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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
Rothlisberger from John Wiley & Sons approached
me to become the Editor-in-Chief of the present
Handbook. I was in the first instance not very
enthusiastic and had some hesitations before finally
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 (flavonoids, 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 fifth
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 fields of chemically
and biochemically related topics in plant research.
Emphasis is put on the rapid identification 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 find 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 first time in the same year when he
joined the University of Neuchatel, Switzerland, as
a British Council award holder. He was involved in
the research on phytochemistry of gentians and pub-
lished his first paper with me on flavonoids of Gen-
tiana pyrenaica. He not only liked to work in the
laboratory but also enjoyed to work in the fields, 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 first plant he was
working on. This trip was followed later by numer-
ous scientific expeditions all over the world. After
Neuchatel, Andrew went back to England to write
his PhD thesis at The University of Liverpool in the
field 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 field 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 fields of phyto-
chemistry, Andrew received, in 1994, the prestigious
Rhone — 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 of Maitre
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 scientific 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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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 specific 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 field of research, but the proof
that these pitfalls have been addressed is not evident
from the Material and Methods section of a scientific
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 identification
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

full of examples of assumptions being made about
the history and the identification 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, from Artemisia annua L.
is now questioning whether the plant used over 2000
years ago in traditional Chinese medicine (TCM) to
treat fevers was in fact A. annua (cao hao) or another
species Artemisia apiacea Hance (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 actually A. apiacea. The
confusion in the identification 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 finding, antimalarial
research still focuses on artemisinin isolated from A.
annua and the cultivation of chemotypes that have
the potential to yield high amounts of artemisinin.
Although over 600 compounds have been identified
in A. annua, there is to date very little information

Handbook of Chemical and Biological Plant Analytical Methods, First Edition.
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about the chemical potential of A. apiacea. The ques-
tions can be raised as to why more emphasis has
not been placed on the traditionally used species
A. apiacea, rather than A. annua. However, there is
no doubt that the isolation of artemisinin from A.
annua has 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 profile of compounds
extracted from the plant that could impact the effi-
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 influence bioavailability of active compounds
(Magalhaes et al., 2012).

A key then to the start of a project is that the
researcher should be confident 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 confident 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 scientific
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
scientific 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 reflects the complexity of the
task (Chan et 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,” which contains material from five 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 scientific names as well as
the accepted Latin binomial name and authority given
to a species when it was first described. If researchers
want to undertake a thorough review of the literature,
they will need to have not only all the scientific 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 species Paeonia ostii
T. Hong and J. X. Zhang using the name Paeonia suf-
fruticosa Andr. (over 100 papers since the revision of
the genus in 1999) than the accepted name P. ostii (14
papers since 1999, of which none are about its medic-
inal uses). It was initially thought that P. siffruticosa
was a synonym for P. ostii, but the recent revision of
the genus indicates that P. suffruticosa is 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 identification
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 diffi-
cult to establish but it will most likely increase with
fewer students being taught traditional taxonomy and
plant identification. 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 identification of the species being studied?
Not all specimens will be easy to identify, especially
if when the plant was collected, it was not in flower.
One way to help deal with potential problems with
the identification of plant is for researchers to keep
numbered vouchers of the material they study, these
vouchers be kept by their institute, be identified
by their number in scientific 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
immunodeficiency 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 reflect 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
scientific 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 figure that 80% of the world’s
population relies on plants for their main source of
medicine (Farnsworth et 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 figure 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 scientific 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 confidence.

Having a greater understanding and thus confi-
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 scientifically evaluating those
that show most promise. This could be as sources



10 SAMPLE PREPARATION AND IDENTIFICATION

of new lead molecules for new drugs or to provide
information that would inform how standardized
extracts with a defined profile of compounds could
be obtained.

2 IDENTIFICATION

In many scientific 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 confirms the
identification of the plant or the part of the plant used.
It is presumed that the identification 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 fingerprint of the sample
worked on. This will enable others to check the
identification 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 identified 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 of rbcL + matK could
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 identification 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 identification of species, the
chemical data are still required to evaluate quality.

The method of identification will in part reflect the
question being asked. The development of “onomic”
techniques could enable DNA-based profiling to be
linked to metabolomic profiling that will link identi-
fication to quality. However, to do this, more research
is needed to evaluate what exactly is the chemical
profile of a quality plant. In some cases, the active
ingredients in a plant are known but not the chemical
profile or chemical fingerprint associated with qual-
ity (i.e., content of the active compound and other
compounds in the plant extract) (Buriani et al., 2012).

