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Foreword
The ACS Symposium Series was first published in 1974 to provide a

mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.
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Preface
This ACS Symposium Series Book was evolved from the ACS symposium

“Instrumental Methods for Analysis of Bioactive Molecules”, sponsored by the
Division of Agricultural and Food Chemistry at the 246th American Chemical
Society National Meeting & Exposition in Indianapolis, Indiana, September 8-12,
2013. Researchers in this field with common interests in the analysis of natural
bioactive compounds were successfully brought together from all over the world
to attend this exciting symposium to exchange ideas and results focusing on sample
preparation, method development, validation, and application to real samples. A
total of 33 scientists from 12 countries participated in this symposium. A World-
class group of academic researchers and industrial scientists wrote the chapters
published in this book to provide a state-of-the-art review and global perspective
on this rapidly changing field.

The main purpose of this book is to discuss cutting-edge research techniques
in the field of biologically active compounds derived from plants and foods, and
in particular to describe advanced instrumental methods for the identification
and quantification of these important compounds. Natural products are used
worldwide to prevent and treat various diseases. The efficacy and safety of natural
products require the development and application of reliable analytical methods
to regulate and control usage. Because of their complex chemical compositions,
natural products often require separation techniques for reliable analysis of their
constituents. This book provides an integrated approach to address the separation,
identification, quantification and chemistry of natural products for their analysis
through various instrumental analyses.

Based on the symposium themes, this book contains nineteen chapters and is
divided into four sections: 1) Sample Preparation, Separation and Identification
2) Identification by LC-MS and LC-NMR 3) Identification by GC, GC-MS,
LC-GC and Spectroscopic Methods and 4). Metabolomic Fingerprinting. The
first section covers sample preparation, extraction and rapid flash separation
techniques, rapid LC analysis with bioassays and hyphenations to identify active
constituents. The second section covers chromatographic separation by LC
for active constituents, identification by mass spectra, and LC-NMR for the
characterization of specific constituents from species such as Melia azedarach,
Sambucus nigra, Citrus and Pomegranate. The third section covers separation of
volatile constituents by GC and GC-MS. In recent years, analysis of volatiles using
headspace has become more sensitive and popular, as it does not alter the original
composition of volatile chemicals. This section also describes an approach based
on solid-phase extraction and on-line LC-GC for the determination of naturally
occurring free sterols, stanols and their esters. In addition, non-destructive

xi

 
 



methods for the determination of chemical fingerprints and metabolomics profiles
of natural products are also described; these methods allow reliable analysis
of samples through the rapid acquisition of complex samples using nuclear
magnetic resonance spectra. Moreover, Fourier Transform Infrared Photoacoustic
Spectroscopy (FTIR-PAS) provides a method to measure resistant starch without
separating it from the biological matrix is described. The fourth section includes
two chapters on metabolic fingerprinting techniques. Metabolomics involves the
study of small molecules from cells, plants, foods, tissues, organisms, or other
biological tissues. These small molecules include primary and intermediary
metabolites, as well as exogenous compounds, such as secondary metabolites,
drugs and other compounds. Metabolic fingerprinting compares patterns, also
called signatures or fingerprints of metabolites; these patterns change in response
to external stimuli either in different plant varieties or species, or in response to
adulteration, toxins, drug exposure, environmental or genetic alterations.

Thus, this book comprehensively describes the basic information presented
at the symposium, providing a current review that will be useful for scientists,
researchers, teachers, and engineers in general, and is particularly useful for
chemists, biochemists, chemical engineers, biochemical engineers, and others in
chemistry-related fields.

The editors gratefully acknowledge all authors for their patience, hard work
and timely contributions as well as rest of the speakers who gave oral presentations
in the three-day symposium. Furthermore, we wish to thank all reviewers for
their critical suggestions/comments for making this book possible. Moreover, we
thank Autumn Rizzo, Jose Perez and Michael Harries from VFIC, Texas A&M
University, for their technical help. The editors also thank ACS Books Division,
Bob Hauserman, Tim Marney and Kat Squibb, for their help in the review process
as well as individuals from the press especiallyMary Calvert and Pamela Kame for
publishing this symposium series. The editors acknowledge Wikipedia at http://
en.wikipedia.org/wiki/Momordica_charantia and Dr. Rachel Amir, Migal Galilee
Technology Center, Israel for providing images for the cover.

G. K. Jayaprakasha, Ph.D, FRSC, FAGFD-ACS
Vegetable and Fruit Improvement Center
Texas A&M University
College Station, TX, 77845

Bhimangouda S. Patil, Ph.D.
Vegetable and Fruit Improvement Center
Texas A&M University
College Station, TX, 77845

Federica Pellati, Ph.D.
Department of Life Sciences
University of Modena and Reggio Emilia
Modena, Italy
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Chapter 1

Influence of Postharvest Storage, Processing,
and Extraction Methods on the Analysis of

Phenolic Phytochemicals

Yingjian Lu and Devanand Luthria*

Beltsville Human Nutrition Research Center, Agricultural Research Service,
U.S. Department of Agriculture, Beltsville, Maryland 20705, United States

*E-mail: Dave.Luthria@ars.usda.gov.

This chapter provides an overview of the challenges associated
with accurate analysis of phenolic compounds from foods,
dietary supplements, and other matrices. It discusses the
significance of sample preparation, post-harvest processing,
and storage conditions on the assay of phenolic phytochemicals.
This chapter is divided into three sections: 1) changes in
phenolic contents during postharvest storage, and processing,
2) influence of extraction techniques and conditions, and 3)
analytical techniques used for qualitative and quantitative
analysis of phenolic compounds.

An Introduction to Phenolics

Plants contain a wide range of phytochemicals, many of which
provide potential health benefits. These include vitamins, alkaloids, sterols,
polysaccharides, fatty acids, and phenolic compounds. Phenolic compounds can
be defined as compounds containing an aromatic ring with one or more hydroxyl
groups (1). Phenolic phytochemicals are found throughout the plant kingdom. In
general, plant phenolics can be broadly classified into multiple subgroups such
as phenolic acids, flavonoids (flavones, flavanones, flavonols, etc.), tannins, and
miscellaneous group (lignins, lignans, stilbenoids, coumarins, etc.). Phenolic
acids can be further divided into two classes, derivatives of hydroxybenzoic acids
such as gallic acid, and derivatives of hydroxycinnamic acids including ferulic
acid, chlorogenic acid, and caffeic acid. Higher levels of phenolic acids are found
in grain crops, while moderate amounts of phenolic acids exist in red wine and
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tea (2, 3). Ferulic acid is the primary and most abundant phenolic acid in cereals
whereas chlorogenic acid is a major phenolic acid extracted from medicinal
plants belonging to Apocynaceae and Asclepiadaceae families (4).

Flavonoids are the most abundant polyphenols in our daily diets (5). They can
be divided into different classes based on the chemical structure of heterocyclic
ring as flavones, flavanones, flavonols, etc (6). High concentration of flavones are
found in dietary plants, like herbs (parsley 4503 mg/100 g of edible portion), fruits
(blueberries 163 mg/100 g of edible portion), and vegetables (mustard greens,
flavonols 63 mg/ 100 g of edible portion) (7). The common flavones include,
luteolin, apigenin, baicalein, chrysin, and their glycosides. These compounds are
distributed in common foods such as parsley, tea, olives, thyme, cherries, and
broccoli (8).

Tannins are another major subgroup of polyphenols in our diets. They are
further divided into two categories hydrolyzable tannins and condensed tannins
(1). Hydrolyzable tannins are complex polyphenols, which can be degraded
into sugars and phenolic acids through either pH changes or enzymatic or
non-enzymatic hydrolysis. Condensed tannins are oligomeric or polymers of
flavan-3-ol linked through an interflavan carbon bond. Many common fruits and
vegetables such as chickpeas, strawberries, apples, and black-eyed peas contain
high amounts of hydrolyzable and condensed tannins (9).

The health effects of dietary phenolics have drawn attention of healthcare
professionals and consumers in recent years. Phenolics are known to exhibit
bioactivities like antioxidant, antimicrobial, anti-inflammatory, and antitumor.
For instance, some flavonoid components in green tea or apples could effectively
inhibit cancer or induce mechanisms that may kill cancer cells and inhibit tumor
invasion (10, 11). Furthermore, a lignan component called podophyllotoxin
initially identified from Podophyllum peltatum, could be used as an anti-tumor
drug (12).

