quently used in metabolite analysis are the so-called
Q-TOF (quadrupole time-of-�ight) mass spectrom-
eters. Between the quadrupole and the TOF mass
analyzer, a higher pressure collision cell is installed.
Hence, tandem mass spectrometry can be performed
by collision-induced fragmentation of ions selected
in the quadrupole.

Tandem MS is also performed with QqQ systems,
in which instead of the TOF, a quadruple mass
analyzer is used to measure fragment ions from
the collision cell. The type of MS/MS experiments
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include product ion scanning, neutral loss scanning,
and single reaction monitoring (SRM) as well as
multiple reaction monitoring (MRM) modes. SRM
and MRM operation provide a very selective and
sensitive way for targeted analysis of molecules.
For the analysis of low abundant metabolites such
as many plant hormones, this type of instrument is
ideally suited. However, the MRM mode in the triple
quade systems has been limited to a selected range
of analytes. In contrast, Q-TOF type of tandem MS
is applied for a broader pro�ling of the metabolic
spectrum in a nontargeted way.

More recent additions to the hybrid instruments
were theQqLIT andQqTOFtype of mass analyzers
providing enhanced sensitivity, rapid acquistion, and
resolution when compared with QqQ instruments.
The technical developments of the recent instruments
allowed the introduction of the so-called sequential
window acquistion of all theoretical fragment ion
spectra (SWATH) strategy, where the acquisition of
the precursion ions is performed in small mass win-
dows of about 20 mass units in a sequential manner.

2.3 Coupling of MS Detection with Other
Detection Methods

As discussed in the already mentioned chapters,
a range of other detection systems are in use to
monitor elution of compounds after LC separation.
Most frequently, absorbance has been measured, in
a single or dual wavelength mode detector, or in
the now common diode array type of instruments.
Other detectors, for example, �uorescence detec-
tors, have been used alternatively or in combination
with absorbance detectors. Selection of a speci�c
detection system will be guided by the class of
compounds under investigation. If the user wishes
to keep this information present when switching to
an LC…MS approach, an additional detector can be
integrated into the setup. When doing so, the speci�c
requirements imposed by the MS detector have to be
considered, such as the backpressure exerted on the
�ow cell of the �rst detector. In practice, additional
use of a UV/VIS detector is quite common.

2.4 The LC Part of the LC…MS System

Although most of the developments in LC…MS-based
metabolite analysis were achieved in mass

spectrometrical instrumentation, the LC part has
also experienced technical advancements. HPLC
systems were designed with higher pressure in the
range of 15,000 psi, exceeding the 6000 psi being a
common limit reached in the earlier HPLC genera-
tions. These types of HPLC systems are commonly
named as UPLC (ultra performance liquid chro-
matography) and instruments are now available
from different companies. The higher pressure range
allows the use of columns with smaller particles
(<2� m), leading to improved resolution and shorter
separation cycles. The shorter separation time per
sample enables a higher throughput of samples for
large-scale experiments. This could be screening of
mutant collections or genotypes for metabolic traits,
or the comprehensive analysis of larger sample sets
in •omicsŽ studies. Optimized separation of com-
pounds before MS analysis reduces the suppression
of signals by co-eluting compounds and eases the
distinction of related compounds with similar MS or
MS/MS properties. An example will be discussed
later on (Vrhovseket al., 2012).

3 APPLICATIONS

The metabolome of plant organs, tissues, or even
cell populations is characterized by a huge chem-
ical diversity, covering a wide range in terms of
chemical properties from very hydrophilic to rather
lipophilic molecules and different molecular weight.
Sugars, polymeric carbohydrates, amino acids, and
other organic acids as well as lipids are among
the so-called primary metabolites, complemented
by a vast array of metabolites from specialized
or secondary metabolism. The abundance of pri-
mary metabolites as well as secondary metabolites
is dependent on many control mechanisms, to allow
plant adaptation to environmental conditions and
developmental programs. The metabolome is there-
fore highly dynamic. Changes in concentrations of
individual metabolites might, for example, occur in
seconds or might follow diurnal patterns. Hence,
experiment setup and sampling strategies have to
be carefully considered to ensure reproducible com-
prehensive metabolic analysis. The complexity of
the metabolome however cannot be covered by any
single analytical method, despite the capabilities
of recent MS technology. Whole metabolome anal-
ysis is therefore dependent on several analytical
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Figure 2 Schematic overview of the LC-MS work�ow. It is divided in 3 major segments: Sample preparation, LC-MS analysis and data
analysis. Sample preparation comprises the experimental design, which is the �rst and most important step. Further sample preparation
and extraction is conducted. The second segment involves chromatographic separation and mass spectrometric analysis. Optionally UV
& �uorescence detection and MS2 analysis can be implemented. The third segment data analysis consists of data preprocessing (mainly
MS-data) and the actual analysis with the help of statistical tools.

approaches and is frequently performed in a combi-
natorial manner. Nontargeted approaches allow pin-
pointing novel candidates in the individual biological
context; a typical work�ow is depicted in Figure 2.
Although nontargeted approaches provide a com-
prehensive overview of the metabolic pattern of the
extracted tissue, targeted strategies have their bene-
�ts. Individual protocols de�ned by speci�c extrac-
tion and analytical procedures in most cases will be
superior in quanti�cation.

3.1 Targeted Metabolite Analysis

A targeted method was established for the quanti�-
cation of phenolics occurring in fruits and beverages
(Vrhovseket al., 2012). The method was based on
UPLC separation with a triple quad MS detection sys-
tem and allowed the quanti�cation of 135 phenolic

substances, representing different branches of this
class of natural compounds, such as �avonoids,
coumarins, stilbens, and simple cinnamic acid con-
jugates among others. With the optimized LC sep-
aration method, one analytical cycle lasted 15 min.
Separation was provided for most of the isomeric
compounds included in the study, such as for the
chlorogenic acid isomers allowing their separate
quanti�cation. In some cases, the methods only
allowed the quanti�cation of the isomers together.
This observation emphasizes the value of good LC
separation before MS analysis, as already outlined in
an earlier part of the manuscript.

Almost 1000 commercially available compounds
were used to develop a targeted metabolomics, also
using MRM on a triple quad MS system after HPLC
separation. The conditions could be successfully
established for 497 compounds of the library, and
the established procedure was applied to quantify
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patterns of 100 metabolites in 14 plant accessions
from three plant species. Data were evaluated with
a batch-learning, self-organizing map analysis and
allowed prediction of family-speci�c metabolites
(Sawadaet al., 2009). The data sets and technical fea-
tures of the MRM setup were made available through
the PRIMe website (Akiyamaet al., 2008) of the
RIKEN institute.

3.2 Nontargeted Analysis

LC…MS has been applied for nontargeted pro�ling
of compounds with medium polarity, typically rep-
resented by plant phenylpropanoids. Analysis of Ara-
bidopsis roots and leaves were performed by LC…MS
using a capillary HPLC system followed by a Q-TOF
type of instrument (Roepenack-Lahayeet al., 2004).
In addition to compounds from the phenylpropanoid
pathway, glucosinolates and their degradation prod-
ucts could be tentatively annotated to the mass sig-
nals. Overall, approximately 2000 mass signals were
recorded in this study. The analytical setup was tested
by comparing the metabolic pro�les of wild-type
plants with mutants lacking chalcone synthase. As
expected, the pro�le of the mutant plants lacked
�avonoid glycosides present in the controls. Interest-
ingly, the root extracts showed higher accumulation
of compounds assigned to the glucosinolate pathway
(Roepenack-Lahayeet al., 2004).

The metabolome of tomato fruits was characterized
by LC…MS and data were deposited in a database
(Moco et al., 2006). The detection system used was
composed of a PDA (photodiode array) detector fol-
lowed by a Q-TOF type of MS instrument. With
the extraction and separation parameters used, the
metabolite pro�le was dominated by a vast array of
phenolic compounds, but alkaloids were also found.
The LC system was characterized by a small vari-
ation in retention time for all peaks of about 2 s
when the chromatograms of a single series of sam-
ples were compared. The chromatographic sepa-
ration allowed resolving many isomeric forms. In
addition to a range of already known components,
the LC-PDA…MS/MS approach revealed a number
of novel compounds that were tentatively assigned.
It was emphasized that NMR will be required to
establish the full structures of the novel compounds
(Moco et al., 2006). Data evaluation was assisted by
the use of a novel software tool termedMetAlign

(see Lommen, 2012 for a recent reference), which
will be further described in the section on Bioin-
formatic tools. Data and information from literature
were stored in a database calledMoToaccessible via
http://appliedbioinformatics.wur.nl. A detailed pro-
tocol for the whole work �ow from extraction, instru-
ment setup, and data analysis has been provided (De
Vos et al., 2007).

With the use of different LC column materials,
the LC…MS-based pro�ling can also be extended to
monitor more hydrophilic compounds. A penta�u-
orophenylpropyl column was found superior to a
reversed-phase C18 column when analyzing the polar
cellular metabolites of the blue-green algae Synec-
chocystis (Narainsamyet al., 2013). The chromato-
graphic system was coupled to a LTQ-orbitrap MS
system. The method was established using more than
100 reference compounds. Global reprogramming of
metabolism stimulated by glucose could be quanti-
tatively assessed when testing the in�uence of vari-
ous growth conditions (Narainsamyet al., 2013). A
combination of reversed-phase and hydrophilic inter-
action liquid chromatography (HILIC) for separation
of metabolites and detection in positive as well as
negative MS mode was also introduced by the group
of G. Siuzdak. The approach increased the spec-
trum of metabolites detected in extracts from bacte-
rial cell, human plasma, or cancer cells (Ivanisevic
et al., 2013).

3.3 Combination of Targeted with
Nontargeted LC…MS Analysis

A combination of nontargeted analysis of metabolites
with a FT-ICR-MS type of instrument with several
approaches for targeted analysis was performed on
poplar genotypes with modi�ed emission of isoprene
emission (Wayet al., 2013). Data sets resulting from
the nontargeted analysis were evaluated using the
MassTrix tool (Suhre and Schmitt-Kopplin, 2008).
The metabolite pro�les of the plants with suppressed
isoprene emission capacity showed alterations in sev-
eral classes of compounds, when compared with
wild-type controls. Interestingly, the metabolic dif-
ferences between poplar plants emitting isoprenes
and those with suppressed emission were diminished
at higher CO2 concentrations. This outcome of a
metabolomics study will be relevant when discussing
future climate warming (Wayet al., 2013).



LC AND LC…MS: TECHNIQUES AND APPLICATIONS 313

3.4 Mass-Spectrometry-Based Imaging

Within recent years, methods for spatial resolved
analysis of metabolites and proteins using mass spec-
trometry have been introduced in plant biology (Kas-
par et al., 2011; Peukertet al., 2012). For example,
MS imaging has been applied to resolve the pat-
terns of metabolites in seed tissues by measuring
the surface of seed sections. In many of the plant
metabolite studies cited so far, the extraction of whole
organs such as roots or leaves is performed before
LC…MS-based separation. Accordingly, information
on the cell-type speci�c accumulation of metabo-
lites is lost. Future modeling of plant metabolic net-
works will bene�t from the spatial information of
metabolites and corresponding enzymatic activities.
Hence, the information obtained by MS imaging will
be highly complementary to the data obtained by
LC…MS analysis of extracted samples. The reader is
referred to the cited papers for further information.

4 DATA EVALUATION

LC…MS in MS and MS/MS mode provides large
sets of data, which have to be evaluated to pro-
vide information in the context of targeted as well
as nontargeted applications (Figure 3). The evalua-
tion starts with the task to preprocess the raw data
into a data format ready for further bioinformatic
analysis. Statistical analysis with approaches such
as principal component analysis (PCA) or indepen-
dent component analysis (ICA) are common steps,
followed by data visualization such as mapping into
metabolic pathways. The software solutions offered
by the instrument vendors differ in their capabilities
with respect to the downstream part of the data anal-
ysis. Meanwhile, a large set of resources are acces-
sible over the web (Tohge and Fernie, 2009) and a
large number of tools for bioinformatic analysis of
LC…MS data is available within the scienti�c com-
munity (Dunn, 2008; Sugimotoet al., 2012).

A range of vendor-independent software suites
have been generated for data extraction from the raw
data �les. This step of data analysis is addressed as
(pre)processing and consists of several speci�c tasks.
Data conversion often has to be performed to trans-
form data from any vendor-speci�c format into a for-
mat for independent software tools. Feature detection
is a central step in the preprocessing pipeline and

provides its own challenges owing to the complex
peak shapes of the MS data. The comparison of data
from several samples requires an alignment, another
challenging process for bioinformatic software tools.
Shifts in the elution time occur despite the progress
in instrument performance and efforts to control the
system parameters affecting stability such as column
and eluent temperature.

Different mathematical approaches have been
introduced [see Sugimotoet al. (2012) for further
discussion].

The software tool MetAlign (Lommen, 2009) has
been developed initially to evaluate LC…MS data (De
Vos et al., 2007; Matsudaet al., 2009; Mocoet al.,
2006), but can also be used to analyze GC…MS data
(Lommen, 2012). Meanwhile, this software is freely
available.

XCMS is another open software tool for data
extraction (Smithet al., 2006), which is widely used
(Narainsamyet al., 2013) and is now available as a
web-based tool (Tautenhahnet al., 2012a).

Databases storing information from plant metabo-
lite analysis have become an important resource
for sharing information in the scienti�c community
(Fukushima and Kusano, 2013). Several databases
were established to store spectra from LC…MS anal-
ysis.

METLIN (http://metlin.scripps.edu/index.php) is
a database storing MS/MS data from model com-
pounds generated at different collision energies
(Tautenhahnet al., 2012b). Currently, the data from
more than 10,000 compounds have been collected.
In the recent version of the database, an advanced
work�ow has been established allowing to upload
own data and perform comparisons with the stored
reference spectra in an automated manner. The capa-
bility to support compound identi�cation has been
veri�ed by analyzing the MS data from 23 standard
compounds on �ve different MS instruments; correct
results were obtained for nearly 90% of the data sets
(Tautenhahnet al., 2012b). However, it has to be
noted that many plant metabolites are still not avail-
able as commercial standards, in particular, those
of the different classes of specialized metabolism.
This lack of available references for a majority of
plant secondary metabolites is limiting this database
strategy.

Mass Bank (http://www.massbank.jp/) was initi-
ated to create a public repository of mass spectral
data provided by a number of research groups (Horai
et al., 2010).
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AtMetExpress is a database storing data from
the analysis of Arabidopsis, which is harbored at
http://prime.psc.riken.jp/lcms/AtMetExpress/. Other
databases store information on chemical compounds
such as PubChem, ChemSpider, and chemical
abstract service (CAS). There are more databases
than those few mentioned here, providing a wealth of
information to assist the researcher in identi�cation
of compounds [see Fukushima and Kusano (2013)
for a recent review of metabolome databases]. A
novel tool calledMetFusionwas created to combine
identi�cation results from different identi�cation
processes (Gerlich and Neumann, 2013).

Further data analysis includes a range of statisti-
cal tools and visualization of data (Fukushima and
Kusano, 2013; Sugimotoet al., 2012; Theodoridis
et al., 2012). At this point, collaboration between
the application chemist and a scientist represent-
ing speci�c bioinformatic expertise is a strategy for
effective data mining. A close interaction between
experimentalists (wet lab) and bioinformatic scien-
tists (dry lab) is also effective when integrating data
from different •omicsŽ approaches. A combination
of metabolomics and transcriptomics has been used
to further annotate the phenylpropanoid pathway in
Arabidopsis (Saito and Matsuda, 2010).
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NMR as Analytical Tool for Crude
Plant Extracts

Anna R. Bilia
Department of Chemistry, University of Florence, Sesto Fiorentino (Firenze), Italy

1 INTRODUCTION

Plant extracts are extremely complex matrices
containing different chemical classes of constituents
having diverse polarity and solubility and present
at various concentrations. Frequently, the dominant
ones are not involved in the biological and pharmaco-
logical activity, whereas markers or active principles
generally represent only minor constituents. There-
fore, the choice of an appropriate analytical method
is �rmly correlated to the identi�cation and quan-
ti�cation of multiple analytes in the extracts, a sort
of multitarget botanical standardization for pro�l-
ing the totality of the chemical constituents being
recognized that botanicals exert their effects as a
whole.

In the Pharmacopoeias, standardized analytical
methods for the quality control and stability testing
of extracts, based on the analysis of markers (single
constituents or groups) or active constituents (single
constituents or groups), are generally achieved using
UV spectroscopy or chromatographic techniques,
mainly high performance thin layer chromatography
(HPTLC), high performance liquid chromatography
(HPLC) coupled with UV…vis detector, and capillary
gas liquid chromatography (GLC).

In recent two decades, chromatographic and spec-
troscopic methods of analysis have becoming more
and more sophisticated, mainly based on hyphenated
chromatographic and spectroscopic techniques to
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obtain constituent information online, directly from
crude plant extracts. HPLC or ultra-performance
liquid chromatography (UPLC) coupled with
different mass spectrometers (MS) and tandem
(MS…MS, MSn) mass spectrometers such as chemi-
cal ionization (CI), electron impact (EI), electrospray
ionization (ESI), fast atom bombardment (FAB), �eld
desorption/�eld ionization (FD/FI), matrix-assisted
laser desorption ionization (MALDI), and ther-
mospray ionization (TSP). Alternatively, LC is
combined with evaporative light scattering detector
(ELSD) and nuclear magnetic resonance (NMR).
Even electrophoretic techniques such as capillary
electrophoresis (CE) coupled with UV and MS have
been extensively used in the analysis of plant extracts
(Marston, 2007).

All of these analytical techniques are recognized
as very powerful methods; however, frequently, it is
not easy to develop a simple and rapid chromato-
graphic separation of the constituents because of
their varying solubility, polarity, and size. In addi-
tion, these techniques cannot reveal unknown plant
metabolites that can also be present and contribute
to the biological activity, rising problems concern-
ing the speci�city and sensitivity of the method of
revelation. Furthermore, the baseline instability and
the separation are generally time consuming and sol-
vent consuming. In most of the cases, crude extracts
need a prepuri�cation or derivatization steps and thus
face the possibility of losing some constituents dur-
ing the analysis. Generally, these analytical methods
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provide a �ngerprint of active constituents or arbi-
trarily chosen •markerŽ compounds (and their per-
centage) but no information with regard to the other
metabolites of the extract that can represent even
more than 95% w/w can be acquired. In addition,
some unknown substances (single or groups) can
be involved in the pharmacokinetic or pharmacody-
namic properties of the extracts (Biliaet al., 2001).
Finally, the above-mentioned methods require pure
reference compounds, which are dif�cult to obtain
commercially because of their limited availability or
stability and high price.

NMRs, in particular1H and13C NMR spectra, are
not frequently used for the direct analysis of plant
extracts but this tool has an outstanding position in
this �eld because it is nondestructive and noninva-
sive, very rapid, selective, modest time consuming,
and capable of simultaneous detection of a great
number of constituents in complex mixtures, both
major and minor components (Fan, 1996; Lindon and
Nicholson, 1997).

In addition, quantitative NMR procedures for the
determination of constituents are rarely reported
but could be truly useful because selectivity,
reproducibility, and sensitivity are comparable
with HPLC, besides the great advantage that no
reference substances (identical authentic pure phy-
tochemical reference) are needed to establish a
standard curve for quanti�cation (Pauli, Jaki, and
Lankin, 2005). Furthermore, NMR spectroscopy
could select appropriate signals in fast and simple
one-dimensional NMR that can serve as parameters
in the chemometric analysis.

Within the last years, buzz words such as metabolic
pro�ling or metabolomics have appeared in the
literature. Key concepts in metabolome analysis
involve the qualitative and quantitative evaluations
of the spectra recorded by NMR using chemometric
methods as �ngerprinting technologies (Lindon and
Nicholson, 2008).

1.1 Constituent Detection by NMR

Six decades after its discovery, NMR can be consid-
ered a leading analytical tool extensively employed
for qualitative structure elucidation of natural prod-
ucts and also for quantitative determinations of puri-
�ed target analytes.