A recent European-Union-funded project on “good
practise in traditional Chinese medicine (GP-TCM)”
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:


http://www.GP-TCM.org
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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 verified 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 specific organic certifi-
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 certificate to confirm 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 reflects 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 identified or a known compound is isolated and
shown for the first 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 identification
of compounds that although not associated with the
focus of the study might be useful as markers for the
identification 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 influence 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-
ural” 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 difficult 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 significant
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 Benefits 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 officers around the world
has provided a point of contact for scientists and oth-
ers to find 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 findings
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.


http://www.cbd.int/abs
http://www.cbd.int/nbsap
http://www.cbd.int/nbsap/guidance-tools/guidelines.shtml
http://www.cbd.int/nbsap/guidance-tools/guidelines.shtml
http://www.cbd.int
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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
foxglove Digitalis 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 scientifically 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 “OTC” medicine. The regulations
for defining 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 five main strategies proposed
by WHO were:

e Fuacilitating integration of traditional medicine/
complimentary alternative medicine TM/CAM into
national health care systems by helping Member
States to develop their own national policies on
TM/CAM.

e Producing guidelines for TM/CAM by 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.

o Stimulating strategic research into TM/CAM by
providing support for clinical research projects
on the safety and efficacy of TM/CAM, particu-
larly with reference to diseases such as malaria
and HIV/AIDS (acquired immunodeficiency
syndrome).

e Advocating the rational use of TM/CAM by pro-
moting evidence-based use of TM/CAM.

e Managing information on TM/CAM by 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, Efficacy, and Quality. Promote the safety,
efficacy, 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 identified 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 efficacy
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 profile 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 “onomics” does
provide a new approach to furthering the scientific
understanding of how and which compounds in the
plants are having a beneficial 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 classified to include

1. Plant-based products include food products, tim-
ber, paper, and other wood-based products; other
fiber 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.


http://www.cbd.int/gspc/targets.shtml
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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.” 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 is Hoodia 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 containing H.
gordonii as an appetite-suppressant. It is difficult to
follow the literature on the traditional uses of this
species. It was first collected by Robert Gordon in
1779 and published by Masson as Stapelia gordonii
Masson and was reclassified 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 difficult to validate the literature on
the appetite-suppressing activity of Hoodia, although
the use of Hoodia 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 as Hoodia 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. With Hoodia, 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 12p-
tigloyloxy-14f-hydroxypregn-5-en-20-one, known
as P57. Projects such as this example on Hoodia
link directly with the delivery of Targets 12 and
13. Targets 11 and 12 also link with the WHO’s
declaration that identified 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/):

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

e 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.

e 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.

e 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 Property” adopted at the 61st
World Health Assembly in 2008.

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

e Governments should establish systems for the
qualification, accreditation, or licensing of TM
practitioners. TM practitioners should upgrade
their knowledge and skills based on national
requirements.

e 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
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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 final product. Hence, plant
materials contain numerous active compounds with
high nutritional or therapeutic values (e.g., lipids, fla-
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 final analysis of the compounds in the extract
to ensure the quality of the final 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

technique are discussed. The main extraction tech-
niques available for plant materials are briefly
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
solutes or analytes; other compounds present with no
interest are named interferences or interfering com-
pounds (Figure 1). The initial plant material contain-
ing the compound to be extracted is named the sample
or sample matrix. The nonmiscible phase is called the
extractant or the extraction solvent, being generally
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Before extraction

Solute or analyte

Interfering compounds

A

Extractant or extraction solvent

Figure 1

a liquid solvent or a supercritical fluid; 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 the extract); the remaining sample
matrix discarded is often referred to as the residue.
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 first 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, efficient 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 extraction technique
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 extraction methods.

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

Non-permeable core
of the matrix particle

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 five-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 final 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 first step is usually the rate-limiting step, as
solute—matrix interactions are very difficult 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
difficult to extract unless the cell membranes are
disrupted. Consequently, the optimization strategy
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Figure 3 Tllustration 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 diffusion” (HBD) model developed by Bar-
tle et al., and detailed below:

Jeso ( )

)2 (%

where m is the mass of extracted solute at time ¢, m,
the initial mass of solute in the sample, n an integer,
D the diffusion coefficient of the solute in the sample
matrix, and r 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 (Huang et al., 2012).