Hence, understanding the influence of postharvest storage, sample
preparation, processing, and different analysis methods of bioactive phenolic
compounds is of significant interest to nutrition and food processing professionals.
Accurate quantification is also of significant importance for establishing dietary
intake and safety guidelines. Although the phenolic content of food is generally
considered to be reduced during postharvest and some processing methods, there
are some examples where chemical reactions that release more free or bound
components during processing that can result in an increase in concentration of
bioactive phenolics (13, 14).

Factors Influencing the Analysis of Phenolic Compounds
Sampling

As phenolic phytochemicals are not uniformly distributed uniformly in fruits
and vegetables. Both the concentration and the composition of the phenolic
phytochemicals vary significantly depending on how the fruits and vegetables are
sampled. For example, the mean concentration of anthocyanidins, flavan-3-ols,
flavonols in apple skin were 5.5 mg, 36.1 mg, and 19.4 mg, respectively, per 100
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g of edible portion. However, the concentration of anthocyanidins, flavan-3-ols,
flavonols in apple Fuji with skin were significantly lower as 0.8 mg, 9.6 mg, and
2.4mg respectively per 100 g of edible portion (7). In another recent example,
Zainudin et al. (15) investigated the variation of total phenolic content (TPC) ,
total flavonoid content (TFC), total carotenoid content (TCC), and antioxidant
activity of carambola fruit at different ripening stages. The authors showed that
TCC increased as ripening progressed, however, TPC, TFC, and antioxidant
activity decreased with ripening. The USDA database list several other examples
where both the composition and concentration of the phenolics vary significantly
based on the part analyzed and the ripening stage of the food sample (7).

Postharvest and Storage

Postharvest storage and processing (such as grinding and drying) can influence
the quantity of phenolic phytochemicals present in food. Most plant materials are
ground into fine powder with varying particle size prior to extraction and analysis.
Kuang et al. (16) investigated the effect of grinding time, which influenced particle
size of cinnamon and clove on antibacterial activity. The results indicated that
the ultrafine powders had strong antibacterial activity which increased with the
decrease in particle size. The optimal sizes of cinnamon and clove powders on
antibacterial activity was determined as 11.2 and 14.4 µm, respectively. However,
with dried parsley flakes, the yield of phenolic compounds was marginally reduced
between 5-20% with an increase in particle size (17). This small decrease as
compared to corn and soybean can be attributed to the thin flake type nature of
parsley as compared to solid hard physical property of corn and soybean.

Several drying processes, including thermal (sun, oven, or microwave)
drying, freeze drying, and cool-wind drying are commonly used in preparing
plant samples for analysis. Generally, freeze-drying, cool-wind drying, and
vacuum oven drying retain greater levels of phenolics content in plant samples
as compared to air, thermal, microwave, or sun drying (18–20). For example,
Chan et al. (18) compared the influence of five drying methods on the antioxidant
activities of leaves and tea of ginger species. They found that freeze-dried leaves
had higher amounts in total phenolic contents (TPC) (6440 mg GAE/ 100g) and
ferric-reducing antioxidant power (FRAP)(31 mg GAE/g) as compared to those
of (275 mg GAE/100g and 1.1 mg GAE/g, respectively) bycommercial drying
methods (microwave, oven, and sun drying). In addition, Lin, Sung, and Chen
(19) examined the effect of cold-wind drying (30 °C), vacuum freeze drying, and
hot air drying (40, 55, 70 °C) on caffeic acid derivatives (cichoric and caftaric
acids) and total phenolics of Echinacea purpurea grown in Taiwan. They showed
that cold-wind drying was a good drying method as compared to hot-air drying.
However, in a recent study with Artemisia annua leaves, we observed that drying
methods (freeze, oven, shade, and sun drying), drying time, and light intensity
had significant influence on the concentration of artimisinin, dihydroartemisinic
acid, artemisinic acid, and the leaf antioxidant capacity. The results showed
that the freeze- and oven-dried samples had similarly high antioxidant activities,
which declined significantly in the shade- and sun-dried samples (20).

5

 
 



Table 1. Influence of Postharvest Processing and Storage on Plant Phenolics

Serial
No.

Postharvest processing and storage Results Changes in levels
of phenolicsa

References

Grinding

1 Ultra-fine grinding With the ball-milled time increasing, the reduction rates of
the particle sizes can be divided into four stages: quick
at the start, gradually reached a steady state, decreased
sharply, and finally became tiny particles.

* (16)

Drying

2 Freeze-drying Freeze-dried leaves had significant amounts in total
phenolic contents and antioxidant activities.

+ (18)

3 Thermal(microwave, oven, or sun)
drying

Thermal drying resulted in significant decrease of total
phenolic contents and antioxidant activities.

- (18)

4 Cool-wind drying Cool-wind drying was a good drying method as compared
to hot-air drying.

+ (19)

Storage

5 Temperature Higher storage temperature (30oC) would decrease the
levels of cichoric acid and caftaric acid in dried E. purpurea
samples.

- (19)

6 Temperature Results showed that storage of wild blueberry at room
temperature reduced less content of anthocyanins as
compared to other higher storage temperatures.

- (21)
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Serial
No.

Postharvest processing and storage Results Changes in levels
of phenolicsa

References

7 Temperature Cold storage of potatoes at 4 oC for six months significantly
affected the levels of total anthocyanins (TAC) differently
in different varieties.

+/*/- (22)

8 Time Total phenolics of apples showed an increase after 3 months
of storage at 1 oC in a controlled atomosphere, followed by
a decrease as under all storage period (6 and 9 months).

+/- (23)

a (+) increase, (-) decrease or (*) no significant changes in levels of phenolic phytochemicals.
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Table 2. Influence of Extraction Methods on Analysis of Phenolic Compounds from Plants

Serial
No.

Extraction Results Changes in levels
of phenolicsa

References

1 Solid-phase extraction (SPE) The optimized SPE method can detect and quantify a
large amount of phenolic acids and flavonols with better
recoveries from honey.

+ (99)

2 SPE The proposed SPE method could quantify at least 33
individual phenolic compounds. It is a rapid technique
with less total sample preparation time.

+ (100)

3 Microwave-assisted extraction
(MAE)

There was little difference of levels of phenolic acids
in distillers dried grains with solubles (DDGS) between
heating with microwave irradiation and the same conditions
using a regular water bath as the heat source.

+ (101)

4 MAE The optimized microwave-assisted extraction conditions
for soy isoflavones were: 0.5 g of sample, 50 °C, 20 min
and 50% ethanol as extracting solvent. No degradation
of the isoflavones was observed during MAE and a high
reproducibility was achieved (>95%).

+ (31)

5 MAE It has been concluded that all the phenolic compounds
studied are stable up to 100 °C, whereas at 125 °C there
is significant degradation of epicatechin, resveratrol, and
myricetin during MAE.

+ (32)

6 MAE The extraction yield of trans-resveratrol in Rhizma
polygoni cuspidati was 92.8% and the recovery rate
ranged from 94-102%. The MAE technique was a
simple and effective extraction method for separation of
trans-resveratrol from Chinese herb.

+ (33)
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Serial
No.

Extraction Results Changes in levels
of phenolicsa

References

7 Ultrasonic-assisted extraction (UAE) The total amount of rosmarinic acid extracted by the
microwave-assisted (MAE) and ultrasonic-assisted
extractions (UAE) processes was greater than those
obtained by other extraction methods.

+ (102)

8 UAE The UAE has been shown to be an efficient method for
the extraction of phenolic compounds and vitamin C from
acerola fruit in comparison of EAE.

+ (51)

9 UAE The optimized ultrasonic extraction conditions found
were: 70% aqueous ethanol; solvent: sample ratio 40:1
(v/w); extraction time 3 x 30 min. The UAE showed high
efficiency in the extraction of rutin and quercetin from E.
alatus (Thunb.) Sieb compared to conventional methods.

+ (36)

10 UAE The UAE method produced similar or higher recoveries for
phenolic compounds in grapes under different conditions
by significantly shorter time (6 min) as compared to the
regular extraction method for phenolics.

+/* (37)

11 Ultrasonic and microwave assisted
extraction (UMAE)

The yields of phenolic compounds including caffeic acid
and quercetin obtained by ILUMAE were greater than
those by using regular UMAE. In addition, ILUMAE
obtained higher extraction yields and significantly reduced
extraction time.

+ (38)

12 Pressurized liquid extraction (PLE) Among the three different extraction methods, pressurized
liquid extraction (PLE) using ethanol as solvents achieved
the highest extraction yields of antioxdiants.

+ (42)

Continued on next page.
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Table 2. (Continued). Influence of Extraction Methods on Analysis of Phenolic Compounds from Plants

Serial
No.