Any molecule containing one or more atoms with
a nonzeromagnetic moment is potentially detectable

by NMR, as the isotopes with nonzero magnetic
moments include1H, 13C, 14N, 15N, and31P, and all
biologically important molecules have at least one
NMR signal. These signals are characterized by their
frequency (chemical shift, in� or ppm), intensity, �ne
structure, and magnetic relaxation properties, all of
which re�ect the precise environment of the detected
nucleus.

While early NMR structure analysis was predomi-
nantly based on the interpretation of chemical shift
data because of the modulation of the resonance
energy by the electronic environment of a given
atomic nucleus resulting in chemical shift disper-
sion, coupling analysis has become progressively
more important as a result of the explosive devel-
opment of methods for the analysis of spin net-
works based on the mutual in�uence that neighboring
nuclei exert on each other via chemical bonds (scalar
coupling), namely spin…spin coupling and dipolar
coupling (J, leading to connectivity), by interaction
through space (nuclear Overhauser effect, NOE) and
relaxation (T1/T2) (Fan, 1996).

In addition, in recent two decades, the technique of
NMR spectroscopy has improved markedly in terms
of accuracy, skills, and sensitivity. As the increasing
power of the magnets boosted the super-conductivity
boundary, the increase in the magnetic �eld allowed
higher resolution spectra to be obtained with smaller
amounts of compound. The development of new
pulse sequences led to new two-dimensional (2D)
techniques where second dimension increases spec-
tral resolution by distributing the signals along two
frequency axes.

These experiments exploit the interactions between
the NMR detectable isotopes in a molecule, and they
result either in homonuclear correlation, where the
two-frequency axes of the spectrum correspond to the
same nucleus, usually1H, or in heteronuclear correla-
tion, where one-frequency axis corresponds to1H and
the other corresponds to13C, 15N, or, occasionally,
31P. Homonuclear correlation experiments are partic-
ularly useful in metabolite pro�ling, allowing linked
subsets of peaks in the conventional one-dimensional
(1D) 1H NMR spectrum to be identi�ed and assigned
to particular compounds.

In typical cases, 2D1H…1H correlation experi-
ments, recorded with different mixing times, are used
to assign the proton spin systems via scalar couplings.

The homonuclear correlation spectroscopy
(COSY) experiment is probably the most widely
used 2D experiment. The experiment reveals cross
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peaks between directly coupled protons. The most
widely used variant of this experiment is the basic
COSY-90 and the COSY-45 sequences that are both
routinely available in gradient-selected mode.

The relayed COSY sequences are calledtotal cor-
relation spectroscopy(TOCSY) and it can give the
sequence that would give cross peaks between all
of the protons compromising a sequence of cou-
pled protons. There are different sequences, but the
name TOCSY is commonly used for the experiment,
regardless of the speci�c sequence used. It can be
run in either absolute value or phase-sensitive mode,
although there are resolution advantages to the latter
approach. A gradient-selected version of the TOCSY
sequence is also available in spectrometer software
packages. The resolution and unequivocal structure
elucidation of complex mixtures can also be achieved
by 1D-selected TOCSY experiments. The acquisition
of a series of 1D-TOCSY spectra with different mix-
ing times takes far less time than a corresponding set
of 2D-TOCSY spectra.

Heteronuclear correlation experiments are also
successfully used for the analysis of plant extracts.
Proton-detected1H…13C correlation experiments
with gradient selection of magnetization transfer, for
example, heteronuclear multiple quantum coherence
(HMQC) and heteronuclear single quantum coher-
ence (HSQC), are used to correlate the13C chemical
shifts with protons via one bond to �nd the correla-
tions between protons and their neighboring carbons.
Heteronuclear multiple bound coherence (HMBC)
correlates the13C chemical shifts with protons via
two or three bonds and to con�rm the connections of
quaternary carbons to adjacent protons through two-
or three-bond couplings.

Both HSQC and HMQC involve detection of pro-
tons directly bonded to13C, and consequently, sup-
pression of magnetization of the 99% of protons that
are bonded to12C is a signi�cant concern.

Two-dimensional NOESY and ROESY experi-
ments provide information about dipolar couplings
through space (NOE) or through the lattice (T1)
linkage of structural fragments, respectively. The
NOESY sequence is most commonly used even
if there are two signi�cant problems with this
sequence, particularly when applied to natural prod-
ucts. First, the maximum observable NOE changes
as molecular tumbling slows in solution from+38%
for small molecules toŠ100% for macromolecules
and the exact crossover point where NOE is near
zero depends on molecular size and shape, internal

mobility, solution viscosity, and the spectrometer
frequency. The second problem is that the NOESY
sequence is also prone to produce COSY cross peaks
as artifacts.

The ROESY sequence replaces the mixing period
with a spinlock giving positive NOE cross peaks over
a wide range of tumbling rates from small molecules
to the largest proteins. However, ROESY tends to
produce TOCSY peaks as artifacts, but this can be
avoided using a modi�ed version called theT-ROESY
sequence. One-dimensional NOE difference exper-
iments have been available for many years before
the development of NOESY and ROESY sequences
and recently have been improved using shaped pulses
and pulsed �eld gradients, which gives much cleaner
spectra than NOE difference experiments.

In addition, pairs of sequences can be combined
together to provide hybrid sequences giving informa-
tion from both types of experiments. These can be
carried out as 3D and even 4D experiments. The most
generally used 3D experiments are HMQC-TOCSY
and HSQC-TOCSY. This is particularly true for
crowded1H spectra, where the superior13C reso-
lution helps in interpreting the TOCSY data. These
experiments require considerably longer times and
generally suffer from limited resolution along the
two time-incremented axes (Reynolds and Enríquez,
2002).

Modern NMR instruments are also able to measure
self-diffusion constants with an accuracy approach-
ing 1% for objects in solution ranging from the
size of molecules to that of aggregates such as
micelles and liposomes (Biliaet al., 2002c). These
experiments are denominateddiffusion-ordered
spectroscopy (DOSY) and diffusion rates are mea-
sured using gradient pulses such as pulsed gradient
spin echo (PGSE), pulsed �eld gradient-stimulated
spin echo (PFG-SSE), and bipolar pulse longitudinal
eddy current delay (BPP-LED). NMR diffusion
experiments can be exploited as a routine analytical
tool for the study of mixtures providing a way to
separate the different compounds in a mixture based
on the differing translation diffusion coef�cients
(and therefore differences in the size and shape
of the molecule, as well as physical properties of
the surrounding environment such as viscosity and
temperature) of each chemical species in solution.
In a certain way, it can be regarded as a special
chromatographic method for physical component
separation, but unlike those techniques, it does
not require any particular sample preparation or
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chromatographic method optimization and maintains
the innate chemical environment of the sample dur-
ing analysis. Diffusion spectra can be combined with
any 2D technique in order to separate 2D spectra in
the diffusion dimension, giving 3D-DOSY exper-
iments such as DOSY-NOESY, DOSY-HMQC,
or by incorporating diffusion weighting internally,
where the parent pulse sequence can accommodate
an extra diffusion delay as in the COSY-iDOSY and
HMQC-iDOSY pulse sequences. Again, all these
experiments require considerably long times with
respect to the native DOSY (Barjat, Morris, and
Swanson, 1998; McLachlanet al., 2009).

2 PLANT EXTRACTS NMR ANALYSES

2.1 NMR Fingerprint Determination

NMR experiments can be considered as universally
suitable method of assay of plant extracts and the
existing high �eld strengths led to record highly
resolved NMR signals. For this reason, in the past two
decades, NMR has played an increasingly important
role in the compositional study of food products, par-
ticularly wine, fruit pulps and juices, olive oil, beer,
and beverages for the analysis primary metabolites
such as sugars, organic acids, amino acids, and lipids
(Cordellaet al., 2002).

The NMR analysis of secondary metabolites of
crude plant extracts is more recent but now the lit-
erature offers remarkable examples of application of
NMR analysis in their qualitative and quantitative
analyses. NMR can reveal information about simi-
larities and differences of the extracts by comparing
their metabolic �ngerprints and to conclude on their
relationship to each other.

In general, signal (metabolite) identi�cation is per-
formed by comparison with reference compounds,
either from a database or from the spectrum of an
authentic sample, to con�rm known compounds. Fre-
quently, signal overlap is a problem in the complex
spectra of plant extracts and hampers the identi�-
cation and quanti�cation of secondary constituents.
A better signal resolution can be obtained using
2D-NMR spectroscopy reducing signal overlap by
spreading the resonances in a second dimension
but this approach retains some of the bene�ts of
1D-NMR spectroscopy, principally the longer acqui-
sition time (Reynolds and Enríquez, 2002).

NMR instruments required for plant extract analy-
sis have generally �eld strengths ranging from 300
to 600 MHz, obviously higher �eld strengths give
better resolution of the overlapping resonances and
improve the sensitivity. The sample is prepared by
dissolution of an amount of the extract (10…50 mg)
in an appropriate solvent, in speci�c proportions,
usually in a 5-mm diameter NMR tube, using sample
volumes ranging from 300 to 600� L. A broad range
of solvents suitable for most of the polarities encoun-
tered in natural product chemistry can be used,
namely deuterated dimethyl sulfoxide (DMSO-d6),
deuterated methanol (CD3OD), H2O/D2O, or D2O
buffered with sodium phosphate or mixtures thereof
(e.g., DMSO-d6/D2O and CD3OD/D2O). The addi-
tion of chemical shift reference compounds (e.g.,
TSP, trimethylsilyl-1,1,2,2-d4-propionic acid, or
TMS, tetramethylsilane) to the NMR solvent is
useful for both peak registration and quantitation
purposes.

In selected cases, the process of NMR analysis can
be tremendously improved by the optimization of
temperature, pH value, or by adding some auxiliary
reagents (shift reagents) (Choiet al., 2003).

A variety of acquisition parameters have been
described and optimized for the speci�c sample such
as acquisition times and recovery delays. Spectral
acquisition is normally carried out at room tempera-
ture or at a controlled temperature between 20� C and
30� C (Reynolds and Enríquez, 2002).

After the processing of the acquired data, many
functional groups can be easily and conclusively
identi�ed by their characteristic1H and/or13C chem-
ical shifts compared with those reported in the
literature.

It is worth noting that the chemical shift range of
proton is little and hardly extends beyond 10 ppm,
with the signi�cant disadvantage that the dispersion
of the signals is rather small, resulting in extensive
overlap in the signals in most regions of the spectrum,
by comparison, the chemical shift range of13C is
larger by a factor of about 20 (extending over about
200 ppm).

The �rst use of NMR for metabolite pro�l-
ing is represented by the13C NMR analysis
for the �ngerprint of essential oils, in order to
detect and identify the pattern of constituents
and capable of measuring multiple components
simultaneously, as an alternative or complimentary
analytical method to hyphenated chromatographic
techniques.
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In the13C-NMR spectrum, the presence of13C…1H
couplings, which are needed to clarify exact struc-
ture, can be eliminated simplifying the spectrum and
obtaining singlet signals of the C nuclei, usually well
resolved. The natural occurrence of the13C nucleus
is only 1.1%; consequently, homonuclear spin…spin
coupling does not occur. At the same time, the signal
to noise ratio and the sensitivity of the measurement
are increased. The overlapping of individual reso-
nance signals occurs rather seldom being the spectral
width quite large in the range from 0 to 240 ppm
(Formäcek and Kubeczka, 1982).

Generally, the use of13C NMR is quite limited, and
proton NMR spectroscopy is commonly considered
an effective technique for plant extract analysis with
good chemical speci�city for constituents. Increased
speci�city is further realized with the use of high
magnetic �elds that provide greater resolution and
separation of chemical shifts. In the light of these
considerations, it is unsurprising that1H NMR is the
most commonly used NMR technique for metabolite
pro�ling. The problems arising from the limited
spectral dispersion can be circumvented or at least
minimized using 2D experiments.

Studies on the combination of high resolution
NMR spectroscopy with pattern recognition have
been �rstly reported by Bilia and coworkers. Search-
ing for a universally suitable method of assay of plant
extracts, 1D- and 2D-NMR experiments were consid-
ered as an analytical instrument to fully characterize
them and evaluate the stability of their constituents.
Fingerprint and semiquantitative analyses have been
reported for extracts ofPiper methysticumG. Forst
(Bilia et al., 2002a),Hypericum perforatum L. (Bilia

et al., 2001a), andArnica montana L. (Bilia et al.,
2002b).

In a �rst study (Bilia et al., 2001a), a commer-
cially dried extract of St John•s wort was evalu-
ated by NMR spectroscopy without fractionation
steps. St John•s wort is generally standardized in
the hypericin content, although a number of con-
stituents with documented biological activity are
also present, namely other naphthodianthrones (prin-
cipally pseudohypericin), �avonols (rutin, hypero-
side, isoquercitrin, quercitrin, and quercetin), and
phloroglucinols (hyperforin, adhyperforin, and oth-
ers) (Figure 1).

As a �rst step of the investigation, a DMSO-d6 solu-
tion of the extract was prepared and used to record
resolution-enhanced proton NMR of the total extract
(Figure 2). The spectrum had a suf�cient line nar-
rowing leading to the assignments of some charac-
teristic resonances according to the data (chemical
shifts and coupling constants) found in the literature
or from the comparison of the chemical shifts andJ
couplings with those observed for single constituent
solutions. Two-dimensional NMR spectra provided
further information to con�rm these assignments and
complete the pattern recognition, in particular the
HMQC spectra (Figure 3).

The proton NMR spectrum was separated in four
main regions: a low �eld region between 6.0 and 9.0
ppm with signals principally due to aromatic and
ole�nic protons of �avonoids, naphthodianthrones,
and caffeoyl quinic acid derivatives; a mid-low
�eld region between 5.5 and 4.5 ppm with sig-
nals due to anomeric protons of sugar units and
ole�nic protons of hyperforins; a mid-�eld region
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Figure 1 Characteristic constituents of St John•s wort.
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Figure 2 (a) Full-resolution-enhanced 600-MHz1H NMR spectrum of St John•s wort commercial extract in dimethyl sulfoxide. (b and c)
Horizontally expanded regions (2.6…4.1 and 1.35…1.85 ppm) of the spectrum to clarify the splitting pattern of individual resonances. (Source:
Reprinted with permission from Bilia AR, Bergonzi MC, Mazzi G, Vincieri FF. Analysis of plant complex matrices by use of nuclear magnetic
resonance spectroscopy: St. John•s wort extract. 2001. J Agric Food Chem 49: 2115…2124. Copyright (2001) American Chemical Society.)

between 4.5 and 3.0 ppm with signals due princi-
pally to the sugar protons of the glycosides; and
�nally a high �eld region between 2.7 and 0.7
ppm with signals due to aliphatic protons of sugar
residues (Me-6 of rhamnose), aromatic methyls
of naphthodianthrones, and aliphatic protons of
phloroglucinols.

By the detailed analysis of 2D-NMR experiments,
in particular 1H…1H COSY and HMQC, the reso-
nances of the characteristic constituents of St John•s
wort extract were unambiguously assigned, namely
naphthodianthrones, �avonols, and phloroglucinols.
In addition, other constituents such as caffeoylquinic
acid derivatives, lipids, and traces of residual solvent
were found.

A second part of the study was dedicated to the
evaluation of stability of constituents of the extract,
with special regard to the very unstable phlorogluci-
nols (Bilia et al., 2001b). On the basis of the assign-
ments done, the decreased intensity of vinyl, methyl,
and methylene proton signals of the isoprenylic
chains of hyperforins, due to oxidative cleavage of the

isoprenyl side chains, was easily assessed, whereas
signals of the other molecules were not signi�cantly
modi�ed in the spectra obtained with samples sub-
mitted to stability testings. Owing to the dif�culty
in using an intensity reference peak, only qualitative
and semiquantitative considerations were made, on
the basis of relative intensity changes (Figure 4).

A further example of combination of high
resolution NMR spectroscopy with pattern recog-
nition is represented by the NMR analysis of
commercially available extracts of kava kava con-
taining from 30% to 70% w/w kavalactones (Bilia
et al., 2002a). These are represented by a mixture of
more than 18 different� -pyrones, being the major
constituents kavain, methysticin, demethoxyyango-
nin, yangonin, dihydrokavain, dihydromethysticin,
and 5,6-dehydromethysticin. These kavalactones are
characterized by different double-bond linkage pat-
terns in positions 5,6 and 7,8. Their pyrone moieties
can be summarized by structures A…C as shown in
Figure 5. Their activity is related to the presence of
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Figure 3 1H-13C HMQC spectrumof St John•s wort commercialextract.(Source: Reprintedwith permissionfrom Bilia AR, BergonziMC, Mazzi G, Vincieri FF. Analysisof plant
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Figure 4 1H NMR spectra of St John•s wort commercial extract (a) and extract submitted to thermal (b) and photostability (c) testing.
(Source: Reprinted with permission from Bilia AR, Bergonzi MC, Mazzi G, Vincieri FF. Analysis of plant complex matrices by use of
nuclear magnetic resonance spectroscopy: St. John•s wort extract. 2001. J Agric Food Chem 49: 2115…2124. Copyright (2001) American
Chemical Society.)

5,6 and/or 7,8 unsaturations, so it is very important
to quantify the content of each kavalactone group.

The1H NMR spectrum (Figure 6) directly obtained
by dissolving the commercial extracts in DMSO-d6
can be quite easy and unambiguously analyzed to
assign signals corresponding to H-3 of the different
A…C systems. Thus, the chemical shift of H-3 is
present in the region from 5.5 to 5.7 ppm for 5,6
unsaturated constituents (B system) and it is in the

region from 5.1 to 5.3 ppm in 5,6 saturated ones
(A and C systems). The signals corresponding to
H-6 were observed in the range from 4.2 to 4.4
ppm in 7,8 saturated constituents (A system) and
from 5.0 to 5.3 ppm in 7,8 unsaturated ones (C
system). In the fully unsaturated compounds (B
derivatives), signals of H-3 of two B-derivatives were
identi�ed at 5.61 ppm (J3,5 = 2.2 Hz) and 5.65 ppm
(J3,5 = 2.2 Hz).
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Figure 5 Kavalactones from kava kava.

COSY and HMQC experiments were recorded to
assign the proton spin systems via scalar couplings
and the13C chemical shifts with protons via one
bond of kavalactones. In addition, 1D-TOCSY was
revealed a very useful technique in the assignment of
chemical shifts of each pyrone moiety. This experi-
ment was obtained by selective irradiation of the dif-
ferent assigned H-3 and H-6 protons of A…C pyrone
systems, and the resolution and unequivocal assign-
ments of the signals have been achieved. In Figure 7,
1D-TOCSY is reported, which obtained from selec-
tive irradiation of signal at (a) 5.22 ppm (H-3 of C
moiety), (b) 5.61 ppm (H-3 of B moiety), (c) 5.65
ppm (H-3 of a second B system), and (d) 6.42 ppm
(H-7 of C moiety). In addition, TOCSY was also
very useful for the unambiguous signal assignment of
the styryl moieties and to assign the substitution pat-
tern of aromatic rings. A semiquantitative approach,
using maleic acid as internal standard, gives the rel-
ative ratio among the different derivatives (A…C),
which are related to different activities. In the study,
the suitability of NMR analysis in the evaluation of
quality and identity of �nely powdered herbal drug
(HD) was successfully investigated through the direct
NMR analysis of the solution obtained by the direct
treatment of 50 mg HD in 0.8 mL DMSO-d6, after
�ltration of the powder. This is the �rst report of its
use in the direct analysis of an herbal drug. DMSO is
a suitable and general solvent to completely dissolve
metabolites from the herbal drugs, as demonstrated
by the absence of metabolites in the chromatograms
obtained by HPLC analysis of the residual powder
(Bilia et al., 2002a).

The same authors (Biliaet al., 2002b) have
also been disclosed the ef�ciency of COSY and
HMQC experiments in obtaining a �ngerprint of
the constituents of an innovative extract of arnica,
a supercritical carbon dioxide (CO2) commercial
extract. NMR allowed the identi�cation of the sig-
nals corresponding to the characteristic constituents,
sesquiterpenes (Figure 8), and all the other extracted
metabolites.