Another model has been proposed by Sovova for
plant materials: the “broken plus intact cells” (BIC)
model (Huang et al., 2012). Solid particles with intact
and broken cells arise from previous grinding of the
sample because of partial break of cell walls; solutes
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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
(Sovova, 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 final 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 find 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 efficient and selective extractions. Con-
sequently, as much knowledge as possible must be
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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 (r—z 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 finding 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 define the objectives
dedicated to the extraction stage; indeed, different
objectives may lead to different extraction techniques
and/or methods.
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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’Kindt et 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 identification and quan-
tification) the analytes extracted; (ii) preparative
scale — here, the obtained extract will be further used,
so it is required to get a sufficient 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 profiling), 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 (Michiels et 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 filtration of the
extract or not. As several techniques do require
the extract to be filtered 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-
Iytes 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 “fatty” and “nonfatty” matrices
being usually set at 2-5% (Gilbert-Lopez et 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
classified according to the behavior of their secretory
structures during the extraction stage (Stamenic et 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 efficient 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 (Romanik et 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 efficiency. Drying may
be recommended as mentioned earlier. In addition,
to enhance the solute availability, grinding finely
the matrix is of prime importance to favor the
extraction as this reduces the diffusion step inside
the matrix and enhance specific surface area; in
addition, grinding enables the breaking of some
cells, and the subsequent release of solutes con-
tained inside. However, too fine 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 (Hyotyldinen, 2009;
Pinelo et al., 2006; Zuknik et 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) (Newton et 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 Efficiency
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 efficiency, 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 flavanones from the root bark of Maclura
pomifera C.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 efficiency 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 effi-
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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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 as 2H or '*C), as native compounds
are nonlabeled (because of the poor natural abun-
dance of the labeled compounds). Yet, recoveries
from spiked samples do not reflect 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 first step, useful for choosing initial
extraction conditions, but insufficient for optimizing
conditions and assessing recoveries for real samples
(Camel, 2001).

In order to better optimize extraction conditions,
the use of certified reference materials (CRMs) is rec-
ommended. Such materials are either real samples
or artificially 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 final 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 finding 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.”
Thus, this is the first parameter to consider when
developing an extraction method, as its choice will
influence 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 first. 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 flavonoids from plants; for alkaloids,
flavones, polyphenols and, saponins, polar solvents
(e.g., ethanol, acetone, and acetonitrile) are better
used (Puri et 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 classified on polarity scales,
considering the type of interactions they may develop
with solutes as reviewed (Barwick, 1997).

The Rohrschneider—Snyder scheme classifies sol-
vents according to their chromatographic strength
(P") also called “polarity.” Tt is based on gas-liquid
partition data for several test solutes in 81 liquids;
values of partition coefficients were further used to
calculate polarity P’ and selectivity values x; (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): x, for the ability to behave
as proton acceptor, x, for the ability to behave as
proton donor, and x, 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 classified in the same group; that way,
all solvents and groups of solvents could be plotted on
a “solvent selectivity triangle” (also called the Sny-
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 classification was also developed, and it
is now the most used in practice (Barwick, 1997).
It is based on the Hildebrand solubility parameter

Solvent properties

The right solvent
for the proper
extraction

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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6, (introduced by Hildebrand and Scott in 1950),
defined initially for volatile compounds, as indicated
below (Hansen, 2004):

o\ 172
- (8)
Vm

where EY represents the cohesion energy (or the latent
energy of vaporization for volatile compounds) of the
solvent, and V,, 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 first introduced; Hansen (2004) later sim-
plified to three parameters as indicated below:

(607 = (6p)” + (6p)” + (By)”

where 6, accounts for atomic nonpolar interactions
(or dispersion interactions), 6p for molecular dipolar
interactions, and 6y for molecular hydrogen bonding
interactions.

That way, solvents can be plotted in 3D graphs
(called the Hansen “room’), 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 &,
value. Thus, it is possible to mix two solvents, with
respective higher and lower 6, values than that of a
given solute, to give a solvent mixture with a 6, 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 (Lii er al.,
2008; Stefanis and Panayiotou, 2008).

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

fluids:
Sgp = 1.25P,1/2 <”ﬁ>
Pliq

where P, is the critical pressure of the supercritical
fluid, pgp its density under supercritical state, and py;q
the density of the fluid under liquid state.