Extraction Results Changes in levels
of phenolicsa

References

13 PLE The yields of phenolic compounds extracted by PLE
were comparable to or better than those of four classical
extraction procedures. Optimum extraction efficiency with
PLE was obtained when extractions were performed with
four extraction cycles using ethanol-water (50:50, v/v).

+ (41)

14 Supercritical fluid extraction (SFE) Supercritical fluid extraction (SFE) using CO2 was
a capable extraction method for extracting phenolic
antioxidants, however, the SFE is somehow limited given
relatively low extraction yields as compared to PLE
method.

+ (42)

15 SFE Optimized extraction conditions using SFE were: 20% v/v
ethanol, 60°C, 250 bars and flow rate 2 mL/min. Under
these conditions, the extraction of the five polypheols by
using SFE is quantitative and robust.

+ (46)

16 Enzyme-assisted extraction (EAE) Rhamnosidase has been used to increase polyphenols such
as flavonoids release from citrus peel. This might be a
significant improvement for citrus processing industry.

+ (50)
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Serial
No.

Extraction Results Changes in levels
of phenolicsa

References

17 EAE The use of cell wall degrading enzymes increased the mass
transfer of total phenols, with proteases having a particular
increasing effect on the yield of chlorogenic acid. This
study showed that phenols can be selectively extracted by
adding cell wall degradation enzymes.

+ (49)

18 EAE EAE took about 2 hours to reach the efficient concentration
of enzymatic extraction. Though the extraction time of
EAE was significantly longer than that of UAE, it is still a
potential biocatalyst to obtain antioxidant-rich fruit juice.

+ (51)

a (+) increase, (-) decrease or (*) no significant changes in levels of phenolic phytochemicals.
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Storage temperature and time also influence the concentration of phenolic
compounds in plant samples. Fracassetti et al. (21) investigated the influence
of storage time and temperature on anthocyanin content and total antioxidant
property in wild blueberry (Vaccinium angustifolium) powder. Results showed
that significant degradation (at 25 °C, 3% reduction after 2 weeks; at 60 °C, 60%
reduction after 3 days; at 80 °C, 85% reduction after 3 days) in the anthocyanin
content during storage. The authors showed that as the storage temperature
increased, the rate of degradation of anthocyanin increased. The value of the half
life for anthocyanin in blueberry was determined as 139, 39, and 12 days at 25,
42, and 60 °C, respectively. However, the same group observed no significant
effect in total antioxidant activity with the increase in storage temperature. Lin,
Sung, and Chen (19) evaluated the effect of storage temperature on caffeic
acid derivatives and total phenolics in fresh flower, leaves, stems, and root
of Echinacea purpurea. The results showed that freeze dried samples stored
between 10-20 °C with 40-60% relative humidity in seal bags/aluminum foil
retained the highest content of bioactive phenolic acids. Lachman et al. (22)
also studied on the impact of storage temperature on the content of anthocyanins
in colored-flesh potatoes. The response of individual cultivars to storage varied
significantly. The total anthocyanin content of Violette and Highland Burgundy
Red cultivars increased by around 20%, while Valfi cultivar decreased by 36%
and the remaining two potato cultivars (Blaue St. Galler and Blue Congo) did
not show any significant change. Interestingly, Kevers et al. (23) studied the
influence of long-term storage time (3-9 months) on the total phenolics in apples
under three different conditions (1 °C in the air, 1°C in controlled atmosphere
(0.9% O2; 1.2% CO2), and 1°C in controlled atmosphere after treatment with
1-methylcyclopropene). The authors found that the levels of phenolics in apples
increased by 75% after 3 months of storage at 1 °C in a controlled atmosphere,
followed by a decrease under all storage conditions tested in that study (6 and 9
months) (Table 1).

Extraction

After the above post-harvest processing steps such as drying and grinding,
samples are subjected to extraction. This step concentrates the bioactive
phytochemicals in extraction solvents. The concentrated extracts are analyzed
by different chromatographic methods coupled to various detectors. Samples
are often extracted using supercritical fluids, or solvents. Solvent extractions are
the most commonly used methods to prepare extracts from plant materials based
on their low-cost, ease of use, and general applicability. Generally, it is known
that the efficiency of the extraction depends on the polarity of the analyte and it
association with sample matrix, polarity of solvents, extraction time, extraction
temperature, and techniques used. Thus, the phytochemical contents in different
plant extracts vary significantly based on extraction techniques and conditions.
The complexity of developing a single optimized extraction procedure for all
phenolic compounds is practically not possible as over 8000 different phenolics
have been reported in scientific literature (24). In addition phenolics are known
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to occur in multiple forms such as simple aglycons, conjugated with single or
multiple units of other phytochemicals and compounds. Thus, optimization of
extraction process is important for accurate quantification of phytochemicals to
establish proper dietary intake and safety guidelines. Several aqueous- organic
solvent mixtures have been described in peer-reviewed scientific literature for
extraction of phytochemicals from plant sources. The conventional extraction
methods such as stirring, shaking, and Soxhlet procedures often require long
extraction time and use a large amount of organic solvents. The separation and
enrichment of phenolics from plant samples is also achieved by solid-phase
extraction (SPE) (Table 2).

SPE is a rapid and easy sample preparation technique that is often used prior
to the analysis step. Several authors have carried out SPE procedures to isolate
and pre-concentrate of phenolics from plants (Table 2). Spietelun et al. (25)
recently published a review article on SPE where he describes a comprehensive
discussion of advantages and disadvantages of some new SPE techniques
including solid-phase microextraction (SPME), stir bar sorptive extraction
(SBSE) and magnetic solid phase extraction (MSPE). The authors concluded that
the advantages of using solid-phase microextraction such as SPME and SBSE
are 1) simple operation, 2) adaptability, 3) low cost, 4) quick extraction, 5) easy
coupling to detection systems. Plutowska et al. (26) used SPME as extraction
method and GC-MS as detection method to identify around 200 compounds
such as phenols, aromatic acid, and terpenoids in Polish honeys. The authors
concluded that SPME with GC-MS method provided great efficiency in isolation
and determination of a large number of aromatic compounds in different honeys.
Diez et al. (27) determined four volatile phenols (4-ethylguaiacol, 4-ethylphenol,
4-vinylguaiacol, and 4-vinylphenol) in wines using SBSE method coupled with
GC-MS. The authors found that SBSE provided better recovery (90-100%) for
the four volatile phenols than regular SPE, and needed a small sample volume for
extraction.

In recent years, many new extraction techniques, such as microwave-assisted
(MAE), ultrasound-assisted extractions (UAE), and their combination (UMAE),
subcritical water extraction (SWE), supercritical fluid extraction (SFE),
pressurized liquid extraction (PLE) and enzyme-assisted extraction (EAE) have
been developed to automate and increase sample extraction efficiency and
accuracy. The new methods can perform automated serial or batch extractions
for multiple samples.

Microwave-assisted extraction (MAE) is a process utilizing microwave
energy to extract the phytochemicals from the plant matrix into the solvent. The
advantages of MAE include reduction of extraction time and reduced solvent
usage (28). However, Wang and Weller (29) showed that the efficiency of
microwave extraction can be poor when either the target compounds or the
solvents are non-polar, or volatile. In another study , Xue et al. (30) showed
that microwave heating caused gelatinization of starch in wheat flour. This
may potentially impact the extraction of phytochemicals from grain products.
MAE has been recently used for the extractions of phenolic compounds which
were stable under microwave-assisted heating conditions. Rostagno et al. (31)
pointed out that the optimized microwave-assisted extraction conditions for soy
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isoflavones were: 0.5 g of sample, 50 °C, 20 min and 50% ethanol as extracting
solvent. No degradation of the isoflavones was observed during MAE and a high
reproducibility was achieved (>95%). In addition, Lizard et al. (32) concluded
that all 22 phenolic compounds studied were stable up to 100 °C, while there was
significant degradation of epicatechin, resveratrol, and myricetin at 125 °C during
MAE. Du et al. (33) reported that improved extraction yield of trans-resveratrol
(93%) and high recovery rate (ranged from 94-102%) in Rhizma Polygoni
Cuspidati were found using MAE. Other similar study using MAE for extraction
of phenolic compound from plant material is summarized in Table 2.