The extract was directly dissolved in DMSO-d6 and
using a similar procedure described for the analysis
of St John•s wort and kava kava, and spectral assign-
ments of the constituents were carried out according
to the data (chemical shifts and coupling constants)
found in the literature and by means of 1D- and
2D-NMR spectra. Typical resonances of helenalin
and 11,13-dihydrohelenalin derivatives were easily
attributed because of their characteristic chemical
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Figure 6 1H NMR spectraof kavakavacommercialextract.(Source: Reprintedwith permissionfrom Bilia AR, BergonziMC, MazziG,LazariD, Vincieri FF. 2002.Characterization
of commercialKava-Kava herbaldrug andherbaldrug preparationsby meansof nuclearmagneticresonancespectroscopy. J Agric Food Chem50: 5016…5025. Copyright (2002)
AmericanChemicalSociety.)
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Figure 7 1D-TOCSY obtained from selective irradiation of signal at (a) 5.22 ppm (H-3 of C moiety), (b) 5.61 ppm (H-3 of B moiety),
(c) 5.65 ppm (H-3 of a second B system), and (d) 6.42 ppm (H-7 of C moiety). (Source: Reprinted with permission from Bilia AR, Bergonzi
MC, Mazzi G, Lazari D, Vincieri FF. 2002. Characterization of commercial Kava-Kava herbal drug and herbal drug preparations by means
of nuclear magnetic resonance spectroscopy. J Agric Food Chem 50: 5016…5025. Copyright (2002) American Chemical Society.)
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shifts together with their splitting and couplings. The
signals at 6.10 and 7.93 ppm were assigned to the

ole�n protons of the typical ketofurane ring of hele-
nalin derivatives, namely H-3 and H-2, respectively
(Figure 9). Cross peaks in the COSY experiments led
to the assignments of the signals of neighbor protons,
unequivocally con�rmed by HMQC experiments.

In the region between 5.5 and 6.5 ppm of the pro-
ton spectrum, two other signals were easily distin-
guished from the others, the resonances at 5.98 and
6.26 ppm (Figure 9). They were attributed to pro-
tons of� -methylene group exocyclic to the� -lactone
function of helenanin and its derivatives, namely
H-13a and H-13b. These data were unequivocally
con�rmed through HMQC experiments by the con-
nectivities of these two proton resonances with the
carbon resonance at 124.2 ppm. COSY and HMQC
experiments led to the complete assignment of all
the protons and carbons of helenin. Furthermore,
using a similar procedure, all the proton and carbon

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
ppm

H-2 H-13a
H-13b

H-3

Figure 9 Full-resolution-enhanced 600-MHz1H NMR spectrum of arnica supercritical CO2 extract. (Source: Reprinted from J Pharm
Biomed Anal, 30, Bilia AR, Bergonzi MC, Mazzi G, Vincieri FF, NMR spectroscopy: a useful tool for characterisation of plant extracts, the
case of supercritical CO2 arnica extract, 321…330, Copyright (2002), with permission from Elsevier.)
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resonances of dihydrohelenalin were assigned. In
addition, signals of acetyl, metacrylic, tiglioyl, isobu-
tirryl, 2-methyl-butirryl, and isovalerionyl moieties
were identi�ed by their chemical shift, splitting, and
cross peaks in the COSY and HMQC experiments
and con�rmed by comparison with data reported in
the literature. Moreover, NMR experiments were use-
ful to identify signals of other noncharacteristic con-
stituents, such as polyketides, aromatic derivatives,
and esters of glycerol (Biliaet al., 2002b).

In recent decade, a further NMR experiment, high
resolution DOSY, has been used successfully to sep-
arate different compounds in a mixture (Barjat, Mor-
ris, and Swanson, 1998; McLachlanet al., 2009).
DOSY involves the synthesis of multidimensional
NMR spectra in which one dimension displays
chemical shift and the other the apparent diffusion
coef�cient, calculated by �tting of the measured
decay of spin echo spectra recorded using pulsed �eld
gradients.

An interesting application of DOSY in the analysis
of plant extracts has been recently reported by León
and coworkers (León, Chávez, and Delgado, 2011) to
analyze the dimeric phthalides and other constituents
(Figure 10) ofLigusticum porteriL. rhizome acetone
extracts and to compare the constituents obtained
from fresh and dried plant materials. It is well
known a chemical variation in some constituents
of Ligusticumspecies during storage and in some
taxonomically related plant materials processed for
preparations used in traditional Asian medicine.

In the �rst step of the study, a proton spectrum
of the acetone extracts ofL. porteri was acquired

in order to identify the components, verifying the
presence of the dimeric phthalides and establishing
variations in the composition of the rhizome at
different drying times. The assignments were made
by comparisons with the resonances of authentic
samples. The trace of proton spectrum shows the
richness of the plant extract (of the fresh rhizomes)
in the complexity of the pro�le. The spectrum was
divided into four sections in order to facilitate signal
assignment and the analysis led to the identi�cation
of the characteristic constituents and, in addition, also
provided direct evidence for the decline of coniferyl
ferulate with drying.

Additional evidence of the presence of the iden-
ti�ed constituents was obtained from DOSY NMR
experiments. DOSY provided both virtual separa-
tion (without physical separation) and structural
information. It revealed four main diffusion rate
levels: A, B, C, and D (Figure 11). Looking at
the 7.00…4.3 ppm region, the signals that appear
with a diffusion coef�cient of 1.75× 10Š10 m2 sŠ1

(highlighted as level A) correspond to a mixture of
coniferyl ferulate and ferulic acid. On the next lev-
els, B and C, which occurred at a diffusion coef�cient
range 2.20…2.45× 10Š10 m2 sŠ1, the most represen-
tative signals were found for diligustilide (H-7� at �
7.50, H-8 at� 5.35, and H-8� at� 4.90) and tokinolide
B (H-7� at � 7.64 and H-8� at � 4.45). This analysis
corroborates the existence of the dimeric phthalides.
The signals of the major compounds, which dis-
played a diffusion coef�cient of 3.65× 10Š10 m2 sŠ1

(level D), belong to the group of signals correspond-
ing toZ-ligustilide.
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Figure 10 Characteristic constituents ofLigusticum porteri.
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Figure 11 DOSY spectrum and DOSY slice spectrum of the acetone extract ofLigusticum porteri. Different diffusion coef�cients: level A
(1.75× 10Š10 m2 sŠ1), mixture of coniferyl ferulate and ferulic acid; levels B and C (2.20…2.45×10Š10 m2 sŠ1) diligustilide and tokinolide B,
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DOSY was revealed a powerful tool for analyzing
complex mixtures and con�rmed that phthalides are
natural products from this species and they are not
formed as postharvest compounds (León, Chávez,
and Delgado, 2011).

2.2 Quantitative NMR (qNMR) Analysis

qNMR is amenable to all NMR-sensitive nuclei
and unrestricted in dimensions offering a unique
and critical view of the analyte. Besides qNMR is
almost as old as NMR itself, its application is greatly
underestimated and literature has not emphasized this
NMR prospect. Only recent developments in the �eld
have provided evidence that NMR can be utilized
as a precise quantitative tool, less time consuming
(no equilibration time) with respect to the classical
analytical methods, easy to perform, very speci�c
and highly reproducible, and, in time, can even be
a primary analytical tool (Pauli, Jaki, and Lankin,
2005).

The application of quantitative1H NMR (qHNMR)
requires that at least one nonoverlapping signal for
each molecule to be quanti�ed is available for inte-
gration. Some experimental factors can interfere with
quantitative determinations to make NMR a pre-
cise analytical tool, that is, •quantitative experimen-
tal conditionsŽ such as relaxation delay, digitization,
pulse sequence design, and instrumental parameters,
together with the selection of appropriate postacqui-
sition processing parameters for optimized spectral
integration. All these aspects, including validation
of the analytical method, have been reviewed and
discussed in an outstanding manuscript by Pauli, Jaki,
and Lankin (2005).

Proton NMR is the most suitable nucleus for quan-
titative studies and is preferred over the much more
dispersive, but inherently less sensitive heteronuclei.
Nowadays, typical errors fall in1H NMR the range
0.5…2%.13C NMR nucleus is considerably less sen-
sitive (1.6% of 1H sensitivity for an equal num-
ber of nuclei, augmented by a sensitivity loss due
to the 1.1% natural abundance of13C) and affords
quantitative information signi�cantly more dif�cult
to obtain, in particular, for small natural product
samples.

The choice of reference compound should be
exercised with great care, keeping in mind that
reaction, complexation, acid…base, or any other

type of chemical/physical transformation can
occur. There is a tendency in the literature to
propose internal reference standards with sim-
ple proton NMR spectra, preferably singlets. An
ideal internal standard should be readily avail-
able in a highly pure form, inexpensive, stable
and chemically inert, nonvolatile, not hygroscopic,
and soluble in all (or most) of the NMR solvents.
The most widely used is maleic acid, anthracene,
trimesic acid, 3,4,5-trimethoxybenzaldehyde, and
1,3,5-trimethoxybenzene (Pauli, Jaki, and Lankin,
2005).

In the literature, there are many examples of suc-
cessful application of qNMR to quantify the plant
constituents, and in the majority of the studies, NMR
results have been proved to be well in agreement with
those obtained by HPLC.

Among medicinal plants, so far ginkgo has
been the most attractive target for qHNMR anal-
ysis. Gingko biloba L. (gingko) extracts include
different constituents, the most known are ter-
pene trilactones, that is, ginkgolides A, B, C, D, and
bilobalide, many polyphenols such as �avonol glyco-
sides, bi�avones, proanthocyanidins, alkylphenols,
simple phenolic acids, 6-hydroxykynurenic acid,
4-O-methylpyridoxine, and polyprenols (Figure 12).
The chemical analysis of ginkgo extracts is quite
comprehensive, each class of constituents is evalu-
ated with speci�c analytical methods and includes
cleanup, puri�cation, or derivatization steps. For
instance, �avonoids that include a great variety of
�avonol glycosides as mono-, di-, and triglycosides
as well as their cinnamic acid esters, based on the
aglycones kaempferol, quercetin, and isorhamnetin,
are analyzed only after acid hydrolysis. Terpene
trilactones are dif�cult to analyze because of their
poor UV absorption due to the lack of a good
chromophore, both for qualitative and quantitative
purposes, and pure reference compounds are dif�cult
to obtain commercially because of their limited
purity and high price (van Beek, 2002).

The �rst qHNMR method proposed to determine
the terpene trilactones inG. biloba dates back to
1993 (van Beeket al., 1993). Using a preseparation
method, van Beeket al. were able to quantitate �ve
trilactones based on their H-12 ole�nic proton sig-
nals using a 200-MHz spectrometer. The method is
based on the comparison of the integral of each H-12
proton with that of the ole�nic protons of the internal
standard (maleic acid). These protons are all well sep-
arated at 200 MHz and occur in a less crowded region
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Figure 12 Characteristic constituents ofGinkgo bilobaL.

of the NMR spectrum (6.15…6.50 ppm). The authors
estimated that within a 30-min total experiment time
they were able to quantitate circa 0.1 mg of each lac-
tone and concluded that the method was as selective,
reproducible, and sensitive as HPLC with refracto-
metric detection, but with the advantage of not requir-
ing pure trilactone reference substances. Regrettably,
the method needs a chromatographic preparation step
because some constituents (principally �avonoids)
could interfere with the NMR analysis.

A decade after, Choiet al. (2003) improved the
NMR method by the optimization of1H-NMR sol-
vent for the analysis of the compound was selected
through the evaluation of solvent effects on the reso-
lution of the signals of H-6 and H-8 of the �avonoids
that may interfere with the target proton H-12 sig-
nals of terpenes without any tedious chromatographic
puri�cation.

The addition of benzene-d6 into acetone-d6 was
found to shift the 1H-NMR peaks of the H-6 or H-8
of the �avonoids to lower �eld and thus to be the
optimum NMR solvent for the terpene analysis. This
NMR solvent showed a good separation of the H-12
peaks of bilobalide and ginkgolides A, B, and C.
The mixture of benzene-d6 and acetone-d6 (50 : 50)
gave a good separation of all peaks originating from
�avonoids and terpenoids. As an appropriate internal
standard, phloroglucinol (1,3,5-trihydroxybenzene,
25 � g mLŠ1) was used because it is stable, non-
volatile, and has a sharp singlet in the same areas
of the target compounds but well separated. This
method allows rapid and simple quantitation of
underivatized bilobalide and ginkgolides in 5 min
without any prepuri�cation steps.

As the next step, the detection limit was measured
for 64 scans of an extract of 500-mg plant material
(acquisition time: 4 min). In this case, 10 ppm of each

compound was fully detected. Even 1 ppm could be
detected by increasing to 1024 scans.

Li et al. (2004) extended qHNMR methodology
to the simultaneous analysis of ginkgolides and
�avonoids and have addressed problems because of
limited extract solubility and the degradation of the
internal standard phloroglucinol. A simple hydrol-
ysis step was proposed as an alternative to the
fraction step reported by van Beek and cowork-
ers. Terpene trilactones were extraordinarily stable
even in boiling HNO3. Utilizing this unique stabil-
ity, Ginkgo extracts were hydrolyzed to simultane-
ously analyze the �avonol aglycones and terpenes
(Figure 13). Each aglycone has its own character-
istic H-2� signal (or H-2� /6� for kaempferol) in the
1H NMR spectrum because of the different substi-
tution patterns of ring B. In addition, these aglycon
signals appear between 7.8 and 8.8 ppm, which gen-
erally is a not-crowded spectroscopic region and thus
shows relatively little interference with other com-
pounds, being the target signal to quantify the main
aglycones: kaempferol, quercetin, and isorhamnetin.
To improve solubility, a different solvent mixture
(a 65 : 35 mixture of methanol-d4 and benzene-d6)
and a different, more stable internal reference com-
pound (1,3,5-trimethoxybenzene) were developed.
The repeatability of the1H NMR method was found
to be high with a maximum standard deviation of
3.2%. The results of recovery tests showed that
hydrolysis did not affect the quantity of �avonol agly-
cones or terpene trilactones.

The determination of ginkgolic acids in ginkgo
products represents another strategic analysis of the
quality control because these constituents are indi-
cated as possible hazardous compounds, being aller-
genic, limiting their content inGinkgo extracts (5
or 10 ppm) (Blumenthalet al., 1998). However, a
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Figure 13 1H NMR spectra of commercial ginkgo extracts in the range� 8.4…5.8. Sample numbers: (A) 1, (B) 2, (C) 3, (D) 4, (E) 5, (F) 6,
(G) 7, (H) 8, and (I) 9. Peak numbers: 1, bilobalide; 2, ginkgolide A; 3, ginkgolide B; 4, ginkgolide C; 5, ginkgolide J; 6, kaempferol; 7,
quercetin; 8, isorhamnetin; and IS, internal standard (1,3,5-trimethoxybenzene). (Source: Reprinted with permission from Li CY, Lin CH,
Wu CC, Lee KH, Wu TS. 2004. Ef�cient1H nuclear magnetic resonance method for improved quality control analyses of ginkgo constituents.
J Agric Food Chem 52: 3721…3725. Copyright (2004) American Chemical Society.)

number of ginkgolic acids with different side chains
may be present and this makes their analysis by con-
ventional chromatographic methods very complex
(van Beek, 2002).

Choi and coworkers have reported the NMR anal-
ysis of this class of gingko constituents (Choiet al.,
2004a), and a typical structure of ginkgolic acid, a
C15:1 derivative, is shown in Figure 14. The pro-
ton spectrum of the chloroform extract (Figure 15)
provides a simple pattern of peaks because all the
ginkgolic acids possess the aromatic structure in
common in which the proton signals are hardly
affected by the difference in the alkyl side chain. In

fact, the chemical shifts of the characteristic aromatic
signals of H-3 (� 6.86,d, J = 8.3 Hz), H-4 (� 7.35,
t, J = 8.1 Hz), and H-5 (� 6.76, t, J = 7.5 Hz) of
the main ginkgolic acids are the same and are well
separated. The quantity of the compounds was cal-
culated from the relative ratio of the integral of each
peak to the integral of the peaks of a known amount
(100 � g) of anthracene used as an internal standard.
H-9 and H-10 of anthracene were detected as a singlet
at � 8.42 and used as the reference peak of the inter-
nal standard for the analysis. The quantitative results
obtained by1H-NMR analysis were comparable with
those obtained by GC and1H-NMR method allows a
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Figure 14 Structure of ginkgolic acid (C15:1).

simple quanti�cation of total ginkgolic acids without
any prepuri�cation steps (Choiet al., 2004a).

In recent years, the ability of qHNMR to rapidly
quantitate plant secondary metabolites without the
need for prepuri�cation or to obtain reference com-
pounds was underlined by many groups of research.
Hazekamp, Choi, and Verpoorte (2004) quanti�ed
cannabinoids fromCannabis sativaL.

The proton signals selected for this study were in
the range� 4.0…7.0, as this is the range where the
1H-NMR spectra (Figure 16) are most distinguish-
able signals of each cannabinoid constituent. Part of
the spectrum is enlarged to show the overlap of proton
signals of
 9-tetrahydrocannabinolic acid A (THCA;
Figure 17) with signals of minor compounds.

Anthracene was selected as internal standard
because it is a very stable compound with a simple
1H-NMR spectrum consisting of a singlet (� 8.43)
and two quartets (� 8.01 and� 7.48). For quan-
titation, the singlet of anthracene (*) and H-4 of
THCA was used. These signals do not overlap with
other signals of the cannabinoids. This method
allows rapid and simple quantitation of THCA with

H-4

H-5

H-3

8.08.5 7.07.5 6.06.5 5.05.5
ppm

Figure 15 1H-NMR spectrum of the chloroform extract of leaves ofGingko biloba. (Source: Y.H. Choi et al. (2004). Reproduced from
John Wiley and Sons, Ltd.)
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Figure 16 1H-NMR spectrum of aCannabis sativaextract plus 1 mg of anthracene as Internal Standard. Part of the spectrum is enlarged
to show the overlap of proton signals of THCA with signals of minor compounds. For quantitation, the singlet of anthracene (*) and H-4
of THCA were used. (Source: Reproduced with permission from Chemical & Pharmaceutical Bulletin Vol. 52 No. 6. Copyright (2004) The
Pharmaceutical Society of Japan.)
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a �nal analysis time of only 5 min, which is much
shorter than conventional without the need for a
prepuri�cation step.

The same group of research also developed a
qNMR analysis for the analysis of strychnine and
brucine (Figure 18) inStrychnos nux-vomicaL.
seeds and stems (Frédérich, Choi, and Verpoorte,
2003). The analysis of the NMR spectra revealed that
potentially the protons H-12 of strychnine (doublet)
and brucine (singlet), resonating in a not-crowded
region of the spectra, around� 8.0, could be used
for quanti�cation. A study of the shift values of
strychnine and brucine base, hydrochloride, sulphate,
acetate, and nitrate in several NMR solvents revealed
the need to add tri�uoroacetic acid (1%, v/v) to the
methanol-d4, resulting in a controlled acidity and a
good stability of shifts values. The results, showing
relative standard deviations of<10%, are referring
to both NMR method and extraction. The limit of
quanti�cation and the limit of detection have been
determined, with a number of scans �xed at 256, as
0.05 and 0.005 mg mLŠ1 of alkaloid, respectively.

Among the advantages of this method, no reference
alkaloids are needed for calibration curves, the quan-
ti�cation could be directly realized on a crude extract,
strychnine and brucine could easily be distinguished,
and less time consuming in comparison to conven-
tional HPLC methods, for instance.

HN

OH

Ephedrine

Figure 19 Structure of ephedrine.