This clearly explains the great interest that deserves
supercritical fluids: 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, see Super-
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 (Lang et al., 2005; Srinivas
et al., 2009). However, the solvent efficiency 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 final extract
needs to be considered when the final 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 final 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 fluids 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 7 is of great importance, and should
be as low as possible. The higher the viscosity is,
the lower will be the diffusion coefficients (D) of the
solutes for a given temperature (7) as expressed by
the Stokes—Einstein equation:

_ 1077
v,

In addition, viscous solvents are less efficient 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 difficulties and also because
of their flammability. On the other hand, solvents
should be volatile enough to ensure easy and efficient
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 Fammability

Nonflammable solvents should be used as much
as possible to avoid hazards for the operator and
extra safety measures. Flammable solvents have flash
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
final 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 flushes continuously
through the sample with a fixed flow rate) (Hyotyldi-
nen, 2009).

Basically, one can distinguish the so-called tradi-
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
efficiency 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 effi-
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 isoflavones from soybeans and soy
foods (Gonzalez-Curbelo et al., 2012; Pareja et al.,
2011; Rostagno et 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 (Romanik et 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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Traditional extraction techniques

weadspace-based techniques /

Maceration

Infusion or decoction

Percolation

Distillation

Soxhlet

Ultrasound-assisted extraction (USE)

Plant materials

Recent extraction 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

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 (Kolberg et al., 2012).

This technique remains long and is not very effi-
cient for extracting compounds that are tightly bound
to the matrix or those that are contained in tissue
cells; besides, it requires a further filtration 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 (Yeshak et al., 2012).

5.1.2 Infusion or Decoction

Extraction with hot water is called infusion or 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 efficient in extract-
ing antioxidants from several medicinal plants (Li
etal.,2007).

5.1.3 Percolation

In percolation, the sample matrix is poured into a
conic flask; the extraction solvent is further perco-
lated through the matrix bed. A daily domestic illus-
tration is the filter coffee preparation. In practice, fine
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 defined 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
(Zhao et 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 (Ormenio et 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 called a 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 flask at the bottom of the extrac-
tion chamber, is heated up to its boiling point; its
vapors flow in a lateral tube, before being condensed
at the top of the extractor. That way, the liquid sol-
vent progressively fills the thimble, being in contact
with the solid sample for extraction. Once the extrac-
tor is almost filled by the condensed solvent, a siphon
aspirates all the liquid present in the thimble-holder,
allowing its return to the flask 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 fills 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). Briefly 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 flexibility 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 20kHz; their use for assisting extrac-
tion started in the 1950s. Extraction assisted by
ultrasounds (also called sonication) 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 called cavitation);
their implosion creates high pressures and tempera-
tures locally in the system (Bendicho et al., 2012).
In practice, two types of systems can be used: either
the ultrasonic bath or the ultrasonic probe. Both sys-
tems are efficient, 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 efficient;
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; Shirsath et al., 2012; Toma et 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 (Shirsath er al., 2012;
Vilkhu et al., 2008). For example, USE has been
recently reported to offer a significant (13—100%)
improvement in dye extraction efficiency from plant
materials as compared to magnetic stirring at 45 °C
(Sivakumar et al., 2011). However, as temperature
increases can be high locally, especially with probe
sonication, USE may cause decomposition or oxi-
dation of compounds (Bendicho et al., 2012). In
addition, a single extraction is generally insufficient
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
(Shirsath et 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, see Analyt-
ical Strategies for Multipurpose studies of a plant
volatile fraction.

The simplest operates under static conditions and is
called “HS”; 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 flushed 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 flushing 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
fluid 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 efficient extractions
can be performed, because of enhanced solubilities,
higher diffusion coefficients, 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 first 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 fluids possess unique properties,
intermediate between those of gas and liquids, which
depend on the pressure, temperature, and composi-
tion of the fluid (Sairam et al., 2012). In particu-
lar, their viscosity is lower than those of liquids, and
the diffusion coefficients are higher, enabling more
efficient extractions. Besides, the density (and there-
fore the solvent power of the fluid) 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, see Supercritical
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 fluid (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; Sovova, 2012b).
Despite unique selectivity of supercritical fluids 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 difficulty
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) (Fornari et 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 CO, 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 fluid, 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 fill 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 (Santos et 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 influence. 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; Sun et 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 isoflavones from pulses (Delgado-Zamarrefio
et al., 2012), and glass beads for alkaloids from
Macleaya microcarpa Fedde (Urbanovd et al., 2012).
Adding a sorbent layer just after the sample layer in
the cell may ensure in situ cleanup as reported for the
extraction of polyhalogenated pollutants from plants
(Pérez et al., 2013).