Ultrasonic-assisted extraction (UAE) is a useful and low-cost technology.
The mechanism for ultrasonic treatment is based on the collapse of bubbles
generated by acoustic waves that produce physical, chemical and mechanical
effects, which leads to the disruption of biological membranes to facilitate the
release of extractable compounds from plant materials (34, 35). However, the
dispersed phase contributes to the ultrasound wave attenuation and the active
part of ultrasound inside the extractor is restricted to a zone located in the
ultrasonic emitter. Thus, these two factors should be considered seriously in
ultrasound-assisted extractors (29). Recently, UAE has been widely used in
extracting different phenolic compounds from various plant materials. Yang
and Zhang (36) concluded that the developed UAE showed high recoveries for
rutin (99%) and quercetin (100%) from E. alatus (Thunb.) Sieb compared to
conventional methods. The optimal conditions for the extraction were: 70%
aqueous ethanol and sample ratio 40:1 (v/w) with three cycles of extraction for
30 min. Carrera et al. (37) also showed that the UAE method produced similar
or higher recoveries for phenolic compounds including total phenolic, total
anthocyanins and condensed tannins from grapes in shorter extraction time (6
min) as compared to the regular extraction method with 60 minutes of extraction
time. Additional studies using UAE to extract phenolic compounds from plant
materials are summarized in Table 2. Lou et al. (38) developed a combination
extraction methodusing ionic liquids with simultaneous ultrasonic and microwave
assisted extraction (IL-UMAE) to extract compounds from burdock leaves. The
authors found that the yields of caffeic acid (0.281 mg/g) and quercetin (0.272
mg/g) obtained by IL-UMAE were greater than those of using regular (0.256
and 0.242 mg/g, respectively) UMAE. In addition, IL-UMAE obtained higher
extraction yields (8%-17% increased) and significantly reduced extraction time
(from 5 hours to 30 seconds) as compared to the regular heat-reflux extraction
method, suggesting that IL-UMAE was a rapid and highly effective extraction
method.

Pressurized liquid extraction (PLE) is a relative new method that uses
high temperature and pressure for extraction. Benthin et al. (39) conducted a
comprehensive study on the feasibility of applying PLE to medicinal herbs after
its emergence in the mid-1990s. By using PLE, the temperature of extraction
solvent is greater than its normal boiling point because of high pressure. The
combined use of high pressures (20.3 MPa) and temperatures (200 °C) provides
faster extraction processes that require small amounts of solvents (40). The major
disadvantages with newer technologies is higher equipment cost as compared to
classical stirring and solvent extraction methods. Luthria et al. (41) investigated

14

 
 



the influence of extraction methods and polarity of solvents on the assay of
phenolic compounds from parsley. The authors pointed out that the yields of
total phenolic compounds extracted by PLE (15.5 mg GAE/g) were comparable
or better than those of four classical extraction procedures (shaking, vortex
mixing, sonication, and stirring) The optimum extraction efficiency with PLE
was performed with four extraction cycles using ethanol - water (50:50, v/v).
In addition, Herrero et al. (42) investigated the performance of three different
processes for the extraction of antioxidants from rosemary. The PLE using
ethanol as solvents at 200 °C achieved the highest extraction yields (38.6%)
of antioxidants among all extraction methods. Similar to PLE, high-pressure
extraction (HPE), which ususally works under the high pressure ranging from
100 to 800 MPa, has been also used to extract phenolic compounds from green
tea and Litchi fruit pericarp (43–45). Prasad et al. indicated that HPE provided
higher extraction yield (29.3%) and required less time (2.5 min) as compared to
conventioal extraction method for extraction of total phenolic contents in Litchi
fruit pericarp, but there were no significant differences in the total phenolic
content in Litchi fruit pericarp of among these various extractions (44). The same
group also found that HPE provided higher extraction yield of flavonoids (30%)
in comparison to conventional extraction method (45).

Supercritical fluid extraction (SFE) is an extractionprocess that uses
supercritical fluids such as CO2 as the extracting solvent. The he advantage of
using SFE is that less organic solvents are needed as compared to traditional
solvent extraction techniques. However, SFE is not suitable for polar compounds
and has higher equipment cost (29). Chafer et al. (46) determined polyphenolic
compounds in grape skins by using SFE andHPLC, and found that the extraction of
the five polypheols (catechin, epicatechin, rutin, quercetin and trans-resveratrol)
by SFE is quantitative and robust under the optimized extraction conditions
(Solvent: 20% v/v ethanol as a modifier of supercritical CO2; Temperature: 60°C;
Pressure: 250 bars; Flow rate: 2 mL/min). In addition, Herrero et al. (42) reported
that SFE using CO2 at 400 bars pressure obtained the highest extraction (330
ug/mg extract) of total phenolic antioxidants from rosemary. SFE is a commonly
preferred extraction procedure of nonpolar compounds.

Many enzyme-assisted extraction (EAE) procedures are used to accelerate the
release of bound phenolics. Enzymes widely used in the food industry catalyze a
variety of hydrolytic reactions and a high percentage act on cell wall polymers
improving extraction yield of phenolic compunds in fruits and juices, but the
main limitation for using these enzymes in industrial processes has been their
high cost (47). Puri et al. (48) published a review article on enzymatic assisted
extraction of bioactive compounds from plants where the authors concluded that
EAE provided better recovery with lower extraction time and reduced solvent
usageas compared to non-enzymatic methods because enzymes enhance the
release of bound bioactive compounds from plants. In the study by Pinelo et al.
(49), the authors reported that the use of cell wall degrading enzymes such as
pectinase and protease increased the mass transfer of total phenols. Proteases had
a significant effect on the yield of chlorogenic acid. The author concluded that
phenols can be selectively extracted by adding cell wall degradation enzymes.
In addition, Kaur et al. (50) found that rhamnosidase increased naringin release
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(greater than 77%) from citrus while minimizing the uses of energy and solvents.
Other studies using EAE to isolate phenolic compounds from plant matrix are
summarized in detail in Table 2 (51).

Processing

Processing including fermentation, enzymatic treatment, thermal, and
non-thermal treatments have significant influence on the yield of phenolic
compounds extracted from food materials. Generally, the phenolic content is
considered to decrease during processing (52, 53), but some studies showed
that chemical or enzymatic reactions from fermentation or thermal treatment
can release more bound components during processing, which can result in an
increase of phenolic content (54, 55).

Solid-state fermentation (enzymatic procedures) has been widely developed
and used to enhance the release of phenolic compounds from fruits and nuts
(56–58). Ajila et al. (56) determined the changes in phenolic compounds and
antioxidant activities in apple pomace using fungi (Phanerochaete chrysosporium)
during the solid-state fermentation. The authors observed that the polyphenolic
content was increased in fermented apple pomaces as compared to unfermented
samples (from 4.6 to 16.1 mg GAE/g dry weight), and the antioxidant activity
was correlated with the increase in polyphenolic content. In another study, Mateo
Anson et al. (54) studied the bioaccessibility of phenolics in wheat-bran breads
using fermentation and/or enzymatic treatments. The authors found that the
combination of enzyme treatments and fermentation increased the bioaccessibility
of ferulic acid from 1.1% to 5.5% (Table 3).

Thermal processing, including baking, cooking, and microwaving, change
the levels of phenolics in plant materials. There appears to be a common
consensus about the loss of phenolics when exposed to heat (53). Mulinacci et
al. (55) investigated the influence of cooking on the anthocyanins and phenolic
acids content in two pigmented potatoes. The authors reported that cooking did
not change the phenolic acids content but decreased anthocyanins in pigmented
potatoes by 16-29%. In another study, Lachman et al. (22) investigated the impact
of cooking and baking on the total anthocyanin content in colored-flesh potatoes.
The authors found that there was a significant increase in total anthocyanin
content (TAC) (3.3 folds increase) in baked colored potatoes as compared to their
respective unbaked samples, while cooking increased the TAC over four times
than the uncooked potato samples. However, Brown et al. (59) reported that the
TAC of four potato varieties remained either unchanged or increased (0.7-1.7
mg/g DW) after microwave cooking as compared to the raw potato samples
(0.6-1.8 mg/g DW)(Table 3).

Different from thermal processing, non-thermal treatments such as high
hydrostatic pressure (HHP), ultraviolet (UV) light treatments, pulsed electric field
(PEF), and others have also been used during processing of foods. Recent studies
have investigated the effect of these non-thermal technologies on the levels of
phenolic compounds in plant materials (60–62).
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Table 3. Influence of Secondary Processing on Analysis of Phenolic Compounds

Serial
No.

Secondary Processing Results Changes in levels
of phenolicsa

References

Wet-fractionation

1 Enzymatic treatment The most effective treatment was the combination
of enzymes and fermentation that increased the
bioaccessibility of ferulic acid.

+ (54)

2 Solid state Fermentation The phenolic content was increased in fermented apple
pomace than fresh ones, and the antioxidant activity was
correlated with the increase in polyphenolic content.

+ (56)

Thermal processing

3 Baking There was a significant increase of total anthocyanin
content (TAC) in baked colored potatoes as compared to
unbaked ones.