In a further study of the same group of research,
ephedrine (Figure 19) and the analogs, pseu-
doephedrine, methylephedrine, and methylpseu-
doephedrine were simultaneously determined by
1H-NMR (Figure 20) fromEphedraspecies without
any precleaning steps, using anthracene as internal
standard (Kimet al., 2003). In the region of� 5.0…4.0,
the signals of H-1 attached to the same carbon with a
hydroxyl were well separated from each other even
though they are diastereomers. The chemical shifts of
H-1 of ephedrine and pseudoephedrine are� 4.77 (d,
J = 3.9 Hz) and� 4.17 (d, J = 8.2 Hz), respectively.
Another pair of diastereomers and methylephedrine
and methylpseudoephedrine are also well separated
from each other and show up at� 4.96 (d, J = 3.8 Hz)
and� 4.19 (d, J = 6.4 Hz), respectively. The amount
of each alkaloid was calculated by the relative ratio
of the intensity of H-1 signal to the known amount
of internal standard, 200� g of anthracene. This
method allows rapid determination of the quantity of
ephedrine alkaloids fromEphedraspecies.

Remarkable results on the application of qNMR
to plant extracts are reported by Pieriet al. (2011).
In a �rst study, 1H NMR spectroscopy was success-
fully used for the characterization ofStevia rebau-
diana Bertoni extracts. The quantitative determina-
tion of the major steviol glycosides (Figure 21) in
puri�ed extracts and fractions obtained from vari-
ous stages of the puri�cation process is reported and,
in addition, NMR was a powerful tool to differen-
tiate between glycosides that are naturally occur-
ring in the plant and artifacts formed in the course
of the manufacturing process. After the identi�ca-
tion of steviol glycosides achieved principally by
the use of 2D-NMR techniques, their quanti�cation
was based on qHNMR using anthracene as inter-
nal standard because its multiplet at� 8.11 (4H)
does not overlap with signals arising from con-
stituents or solvents in the sample. The solvent
mixture pyridine-d5/DMSO-d6 (6 : 1) enabled satis-
factory separation of the signals to be integrated.
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Figure 20 1H-NMR spectraEphedra sinica(a) andEphedra intermedia(b) in the range 3.5…8.5 ppm. (Source: Reproduced with permission
from Chemical & Pharmaceutical Bulletin Vol. 51 No. 12. Copyright (2003) The Pharmaceutical Society of Japan.)
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Figure 21 Major steviol glycosides fromStevia rebaudiana.

Validation of the method was performed in terms of
speci�city, precision, accuracy, linearity, robustness,
and stability. Intraday precision, interday precision,
and repeatability were respectively within 2.11%,
4.11%, and 4.11%, respectively, all expressed as rel-
ative standard deviations. Recovery rates for accu-
racy determination were within 101.9% and 95.5%.

Robustness was investigated by deliberate modi�-
cation of shim, �ip angle, and phase. A maximum
deviation of 1.0% from the reference values was
observed, which con�rmed the robustness of the
method. Linearity of the method could be con�rmed
in the concentration range 0.2…19.3 mg mLŠ1 for
steviol glycoside RbA by constructing calibration
curves using the signals of H-1�� and H-17a (R2 =
0.9995 andR2 = 0.9997, respectively).

The quanti�cation of cynaropicrin (Figure 22),
the major bitter principle ofCynara scolymusL.
(artichoke) leaf extracts by means of quantitative
1H NMR, was also performed and validated in
terms of selectivity, linearity, precision, accuracy, and
robustness (Pieri and Stuppner, 2011). The content
of cynaropicrin is subjected to considerable variation
according to the starting plant material, harvesting
period, and drying conditions; therefore, the avail-
ability of validated methods for quantitative purposes
is of great interest. The well-known instability of
cynaropicrin is an important limitation for analyti-
cal methods, based on external calibration, such as
HPLC-UV. In the proton NMR, the signals at� 5.51
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(H-13b, d,J = 3.0 Hz) and� 8.58 (2H, s) of cynaropi-
crin and anthracene used as internal standard were
used for quanti�cation.

The linearity range tested was between 5.94 and
475.20� g mLŠ1 and the acquisition of one1H NMR
spectrum was completed in about 17 min, with an
LOQ (limit of quantitation) of 7.63� g mLŠ1. Rel-
ative standard deviations for intraday, interday pre-
cisions, and repeatability were, respectively, within
3.99%, 2.32%, and 1.50%. Recovery rates for accu-
racy determination were within 97.7% and 100.9%.

A further example of effectively targeted approach
based on qHNMR is represented by the analysis
of Thymus vulgarisL. extracts (Pieriet al., 2012).
Quality control ofThymusis generally achieved by
the analysis of volatiles obtained by hydrodistillation,
and this approach does not consider the nonvolatile
fraction. Extracts were prepared by maceration of
plant material with DMSO-d6 containing anthracene
as internal standard and analyzed by NMR after
�ltration.

Close inspection of the1H NMR spectra revealed
that identi�ed constituents thymol,p-cymene,
� -terpinene, linalool, and carvacrol (Figure 23) are
characterized by at least one resonance, which is free
of major interference from nearby signals, suggesting
that such spectra are suitable for a targeted approach
based on qHNMR. Anthracene was selected as

internal standard because revealed a singlet at 8.58
ppm (2H,s) which showed no overlap with other
resonances in the crude extracts (Figure 24). Valida-
tion was performed in terms of precision (intraday
RSD B 4.51%, interday RSD B 4.18%), repeatability
(RSD B 2.30%), accuracy (recovery rates within
93.4 and 103.4%), linearity (correlation coef�cients
0.9990), robustness, and stability.

Quantitative13C spectroscopy is not as straight-
forward as quantitative1H NMR spectroscopy. In
conventional 13C NMR, the nuclear Overhauser
effect (NOE) is applied to enhance signal intensity,
but the achieved increment is not the same for all
resonances; thus, signal intensity is not proportional
to molar concentration. For quantitative determina-
tions, a special pulse program with inverse gated
decoupling is used, in which the NOE is suppressed.
On the other hand, long delays have to be incorpo-
rated between experiments to ensure the relaxation of
all 13C resonances, which results in long acquisition
times. To prevent this, a relaxation reagent to shorten
the T1 (relaxation time) value is added to the samples.

A very interesting recent study (Palomino-
Schätzleinet al., 2011) examined the use of para-
magnetic agent chromium(III) triacetylacetonate
(Cr(acac)3) to quantify constituents using13C NMR.
The addition of Cr(acac)3 must be done cautiously,
as excess will increase relaxation rates to the extent
that resonances will broaden (fastT2 relaxation) and
will be dif�cult to detect. To optimize the Cr(acac)3
concentration, an inversion/recovery NMR experi-
ment was performed on a sample containing selected
lipophilic secondary metabolites (model mixture
A, nonacosane, lupeol, stigmasterol, phytol, and
tocopherol) at known concentrations. TheT1 value
was calculated for different Cr(acac)3 concentrations
optimizing the concentration at 60 mM, asT1 was
considerably reduced (0.7 s) and the spectral resolu-
tion still fell in a good range (line width at half height
<1.5 Hz). Furthermore, no important chemical shift
changes were observed.
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Carvacrol � -Cymene 
 -Terpinene

OH
H
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Figure 23 Structures of characteristic volatile constituents ofThymus vulgarisL.
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Figure 24 1H NMR spectra of selectedT. vulgarisDMSO-d6 extracts (4.6…8.6 ppm), (Source: Metabolomics, 8, 2012, 335,1H NMR-based
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Lipophilic extracts of white mulberry, bladder
�ower, and Mediterranean spurge were then used for
the 13C NMR analysis. In region of the spectrum
ranging from 40 to 60 ppm, few signal overlaps take
place and most signals are unambiguously identi�ed,
which was not possible for the1H spectrum.

The characteristic signals of alkanes, fatty acids,
esters, and alcohols were clearly identi�ed, even if
the NMR spectra did not allow the determination of
the exact chain length of the molecules. Furthermore,
a characteristic region for triterpen-3-ols and triter-
pene esters at 78.4…79.2 and 80.4…81.2 ppm, respec-
tively, was assigned, thus allowing the determination
of the total quantity of this family of compounds in
the extracts (Palomino-Schätzleinet al., 2011).

2.3 Chemometric Analysis of NMR Data

NMR generates either a metabolite pro�le, a quite
dif�cult and time-consuming process achieving

identi�cation of the signals of the most impor-
tant and/or speci�c metabolites, or a metabolite
�ngerprint, in which the analysis is based on the
distribution of intensity in the NMR spectrum rather
than the assignment of the signals (Krishnanet al.,
2004). In this case, NMR-related techniques can
be understood as •high throughput, rapid, global
analysis of samples to provide sample classi�cationŽ
(Dunn and Ellis, 2005; Hall, 2006).

Consequently, signals in NMR spectra are identi-
�ed for a number of accessions that correlate samples
according to biological activity, quality control, toxi-
city prediction, biomarker screening, or geographical
origin. Fingerprinting ignores the assignment prob-
lem presented by the multitude of signals in a high
resolution1H NMR spectrum and, instead, uses mul-
tivariate analysis to compare sets of spectra and hence
the samples from which the spectra were derived.

1H- and 13C-NMR analysis in combination
with chemometrical methods as �ngerprinting
technologies is known since the 1980s, being the
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�rst application of chemometrics to NMR spectra
appeared by Johnelset al. (1983) In recent decades,
sample preparation, NMR data generation, and sta-
tistical data exploration used for the assessment of
plant extracts have strongly evolved as reported in
details in some recent reviews (Holmeset al., 2006;
Kim and Verpoorte, 2010; Verpoorte, Choi, and Kim,
2007; Verpoorteet al., 2008).

Multivariate statistical analysis can take several
forms and linear discriminant analysis (LDA), hierar-
chical clustering trees (HCTs), and principal compo-
nent analysis (PCA) are generally reported in the �eld
of plant extract analysis. The simplest methods such
as cluster analysis and PCA are termed unsupervised
methods whereby the spectra are grouped according
to their similarities without using the knowledge of
sample class. Thus, these methods generate an unbi-
ased overview of natural clustering among biochem-
ically similar samples, generating a classi�cation of
plant extracts.

PCA is essentially a descriptive method. This
method is, normally, the �rst step in data exploration,
which allows the main variability aspects of a data set
to be visualized, without the constraint of an initial
hypothesis concerning the relationship within sam-
ples and between samples and responses (variables).
The main goals of this procedure are to �nd rela-
tionships between the different parameters (objects
and variables) and to detect possible clusters within
objects and/or variables.

This method condenses the multivariate data into
a reduced number of principal components that
describe the greatest amount of variance. Each PC is a
linear combination of the original variables whereby
each successive PC explains the maximum amount
of variance possible in the dataset and each PC is
orthogonal to every other PC. By applying such a
technique to the NMR data, similarities and differ-
ences between samples of interest can be visualized
in simple two- or three-dimensional plots. Many fac-
tors including the intrinsic pH of the extract, NMR
probe temperature stability, and quality of resid-
ual solvent suppression will all affect the robust-
ness of the used multivariate models. Defernez and
Colquhoun (2003) have summarized some possible
pitfalls and solutions in an excellent review, including
signal alignment methods that can be applied postac-
quisition to suboptimal data sets.

NMR-based metabolic pro�ling has been success-
fully employed in the analysis of food and food prod-
ucts, and early applications focused on fruit juices

were aimed to validate the ability of these techniques
to discriminate between samples derived from dif-
ferent varieties of the same fruit. The studies on
plant extracts have aimed to authentication and qual-
ity control, prediction of biological and toxicolocal
activities, chemotaxonomic analysis, and discrimina-
tion of cultivars.

Verpoorte and coworkers have reported a series of
publication of successful application of multivari-
ate data analysis to classify extracts from different
species or cultivars, species authentication, and qual-
ity control.

1H NMR spectrometry and multivariate analysis
techniques have been applied for the metabolic pro-
�ling of three Strychnosspecies:S. nux-vomicaL.
(seeds, stem bark, and root bark),Strychnos ignatii
Bergius (seeds), andStrychnos icajaBaill (leaves,
stem bark, root bark, and collar bark) (Frédérich
et al., 2004). The principal aim of the investigation
was to explore this analytical tool to enable an ef�-
cient identi�cation (metabolic �ngerprinting) of the
nature ofStrychnossamples (species and organs).
Secondarily, the method was also applied to a series
of samples of •false angostura barkŽ tree and is used
in traditional medicine to treat dysenteries, paralytic
infections, and as a tonic and to make bitter liquors.
The PCA of the1H NMR spectra showed a clear dis-
crimination between allStrychnosspecies from var-
ious origins, using the key compounds responsible
for the discrimination brucine, loganin, fatty acids,
andS. icajaalkaloids such as icajine and sungucine.
The method was then applied to the classi�cation of
several •false angosturaŽ samples that are a falsi�-
cation of angostura bark (Galipea of�cinalis Han-
cock). These samples were, as expected, identi�ed as
S. nux-vomicaby PCA but could not be clearly dis-
criminated as root bark or stem bark samples after
further statistical analysis.

A study of 11Ilexspecies, includingIlex paraguar-
iensisA. St Hil., used to produce a herbal tea (mate)
drunk was carried out by NMR spectroscopy and
multivariate data analysis (PCA) to a clear discrimi-
nation ofI. paraguariensisfrom the otherIlexspecies
used as substitutes or adulterants (Choiet al., 2005).
The analysis was carried out from both aqueous and
organic extracts. The major metabolites that con-
tribute to the discrimination were arbutin, caffeine,
theobromine, and phenylpropanoids (Figure 25). In
the classi�cation based on the metabolites obtained
from organic fractions, most of the species do not
overlap and showed unique metabolomic pro�les as
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Figure 25 Structures of some characteristic constituents ofIlex
paraguariensis.

an example ofI. paraguariensiswith the exception
of I. pseudobuxusReissek,I. brasiliensis(Spreng.)
Loes., andI. theezansC. Martius ex Reisseck. In
the classi�cation of metabolites obtained from aque-
ous fractions, no species overlapped and the metabo-
lite pro�les were all clearly distinguished from each
other. The study proves that it is possible to discrim-
inate the 11Ilex species by multivariate analysis of
their metabolite �ngerprints obtained by1H NMR
spectra of crude extracts of the plant materials.

The metabolomic analysis ofEphedra species
using 1H-NMR spectroscopy and multivariate data
analysis was another example of successful tool
for chemotaxonomic analysis and authentication and
quality control of plant extracts (Kimet al., 2005).
The PCA used to reduce the huge data set obtained
from the1H NMR spectra of the plant extracts. This
analysis clearly and successfully discriminated three
different Ephedraspecies, namelyE. sinicaStapf.,
E. intermediaSchernk ex C. A. Mey., andE. dis-
tachyaL. var.distachya. Benzoic acid analogs in the
aqueous fraction and ephedrine-type alkaloids in the
organic fraction represented the major metabolites
that contributed to the differentiation. On the basis of
this metabolomic recognition, one of nine commer-
cial Ephedramaterials evaluated was shown to be a
mixture ofEphedraspecies.

A similar application was used to analyze 12C.
sativa L. cultivars allowed the discrimination of
the investigated samples without any prepuri�ca-
tion steps. Both 
 9-tetrahydrocannabinolic acid
(Figure 17) and cannabidiolic acid (Figure 26)
exerted a strong in�uence on the segregation of the
sample groups in the PCA scores plot, leading to
distinguish the cultivars. The discrimination of the
cultivars could also be obtained from a water extract
containing carbohydrates and amino acids: sucrose,

OH

OOH

HO

HH

Cannabidiolic acid

Figure 26 Structure of cannabidiolic acid.

glucose, asparagine, and glutamic acid are found
to be major discriminating metabolites of these
cultivars (Choiet al., 2004b).

Some outstanding examples of the use of multivari-
ate analysis in quality control and prediction of bio-
logical activity have been reported by Holmes group
research.

A combination of high resolution NMR spec-
troscopy with pattern recognition has been employed
to investigate commercially availableTanacetum
parthenium (L.) Schultz Bip samples originating
from several different manufacturers (Baileyet al.,
2002). Initial observation of the proton spectra from
14 different suppliers (A…N) proved that spectra were
reasonably similar (Figure 27). Exceptions to this
are classes I and K that appear very different from
the remaining 12 classes. Even in products origi-
nating from the same manufacturer, batch-to-batch
variation was evident, emphasizing the need for bet-
ter standardization of such products. PCA follow-
ing multivariate analysis of the1H NMR spectra for
the different feverfew samples (classes) showed that
while two classes (I and K) were well separated with
respect to the other samples in the �rst three PCs, the
remaining 12 classes were dif�cult to differentiate.

NMR-based metabolomic strategy has been fruit-
fully employed to determine the composition of three
chamomile (Matricaria recutitaL.) samples obtained
from three geographical regions with the aim to dif-
ferentiate the origin and herb quality (Wanget al.,
2004).

A typical 1H NMR spectrum of a chamomile
extract is shown in Figure 28. The resonance
assignments were made with the assistance of
COSY and TOCSY NMR spectroscopy. The spectra
were dominated by glucose, sucrose, and a num-
ber of amino acids including alanine, threonine,
leucine, isoleucine, glutamine, asparagine, glu-
tamate, and valine. Identi�cation of chlorogenic
acid and� -bisabolol (Figure 29) was con�rmed by
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Figure 27 1H NMR spectra of the 14 feverfew sample classes. (Source: Bailey NJC, Sampson J, Hylands PJ, Nichlson JK, Holmes E,
Multi-Component Metabolic Classi�cation of Commercial Feverfew Preparations via High-Field 1HNMR Spectroscopy and Chemometrics,
Planta Med, 2002, 68, 734-738, © Georg Thieme Verlag KG� Stuttgart� New York.)

spiking with the authentic samples of chlorogenic
acid and� -bisabolol.

It has been demonstrated that this method is capa-
ble of identifying samples of chamomile from three
different locations and capable of discriminating
between samples with different preparation proce-
dures, thus facilitating the development of a sensitive
methodology for the quality control of plant extracts
(Wanget al., 2004).

The same group of research has been success-
fully carried out studies on the extracts ofArtemisia
annua L. to discriminate samples from different
sources and classify them according to their antiplas-
modial activity and their toxicity to cell cultures with-
out prior knowledge of this activity (Baileyet al.,
2004).

Representative1H NMR spectra are shown in
Figure 30. These spectra (representing extracts of
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Figure 29 Structures of chlorogenic acid and� -bisabolol.

different IC50 values) show that while the artemisinin
(Figure 31) resonances themselves are readily appar-
ent, particularly in the more potent extract 7, there
are many other regions of the spectrum where large
differences occur between the different extracts. In
particular, the region between 6.8 and 8.0 ppm has
marked differences in the spectra.

The PCA algorithm was used to re�ect the bio-
logical activities of each sample. A coding was
performed whereby the data were split into three
classes based on their IC50 value, with the cutoff val-
ues being 0.1 and 1� g mLŠ1. The resulting PCA
scores plot can be seen in Figure 32. It is appar-
ent that this model (containing 78% variance in
the �rst two PCs) is able to discriminate between

the three classes used. This suggests that1H NMR
spectra contain suf�cient information relating to the
physicochemical properties of the extract to be able
to predict the potential magnitude of antiplasmodial
activity found in a plant extract.