Compared to traditional extraction techniques, PLE
offers similar (or even higher) extraction yields,
with savings in time (5-15min 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 (Urbanovd
et al., 2012). For deeper details about this technique,
see New 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 efficient 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 Teflon, 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 fil-
tration is required to obtain the final extract.

MAE faces a great interest for extracting plant
materials, especially as the water content of the
sample ensures rapid efficient 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 efficient 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 (Hu ef al., 2011).

The use of MAE for plant active ingredients, such
as secondary metabolites (e.g., flavonoids, quinones,
and terpenoids), has been recently reviewed (Chan
et al., 2011; Zhang et 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 fiber, 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 Martinez, 2007);
several applications for medicinal plants have
been reported (Huie, 2002). Efficient screening of
essential oil from aromatic plants, as well as of
biogenic volatile organic compounds from plants,
were achieved using this technique (Ormeno et al.,
2011; Richter and Schellenberg, 2007); odor-active
compounds have been also efficiently extracted from
fenugreek, this technique offering an extract with an
odor very similar to that of the genuine fenugreek
seeds (Mebazaa et al., 2009). Recent developments
have also reported possible in vivo sampling using
SPME, avoiding tedious sampling and pre-treatment
steps (Bojko et al., 2012; Matamoros et al., 2012;
Musteata and Pawliszyn, 2007). In that case, the
fiber must be biocompatible to ensure that (i) fiber
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 fiber 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 C;g silica
fibers (Matamoros et al., 2012). Such developments
are promising for metabolomic studies as recently
reviewed (Bojko et 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 (Duan et 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 (Prieto et 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 flushed 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 efficiency 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 modified sil-
ica, mostly octadecyl-bonded (C,g) silica. Extraction
of pesticides or phenolic compounds (i.e., phenolic
acids and isoflavonoids) from plant materials have
been reported in recent years with this support. Sea
sand was reported to be more efficient for extract-
ing phenolic compounds (flavanones and xanthones)
from the root bark of M. pomifera C.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 efficient 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 final extract (Abhilash et al.,
2007).

This extraction technique affords simplicity, rapid-
ity, flexibility, 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; Capriotti et 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 (Matamoros et 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) (Fenik et 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-Sanchez et al., 2011;
Gilbert-Lopez et 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 (Cervera et 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 final extract
sufficiently concentrated to enable solutes to be
further measured without any concentration step;
finally, 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 6-48h 3—45min 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 situ cleanup 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), Hy6tyldinen (2009), and Nyiredy (2004).
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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 beneficial to the extraction. SFE can
also be used, but organic solvent along with ele-
vated temperature will be required to ensure efficient
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

s

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

'/

O Maceration
B Percolation
[ Distillation
Il Soxhlet

@ USE
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Figure 10 Use of extraction techniques to plant materials for recent 20 years according to the literature indexed in the Web of Science
(using the Science Citation Index Expanded Database over the period 1 January 1992—-27 November 2012). Name of the technique looked
for as keyword in the title of the publication, and “Plant” as keyword in the topic; manual selection according to the application to plant
materials (to avoid applications related to water treatment plants, for example).
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Figure 11 Efficiency (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 difficult 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 fulfill the requirements of
green chemistry (Tobiszewski et 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 safe” (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 benefit 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
(Chan et al., 2011; Navarrete et 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 the in 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 (Wang et 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 fluids (especially CO,) 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 CO, modified with
35% methanol (i.e., operating in subcritical state),
with reduced solvent consumption and time as com-
pared to classical solvent extraction (Arndiz et al.,
2012). Supercritical CO, offers a green alternative to
classical organic solvents for extracting lycopene as
recently reviewed (Zuknik et al., 2012). There is also
great interest in using water as an extractant in what
is called pressurized 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 lig-
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 (Carr et al., 2011). This technique