+ (22)

4 Cooking Total anthocyanin contents (TAC) found in cooked potatoes
was higher than uncooked potatoes.

+ (22)

5 Cooking Cooking did not change the phenolic acids content, while it
decreased anthocyanins content in pigmented potatoes.

*/- (55)

6 Microwaving Thermal processing such as microwaving and boiling
reserved more TAC than frying or baking treatment.

+ (59)

Non-thermal processing

Continued on next page.
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Table 3. (Continued). Influence of Secondary Processing on Analysis of Phenolic Compounds

Serial
No.

Secondary Processing Results Changes in levels
of phenolicsa

References

7 High hydrostatic pressure (HHP) The levels of phenols in strawberry and blackberry purees
increased significantly as compared to unprocessed samples
during HHP treatment. In addition, the anthocyanins were
well retained at all HHP treatment levels.

+ (63)

8 HHP Greatest stability of the anthocyanins (cyanidin-3-glucoside
and cyanidin-3-sophoroside) was found when raspberries
were pressured under 200 and 800 MPa and stored at 4 °C.

* (64)

9 Atmospheric pressure plasma (APP) In lamb’s lettuce, phenolic acids are slowly decreased and
flavonoids are fast degraded when exposed to atmospheric
pressure plasma jet.

- (60)

10 UV light Phenolic acids and antioxidant capacity of minimally
processed Satsuma mandarin were not greatly influenced
by UV-C treatments. Flavonoids and total phenolics were
significantly increased by 1.5 and 3.0kJ/m2 treatment after
3 days storage.

+ (66)

11 UV light No significant changes of total phenolics and antioxidant
activity in a blend of apple and cranberry juice were found
during UV and high intensity light pulses (HILP).

* (61)

12 Pulsed electric field (PEF) The anthocyanins in strawberry juice increased
significantly from 80% to 90% when pulse width raised
from 1 to 7 µs at 50 Hz.

+ (69)
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Serial
No.

Secondary Processing Results Changes in levels
of phenolicsa

References

13 PEF The contents of chlorogenic, caffeic and other phenolic
acids increased dramatically at 1.2 kV/cm and 30 pulses,
while the contents of α-carotene, 9- and 13-cis-lycopene
increased by around 100% at 1.2 kV/cm and 5 pulses as
PEF test conditions.

+ (70)

14 Vacuum Different phenolic acids in red beet seem to be more stable
with vacuum treatment, especially by using high vacuum
treatments.

+ (62)

15 Germination With germination there was up to 21% increase in
antioxidant activity when compared to control extract from
red beet plant.

+ (62)

16 Sonication The amount of anthocyanins in pomegranate juices slightly
increased (0.5-7.3%) as compared to unprocessed samples
at 50% sonication intensity. Total phenolic content in
some juices increased about 5.4-42.5% at 100% sonication
intensity and 9 min.

+ (71)

a (+) increase, (-) decrease or (*) no significant changes in levels of phenolic phytochemicals.
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Table 4. Techniques Used for the Nalysis of Phenolic Compounds

Serial No. Analysis Results References

1 Fast Blue BB method A new method is based on interactions of phenolics with Fast Blue
BB diazonium salt in alkali pH, forming azo complexes, with the
absorbance measured at 420 nm after 60 min.

(73)

2 High performance
liquid chromatography
(HPLC)-electrochemical detection
(ECD)

Highly efficient separation and sensitive analysis of five
phenolic acids in Xuebijing by using high performance liquid
chromatography (HPLC)-electrochemical detection (ECD) were
observed.

(79)

3 ECD ECD provides great resolution of all analytes in quantification of
eight selected phenolic compounds in olive oil as compared to
published methods.

(80)

4 HPLC-electro-array detection
(EAD)

EAD was reliable and accurate for quantification of flavonoids in
plant materials.

(81)

5 HPLC- mass spectrometric
(MS/MS)

Comprehensive MS analysis of the phenolic compounds in
Chrysanthemum flower would be significant for the quality control
for this herb and its products. 25 phenolic compounds were firstly
found.

(89)

6 LC-MS Luteolin 7-O-glucoronide, apigenin 7-O-glucoronide, and
chrysoerisol 7-O-glucoronide in extract of Cardiospermum
halicacabum by UPLCMS/MS analysis.

(90)

7 LC-MS The bioactive phenolic compound from crude extracts of Humulus
lupulus L. by LC-MS/MS was determined.

(103)

8 LC-MS The phenolic acids and their methylates, glucuronides, sulfates and
lactones metabolites in human plasma by using LC-MS/MS after
ingestion of soluble coffee were analyzed.

(91)
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Serial No. Analysis Results References

9 Gas chromatography (GC)-MS The bioactive phenolic compound from crude extracts of Humulus
lupulus L. by GC-MS was determined.

(103)

10 GC-MS The phenolic compounds in aromatic plants by GC-MS after
silylation were studied.

(104)

11 Nuclear magnetic resonance (NMR) The process of phenolic compound biodegradation by yeast
Candida tropicalis NCIM 3556 in liquid medium by 1H, 13C, and
DOSY NMR techniques was investigated.

(95)

12 NMR The 31P NMR analysis of 31P-labeled samples allowed
the unprecedented quantitative and qualitative structural
characterization of phenolics.

(94)

13 HPLC-NMR LC-NMR can be used to analyze several minor compounds, such
as cis isomers PET- and PEO-(6-p-coumaroyl)-5-diglucoside in
the skins of four grape species.

(92)

14 LC-NMR LC-NMR, NMR, and LC-MS have great performance in
identification of major flavonoids, ellagic acid derivatives, and
some minor compounds in Drosera peltata.

(93)

15 LC-MS/NMR LC-MS/NMR PDS combined with an incomplete separation
strategy has the potential to expedite the structure identification of
natural products in crude extracts.

(105)

16 LC-MS/NMR LC//MS/NMR analysis of ethyl acetate extract led to the structure
determination of three new isomeric products from the root of
Fagara zanthoxyloides Lam.

(106)

Continued on next page.
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Table 4. (Continued). Techniques Used for the Nalysis of Phenolic Compounds

Serial No. Analysis Results References

17 Fingerprints Six analytical instruments significantly discriminated broccoli
samples of different variety and growing environments by PCA
analysis.

(96)

18 Fingerprints Organic basil sample contained greater levels of almost all the
major compounds than its conventional counterpart.

(97)

19 Fingerprints Organic sage samples were significantly differentiated by using
the combinations of chromatographic and mass spectrometric
fingerprints.

(98)
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Patras et al. (63) investigated the effect of HHP on phenolic content and
antioxidant capacity of strawberry and blackberry purees. The results showed
that the levels of phenols in strawberry purees increased significantly (9.8%,
p < 0.05) as compared to unprocessed samples during HHP treatment. The
same trend was observed with blackberry purees. Suthanthangjai et al. (64)
also studied the impact of HHP on the levels of anthocyanins in raspberry. The
results showed that the highest stability of the anthocyanins (cyanidin-3-glucoside
and cyanidin-3-sophoroside) was found when the raspberries were pressured
under 200 and 800 MPa and stored at 4 °C. Another pressure-based non-thermal
treatment was used in the study of Grzegorzewski et al. (60), the authors
investigated the effect of atmospheric pressure plasma jet at varying operating
conditions on the concentration of selected flavonoids and phenolic acids in
lamb’s lettuce. The results showed that phenolic acids in lamb’s lettuce are slowly
decreased while flavonoids are rapidly degraded when exposed to atmospheric
pressure plasma jet. Similarly, Uckoo et al. (65) determined the influence of
HHP (400 MPa for 2 mins) on the the levels of flavonoids in grapefruit juice.
The authors indicated that HPP processing significantly decrease the levels of
narirutin, naringin, didymin, and poncirin, which was most distinct at 7 days after
storage.

UV irradiation is an easy-to-use technique which produces no contamination,
and has been proved to have efficiency in controlling microbial growth, delaying
ripening and extending the shelf-life of various fruits and vegetables. Shen et
al. (66) investigated the impact of UV irradiation on phenolic compounds and
antioxidant capacity of Satsuma mandarin during refrigerated storage. They
found that phenolic acids and antioxidant capacity of Satsuma mandarin were not
greatly influenced by UV-C treatments. The authors also found that flavonoids
and total phenolics were significantly increased by 1.5 and 3.0kJ/m2 treatment
after 3 days storage. Similarly, Caminiti et al. (61) investigated the impact of
non-thermal processing technologies, including UV, high intensity light pulses
(HILP), and high-voltage pulsed electric fields (PEF) on the phenolic levels and
antioxidant activity of apple and cranberry juice blend. No significant changes
of total phenolics and antioxidant activity in a blend of apple and cranberry
juice were detected during UV and HILP treatments. In addition, electro beam
irradiation might be used as a preservation technology based on its safety, less
cost, and ability to ensure hygienic and sensory quality. Fernandes et al. (67)
investigated the effect of gamma irradiation on the levels of phenoilc acids in
fresh, dried and frozen mushroom. The results showed that gamma irradiation
(1.0 kGy dose) exerted a protective effect on total phenolic acids content in dried
mushroom.