While PCA clearly demonstrates the potential of
this technique, a more robust approach to obtaining
predictive data was employed, the supervised meth-
ods. These methods involve providing the model with
the values for the variable to be predicted (i.e., IC50
value) for part of the data set (the training set), with
the model then being optimized based on those val-
ues. Because the algorithm in effect uses the answers
to create the model, it is then necessary to validate
this model using the remaining unused samples (the
test set). These samples with an IC50 value >1� g
mLŠ1 were excluded from this analysis, for two rea-
sons. This class is the smallest of the three and hav-
ing larger values means that the model is likely to
be skewed in order to consider them. In addition,
the higher values mean that these samples are not of
interest anyway, as they essentially have no activity.
Using the remaining two classes as above (IC50 <
0.1� g mLŠ1 and IC50 > 0.1� g mLŠ1, respectively), it
is possible to construct a •dummyŽy-matrix whereby
the two classes are represented by a 1 or a 0. Par-
tial least squares discriminant analysis (PLS-DA)
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Figure 30 Representative1H NMR spectra for the three IC50 classes, IC50 < 0.1� g mLŠ1 (extract 7), IC50 > 0.1� g mLŠ1, <1 � g mLŠ1

(extract 9), and IC50 > 1� g mLŠ1 (extract 19). Region 2.5…8.5 ppm is expanded vertically by a factor of 6 to allow observation of lower
level aromatic resonances. Resonances attributable to artemisinin are indicated with an •A.Ž (Source: Reprinted from J Pharm Biomed Anal,
35, Bailey NJC, Wang Y, Sampsonc J, Davis W, Whitcombec I, Hylands PJ, Croft SL, Holmes E, Prediction of anti-plasmodial activity
of Artemisia annua extracts: application of H NMR spectroscopy and chemometrics, 117-126, Copyright (2004), with permission from
Elsevier.)
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Figure 31 Structure of artemisinin.

can then be performed on the data to construct a
new model using this additional data. This analysis
allowed the prediction of actual values for antiplas-
modial activities for independent samples not used in
producing the models. PLS-DA was useful to max-
imize the separation between two or more sample
classes based on prior knowledge of class member-
ship and uses a discrete class identi�er in they-matrix
rather than a continuous measure of response. The
models were constructed using approximately 70%
of the samples, with 30% used as a validation set for
which predictions were made (Baileyet al., 2004).

In a further study, proton NMR spectra of various
extracts of St John•s wort (H. perforatum) samples

derived from four different accessions obtained using
six different extraction solvent mixtures were chemo-
metrically evaluated to predict the pharmacological
ef�cacy. In a �rst approach, a consistent correlation
for the spectroscopic pattern of the extracts and the
corresponding IC50 values derived from nonselective
binding to opioid receptors was found.

In a second approach, a partial least squares (PLS-1
and PLS-2) regression model was used to predict the
biological activity of eight St John•s wort extracts
based on two pharmacological data sets: nonselective
binding to opioid receptors and antagonist effect at
corticotrophin-releasing factor type 1 (CRF1) recep-
tors. The PLS 2 model, using the two pharmaco-
logical targets, con�rmed the useful application of
this approach to assess the quality of St John•s wort
extracts.

However, no details about the spectral regions
responsible for the correlation with the pharmacolog-
ical effects have been disclosed and the identi�cation
of putative molecular carriers of the bioactivity has
not been achieved (Rooset al., 2004).

Le Gall, Colquhoun, and Defernez (2004) analyzed
by 1H NMR a set of 190 samples ofCamellia
chinensis(L.) Kuntze (green tea) originating from
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different regions to establish if the teas could be
discriminated according to the country of origin
or with respect to quality. Both PCA and cluster
analysis were applied to the data. The quality of green
tea is judged on a combination of its appearance,
�avor, and aroma with amino acids, catechins, and
caffeine (Figure 33) contributing strongly to the
overall quality.

About 30 compounds (Figure 34) were identi-
�ed in the 1D- and 2D-spectra, and more than 50
signals or groups of signals were indexed overall.
Apart from ubiquitous compounds such as amino and
fatty acids and common sugars such as sucrose and
glucose that are assigned in the literature compila-
tions, the signals of phenolics, �avonoids (catechins
and �avonols), xanthines, and minor sugars can be

observed. Theanine, unique to tea, is the predominant
amino acid present.

Using PCA, it was possible to separate Chinese
teas from the non-Chinese teas in the �rst compo-
nent. Moreover, •high qualityŽ Chinese teas were
also well clustered. By analysis of the PCA load-
ing plots, higher levels of theanine, theogallin, epi-
catechin gallate, gallic acid, caffeine, and theo-
bromine were assigned to these samples, whereas
the relative concentrations of fatty acids, quinic acid,
sucrose, and epigallocatechin were higher in lower
quality teas.

NMR analysis was able to generate a more com-
prehensive overview and better classi�cation of teas
than chromatography-based methods.
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Figure 33 Characteristic constituents of green tea.



NMR AS ANALYTICAL TOOL FOR CRUDE PLANT EXTRACTS 345

Low field region Mid field region High field region

In
te

ns
ity

10 8 6 4 2 0
(a) ppm

High field region

In
te

ns
ity

2.5 11.523
(b) ppm

Methanol

Mainly
ecg

Theanine+
� -glc

egcg,

Other
catechins

Mainly egc

Theanine

Theanine
Alanine

Theogallin
Fatty
acids

Fatty acids,
leu, arg

Fatty
acids

Fatty
acids

Quinic
acid leu, ile

val

Mid field region

In
te

ns
ity

(c) ppm

Methanol

� -glcegc

Mainly egc

Theanine

Theogallin
Sucrose

Sucrose

Caffeine

ara

4.8 4.6 4.4 4.2 3.8 3.6 3.4 3.24

Low field region

In
te

ns
ity

(d) ppm

� -glc

egc

ecg
ara

Sugars

Sugars
+ unsatured
fatty acids

Sugars

Mainly egcg, ecg

Mainly egc

55.56.57.588.5 7 6

?

?

?+?

+?

ecg

+ecg

+ecg
egcg

egcg

Fumaric
acid

Flavonoids

Gallic acid

� -Coumaroyl
quinic acid

Caffeine

Theobromine

2 Flavonol
glucosides

Theogallin

Figure 34 Details of 1H NMR spectrumof a high grade Longjing green tea extract. Keys: leu, leucine; ile, isoleucine;val, valine; arg, arginine; glc, glucose;and ara,
2-O-(� -�-arabinopyranosyl)-myo-inositol.(Source: Reprintedwith permissionfrom Le Gall G, ColquhounIJ, DefernezM. 2004.Metabolitepro�ling using1H NMR spectroscopy for
qualityassessmentof greentea,Camelliasinensis(L.). J Agric FoodChem52:692…700.Copyright (2004)AmericanChemicalSociety.)



346 INSTRUMENTATION FOR CHEMICAL ANALYSIS

3 CONCLUSIONS

NMR experiments can be considered a simple,
widely applicable and rapid analytical instrument in
determining the quality and the stability of plant
extract constituents without requiring fractionation
or isolation steps. The major advantage over con-
ventional analytical methods is the tremendous ver-
satility, not depending on the nature of the extract.
NMR experiments can provide a real and complete
�ngerprint of the extract, as required especially for
the innovative ones. Thus, a global vision and a •sep-
arationŽ of all constituents (by the aid of 2D clas-
sical experiments and also DOSY) can be achieved
even better than conventional chromatographic meth-
ods because all the molecules present, also even-
tually unknown or unexpected compound can be
detected.

NMR spectroscopy is a very useful technique, and
it is not destructive, requires a very small amount
of the sample, and provides signals whose inten-
sity re�ects the proportion of nuclei with the same
local �eld or, in other words, with the same chemi-
cal environment. The assignment of the resonances
of the different functional groups and metabolites
is, in general, obtained by comparing NMR data
with references or by structure elucidation using
2D NMR.

NMR spectroscopy and, in particular, proton
NMR is an effective technique for quantitative con-
stituent analysis in plant extracts. Advantages are the
nondestructive nature, and the lack of authentic and
identical references, using simply a single, universal
reference standard, with a direct proportionality of
the integrated resonance intensity and concentration
of nuclei giving the resonance. qHNMR possesses
the required accuracy and precision to readily
become a routine quantitative tool, being the only
crucial prerequisite the application of appropriate
data acquisition parameters and similarly appropriate
postacquisition processing treatment (quantitative
conditions). Besides the reason of the cost of expen-
sive equipment, the other important limitation is
that the determined signal by NMR should be well
separated from the others.

NMR has the disadvantage of inherently low sen-
sitivity [LOD (mol): 10Š9 to 10Š11] relative to other
spectroscopic and chromatographic methods, such as
�uorescence [LOD (mol): 10Š18 to 10Š23] and mass
spectrometry [LOD (mol): 10Š13 to 10Š21], but in
the same range of UV…vis absorbance [LOD (mol):

10Š13 to 10Š16] and adequate for quality control of
plant extracts.

Finally, chemometric analysis of NMR data can
sort data sets into categories. Typically, the starting
point is a PCA of the digitized spectrum and this
in itself may be suf�cient to divide the sample set
into a number of categories. Subsequently, it may be
informative to investigate the variables that are most
important in discriminating between the samples
and this leads back to the NMR signals and the
metabolites that they represent. This approach has
the great merit of avoiding the often time-consuming
process of signal assignment before it is necessary,
focusing the attention on those parts of the spectrum
that are most relevant to the question being addressed.
Successfully studies are related to the chemometric
analysis of plant extracts for evaluation of quality
control, authentication, in determining geographical
origin, and for detecting adulteration of extracts or
herbal drugs.
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We are optimistic enough to think that
NMR will be an evergreen for at least
a few more years, that in the future it
will continue to surprise the chemical
community with new fundamental devel-
opments, new instrumentation, and new
applications. We expect from the past
and current trends in this remarkable
�eld that it will continue to help solve
an ever growing number of increasingly
diverse chemical problems.

(Jonas and Gutowsky, 1980)

1 INTRODUCTION

This overview should provide basic guidance to
understand nuclear magnetic resonance (NMR) spec-
troscopy. It is intended to provide the reader an
introduction to the �eld and also to the following
chapters of this handbook (NMR as Analytical Tool
for Crude Plant Extracts, andOn-line and At-line
LC-NMR and Related Micro NMR Methods ). For
a deeper insight into NMR, that is, its physical basics
including the quantum-mechanical model of NMR
experiments and the technical realization of NMR
measurements, the reader is referred to the abun-
dant textbook and review literature (Abragam, 1961;

* This chapter is dedicated to the memory of Professor Otmar
Hofer (1942…2009).

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

Berger and Braun, 2004; Claridge, 2009; Croas-
mun and Carlson, 1994; Ernst, Bodenhausen, and
Wokaun, 1990; Freeman, 1998; Keeler, 2010; Martin
and Zektzer, 1988; Morris and Emsley, 2010).

Since more than four decades (Voelter, 1978),
NMR spectroscopy is de�nitively a key instrumen-
tal analysis technique in natural product chemistry,
especially if small (<2000 Da) organic molecules are
involved. Generally, identi�cation and characteriza-
tion of such analytical entities is a pivotal prerequisite
in many analysis approaches used in natural prod-
uct research setups. The structural identi�cation of an
analyte is a must for quantitative assays as well as for
the characterization of discriminators in metabolic
pro�ling approaches and �ngerprint type of assays.

Too often it is taken granted that the structural iden-
ti�cation of an analyte can be put into the hand of
a third party, e.g., by purchasing certi�ed materi-
als with declared purities and guaranteed content. It
should however not be overlooked that even in the
case of rather simple organic molecules as the tyro-
sine kinase inhibitor (TKI) bosutinib, chemical syn-
thesis can be such challenging that two regio-isomers
with pronounced differences in their NMR spec-
tra are produced and marketed more the less unno-
ticed as identical substances (Levinson and Boxer,
2012).

In natural product structure analysis efforts, with
more complex molecular scaffolds to cover, incorrect
identi�cation of an analyte is the constant companion
of con�rmative natural product synthesis frequently
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unveiling such errors (Nicolaou and Snyder, 2005;
Suyama, Gerwick, and McPhail, 2011). Conse-
quently, a state-of-the-art natural product laboratory
devoted to analytical chemistry research approaches
involving puri�ed small organic molecules from
natural sources, as novel secondary metabolites in
uncharted species or hit candidates in bioactivity
screens, should be de�nitively in the position to
unequivocally characterize these analytes on their
own (Berger and Sicker, 2009). The two major
key technologies to be used in this context are
NMR spectroscopy providing carbon…carbon and
carbon…proton connectivity data to establish the
molecular scaffold of an investigated entity and
chromatography hyphenated to high resolution mass
spectrometry providing molecular mass information
resulting in one or few molecular formulae of the
target. If crystals can be obtained, X-ray-based
structure analysis may pose an alternative and com-
plementary approach to gain information about
the molecular skeleton of an investigated analyte.
Provided that at least one well-scattering crystal can
be obtained, which is not guaranteed for many sec-
ondary natural products (especially if large �exible
structure elements are present), three-dimensional
electron density maps allow the calculation of atom
positions and bonds connecting these electron-rich
centers to form a molecule. Care must be taken
that from X-ray diffraction data analysis, the exact
spatial position of hydrogen atoms (protons) usually
cannot be deduced. In addition, the molecule con-
formation in the crystal does not re�ect the liquid
state average conformation obtained from NMR
data. Hence, if needed, liquid state conformation
analysis by NMR spectroscopy should accom-
pany solid-state crystal analysis-based structure
elucidation protocols.

Spectroscopic methods do aid the structure elu-
cidation process, with infrared (IR) spectroscopy
contributing mostly to the identi�cation of func-
tional groups and ultraviolet…visible (UV…vis) spec-
troscopy data supporting the identi�cation of aro-
matic ring systems. Finally, if chirality centers are
present and the absolute con�guration of an analyte
has to be proven beyond doubt, chiroptical methods
such as optical rotation dispersion (ORD) or circular
dichroism (CD) analysis (e.g., combined with quan-
tum chemical CD calculations) are aiding the struc-
ture elucidation process (Allenmark, 2000; Bring-
mannet al., 2008).

2 HISTORIC DIMENSION

The past generations have seen many scienti�c revo-
lutions and turning points based on breakthrough dis-
coveries and technological developments profoundly
changing the understanding of our microscopic and
macroscopic environments. While the technological
concept •polymerase chain reactionŽ (PCR) (Mulis,
1994) changed our understanding of the genetic
control of life and enabled us to dereplicate our
genome and to create tailored life forms as well as
tailored protein-based drugs, analytical approaches
based on the technology platform •X-ray crystal
structure analysisŽ set the basis for understanding the
mechanism and structure of proteins … the •machines
of lifeŽ to be targeted by tailored drugs … as proven
beyond doubt in the case of the highly selective and
potent antileukemia drug imatinib (Capdevilleet al.,
2002). In this canon, modern NMR spectroscopy
(Ernst, 1992; Wüthrich, 2003) can be seen as tech-
nology allowing a detailed insight into the scaf-
fold and 3D structures of metabolites not only being
the products of gene expression and enzyme-based
biosynthesis but often triggering biological reactions
in complex environments, for example, as semio-
chemicals (pheromones, kairomones, etc.), hormones
(endocrine communication), or chemical defense
entities (antibiotics, toxins, etc.).

3 THE INFORMATION CONTENT OF THE
NMR SIGNAL

NMR signals are … compared to other techniques
such as mass spectrometry or UV…vis spec-
troscopy … rather information rich as each signal
originates from a speci�c nucleus in a complex
molecule. The signal features are a function of
their position in this molecule; their analysis allows
reconstructing the molecular scaffold. As for any
other spectroscopic technique, we have to discuss its
position in the spectrum, its shape and �ne structure,
and its relative and absolute intensities.

The position of an NMR signal in an NMR
spectrum is calledchemical shift (� ), as it is
mainly in�uenced by the electron density of its
chemical environment. Neighboring atoms in the
molecule … regardless if they are connected via
chemical bonds or if they are only spatial close do
in�uence the resonance frequency of the nuclear
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spin. It is measured relatively to a reference sub-
stance … in organic solvents usually tetamethylsilane
(TMS), in water usually trimethylsilylpropoinate
(TSP), or 4,4-dimethyl-4-silapentane-1-sulfonic
(DSS) acid. The chemical shift is de�ned as the
resonance frequency difference of a nucleus rela-
tive to the resonance frequency of the methylsilyl
moiety of the reference compound (e.g., 600 MHz
for 1H and 150 MHz for13C in a 14.1 T magnet).
To be independent of the �eld strengths of the
magnet, this difference (usually some hundred to
some thousand Hertz) is scaled by the operating
frequency of the magnet (e.g., 600 MHz for1H in a
14.1-T magnet) and expressed in parts per million
for the sake of clearness in the presentation of the
shift values. The chemical shift is closely related to
the electron density/electronegativity (EN) of the
chemical environment of an observed atom. More
electronegative atoms reduce the electron density of
the adjacent nucleus (e.g., oxygen as neighbor to car-
bon in CH3OH), hence reducing the shielding effect
(=deshielding) the atomic shell provides against
external �elds. Consequently, at a �xed magnetic
�eld, in such atoms, a higher resonance frequency is
needed to record an NMR signal. For example, the
monosubstituted halomethanes CH3Cl, CH3Br, and
CH3I show chemical shifts increasing with the EN
of the heteroatom: CH3Br EN= 2.8, � H = 2.7 ppm;
CH3Cl EN= 3.0, � H = 3.1 ppm; and CH3I EN = 4.0,
� H = 4.3 ppm.

In addition to the
 EN caused electron density
anisotropy, secondary induced magnetic �elds can
contribute to the overall local electron density. Such
�elds are caused by the external magnetic �eld induc-
ing a current in� -electron systems. Hence, in struc-
ture elements bearing� -electrons, for example, an
aromatic ring system, an induced magnetic �eld is
present that adds to the external �eld, such that a
higher resonance frequency is needed for NMR sig-
nal detection. For example, a CH proton on an sp2

hybridized carbon center with delocalized� -electron
system resonates at� H = 7.2 ppm (benzene), whereas
a CH proton on an sp2 hybridized carbon center
without a delocalized� -electron system resonates at
� H = 5.6 ppm (cyclohexene). For comparison, CH2
protons on an sp3 hybridized carbon center resonate
at � H = 1.4 ppm (cyclohexane). For the sake of com-
pleteness, it should not be overlooked that the oppo-
site effect is found in the center of the ring … here
lower resonance frequencies are found.

Under isotropic conditions in an undisturbed
homogeneous magnetic �eld, NMR signals show
Lorentzian line shapes. Any deviation from this sym-
metrical shape is a sign for a disturbed environment
of the investigated nucleus. Errors in the experimen-
tal design as inhomogeneous magnetic �elds (e.g.,
imperfect shim, imperfect NMR tubes, etc.) may
cause distorted line shapes (Chmurny and Hoult,
1990) or are, in the case of paramagnetic impurities
(e.g., from the sample matrix, an impure solvent or
an inef�cient puri�cation protocol), associated with
peak broadening because of a quick loss of the NMR
signal in its observation period. Dynamic processes
(e.g., exchange of acidic protons, conformation
switches, etc.) may also cause NMR lines to be
more broad humps than well-de�ned narrow lines. In
contrast to experimental errors, these signal shapes
are temperature dependent and may be restricted
to only part of the investigated molecule (e.g., if a
keto-enol tautomerism is possible).

The �ne structure of an NMR signal … the splitting
of a resonance signal in two or more lines forming
the often complex •coupling patternŽ … arises from
the interaction of NMR active nuclei and is medi-
ated through chemical bonds. The number of lines
(multiplicity) is … in the �rst order … a function of the
number of chemical equivalent neighboring atoms.
Hence the chemical equivalent1H atoms of a methyl
group in the close vicinity of a1H atom of a methine
moiety split this resonance signal to a four-line group
(quartet) with the relative intensities 1 : 3 : 3 : 1 and
the methine1H atom splits the1H atoms of a methyl
group into a two-line group (doublet) with the relative
line intensities 1 : 1. The size of the resonance dif-
ference between these lines, the coupling constantJ
(expressed in hertz), is independent from the applied
magnetic �eld strength and equivalent in both sig-
nal groups of the interacting nuclei. The size of the
•J-couplingŽ constant depends on the nuclei involved
(e.g.,JCH > JHH), the distance between coupling part-
ners and … if geometrically constrained systems (e.g.,
saturated ring systems in steroids) are present … the
dihedral angle between the interacting nuclei. The
relationship between dihedral angel and coupling
constant is described by the Karplus equation with
a minimal coupling constant at an angle of 90�

and maxima at 0� (gauche-con�guration) and 180�

(anti-con�guration) (Minch, 1994). Consequently, if
analyzed in detail, coupling information allows a
deep insight into the connectivity network of atoms
making up a molecule.
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In contrast to any other spectroscopic method/mass
spectrometry, the magnitude of an NMR signal
is directly proportional to the number of nuclei
causing the signal (the theoretical signal ratio of
CH : CH2 : CH3 is 1 : 2 : 3), if some experimental
framework conditions such as a suf�cient signal to
noise ratio, a good Lorenzian line shape, and a suf�-
cient high data density (digital resolution) are met. In
addition, saturation effects due to too short relaxation
times between single experiments must be avoided as
well as peak intensity deviations caused by nuclear
Overhauser effect (NOE) buildup in experiments
using decoupling.