has been recently reviewed (Kronholm et 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 (Carr et al., 2011; Herrero
etal.,2006; Ong et al.,2006). For example, SWE was
found efficient for extracting stevioside sweetener
from Stevia rebaudiana Bertoni (PAl et 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; Tang et al., 2009); the use of sur-
factants in extraction has been recently reviewed
(Ballesteros-Gomez et al., 2010; Rodriguez et al.,
2008). Ionic liquids also face a growing interest
because of their interesting and unique properties
(Tobiszewski et al., 2009); as an example, their use in
MAE efficiently 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 (Zhou et 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 efficient 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 (Pinelo et al.,
2006); ultrasounds may improve the enzyme action
(Bermejo et al., 2004; Chen et al., 2012). Faster
extraction, higher efficiency, 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 benefits
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
(Rostagno et al., 2010). As an example, pre-treating
Aloe barbadensis Mill. fresh leaves with SFE (using
CO,) before USE lowered the energy loss as com-
pared to USE (Ivanovi¢ et al., 2009). Such strat-
egy should also be considered on an industrial scale
as recently discussed (Wijngaard et 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 (Bendicho et al., 2012; Shirsath et al., 2012).
Hence, ultrasound-assisted SFE (USFE) has been
reported to enhance extraction as mechanical stir-
ring is impossible in SFE; a beneficial effect of ultra-
sounds was reported and was attributed to disruption
of the cell structures (Fornari ef al., 2012). Similarly,
ultrasound-assisted MAE (UMAE) has been reported
(Chan et 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 (Rodriguez-Rojo et al., 2012).
The combination of USE with enzyme treatment
has also been reported, with a beneficial effect of

ultrasounds toward the enzyme efficiency (Shirsath
etal., 2012).

Finally, combination of MSPD with either PLE or
USE has been reported in recent years, and was found
to enhance the extraction efficiency 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 profiling). 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 specific 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 beneficial
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-Nasrabadi et al., 2009). Furthermore, dur-
ing recent decades, several scientific studies have
been carried out on biological properties (such
as antioxidant, antiviral, anti-inflammatory, and
antibacterial) of essential oils extracted from dif-
ferent plants and herbs (Gholivand et al., 2011,
2012; Rahimi-Nasrabadi et 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

extraction (Kerrola et al., 1994; Luque de Castro
and Garcia-Ayuso, 1998). However, some other new
and effective technologies obtained much attention
in the research and field developments for extrac-
tion and isolation of these compounds from raw
materials (Grevenstuk et al., 2012; Dandekar and
Gaikaret al., 2002). The results of researches for the
efficient 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 (Pourmortazavi et 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 fluids (SCFs) are described as the flu-
ids that are above their critical values of tempera-
ture and pressure. In the supercritical state, only one
fluid 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 fluid (SCF) region; the triple point (T);
and critical point (C) in the phase diagram are marked. The circles
in the figure 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 fluid 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, fluoroform, n-pentane, sulfur
hexafluoride, 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. CO, with 7, of 31.1°C and P, of
7.38 MPa is a cheap, low toxic, inflammable, envi-
ronmentally friendly, and safe fluid (Bayat et al.,
2012). Supercritical carbon dioxide (SC-CO,) 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 T, (°C)® P, (bar)® P (g cm™3)e
Ar —-122.3 48.5 0.53
CH, -82.5 46.4 0.16
C,H, 324 48.8 0.20
C,F¢ 19.9 30.6 0.62
CHF, 26.2 485 0.62
Cco, 31.1 73.8 0.47
C,H, 10.0 51.2 0.22
SF¢ 45.6 37.2 0.73
NH; 132.5 112.8 0.24
MeOH 240.6 79.9 0.27
EtOH 243.5 63.8 0.28
C4H, 289.0 489 0.30
H,0 374.2 220.5 0.32

* T, is critical temperature.

b P, is the critical pressure.

¢p, 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 fluids. Chem Rev 99: 495-541. Copyright 1999 American
Chemical Society.

addition, CO, 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 CO,, 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 CO, 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 modifier (Pourmortazavi and Hajimir-
sadeghi, 2005). The addition of relatively small
amounts (less than 10%) of methanol (MeOH) as
modifier to carbon dioxide considerably expands its
extraction range to include more polar analytes. Fur-
thermore, the modifiers could reduce the interactions
between analyte and matrix and hence improve the
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quantitative extraction (Yamini et al., 2002). There
are many literature reviews available that deal with
the basic principles of SFE; some of them are: (Pour-
mortazavi et al., 2014; Brunner, 2005; Pereira and
Meireles, 2010; Zuknik et al., 2012; Sahena et al.,
2009; Mukhopadhyay, 2000; Oliveira et al., 2011;
Erkey, 2000; Lehotay, 1997; Zougagh et 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 CO,, which is pumped into
the system with either a piston or a syringe-type
pump. When using modified fluids, the piston pumps
are more convenient. Because using these pumps,
changing of modifier is easier, and the system is
not contaminated by previous solvent. Meanwhile,
the piston pumps allow continuous additio