PEF processing is based on using brief pulses of a strong electric field to
inactivate microorganism in food product (68). In the study of Odriozola-Serrano
et al. (69), more than 80% of the anthocyanin content of strawberry juice treated
with high-voltage PEFwasmaintained. Especially, the anthocyanins in strawberry
juice increased significantly from 80% to 90% when pulse width raised from 1
to 7 µs at 50 Hz. In another study, Vallverdu-Queralt et al. (70) determined the
phenolic and carotenoid contents in tomatoes after treatingwithmoderate-intensity
PEF, and they found that the contents of chlorogenic, caffeic and other phenolic
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acids increased dramatically by around 150% at 1.2 kV/cm and 30 pulses, while
the contents of α-carotene, 9- and 13-cis-lycopene increased by around 100%
at 1.2 kV/cm and 5 pulses as PEF test conditions. The authors explained that
these increases might be attributed to the physiological responses to induced-stress
brought by PEF.

Furthermore, the effects of vacuum and germination on the phenolic
compounds of plants was reported by Ravichandran et al. (62). The authors
studied the effect of vacuum and germination on the phenolic acid content and
antioxidant activity of red beet. The results showed that different phenolic acids
in red beet seem to be stable under high vacuum treatments. The authors also
pointed out that high vacuum treatment raised the levels of 4-hydroxy benozoic
acid (from 23.3 to 24.9 µmol/g DM) and vanillic acid (from 8.9 to 9.15 µmol/g
DM) in red beet. In addition, red beet with the germination obtained higher levels
of p-coumaric acid (0.77 µmol/g) as compared to that of fresh red beet (0.53
µmol/g). Thus, with germination there was up to 21% increase in antioxidant
activity when compared to control extract from the red beet plant. Ionizing
radiation is commonly used to inactivate foodborne pathogens and extend the
shelf-life of many fresh fruits and vegetables. Furthermore, sonication has
shown its importance in food processing in the industry for last few years. In the
study of Alighourchi et al. (71), the amount of anthocyanins slightly increased
(0.5-7.3%) as compared to unprocessed samples at 50% wave amplitude during
sonication. The authors also found that the total phenolic content in pomegranate
juices increased about 5.4-42.5% at 100% wave amplitude for 9 minutes during
sonication (Table 3).

Analytical Techniques Used for Qualitative and Quantitative Analysis

The analytical methods used for determination of the phenolics in plant
materials primarily depend on the resources available and the research objectives.
The rapid assays usually are different colorimetric methods that are also
sometimes refered to as antioxidant assays. The most commonly procedure for
measuring the total phenolic contents (TPC) is Folin-Ciocalteu method (FC)
developed by Singleton et al. One of the disadvantages of using FC assay is that
some reducing agents such as amino-acids, proteins, sugars may interfere with
the analysis of TPC content. In addition, lipophilic phenolic compounds are not
analyzed. Recently, Berker et al. (72) developed a modified FC assay to include
non-polar antioxidants using NaOH added isobutanol-water medium. Several
other modifications modifications have also been recently reported. For example,
Medina (73) developed a rapid and simple method for phenolics determination
which is mainly based on the reaction between phenolic and Fast Blue BB
diazonium salt in alkali pH.

Furthermore, multiple antioxidant assays such as DPPH or oxygen radical
absorbing capacity (ORAC), ferric-reducing antioxidant power (FRAP), Trolox
equivalent antioxidant capacity (TEAC), total radical trapping antioxidant
parameter (TRAP), 2, 2-diphenyl-1-picrylhydrazyl (DPPH•) are used for
indirect estimation for the analysis of phenolic compounds. Apak et al.
(74) utilized QUENCHER-CUPRAC method for assaying total antioxidant
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capacity whereas Serpen et al. (75) measured antioxidant capacity in insoluble
portion of the food by QUENCHER procedure using ABTS• (2, 2-azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid), or DPPH• However, some studies showed
that there was no significant correlation between TPC, different antioxidant assays
and phenolic compounds as analyzed by HPLC (76, 77).

Chromatographic techniques such as high performance liquid
chromatography (HPLC) and gas chromatography (GC) have extensively been
used for separation,identification, and quantification of phenolic compounds.
Thousands of studies utilized HPLC or GC for determination of phenolic
compounds from various plant materials have been reported in peer-reviewed
publications (78). HPLC is the most popular and reliable technique for separation
and quantification of phenolic compounds and is commonly preferred over GC
technique which frequently requires an additional derivatization step. These
chromatographic separation methods are commonly coupled to wide array of
detection methodologies such as ultraviolet/visible spectrometric detectors,
electrochemical detectors (ECD) (79–81), mass spectrometry (MS) (82–84) and
nuclear magnetic resonance (NMR) detection methods (85, 86). Some of the
recent applications are summarized in Table 4.

Electrochemical detection (ECD) provides an accurate detection of trace
amounts of electroactive compounds such as phenolics. Due to its extreme
sensitivity, high specificity, low detection limits and enhanced resolving power,
ECD coupled to HPLC has been widely used for the analysis of phenolic
compounds in herbs and vegetables (87, 88). Mattila et al. (81) determined
the levels flavonoids and compositions in plant material by HPLC-EAD. The
limits of detection (LOD) range was 4.0-250.0 ng/mL. The authors concluded
that EAD was reliable and accurate for quantification of flavonoids in plant
materials. Jia et al. (79) observed high efficient separation and sensitive analysis
of five phenolic acids in Xuebijing by using HPLC-ECD utilizing ionic liquid
of 1-butyl-3-methylimidazolium bromide and an additive gold nanoparticles.
This method was successfully used for pharmacokinetics study using Xuebijing
injection. The limits of quantification (LOQ) range were 3.7–8.5 ng/mL. Bayram
et al. (80) also developed a validated method for the determination of phenolics
in olive oil using HPLC-ECD, and pointed out that ECD provides great resolution
of all analytes in quantification of eight selected phenolic compounds in olive
oil as compared to other published methods. The LOQ ranged from 0.3 to 15.3
ng/mL while the LOD range was 0.03-1.70 ng/mL (Table 4).

MS and NMR detections are commonly used for structural elucidation
rather than for quantification. Several studies have been published on the
applications of MS for the analysis of phenolics in herbs and spices. Lin and
Harnly (89) identified 46 flavonoids and 17 caffeic acid derivatives in the
extract of Chrysanthemum morifolium Ramat by LC-MS. Twenty five phenolic
compounds were separated and identified in Chrysanthemum flower. The authors
pointed out that the comprehensive MS analysis of the phenolic compounds
in Chrysanthemum flower would be significant for the quality control for this
herb and its products. In another study, Jeyadevi et al. (90) identified phenolic
profile, including luteolin 7-O-glucoronide, apigenin 7-O-glucoronide, and
chrysoerisol 7-O-glucoronide in the extract of Cardiospermum halicacabum by
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ultra performance liquid chromatography (UPLC) coupled with MS/MS detection
procedure. In addition, in the study of Marmet et al. (91), phenolic acids and
their methylates, glucuronides, sulfates and lactones metabolites in human plasma
after ingestion of soluble coffee were analyzed using LC-MS/MS. The authors
concluded that the LC-MS/MS method was found to be sensitive, selective,
accurate and repeatable for the quantification of dietary phenolic compounds.
More recent applications of MS were summarized in Table 4.

Usually compounds are purified by classical chromatographic methods
and than assayed by NMR. However, in recent years LC-NMR has often used
for structural confirmation of phytochemicals. Cruz et al. (92) determined
the chemical profile and levels of anthocyanins in the skins of four grape
species by LC-NMR. Combination of analytical data generated by LC-MS
and LC-NMR aided authors in identifying 33 anthocyanins from four grape
species. The author indicated that LC-NMR information was vital for
identification of several minor compounds, such as cis isomers petunidin- and
peonidn-(6-p-coumaroyl)-5-diglucoside. In another recent study, Branberger et
al. (93) determined flavonoids and ellagic acid derivatives from the herb Drosera
peltata by LC-NMR, and LC-MS analysis. Melone et al. (94) recently developed
a new 31P NMR analysis for structural elucidation of tannins on the basis of
tannin model compounds by in situ labeling of all labile H-groups (aliphatic
and phenolic –OH, carboxylic acids) with phosphorous reagent. The 31P NMR
analysis of labeled samples allowed the quantitative and qualitative structural
characterization of hydrolyzable tannins, proanthocyanidins, and catechin tannin
model compounds. Phalgune et al. (95) studied the process of phenolic compound
biodegradation by yeast using 1H, 13C, and DOSY NMR techniques.