If standard experimental conditions are used in
1H NMR, the impact of saturation effects, which
affects slower relaxing nuclei (e.g., an isolated aro-
matic proton in rutin) more than fast relaxing ones
(e.g., the methyl group in rutin) on the accuracy of
the measured signal integral, is of limited signi�-
cance, although in the given methin / methyl group
example the signal ratio might be altered from the
theoretical 1 : 3 to about 0.8 : 3. Hence, if exact inte-
gral information is needed (e.g., to estimate the num-
ber of protons in a very crowded regions of a spec-
trum, in quantitative metabonomics applications, or
in quantitative NMR), care must be taken that com-
plete relaxation of the observed nuclei is made possi-
ble by increasing the delay between excitation pulses
to �ve times the longest T1 relaxation time in the
sample (Pauli, Jaki, and Lankin, 2007). In the case
of standard13C NMR, the NOE caused by the1H
decoupling makes meaningful signal integration gen-
erally impossible, although this effect is superim-
posed by saturation effects caused by very long T1
relaxation times in the minute time range (conse-
quently, quaternary carbon atoms show very weak
signals compared to proton-bearing carbon atoms).
Several approaches can be pursued to allow analyte
quanti�cation from13C NMR data (Pieters and Vliet-
inck, 1989). Reducing the �ip angle of the excitation
pulse from 90� to 20� … 30� (Ernst angle relation-
ship) reduces the relaxation delay needed for 5× T1
by orders of magnitude (Rabenstein, 1984; Tra�cante
and Steward, 1994). Excluding carbon atoms with
extremely long relaxation times from the quantitative
analysis is also a feasible approach. Finally, the in�u-
ence of the decoupling NOE can be reduced by liming
decoupling to the acquisition time that is usually sig-
ni�cantly shorter than the relaxation delay. Finally,
paramagnetic shift reagents such as Cr(acac)3 can
be added to the sample to enhance the spin…lattice

relaxation (Berger and Braun, 2004). Major draw-
back of this approach is that the sample is usually
lost due to the contamination with the complexing
agent.

4 NMR EXPERIMENTS

Owing to different modes of acquisition, NMR
experiments can be classi�ed by their dimension-
ality … differentiating 1D (one-dimensional) and 2D
(two-dimensional) NMR spectra (Figures 1 and 2)
(Brenton and Reynolds, 2013; Bross-Walchet al.,
2005; Reynolds and Enriquez, 2002), although in
biomolecular applications, 3D NMR is also fre-
quently applied (Wüthrich, 2003). Within the 2D
NMR that allows plotting spin…spin correlations
in a 2D contour plot, homonuclear and heteronu-
clear techniques are discriminated (Table 1). While
homonuclear NMR spectra are devoted to deduce
correlation signals between atoms of the identical iso-
tope (e.g.,1H…1H or 13C…13C), heteronuclear NMR
spectra allow to track correlation signals between
different isotope types with the bioanalytically most
important ones being1H…13C or 1H…15N shift cor-
relations. The mode of magnetization transfer is
another possibility to classify NMR experiments. If
scalar coupling pathways are used as selection prin-
ciple, strictly spin…spin coupling through chemical
bonds is observed. Consequently, homonuclear or
heteronuclear spin networks (=atom networks) can
be established. Here several experiments are avail-
able (for details, see further below), giving a detailed

NMR detectionNMR preparation

FID90
° 

pu
ls

e

Figure 1 Generalized technical sketch of a one-dimensional
(1D) NMR experiment. In a preparation phase, the spin system
is set into a de�ned state. Unwanted signals characteristics, as,
coupling to heteroatoms, or unwanted signals, as, from macro-
molecules or solvent in the sample, can be eradicated by decou-
pling, spin…echo sequences or presaturation, respectively. Excita-
tion of the nuclei under investigation is carried out by a rectangular
(hard) pulse covering the desired chemical shift range. The •free
induction decayŽ (FID) is recorded in the detection period of the
experiment followed by a waiting time allowing to reestablish the
spin equilibrium.
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Figure 2 Generalized technical sketch of a two-dimensional (2D) NMR experiment. In addition to the preparation and detection period,
an additional spin evolution and spin mixing time is added. Magnetization is labeled in the evolution time with the chemical shift of the �rst
nucleus. In the mixing period, this information is transferred to a second nucleus via scalar coupling or dipolar interactions. Recorded NMR
data (FID) carries the shift information of the �rst nucleus and is modulated with the shift information of the second nucleus. 2D Fourier
transformation allows decoding the involved resonance frequencies.

insight into the coupling network of an observed
nucleus … its •atomic neighborhoodŽ so to say-within
a molecule. If dipolar coupling pathways are selected,
spin…spin coupling through the space is observed;
spatially close atoms will correlate even if they are
separated by many chemical bonds. Hence, such
experiments allow remodeling a 2D spin correlation
network to a 3D model of a molecule or to con-
nect spin networks separated by NMR inactive het-
eroatoms (e.g., oxygen functions).

A prerequisite of •classicalŽ 2D NMR experi-
ments is the excitation of the complete chemical shift
range expected in a molecule by applying a •hard
pulse.Ž If only a certain peak or peak group has
to be observed, for example, because the complete
structure of an analyte is already known and only
the stereochemical assignment on one chiral carbon
center remains unclear or if the homonuclear cou-
pling partner of an certain1H atom is hidden under
several other1H signals, a selective excitation of
the resonance frequency of the investigated nucleus
can be achieved by applying a •soft pulse.Ž Conse-
quently, the 2D spectrum is reduced to a selective
1D spectrum, an approach which may save a lot of
measurement time and even … especially in1H…1H
shift correlations … may give insight into the proton
spin system experimentally not achievable by other
means.

Since NMR experiments in natural prod-
uct analysis are mostly devoted to unravel the
C…H coupling network, the following para-
graphs will be restricted to the major techniques
utilized in this context. For a comprehensive
overview on small molecule NMR experiments,
see the literature (Berger and Braun, 2004) and
pulse program catalogs of the NMR instrument
vendors.

4.1 1D-NMR Experiments

4.1.1 1H 1D-NMR

The most sensitive and therefore fastest NMR exper-
iment is the simple1H NMR resonance scan. In small
molecule research, it is the basis of any NMR-based
investigation. Usually, chemical shift information
and a rough estimate of the number of1H nuclei in
the molecule as well as �rst clues about the coupling
partners of isolated signal groups can be obtained.
In addition, the absence or presence of structural
elements (e.g., aromatic moieties, methoxy groups,
methyl groups without coupling partner, and glyco-
sides), which might be (in combination with knowl-
edge of the secondary metabolite composition of the
investigated species) of diagnostic value for the iden-
ti�cation of the analyte compound class (e.g., sev-
eral methyl groups without coupling partner make the
presence of a terpenoid likely). For the more detailed
insight into the1H…1H coupling network, homonu-
clear 2D shift correlation spectra (see below) have to
be aquired.

4.1.2 13C 1D-NMR

While recording of1H NMR data is a question of
minutes,13C NMR spectra acquisition is quite time
consuming. This is not only because the inherent
sensitivity of 13C is remarkably lower (1.6% of
1H), but also because the natural abundance of13C
is a minute fraction (1.1%) of the1H abundance.
Hence, measuring13C means measuring less pop-
ulated nuclei with lower sensitivity. Consequently,
the direct observation of13C NMR resonances
is, considering the actual sensitivity of 0.017%
(1/5700 of the 1H sensitivity), cumbersome. As
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Table 1 Overview of frequently used 2D-NMR experiments for the structural characterization of small organic molecules.

Abbreviation Nuclei Coupling type Correlation range Remarks Spectrometer time
typically neededa

DQF-COSY 1H Bond-mediated
scalar coupling

Usually over 2…4
bonds

COSY spectra are often crowded
and hard to interpret. Cross-peak
strengths can vary, depending on
the1H/1H coupling constant

<1 h

TOCSY 1H Relayed
bond-mediated
scalar coupling

All 1H nuclei
within a scalar
coupling network

TOCSY spectra are often crowded
and hard to interpret. Coupling
propagation can be limited if only
small three-bond1H/1H coupling
constants are present

<1 h

NOESY 1H Dipolar coupling
through space

Typically <5 Å. NOESY works best with small
molecules. It is replaced with
ROESY for higher molecular
weights

Several hours

ROESY Absent correla-
tions must not be
understood as dis-
tances exceeding
this threshold

HSQC 1H, 13C Bond-mediated
scalar coupling

Strictly one
1H…13C bond

Correlates the1H network with
the 13C scaffold. If multiplicity
editing is used in the13C, sig-
nal loss may occur. HSQC spectra
are often of •cleanerŽ appearance
than HMQC spectra (Reynolds
and Enriquez, 2002)

Several hours

HMQC
HMBC 1H, 13C Bond-mediated

scalar coupling
Usually over 2…4
bonds

Correlates the1H network with
the 13C scaffold. Signal strength
does not correlate with bond num-
ber between correlated signals

Over night

HSQC-TOCSY 1H, 13C Bond-mediated
scalar coupling

All 1H and 13C
nuclei within a
scalar coupling
network

Combines the1H/13C correlation
with the 1H coupling network.
Coupling propagation can be
limited if only small three-bond
1H/1H coupling constants are
present

Over night

INADEQUATE 13C, 13C Bond-mediated
scalar coupling

One bond Correlates the13C scaffold 1…2 days

ADEQUATE

a For any NMR experiment, the data acquisition time depends on the concentration and complexity of the analyte as well as on and the �eld strengths of the
employed magnet. Given �gures are approximations for about 3 mg of a 500-Da compound (	 10 mM solution in 600� l NMR solvent) measured on a 600-MHz
spectrometer in conventional 5-mm NMR tubes.

a workaround the distortionless enhancement by
polarization transfer (DEPT) and insensitive nuclei
enhanced by polarization transfer (INEPT) pulse
sequence was introduced. Here … as in all •inverse
detectedŽ heteronuclear 2D-NMR experiments (see
below) …13C shift information is recorded through
the more sensitive directly attached1H atoms. The
experiment starts with the proton excitation followed
by the magnetization transfer (polarization transfer)
onto the carbon. On the basis of the rather uniform

2JCH coupling constant (	 130 Hz), •spectral editingŽ
according to the number of protons attached on a
carbon center can be performed. Three DEPT spec-
tra for CH (DEPT 90), CH/CH3/CH2 (DEPT 45),
and CH/CH3/CH2 (inverse sign) (DEPT 135) can
be obtained, allowing a discrimination of methine,
methylene, and methyl moieties. Carbon centers
not bearing protons are however not detectable with
DEPT experiments, making alternative13C 1D NMR
experiments as the attached proton test (APT) or the
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J-modulated (J-MOD) spin…echo necessary. These
two pulse sequences are directly recording13C
NMR data. Hence, they are inherently less sensitive
than the DEPT experiment as they do not use the
sensitivity gain by the polarization transfer step. On
the other hand, both experiments show resonances
for quaternary carbon centers, an advantage not
to be underestimated. The APT pulse sequence is
understood as a variant of the J-MOD experiment
giving slightly stronger quaternary carbon signals
using a smaller initial excitation pulse to reduce
saturation: multiplicity editing is also based on the
2JCH coupling constant, in contrast to the DEPT
experiments, only one experiment has to be per-
formed with methine and methyl signals having the
opposite phase (and therefore sign) than methylene
and quaternary resonances. Care must be taken that
for all spectral editing pulse sequences that rely on
building blocks using the2JCH coupling constant,
substructures with2JCH deviating from the usually
used 	 130 Hz (e.g., polyine CH with	 250 Hz,
strained systems with	 170 Hz) may give weaker
signals, no signals, or signals with wrong signs.

4.2 2D-NMR Experiments

4.2.1 Homonuclear 1H 2D-NMR Experiments

The 1H coupling network of natural products can
be complex. Structural elements of high similarity,
for example, several glycoside moieties or several
saturated ring systems as in triterpenoides are com-
mon. Hence, the mere analysis of the coupling pattern
of single proton signals by extracting and compar-
ing coupling constants of different multiplets, which
might be feasible in rather low molecular weight
compounds with isolated spin systems bearing only
some protons (e.g., aromatic compound classes as
some alkaloids, �avonoids, and coumarins) is not
always a feasible dereplication strategy. Here, the
homonuclear1H…1H correlation experiment COSY
(correlated spectroscopy) is a fast and valuable tool
to overcome spectral overlap and the ambiguity of
coupling constant-based correlation partner analysis.
In contrast to heteronuclear correlation experiments,
the H,H-COSY, usually experimentally realized as
the signi�cantly artifact reduced DQF-COSY (dou-
ble quantum �ltered correlated spectroscopy), can
be obtained within a couple of minutes (Table 1).

Interpretation of COSY spectra is straightforward,
as correlation signals (cross-peaks) are found sym-
metrically above and below the diagonal because of
the different chemical shifts of the involved nuclei.
The intensity of the cross-peak correlates with the
magnitude of the coupling constant … geminal pro-
tons give more intense peaks (JHH 	 12…14 Hz) than
vicinal ones, and then syn- or anticon�gured vici-
nal protons (e.g., the axial protons in the …CH2CH2…
or …CH2CH… elements of triterpenes withJHH 	
10…12 Hz) give stronger and hence easier detectable
correlation signals than equatorial oriented protons.

If an experiment is performed under •spin lockŽ
conditions, that is, the application of a weak
additional radiofrequency keeping the nuclei in
a state enabling the buildup of spin…spin cor-
relations over the whole coupling network and
not … as in DQF-COSY experiments … only between
•next neighbors,Ž additional spin…spin correla-
tions can be detected (Figure 3). Consequently,
in this experiment, the TOCSY (total correla-
tion spectroscopy), also known as HOHAHA
(homonuclear Hartmann…Hahn) experiment, a more
complex cross-peak pattern is found. In addition to
DQF-COSY detectable direct correlations, indirect
•relayedŽ correlations are found. Usually, the com-
plete spin system de�ned as the sum of all protons in
a substructure connected by scalar coupling can be
detected in a TOCSY experiment. It �nds its great-
est appreciation in the structural characterization
of compounds with repetitive structural units with
isolated proton spin systems, for example, glycoside
moieties in oligosaccharides as realized in saponins
or amino acids in a peptide chain.

Alternatively to scalar coupling pathways, magne-
tization transfer from one spin to the other through
space (cross-relaxation) can be measured. Exper-
imentally, this transfer is assessed by perturbing
the equilibrium state of one spin and observing
the intensity change on correlating spins (NOE).
As the NOE is proportional to the inverse sixth
power of the distance between the spins, only spa-
tially close atom pairs can give rise of a correla-
tion signal. 5 Å, the lengths of approximate 4C…H
bonds, is usually seen as detection limit of the NOE.
Experimentally, the NOE effect can be either mea-
sured by a 1D experiment (•steady state NOEŽ or
•transient NOE,Ž both interpreted in the difference
mode), or … more often applied by the 2D-NOESY
(two-dimensional nuclear Overhauser effect spec-
troscopy) pulse sequence (Keeler, 2010). Owing
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Figure 3 Schematic COSY/TOCSY comparison exempli�ed on the aromatic substructure of strychnine. In this four-proton spin system,
the neighborhood relationship of theparasubstituents HA and HC could not be solved from the mere analysis of the proton spectrum because
of the similarity of the3JH,H coupling constants to HB and HD. In the COSY spectrum, however, the correlation of HA with HB and HD with
HC is demonstrated by the respective off-diagonal cross peaks (black bullets). In the TOCSY spectrum, each proton correlates with all other
protons in the spin system … the complete spin network is presented at each proton resonance (black and gray bullets).

to experimental problems, the •steady state NOEŽ
experiment has almost vanished, and pulse sequences
found in the software package of modern NMR spec-
trometer installations are usually utilizing •transient
NOEŽ building blocks (Berger and Braun, 2004).

NOESY cross-peaks indicate that the two spins
involved are spatially close. Application strongholds
of NOESY experiments in natural product structure
identi�cation efforts are, for example, the elucidation
of the relative con�guration of saturated ring sys-
tems as realized in terpenoids and the discrimination
of regio-isomers by proving the spatial closeness of
isolated proton coupling networks, which is of spe-
cial importance in the elucidation of derivatives with
one or more aromatic ring or conjugated double bond
moieties or … beside heteronuclear long-range cou-
pling experiments (see below) … the use as indepen-
dent prove of bond elements involving heteroatoms
(e.g., amides, glycosides, lactones, epoxides, etc.).
It must not be forgotten that absolute con�guration
determination is not possible with NOESY exper-
iments. Only in combination with the independant
absolute con�guration elucidation of at least one chi-
ral carbon center [for example by the introduction of
a chiral selector into the sample (Hoye, Jeffrey, and
Shao, 2007; Wenzel and Chisholm, 2011) or by the
application of chiroptical methods (Bringmannet al.,
2008; Pescitelliet al., 2009)], the relative con�gura-
tion of an analyte can be turned into an absolute one.

Spatial closeness of spins holds of course also true
for geminal protons in CH2 moieties or other vic-
inal structure elements (e.g., CH…CH) giving rise
of DQF-COSY signals. Consequently, COSY-like
crosspeak pattern in NOESY spectra may occur,
making the interpretation of NOE data from a
NOESY spectrum cumbersome. In addition, chem-
ical exchange crosspeaks (e.g., between bulk water
and an OH group) can be observed in NOESY spec-
tra. Fortunately, such signals have the opposite phase
to the NOE cross peaks and the identical phase as
the diagonal signals … hence, they cannot be mis-
taken as •realŽ NOE-based crosspeaks. If additional
COSY…like cross-peaks or cross-peaks from 1D-1H
NMR spectral overlap are hampering the structural
characterization of an analyte, the 1D NOE experi-
ment is a valuable alternative to 2D measurements.
With the aid of selective (soft) excitation pulses, only
a small spectral region … usually stemming from a
single 1H spin … is investigated. Consequently, the
resulting 1D NMR spectra are much faster to obtain
and are simpler to interpret than the corresponding
2D NMR spectra.

One major disadvantage of the NOESY exper-
iment is that owing to a change in sign of the
cross-relaxation rate from positive to negative, in
medium-size molecules, the NOE effect is weak or
even zero. With higher magnetic �elds used, this
range shifts to lower molecular weights. Hence,
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as an alternative, the observation of the NOE can
be carried out under spin lock conditions as uti-
lized in the TOCSY experiment. Consequently, the
resulting NOE experiment going by the acronym
ROESY (rotating frame nuclear Overhauser effect
spectroscopy) is a valuable alternative to NOESY
pulse sequences always to be considered.

4.2.2 Homonuclear 13C 2D-NMR Experiments

It would be of course ideal, if the carbon backbone of
an analyte could be traced with a homonuclear carbon
shift correlation experiment. Owing to the low nat-
ural abundance of13C, the13C/13C pairs necessary
to establish a correlation signal are hardly present
(10Š4 compared to1H/1H pairs). Consequently, such
experiments are out of reach in average mass lim-
ited natural product samples and have not found their
way into routine. If however13C-enriched analytes,
for example, from biosynthesis studies are used, this
limits are overcome and the incredible natural abun-
dance double quantum transfer experiment (INAD-
EQUATE) and adequate double quantum transfer
experiment (ADEQUATE) can be utilized (Adam
et al., 2002; Arigoniet al., 1997; Bringmannet al.,
2007; Ratcliffe and Shachar-Hill, 2006; Schneider,
2007).