The LC-MS was used to determine the molecular mass of the phenolic
compounds and the LC-NMR provided the necessary structural information to
unambiguously assign the structure of phenolics. The combination of these
two techniques provides uniques ways for structural elucidation of phenolic
compounds.

Fingerprinting is a characteristic profile or pattern which chemically
represents the sample composition. In general, fingerprints can be obtained
using both chromatographic and spectrometric techniques. Recently, several
analytical strategies to obtain and analyze fingerprints of herbs and other plant
material have already been investigated. We recently utilized different (Fourier
transform infrared (FT-IR), Fourier transform near-infrared (NIR) spectrometry,
UV, visible (VIS) regions and mass spectrometry with negative (MS−) and
positive (MS+) ionization) spectral fingerprints to differentiate broccoli and
bean samples belonging to different cultivars and/or grown under different
environmental conditions (96). The spectral fingerprints were analyzed using
nested one-way analysis of variance (ANOVA) and principal component analysis
(PCA) to statistically evaluate the quality of discrimination. In another study
from our group, we differentiated adulterated Ginkgo biloba supplements from
authentic samples by UV spectral fingerprints and HPLC analysis. In addition, the
combinations of chromatography and mass spectrometric fingerprints have been
successfully used to differentiate organic and conventional botanicals (97, 98).
Lu et al. (97) found that the organic basil sample contained greater concentrations
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of almost all the major compounds than its conventional counterpart. Similar
results were observed in the study of Gao et al. (98), organic sage samples were
significantly differentiated by using the combinations of HPLC and flow-injection
MS fingerprints (Table 4).

In conclusions, this chapters provides an overview of methodologies used
from sample preparation to extraction and analysis of phenolic compounds. It
also provides information on the recent advances in the methodologies used for
qualitative, quantitative and detail structural elucidation methods for analysis of
phenolic compounds form wide array of matrices.
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The aim of this study was to provide an overview of recent
techniques developed for the chemical characterization of
raw propolis, based on the determination of polyphenols and
volatile compounds, which are responsible for the biological
activity of the extracts widely used in apitherapy. The analysis
of polyphenols, including phenolic acids and flavonoids, was
performed by RP-HPLC coupled with UV/DAD and MS
detection. As regards the extraction of polyphenols from raw
propolis, microwave-assisted extraction (MAE) was carried
out for these constituents and its parameters were optimized by
means of response surface experimental design methodology.
The characterization of propolis volatile compounds was based
on GC coupled with MS detection. In this ambit, a suitable
HS-SPME extraction procedure was developed using a PDMS
fiber. These chromatographic techniques were applied to
raw propolis samples collected from different Italian regions
to determine their fingerprinting, thus providing new and
reliable tools for the complete chemical characterization of this
biologically active material.

Introduction

Propolis (also known as bee glue) is a resinous material collected and
processed by honeybees (Apis mellifera L.) from several tree species (1). In
regions with temperate climate, the resin is collected mainly from buds and cracks
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in the bark of Populus species (2); then, it is enriched with bee salivary and
enzymatic secretions (1). The resulting product is used by bees to seal holes in
their hives, to exclude draught and to make the entrance of the hive weather tight
or easier to defend (1). Another advantage for bees is the capacity of this material
to reduce the incidence of bacteria and moulds within the hive (2).

Propolis is a chemically complex mixture composed of 50% resin (containing
polyphenols), 30% wax, 10% essential oil, 5% pollen and 5% other organic
compounds (1). A series of biological properties have been described for propolis
extracts, such as antibacterial, antifungal, antiviral, antioxidant, anti-inflammatory,
antiproliferative and immunostimulant (3). Typical applications of propolis
include herbal products for cold syndrome and dermatological preparations (4).
Propolis extracts are also used to prevent and treat oral inflammation (4).

Several methods have been described in the literature for the analysis
of polyphenols in propolis, based either on non-separation or on separation
techniques (1). Spectrophotometric methods are considered to be useful
especially for the routine control of propolis samples (1, 5). In the ambit of
chromatographic techniques, HPLC is a very powerful tool for the chemical
analysis of complex matrices, such as propolis, since it provides a reliable
determination of individual phenolic compounds (1, 6–8). In particular, HPLC
in combination with spectroscopic and spectrometric detection has significantly
improved the analysis of phenolic compounds in natural products derived from
bees, providing definitive information for the identification and quantification of
these biologically active constituents (1).

In addition to phenolics, another important class of propolis constituents is
represented by volatile compounds (4). Previous studies performed on propolis
volatile fraction have been focused on the gas chromatographic (GC) analysis of
the essential oil extracted by hydrodistillation (HD) (4, 9–11). In this ambit, the
composition of propolis essential oil from different countries has been described
(4, 9–11). In some of these studies, propolis essential oil has demonstrated
antimicrobial activity mainly against Gram-positive bacteria, but it is also active
on Gram-negative bacteria and fungi (4).

Due to the complex chemical composition of propolis, innovative and
reliable methods for comprehensive multi-component analysis of this biologically
active apiary product have been recently developed. In particular, this
review summarizes the results of recent studies aimed at the determination
of propolis polyphenols by means of HPLC-UV/DAD, HPLC-ESI-MS and
MS/MS techniques (13); a HS-SPME-GC-MS method is also described for the
determination of volatile compounds (14).

HPLC-UV/DAD and ESI-MS Analysis of Propolis Polyphenols
on a Conventional Fully-Porous Stationary phase

Regarding propolis polyphenols, a HPLC method was firstly developed on a
conventional fully-porous reversed-phase stationary phase to provide a complete
chemical profiling (12). Figure 1 shows a representative HPLC-UV/DAD
chromatogram obtained at 290 nm for propolis polyphenols, using an Ascentis
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C18 column (250 mm × 4.6 mm I.D., 5 μm, Supelco) (12). A mobile phase
composed of 0.1% formic acid in water and acetonitrile was selected in order
to be compatible with ESI-MS. The other chromatographic parameters, such as
gradient elution, flow-rate and column temperature were also optimized.

Figure 1. Representative HPLC-UV/DAD chromatogram of a propolis
hydroalcoholic extract at 290 nm on a conventional fully-porous stationary

phase. For peak identification, see Tables 1-3.

The chromatographic data and UV spectra, in comparison with reference
standards, allowed the assignment of the main classes of polyphenols occurring
in propolis, such as phenolic acids and flavonoids, since each class exhibits a
characteristic UV/Vis spectrum. However, retention time data and UV spectra
alone did not provide sufficient information for the correct identification of
the constituents in such a complex matrix. For this reason, HPLC-ESI-MS
experiments were performed, using the same conditions previously described for
HPLC-UV/DAD. The performance of two types of mass analyzers, including an
ion trap and a triple quadrupole, was compared (12). For both mass analyzers,
MS data were collected in the full-scan positive and negative ion modes. For the
ion trap mass analyzer, MS2 spectra were automatically performed with helium
as the collision gas (12). For the triple quadrupole mass analyzer, the product ion
scan (PIS) mode was carried out using nitrogen as the collision gas (12); in this
case, the collision energy was optimized for phenolic acids and flavonoids.

MS and MS/MS data allowed the identification of 40 phenolic compounds
(12), whose fragmentation pathways were evaluated by both mass analyzers.
When the reference standards were available, the identification was further
confirmed by comparison of the MS and MS/MS data with those of the standard
compounds. Under the applied conditions, the triple quadrupole mass analyzer
provided a higher fragmentation degree of the target analytes in comparison with
the ion trap and, therefore, more structural information (12).
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Table 1 shows the chemical structures of phenolic acids identified in propolis
extracts (12). Five caffeic acid derivatives were also detected in propolis, together
with four p-coumaric acid esters (12). For all these compounds, the negative ion
mode provided a higher level of sensitivity if compared with the positive one.

Table 1. Structures of Phenolic Acids and Derivatives Identified in Propolis
Extractsa
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Figure 2. Fragmentation pathways of caffeic acid benzyl and cinnamyl esters in
the negative ion mode.