4.2.3 Heteronuclear 1H/ 13C 2D-NMR
Experiments

As in 1D NMR, the low abundance and low sen-
sitivity of 13C are the major obstacles to obtain
meaningful C…H correlation data. Consequently, the
DEPT/INEPT pulse sequence building blocks suc-
cessfully used in13C 1D NMR are key to record
1H/13C 2D-NMR experiments in decent time frames.
The sensitivity gain comes from transferring the mag-
netization to the less sensitive carbons after starting
the experiment with proton excitation (polarization
transfer). After spin evolution, the magnetization now
coded with both the proton and the carbon frequen-
cies is transferred back to the proton for recording
the FID (free induction decay). Consequently, these
experiments are named •inverse detectedŽ shift cor-
relations in contrast to the more time-consuming •di-
rect detectedŽ shift correlations.

1H/13C … heteronuclear correlation experiments
based on chemical bond-mediated magnetiza-
tion transfer (scalar coupling) are the centerpiece
of NMR-based structure elucidation in organic
substances (Figure 4). By selecting C…H two-bond
correlations in heteronuclear single quantum cor-
relation (HSQC) or heteronuclear multi quantum
correlation (HMQC) experiments, the proton scaf-
fold of an analyte investigated by DQF-COSY
and TOCSY experiments can be connected with
the carbon backbone not so easily accessible by
homonuclear correlation experiments (see above).
HSQC experiments are available in different varia-
tions, an especially attractive one facilitates … similar
to the 1D-13C APT experiment … the discrimination
of CH/CH3 correlation signals from CH2 correlation
signals.

To connect individual C-H pairs correlation data
which might lead to ambiguous results because
of signal overlap, long-range1H/13C correlation
data derived from experiments as the heteronuclear
multi-bond correlation (HMBC) is utilized. This
experiment is based on the selection of rather small
•long-rangeŽ C/H coupling constants, hence it not
only picks three- to four-bond correlations in the C/H
framework on an analyte but allows to connect spin
systems isolated from each other by heteroatoms such
as oxygen, nitrogen, or sulfur. Hence, HMBC spectra
enable the structure elucidator to assemble molecular
building-blocks identi�ed by single-bond correlation
experiments … for example, to connect a terpenoid
substructure with glycoside moieties to a saponine.

Technically spoken HSQC, HMQC, and HMBC
are closely related. In all cases, the experiment starts
by the excitation of the protons, transfers mag-
netization to the carbon atoms (with an •INEPTŽ
pulse block), evolves it (here the experiments do
differ), and transfers the magnetization back (with
an •INEPTŽ pulse block) to the more sensitive and
almost 100% abundant protons for signal recording.
To select the long-range coupling constants in the
HMBC, an additional waiting time of 1/2JC,H (typ-
ical 2…3JC,H = 5…8 Hz) is introduced into the evolu-
tion phase. This makes the HMBC inherently less
sensitive, as spin…spin relaxation during this rather
long period reduces the detectable spin population
signi�cantly.

As the spatial range of HMBC correlations is
not well de�ned in terms of bonds covered and
multiple correlation signals of hardly predictable
strengths occur over several (usually 2…4) bonds,
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neighbourhood relationships derived from HMBC
correlations have to be con�rmed by other spec-
tral evidences. Here the heteronuclear two-bond cor-
relation (H2BC) experiment (Nyberg, Duus, and
Sorensen, 2005), although less sensitive, is a valuable
addition to the HMBC, as strictly two-bond correla-
tions are selected.

The direct detection C…H correlation pendants
to HSQC and HMBC are the heteronuclear shift
correlation (HETCOR or HETERO-COSY) and the
correlation through long-range coupling (COLOC)
experiment, respectively. Their advantage over
HSQC/HMBC is the high signal resolution in the
carbon dimension, which however comes for the
prize of low sensitivity, making HETCOR and
COLOC usually not utilized with typical natural
product samples in the low millimolar concentration
range.

A hybrid 2D-NMR experiment extremely useful in
natural product chemistry, especially if medium-size
analytes with well-separated multi proton spin

systems are involved (e.g., triterpenes, saponins,
lignans, etc.), is the HSQC-TOCSY, combining
the homonuclear1H/1H TOCSY correlation with
the heteronuclear1H/13C HSQC correlation. The
advantage over running TOCSY and HSQC exper-
iments separately is twofold. On the one hand,
the 1H/1H spin correlation network identi�ed in
the TOCSY can be easily correlated with the13C
resonances of the involved C…H pairs. On the
other hand, by changing the scale of the indirect
spectral dimension from1H (as in the TOCSY)
to 13C (as in the HSQC), the spectral overlap
often hampering the interpretation of TOSCY data
is remarkably reduced. Generally, however, the
HSCQ-TOCSY is usually not run as replacement
but in addition to TOCSY and HSQC spectra for
the sake of complete information retrieval. Com-
bining HSQC-TOCSY data interpretation with
HMBC derived data is usually suf�cient to estab-
lish complete C/H coupling networks of natural
products.
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5 STRUCTURE ELUCIDATION STRATEGIES

Provided that a clean sample with an analyte con-
centration in the range of 10…50 mM is available,
NMR-based structure elucidation of a natural prod-
uct should always start with a simple1H NMR
experiment. It can be considered a •scoutŽ exper-
iment that will take only some minutes. An expe-
rienced operator can deduce from the S/N ratio if
the sample concentration is in agreement with the
claimed sample amount. In addition, organic impuri-
ties such as lipids (e.g., from the plant matrix), sol-
vent residues (e.g., from column chromatography),
or plasticizer (i.e., from inappropriate sample stor-
age) are detectable. Inorganic contaminations, for
example salts, are often leading to signal broadening,
whereas stationary phase material from chromatogra-
phy shows typical proton resonance frequencies very
close to the reference signal of TMS. On the basis of
the quality of the •scoutŽ1H NMR experiment and
the analyte concentration found, a set of 2D NMR
spectra can be set up (Table 1). If a certain com-
plexity threshold is exceeded, at least a DQF-COSY,
an HSQC, and an HMBC spectrum are acquired.
TOCSY and HSQC-TOCSY spectra are second-line
experiments if complex spin systems are encoun-
tered. If region- or stereochemical ambiguities have
to be solved, a NOESY or ROESY spectrum is added.
Recording of any type of13C 1D-NMR experiment is
only warranted, if HSQC and HMBC spectra show
spots of unclear signal assignment or signal over-
lap, a situation often encountered in triterpenes or
polyphenols. Missing coupling networks information
as, open valences in the C…H scaffold or unclear pres-
ence/absence of a ring closure has to be deduced from
other data sources, meaning that in the structure elu-
cidation process, NMR does not stand by its alone
(Silverstein, Webster, and Kiemle, 2005). In this con-
text, the value of an exact sum formula derived from
high resolution mass spectrometry data must not be
underestimated. It provides the number and nature
of heteroatoms usually being not NMR active and
allows the calculation of double bond equivalents.
With this number at hands and the number of double
bond elements and ring structures deducible from the
given NMR data, the structure elucidator can give an
educated guess regarding structural moieties and fea-
tures not encoded in the information retrieved from
the NMR data. This could be the presence of an ether
bond instead of two OH functions, a lactone ring clo-
sure instead of an acid function and an OH group, an

additional ring closure, or a carbonyl function nei-
ther detected in the HMBC (e.g., no protons within
the four-bond vicinity) nor in the J-MOD spectrum
(e.g., analyte concentration too low)).

Modern approaches in computational chemistry
including some professional software developers
claim that1H and13C NMR data can be predicted.
Although it is beyond doubt that tremendous progress
has been made in recent years, both spectral similar-
ity searches and spectrum prediction have their limi-
tations. While similarity searches strongly depend on
the quality of already published data (Robien, 2009),
the spectrum prediction has a twofold problem. First
of all, all conventional algorithms used are depend
on published data … either as learning tool to feed a
neuronal network or as basis of structure elements in
HOSE code-based prediction approaches. Hence, the
data quality of already deposited data strongly in�u-
ences the quality of the predicted spectra. Generally,
if a predicted spectrum of an assumed structure is
compared to the experimental data and a good match
is found, this �nding should be seen as hint toward
but not a proof of a structure (Napolitanoet al., 2013;
Stappenet al., 2009)

6 CONCLUDING REMARKS

Taken together, NMR spectroscopy is a remarkably
versatile tool in the instrumental analysis armamen-
tarium of a natural product laboratory. Interpretation
of NMR data accompanies a structure-oriented natu-
ral product researcher throughout his or her career. It
is not only used to describe novel secondary metabo-
lites on an atomic level but can also be utilized
to quantify these analytes in extracts and bio�u-
ids. Structure elucidation of organic molecules is an
instrumental analysis team effort, with NMR spec-
troscopy being in the lead. Interpretation of spectral
data can be straightforward at �rst sight; ambigu-
ities in the signal assignment however often spoil
�rst elucidation successes. It is of outmost impor-
tance that a proposed structure must be consisted
with every bit and piece of experimental data col-
lected. Even small differences in NMR shift values
from expected chemical shifts (e.g., as reported in
reliable literature) or additional COSY/NOE/HMBC
correlation signals which can not be explained within
the geometrical limitations of the molecular skeleton
might be a clear hint that this structure proposal is not
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valid. This has been proven more than once as review
literature dramatically tells (Nicolaou and Snyder,
2005, Suyama, Gerwick, and McPhail, 2011). How-
ever, once a correct solution is found, the reward
is usually high … uncharted biosynthetical terrain is
entered, ecosystematic or biogenetic pathways and
correlations might be traced, or a bioactive compound
of unknown structure matures to a molecular graph
stimulating both organic chemists and pharmacolo-
gists to further research.
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1 INTRODUCTION

1.1 A Brief History of NMR Spectroscopy of
Large (Bio-)molecules

Over the past three decades, advances in the �eld
of structural biology profoundly changed and still
change our view on the structure and function of bio-
logically relevant entities. Proteins and nucleic acids
are nowadays no longer •black boxesŽ as we are
familiar with most of the molecular details of their
architectures and alike important with their dynamic
properties. In this context, solution nuclear magnetic
resonance (NMR) spectroscopy is well recognized
as an indispensable tool for the elucidation of struc-
ture and dynamics of large, that is, high molecular
weight, molecules (Bertini, McGreevy, and Parigi,
2012). The time line shown in Figure 1 summarizes
milestones in the �eld of NMR (Figure 1a). It fur-
ther shows the major hardware, isotope labeling, and
methodological developments for the solution struc-
ture determination process by NMR (Figure 1b).

With the introduction of high �eld NMR spectrom-
eters, larger biomolecules and their complexes could
be addressed by NMR spectroscopic methods (Fry-
dman, 2011). In the mid-1980s, the main focus lied
on the structure elucidation of peptides and small pro-
teins (Kumar, Ernst, and Wuethrich, 1980; Wuethrich
et al., 1982). One of the �rst major achievements was
the solution structure determination of a 57-amino

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
Edited by Kurt Hostettmann, Hermann Stuppner, Andrew Marston and Shilin Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. ISBN: 978-1-119-95275-6.

acid protein … proteinase inhibitor IIA … structure
in 1985 using protocols mainly developed by Kurt
Wüthrich and coworkers (Williamson, Havel, and
Wuethrich, 1985). At that time, the methodology was
restricted to proteins with less than 70 amino acids
and favorable properties such as good solubility in
water and well-dispersed proton resonances.

With the introduction of13C- and 15N-isotope
labeling protocols by the expression of the target
protein in minimal medium, the way was paved
for sophisticated high dimensional triple resonance
NMR experiments that signi�cantly alleviated
problems concerning spectral resolution and thus
allowed unambiguous signal assignments of larger
biomolecules (Hurd, 2011; Kayet al., 2011; Much-
moreet al., 1989; Ruiz-Cabelloet al., 2011). Using
pulsed �eld gradients, experimental artifacts were
suppressed and a sensitivity gain was accomplished
by improved coherence selection methods (Hurd,
2011). The developments along with signi�cant
advances of hardware components (Figure 1b) led
to a boom of NMR structural biology and gave
interesting insights into the structure and function of
biomacromolecules. In the late-1990s, an additional
long-range structural parameter, the residual dipolar
coupling, was described and experiments to measure
it were added to the toolbox of biomolecular NMR
spectroscopy (Lipsitz and Tjandra, 2004; Tjandra
and Bax, 1997; Tolmanet al., 1997). Pervushin
et al. (1997) published a novel approach, namely
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Figure 1 (a) Timeline highlighting milestones of solution NMR spectroscopy. Events in red relate to the basics of NMR physics, whereas
major contributions to biomolecular NMR are shown in orange. (b) Condensed history of biomolecular NMR with major hardware,
methodological, and isotope labeling developments. Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;
PFG, pulsed �eld gradients; TROSY, transverse-relaxation-optimized spectroscopy; T, Tesla; RDC, residual dipolar coupling; CCR,
cross-correlated relaxation; SAIL, stereo-array isotope labeling; and kD, kilodalton; ILV, Isoleucine, Leucine, Valine.

the transverse relaxation-optimized spectroscopy
(TROSY) pulse sequence, which is designed to
select the component for which different relax-
ation mechanisms have almost cancelled, leading
to a single, sharp peak in the spectrum. Thereby, a
signi�cant increase of both spectral resolution and
sensitivity is achieved making NMR studies of large
and complex biomolecules with molecular weights
higher than 100 kD amenable. The contribution
of biomolecular NMR spectroscopy to the �eld
of structural biology is well documented by about
10,000 searchable entries in the Protein Data Bank

(PDB) for structures of proteins, nucleic acids, and
their complexes obtained by NMR spectroscopy.

1.2 The Last Decade: Dynamics of
Biomacromolecules Studied by Solution
NMR Spectroscopy

One of the most recent developments in biomolecular
NMR spectroscopy is the description of dynamic
phenomena of biopolymers across various timescales
ranging from pico- and nanoseconds to micro- and
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milliseconds and beyond (Figure 2) (Botheet al.,
2011; Fürtiget al., 2007; Kay, 2011; Mittermaier
and Kay, 2006; Mittermaier and Kay, 2009). In
recent decade, signi�cant efforts were put into the
method development to study functional dynamics of
biomolecules by observing relaxation properties of
15N- and/or13C-spins (Akkeet al., 1997; Mittermaier
and Kay, 2009).

Fast �uctuations in the nano- and picosecond time
regimes can be characterized by the analysis of lon-
gitudinal (R1) and transverse (R2) relaxation rates
and the heteronuclear Overhauser effect (hetNOE) of
assigned13C and15N-resonances in the biomolecule
under investigation. In this time regime, residual
dipolar couplings (RDCs) can alternatively be used
to extract dynamic information. The interpretation
of the relaxation and RDC data to delineate quan-
titative information on the structural �exibility of a
biomolecule can be a challenging task, for example,
if a motional coupling between local �uctuations
and the overall tumbling rate of the molecule occurs
(Zhang et al., 2006). Data analysis normally pro-
ceeds in the framework of the model-free approach.
Order parameters (0< S2 < 1) are extracted, giving
information on the �exibility on a residue-resolved
basis (Lipari and Szabo, 1982a; Lipari and Szabo,
1982b).

Slower motions occurring in the micro- to millisec-
ond time regimes can be addressed using relaxation
dispersion (RD) techniques. Structural adaptations of
biomolecules in this time regime are often involved in
functional important processes, such as ligand bind-
ing or enzymatic reactions. Two experiments, the
Carr…Purcell…Meiboom…Gill (CPMG) RD method
and the determination of the power dependence of
R1� , are suitable to extract the exchange lifetimes
between multiple states, the populations of the states,
and the chemical shift (CS) difference between the
states (Palmer, Kroenke, and Loria, 2001). In pro-
teins, both methods are routinely used to obtain
information on backbone dynamics by applying the
techniques to the isolated amide15N…1H spin sys-
tems. For nucleic acids, recent �ndings suggest that
nonexchangeable13C…1H-spin systems will be the
reporter spin of choice for the characterization of
micro- to millisecond dynamics (Wunderlichet al.,
2012).

The description of dynamics in combination with
structure determination via X-ray crystallography
(and NMR spectroscopy) had an enormous impact
on the view of biological function. The functionally
important state was often found to be a transiently
and weakly populated species, which is, for example,
interacting with a ligand or carrying out catalysis.
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2 NMR AS A TOOL IN DRUG DISCOVERY

As mentioned earlier, solution NMR spectroscopy
is perfectly suited not only to elucidate structures
of small molecules but also to reveal molecular
details of the structure of biopolymers. In addition,
NMR spectroscopy was soon attributed a great poten-
tial in the drug discovery process (Fernandez and
Jahnke, 2004; Pellecchiaet al., 2008; Pellecchia,
Sem, and Wuthrich, 2002). Currently, disseminated
NMR methods in drug discovery are discussed in the
following paragraphs.

2.1 Ligand Screening and Hit Validation by
NMR

Two complementary approaches, (i) target-detected
and (ii) ligand-detected methods, for ligand screen-
ing and hit validation by solution NMR spectroscopy
are routinely applied. In case of target-detected
techniques, the most widespread technique relies on
monitoring changes of the probably most elementary
parameter in NMR, the CS. As this observable is
highly sensitive to its microenvironment, infor-
mation about a ligand…host interaction and what
parts of the ligand and the host are involved in this
cross talk on a molecular level can be extracted.
For example, observing the15N-CS perturbation
induced by structural changes linked to ligand
binding is the most widespread method to inves-
tigate protein…ligand interactions (Carlomagno,
2005; Roberts, 1999). It gives information on the
af�nity of a ligand toward the protein and it fur-
ther allows the localization of the interaction site.
By the acquisition of a series of two-dimensional
15N/1H correlation spectra (15N/1H-HSQC, het-
eronuclear single quantum correlation) as a function
of increasing amounts of ligand, CS changes can
be measured and, if the resonance assignment is
known, mapped onto the protein backbone amides
(Figure 3a). Additional information on the target
protein, for example, a previously determined solu-
tion structure, can help in rapidly gain insights into
the ligand-binding mode by intermolecular distance
restraints obtained from nuclear Overhauser effects
(NOEs).

Alternatively, ligand-detected approaches rely on
perturbations of ligand•s spin parameters caused by
substoichiometric additions of the host molecule.

These NMR experiments, such as the saturation
transfer difference (STD) experiment, and techniques
monitoring relaxation parameters are sensitive to the
overall molecular motion of the tested compound,
which strongly differs in the free or bound state.
The methods are fast and can be applied in an iso-
tope label-free way. Moreover, the ligand-detected
approaches can further be used to identify a binder
compound within a mixture of several compounds.
The methods are also very attractive for larger pro-
teins and complexes as only little amounts of the host
molecule are needed. However, one has to keep in
mind that the experiments are designed to monitor
transient ligand binding, that is, the methods are suit-
able for systems with dissociation constants in the
high micromolar or millimolar range.

In a typical STD experiment, simple 1D-proton-
detected NMR experiments are acquired at lig-
and/host ratios of about 100/1 with (by irradiation
of protein methyl groups around 0.5…1.0 ppm using
a selective 180� shaped pulse) and without (by irra-
diation with a selective 180� shaped pulse placed at
a frequency, for instance, 100 ppm outside the pro-
ton CS range) selective irradiation of host resonances
(Mayer and Meyer, 1999). By spin diffusion, the
saturation effect at on-resonance saturation quickly
propagates across the entire receptor nuclei. If the
ligand binds to the receptor, the resonance saturation
will also spread onto the ligand resonances leading
to an attenuation of the signal intensity. For analysis
purposes, the spectra with and without selective irra-
diation are subtracted by appropriate phase cycling
yielding the STD spectrum containing only signals
of the ligands that bind. Protein signals can effec-
tively be removed by including a �lter sensitive to
high molecular weight compounds based on their lon-
gitudinal relaxation time in the rotating frame (T1� )
(Figure 3b).

The ligand-detected experiments have a lower
informational content as the CS mapping, for
instance, the binding site of the ligand on the host
cannot be located. Thus, the methods are used pri-
marily in screening and hit validation. Table 1 gives
an overview on currently used NMR experiments for
screening and hit validation of compounds identi�ed
from high throughput screening (HTS) methods
(Dalvit et al., 2000; Fejzoet al., 1999; Hajduk,
Olejniczak, and Fesik, 1997; Hajduket al., 1999;
Jahnke, Ruedisser, and Zurini, 2001; Yanet al.,
2003).
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Figure 3 (a) Mapping of a ligand binding site by chemical shift (CS) perturbation. A1H…15N-HSQC spectrum of the host protein with
uniform 15N-labeling pattern is obtained in the apo-form. Then, increasing amounts of ligand are added in a stepwise manner. The CS
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2.2 Hit and Lead Optimization by NMR

One of the most recent developments concerning
NMR in drug discovery is its implementation into
an approach calledfragment-based drug design
(FBDD). FBDD is based on screening a small num-
ber of molecules with low af�nity toward the drug
target. The so-called fragments are structurally and
chemically diverse; thus, a very ef�cient sampling of
the chemical space in the screening process is possi-
ble. Once some low af�nity fragments are identi�ed,
they serve as starting point for fragment evolution,
linking or optimization, or fragment self-assembly.
NMR is particularly useful in the characterization of

such low af�nity binders with dissociation constants
in the micro- to millimolar range. The •SAR by
NMRŽ (structure…activity relationship by NMR)
approach uses CS mapping as a tool for hit and lead
optimization. In this approach, a mixture of potential
binders is screened in the presence of another weak
binding ligand. On the basis of the CS perturbation
analysis of the host resonances, compounds residing
close to the �rst ligand•s binding site are �ltered
out. Further characterization, for instance analysis
of the interligand NOEs, is used to establish a ratio-
nally designed linker module between the two low
af�nity ligands resulting in a bidentate compound
with signi�cantly improved binding properties
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Table 1 NMR methods useful in drug screening and hit validation

Experiment Detection Application Description of method

Chemical shift pertur-
bation

Host Primary screen, valida-
tion, and localization of
binding site

Chemical shift changes of host resonances are
monitored as a function of increasing ligand
concentration

STD NMRa Ligand Primary screen and valida-
tion

Compound identi�cation and identi�cation of
functional groups interacting with host

WaterLOGSYb Ligand Primary screen Compound identi�cation by water-mediated
NOE

T1� candT2
drelaxation Ligand Primary screen and hit val-

idation
Longer T1 due to complex formation, line
broadening (fasterT2) due to complex forma-
tion, and build up curves identify functional
groups interacting with host

FABSe Substrate or cofactor Primary screen and hit val-
idation

Uses19F NMR to detect reference substrates
or cofactors to monitor enzymatic reactions

FAXSf Known ligand (spy) Primary screen and hit val-
idation

Uses19F NMR to detect displacement of a
�uorinated spy molecule

Measurement of diffu-
sion rate

Ligand Primary screen and hit val-
idation

Observing difference of diffusion rate for
ligands in the bound versus free form

a Saturation transfer difference.
b Water…ligand observed via gradient spectroscopy.
c Longitudinal relaxation time in rotating frame.
d Transverse relaxation time.
e Fluorine atoms for biochemical screening.
f Fluorine chemical shift anisotropy and exchange for screening.

because of a larger number of interactions (enthalpic
contribution) and a reduced loss in rotational and
translational entropy on binding. Optionally, the
protein or the �rst (known) ligand can be modi�ed
using a paramagnetic tag aiding in the identi�cation
of compounds, which bind in proximity to the �rst
compound (SLAPSTIC). Table 2 gives a selection of
currently disseminated NMR experiments for hit and
lead optimization (Becattini and Pellecchia, 2006;
Carullaet al., 2005; Chenet al., 2007; Jahnkeet al.,
2000; Shukeret al., 1996).

The so far discussed methods have proved to be
well suited to screen for ligands and subsequently
improve their design to yield high af�nity binders for
challenging targets, for which other approaches failed
to come up with viable lead structures. In today•s
view, NMR spectroscopy has a higher potential for
drug discovery purposes, whereas X-ray crystallogra-
phy is regarded as the method of choice for structure
determination.

In the next two sections, we outline recent advances
in the �eld of protein and nucleic acid drug discovery
by NMR spectroscopy, which illustrate that NMR
spectroscopy is and will be an indispensable tool for
designing compounds targeting the two major classes
of biomolecules.

2.3 Ribonucleic Acids as Drug Targets

2.3.1 RNA … Small Molecule Interactions

In retrospect, the biological importance of ribonu-
cleic acid (RNA) was underestimated for a long time
and proteins and DNAs were regarded as the most
promising targets for drug development (Huetten-
hofer, Schattner, and Polacek, 2005). Historically,
the role of RNA in a cellular context was mainly
restricted to its function as translator molecule (trans-
fer, messenger, and ribosomal RNAs) to transform
the information of DNA into a functional amino
acid sequence. Thus, RNA was believed to gener-
ally adapt an A-form double helix without special
structural features. At that time, RNA was not con-
sidered to be an important target for drug devel-
opment as many interactions with small molecules
were thought to be unspeci�c … either by electrostatic
interactions between the positively charged ligands
and the negatively charged phosphate backbone or
by random stacking interactions. These results were
in clear contrast with the complex molecular archi-
tecture of the ribosome, for which a high resolution
3D-structure was solved by X-ray crystallography
about 15 years ago (Moore and Steitz, 2003; Steitz



NMR OF LARGE MOLECULES 367

Table 2 NMR methods useful in hit validation and lead optimization

Experiment Detection Application Description of method

SARaby NMR Host and ligand Structural information, FBDDe

screen, and lead optimization
Construction of bi- or higher-dentate ligands

SAR by ILOESb Ligand to ligand FBDDe screen and lead opti-
mization

Monitoring of protein-mediated ligand…ligand inter-
actions of binders located at adjacent sites

SLAPSTICc Ligand FBDDe screen and lead opti-
mization

Monitoring of ligand…ligand interactions of binders
located at adjacent sites exploiting the in�uence of a
protein side chain carrying a spin label

INPHARMAd Ligand to ligand Drug characterization Monitoring of protein-mediated ligand…ligand inter-
actions competing for a single binding site

Pharmacophore by ILOES Ligand to ligand FBBDe screen and lead opti-
mization

Monitoring of protein-mediated ligand…ligand
interactions, obtained data is used for
pharmacophore-based search of bidentate binders

a Structure…activity relationship.
b Interligand nuclear Overhauser effect (NOE).
c Spin labels attached to protein side chains as a tool to identify interacting compounds.
d Interligand NOEs for pharmacophore mapping.
e Fragment-based drug design

and Moore, 2003). In addition, the ribosome was one
of the �rst examples that RNA is a potential tar-
get for small molecule ligands as antibiotics were
shown to bind not only to the protein particles but
also to the RNA component (Fourmyet al., 1996;
Ramakrishnan, 2002). These �ndings and the sub-
sequent reports on novel RNA species with impor-
tant biological functions led to a radical change in
the perception that RNAs are restricted in function
and comprise a uniform architecture. Soon, numer-
ous functionally important RNAs with intricate struc-
tural features were identi�ed, such as riboswitch
aptamer domains, naturally occurring ribozymes,
regulatory sequence elements of retroviruses, and
micro and small nucleolar RNAs or RNA thermome-
ters (Cochrane and Strobel, 2008; Lu, Heng, and
Summers, 2011; Narberhaus, Waldminghaus, and
Chowdhury, 2006; Serganov and Patel, 2012; Turner
and Summers, 1999; Wu and Feigon, 2007). The
versatile nature of RNA was further promoted by
applying the SELEX (systematic evolution of lig-
ands by exponential enrichment) approach, which
led to the discovery of RNA sequences (i.e., RNA
aptamers and enzymes) with the capability to interact
speci�cally with druglike small molecules or to carry
out catalysis (Mayer, 2009; Stoltenburg, Reinemann,
and Strehlitz, 2007). The 3D structures of naturally
occurring and arti�cially generated aptamers and
larger biologically functional RNAs (e.g., group I and
II introns and ribosomal RNAs) revealed complex
fold architectures comparable to those of proteins
(Goldenet al., 1998; Woodson, 2005). The molecular

details of the interactions between small molecules
and RNA residues at the binding site also shed light
on the ligand selectivity in RNA…ligand complexes.
Intricate hydrogen bonding networks or interactions
by appropriately positioned metal ions lead to a
high speci�city in the small molecule recognition.
A selection of such naturally occurring riboswitches
and arti�cially selected binary complexes is shown
(Figure 4).

As a �rst example, we picked a riboswitch aptamer
domain. Riboswitches belong to the class of non-
coding RNAs and are able to speci�cally recog-
nize metabolites (Breaker, 2012; Tucker and Breaker,
2005). They are predominantly found in the untrans-
lated leader regions of bacterial messenger RNA
(mRNA). After the ligand binding event occurred
a structural change in the adjoining downstream
expression platform signals either •onŽ or •offŽ
for gene expression. A riboswitch aptamer domain
responsive to the small-molecule cyclic diguano-
sine monophosphate1 (c-di-GMP) was identi�ed
recently (Sudarsanet al., 2008). The highly con-
served RNA domain was found in a large num-
ber of pathogenic bacterial organisms and resides
upstream of the open reading frame (ORF) for pro-
teins involved in the metabolism of c-di-GMP (for
example diguanylate cyclase and phosphodiesterase
proteins). The recently solved X-ray crystal struc-
ture of the class I c-di-GMP riboswitch aptamer
domain in complex with its cognate ligand c-di-GMP
1 revealed the molecular details of the ligand recog-
nition (Kulshina, Baird, and Ferre-D•Amare, 2009;
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Smithet al., 2009). The symmetric ligand c-di-GMP
1 is recognized asymmetrically … by guanosine 20
(G20) via a reverse Hoogsteen base pair with guano-
sine alpha (G� ) and by cytidine 86 (C86) via a stan-
dard Watson…Crick base pair with guanosine beta
(G� ) (Figure 4a).

The second example for complex RNA…ligand
interactions is an arti�cially derived RNA aptamer
responsive to �avin mononucleotide (FMN)2
(Burgstaller and Famulok, 1994; Fanet al., 1996).

Again, a ligand-speci�c hydrogen-bonding net-
work is formed between2 and an RNA nucleotide
(A26). Furthermore, a ligand-binding pocket com-
prising noncanonical structural elements, such as a
base triple G10-U12-A26 and a non-Watson…Crick
G10-G27 base pair, is established resulting in
favorable stacking interactions (Figure 4b).

These examples illustrate that RNA…small
molecule interactions can be highly discriminative
making RNA an interesting drug target. As, for
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example, riboswitches are mainly found in
pathogenic bacteria … for example, in the bac-
terium Vibrio cholerae causing cholera … strong
binders toward this type of RNAs represent a highly
desirable goal as this would open the avenue for the
development of new antibiotics replacing established
compounds (e.g., aminoglycosides), for which more
and more bacterial strains show resistance (Blount
and Breaker, 2006).

In the next section, we outline NMR spectroscopic
methods suitable to monitor RNA…ligand interac-
tions and some aspects and pitfalls that have to be
considered when targeting drugs versus RNA. The
methods have to consider the intrinsic af�nity of
RNA to interact in a nonspeci�c manner (e.g. electro-
static interactions between positively charged ligands
or nonspeci�c stacking interactions with extended
� -systems) and that speci�c RNA…ligand interac-
tions often require extensive structural adaptations
either induced by the ligand (•induced �t•) or via a
conformational selection pathway (Haller, Souliere,
and Micura, 2011; Liberman and Wedekind, 2012;
Nussinov and Wright, 2009).

2.3.2 NMR Spectroscopic Methods to Monitor
RNA…Ligand Interactions

2.3.2.1 Target Observing Methods
As previously outlined, target observed methods
mainly rely on monitoring CS perturbations of host
resonances induced by binding of the ligand. For that
purpose, either homonuclear1H- or heteronuclear
correlation spectra (for the latter type of experiments
13C- and/or15N-labeling is needed) are consecutively
recorded at increasing ligand concentrations.

The most straightforward NMR-based method to
study the interaction of a small molecule with a
nucleic acid target exploits the phenomenon that
the imino protons (N1-H of guanosine and N3-H of
uridine) have a very distinct CS signature (Mayer
et al., 2006; Mayer and James, 2005). These pro-
tons are involved not only in the hydrogen bonding
between nucleobases, like in the Watson…Crick G…C
and A…U base pairs, but also in noncanonical inter-
actions, like in G…U wobble or sheared G…A base
pairs. The hydrogen bonding interaction leads to a
strong deshielding effect on the proton nucleus result-
ing in a down�eld CS for imino protons between
10 and 15 ppm. Hence, the imino proton resonances

are clearly separated from the other1H resonances
making the assignment applicable for medium sized
RNAs up to 30 nt by a two-dimensional1H-NOE
experiment. The CS perturbation of the imino proton
resonances is then monitored as a function of increas-
ing ligand amounts. Thereby, the binding site can be
mapped onto the RNA by identifying the imino pro-
tons with the most rigorous CS change. The af�nity
of the ligand…RNA interaction can be determined by
�tting the following equation (1):


 � =

(� complexŠ� RNA){( R0+L0+KD)Š
�

(R0+L0+KD)2Š4R0L0}

2R0
(1)

with 
 � CS perturbation,� complex CS of RNA reso-
nance in bound state,� RNA CS of RNA resonance in
free state,R0 total RNA concentration,L0 total lig-
and concentration, andKD dissociation constant. The
values ofKD and � complex can be determined from
the titration of the RNA aptamer with the respec-
tive ligand by a nonlinear least squares �tting of
the CS changes as a function of total ligand con-
centration [L0] to the Equation (1). The approach
is exempli�ed on the HIV-1 TAR RNA construct
(Aboul-ela, Karn, and Varani, 1995). For that RNA,
the imino proton assignments are known. Two lig-
ands, argininamide3 and neomycin B4, were used
in titration experiments and the imino proton region
between 10 and 15 ppm was monitored by acquir-
ing 1D proton NMR spectra at increasing ligand
concentrations (Figure 5a). The most pronounced
CS changes were observed for imino protons (G5,
G10, and U20) located in vicinity of the bulge
region, where both ligands are known to bind. The
N1-H-resonance of guanosine residue 5 was used to
estimate the dissociation constant (KD) of the binary
HIV-1 TAR RNA…argininamide complex (Brodsky
and Williamson, 1997). Fitting the CS perturbation
data to the aforementioned equation yielded aKD
value of approximately 500� M (Figure 5b).

Albeit the imino proton resonances of an RNA rep-
resent valuable reporter spins, the major drawback
using this approach is their exchangeable nature. That
is, these protons are in constant chemical exchange
with 1H-nuclei of the bulk water. In contrast to pro-
tein amides, the exchange occurs at a timescale lead-
ing to line broadening, as it is found for weak base
pair, or the imino proton signals are rendered unob-
servable by collapsing entirely in the dominating
water peak. Accordingly, the exchange with water
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Figure 5 (a) Chemical shift perturbation (CSP) binding assay for the HIV-1 TAR RNA and the ligands argininamide3 and neomycin B
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constant (KD) determination of the HIV-1 TAR RNA argininamide complex. The CSP analysis was carried out for the imino N1-H resonance
of G5 and yielded aKD value of approximately 500� M.

leads to indiscernible NMR peaks of unprotected
imino protons residing in single-stranded regions.
Thus, only residues involved in base pairing can be
used to monitor the binding of a small molecule.

To address binding studies to single-stranded
sequence regions, one has to resort to NMR exper-
iments eligible to monitor nonexchangeable proton
resonances. For that purpose, the probably most
useful homonuclear correlation experiment is the
total correlation spectroscopy (TOCSY) experiment,
which correlates the H5 and H6 aromatic protons
of the pyrimidine uridine and cytidine residues
(Wüthrich, 1986). In well-structured RNAs, these
protons normally are well dispersed and can be
assigned. An advantage of this approach is that no
special stable isotope (13C, 15N) labeling pattern is

needed and that nonexchangeable proton resonances
are observed, but at the expense of signi�cantly
longer measurement times as compared to the
one-dimensional NMR spectroscopy focusing on the
imino proton region.

Alternatively, in 15N-labeled RNA, the
nitrogen-bound imino protons (H3-N in uridines and
H1-N in guanosine) can be used for ligand-binding
assays. With the15N- and 15N/13C-labeled ribonu-
cleotide triphosphates being commercially available,
T7 RNA polymerase-assistedin vitro transcrip-
tion is today the most common way to obtain
isotope-modi�ed RNAs (Lu, Miyazaki, and Sum-
mers, 2010; Milliganet al., 1987; Milligan and
Uhlenbeck, 1989). The major drawback of the imino
15N…1H spin systems is that as aforementioned these
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abaxial leaf surface, microscopic analysis, 165, 166, 168
aberrations, lenses, 132, 133, 135…136, 139
ABI seeApplied Biosystems
absorbing solvents, microwave-assisted extraction, 79
absorption, light, 132
ABTS+ see2,2� -azino-bis(3-ethylbenzothiazoline-

6-sulfonic acid) radical cation
accelerated solvent extraction (ASE)

coumarins, 573, 574…575
DionexTM pressurized liquid extraction apparatus,

85, 92
acetogenins, liverworts, 756, 759
acetolysis, oligo/polysaccharide characterization, 435
acetylation of monosaccharides, volatization for gas

chromatography, 433, 437…438
acetylcholinesterase (AChE) inhibition

coumarins, 572
enzymatic bioautographic assays, 193…196
potential Alzheimer•s treatments, 193, 572, 737, 959,

1060
achromatic objectives, compound microscopes, 139
acid hydrolysis, oligo/polysaccharide characterization,

433, 434…435
acidi�cation, total �avonoid analysis, 550
Actinomaduraspp., marine-derived xanthones, 622
actinomycetes, marine-derived xanthones, 622
adaxial leaf surface, microscopic analysis, 165, 166, 168
adequate double quantum transfer experiment

(ADEQUATE), nuclear magnetic resonance, 357
adsorption (normal-phase) chromatography, high

performance liquid chromatography, 219
adulteration

see alsobotanical identi�cation; contamination
herbal medicines

chemical evaluation, 1044…1045
genetic evaluation, 1051, 1052
microscopic analysis, 165
need for standardization, 1041…1042

af�nity chromatography, high performance liquid
chromatography methods, 222

Affymetrix GeneChip, DNA microarrays, 865, 869, 872
a�atoxins, 1013, 1014, 1015
agar diffusion bioautography, thin-layer chromatography,

190
aglycones

�avonoids, 543, 545, 546
saponin skeletons, 687, 688, 694…695

Aichi Biodiversity Targets, plant resources, 989…990
alcohols, coumarin extraction, 572…573
alditol acetates

see alsopartially methylated alditol acetates
oligo/polysaccharide characterization, 433

aleuron grains, microscopic analysis, 157, 158
alignment techniques, spectral data preprocessing, 919
alkaloids

antifungal agents, 1018, 1021
biologically active compounds, 485
capillary electrophoresis, 284…288
derivatization, 486
detection, 486
extraction, 485…486
HPLC analysis, 485…504
matrix-assisted laser desorption ionization mass

spectrometry, 413, 414…416, 417, 418…422
protoalkaloids, 488, 495, 496
pseudo alkaloids, 488…489, 495…496
psychotropic, 489…490, 499…501
toxic, 489, 496…499
true alkaloids, 486…495

alkyl silica stationary phase, HPLC, 486
allergy inducing compounds

bryophytes/liverworts, 753…754, 770, 771, 773, 781
ginkgo, 332

aloe-emodin, anthraquinone, 598, 600…601
� -glucosidase inhibition, enzymatic TLC bioautographic

assays, 196…197
alternative splicing analysis, DNA microarrays, 861
AMC seeanalyte concentrator-microreactor
AMD seeautomated multiple development
amplitude specimens, microscopy, 132
amylumseestarch
analyte concentrator-microreactor (AMC), capillary

electrophoresis, 283
analytes

see alsosolutes
extraction, 17, 18

nature and levels, 24
analytical methods

see also individual methods
coumarins, 576…586
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