Figure 3. Fragmentation pathways of caffeic acid phenylethyl and prenyl esters
in the negative ion mode.
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As shown in Figures 2 and 3, the main fragmentation mechanism for caffeic
acid derivatives in the negative mode with both mass analyzers was based on
the homolytic and heterolytic cleavages of the bonds with the benzyl, cinnamyl,
phenylethyl and prenyl groups, which generated an odd electron product ion at
m/z 178 and a negative product ion at m/z 179, respectively, which, after the loss
of a CO2 molecule, originated further fragments at m/z 134 and 135, respectively
(12). More specifically, the first mechanism was observed for the benzyl and the
cinnamyl caffeate derivatives (Figure 2), while the second pattern occurred for
the phenylethyl (CAPE) and the prenyl caffeate derivatives (Figure 3). In the
MS/MS spectra obtained by triple quadrupole mass analyzer in the negative mode,
the benzyl, phenylethyl and prenyl caffeate derivatives showed also a common
negative fragment at m/z 161, due to the heterolytic cleavage of the C–O ester
bond of the deprotonated molecule (12).

Figure 4. Fragmentation pathways of p-coumaric acid benzyl, cinnamyl and
prenyl esters in the negative ion mode.

In analogy with caffeate derivatives, the MS/MS spectra of p-coumaric
acid derivatives in the negative mode with both mass analyzers indicated a
fragmentation pattern based on the homolytic and heterolytic cleavages of the
bonds with the benzyl, cinnamyl and prenyl groups (Figure 4), which generated a
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radical product ion at m/z 162 and a negative product ion at m/z 163, respectively,
which, after the loss of a CO2 molecule, originated further fragments at m/z 118
and 119, respectively (12). In particular, the first mechanism was observed for
the benzyl and the cinnamyl coumarate derivatives, while the second pattern
occurred in the case of the prenyl coumarate derivative. Another negative
product ion at m/z 145 was obtained for the benzyl and the prenyl coumarate
derivatives, originated from the heterolytic breakdown of the C–O ester bond of
the deprotonated molecule (12).

All flavonoids occurring in the samples of propolis analyzed showed
protonated and deprotonated molecules of good intensity in the positive and in
the negative ion mode, respectively. In this way, it was possible to individuate
flavones, flavonols, flavanones and dihydroflavonols (Tables 2 and 3) (12), either
as free form or as ether or ester derivatives.

Table 2. Structures of flavones and flavonols identified in propolis extractsa.
Source: Reproduced with permission from reference (12). Copyright (2011)

Elsevier.

Compound Peak
number R1 R2 R3 R4 R5

Quercetin 6 OH OH OH OH OH

Quercetin-3-methyl-ether 8 OH OH OCH3 OH OH

Chrysin-5-methyl-ether 10 OH OCH3 H H H

Apigenin 11 OH OH H H OH

Kaempferol 12 OH OH OH H OH

Isorhamnetin 14 OH OH OH OCH3 OH

Galangin-5-methyl-ether 17 OH OCH3 OH H H

Quercetin-7-methyl-ether 20 OCH3 OH OH OH OH

Chrysin 23 OH OH H H H

Galangin 27 OH OH OH H H
a Compounds are in order of elution time on the conventional fully-porous stationary
phase.
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Table 3. Structures of flavanones and dihydroflavonols identified in propolis
extractsa. Source: Reproduced with permission from reference (12).

Copyright (2011) Elsevier.

Compound Peak
number R1 R2

Pinobanksin-5-methyl-ether 7 OCH3 OH

Pinobanksin 13 OH OH

Pinobanksin-5-methyl-ether-3-O-
acetate 18 OCH3 OCOCH3

Pinocembrin 26 OH H

Pinobanksin-3-O-acetate 29 OH OCOCH3

Pinobanksin-3-O-propionate 35 OH OCOC2H5

Pinobanksin-3-O-butyrateb 37 OH OCOC3H7

Pinobanksin-3-O-pentanoateb 38 OH OCOC4H9

Pinobanksin-3-O-hexanoateb 39 OH OCOC5H11

a Compounds are in order of elution time on the conventional fully-porous stationary
phase. b Or positional isomers.

MS/MS spectra were recorded to study the fragmentation pathways of
the different classes of flavonoids. It is well-known that the most useful
fragmentations in terms of flavonoid identification are those that require the
cleavage of two C–C bonds of the C-ring, due to retro-Diels-Alder (RDA)
reactions, resulting in structurally informative ions containing the A or B ring
(Figure 5) (12). In particular, the 1/3 position was involved in the RDA reactions
of all flavonoid classes present in propolis extracts in the positive ion mode,
originating an [1,3A]+ ion, which was observed for all flavonoid groups and usually
occurred at m/z 153 for un-substituted compounds. In the negative ion mode,
different mechanisms and structures have been proposed for retro-Diels-Alder
reactions of flavonoids (Figure 6) (12). The [1,3A]- ions of flavones, flavonols and
flavanones were found at m/z 151 in the negative mode.
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Figure 5. Fragmentation pathways of propolis flavonoids in the positive ion
mode.

Figure 6. Fragmentation pathways of propolis flavonoids in the negative ion
mode.

Among dihydroflavonols, pinobanksin esters deserve a specific comment.
The first fragmentation observed for these compounds was the loss of the acyl
group, which in turn underwent the loss of one H2O molecule (Figure 7) (12).
All subsequent fragmentation steps of pinobanksin esters followed the pathways
proposed for flavones, both in the positive and negative ion modes. In this way,
pinobanksin-3-O-acetate, propionate, butyrate (or isomer), pentanoate (or isomer)
and hexanoate (or isomer) were identified (12).
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Figure 7. General fragmentation pattern of pinobanksin esters.

HPLC-UV/DAD and ESI-MS Analysis of Propolis Polyphenols
on a Fused-Core Stationary Phase

Due to the long analysis time of propolis components on a conventional fully
porous stationary phase, the fused-core technology was evaluated (13). A fused-
core support is characterized by 2.7 µm particles, which comprise a solid 1.7 µm
diameter silica core that is encapsulated in a 0.5 µm thick layer of porous silica
gel (15). Compared with fully porous particles, the fused-core ones have a much
shorter diffusion path because of the solid core (15). This tends to reduce the axial
dispersion of solutes and minimizes peak broadening (15). Several studies have
shown that fused-core columns offer good chromatographic performance, such as
narrow peaks, high resolution and a short analysis time (16). This type of support
can provide speed and efficiency similar to column packedwith sub-2 µmparticles,
but with reduced backpressure (15). This allows fused-core columns to be applied
to conventional HPLC equipment, operating within the 400 bar pressure limit.

In particular, the method initially developed on the fully porous stationary
phase was transferred to a fused-core Ascentis Express C18 column (150 mm × 3.0
mm I.D., 2.7 µm, Supelco) (13), but the flow rate was decreased from 1.2 to 0.6
mL/min to avoid the risk of excessive backpressure. A parallel careful adaptation
of the mobile phase gradient was performed. As regards column temperature, the
best separationwas obtained by setting this parameter at 30 °C. In this way, the total
analysis time was decreased from 92 to 65 min, with a consequent advantage in
terms of time and solvent usage. Under these conditions (13), the highest observed
backpressure was about 300 bar, within the previously mentioned pressure limit
of conventional HPLC systems.

The HPLC-UV/DAD analysis at 290 nm of a hydroalcoholic extract
obtained from a representative sample of raw propolis is shown in Figure 8
(13). Considering the complexity of the sample, the chromatographic separation
can be considered satisfactory. The elution order of propolis polyphenols
on the fused-core column was slightly different if compared with the fully
porous one. It should also be pointed out that the peaks corresponding to
pinobanksin-3-O-acetate (29) and caffeic acid phenylethyl ester (CAPE) (28),
that were completely overlapped on the conventional fully porous column, were
well-resolved using the fused-core stationary phase. Peaks were narrower with
the fused-core column and also more symmetric.
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Figure 8. Representative HPLC-UV/DAD chromatogram of a propolis
hydroalcoholic extract at 290 nm on a fused-core stationary phase. For peak
identification, see Tables 1-3. Adapted with permission from reference (13).

Copyright (2013) Elsevier.

Methods for the Extraction of Polyphenols from Raw Propolis

As for the extraction of polyphenols from raw propolis, four methods were
evaluated in order to obtain an efficient and rapid extraction of these compounds
(13). The comparison was carried out between conventional extraction methods
(including maceration, heat-reflux extraction (HRE) and ultrasound-assisted
extraction (UAE)) and microwave-assisted extraction, which represents a more
innovative extraction procedure (13). The applied sample-to-solvent ratio was
1:10 (w/v). EtOH-H2O (80:20, v/v) was used as the extraction solvent for
maceration, HRE and UAE.

Traditional methods of optimization evaluate the effect of one variable at a
time, keeping all the others constant during the experiments with the exception
of the one being studied. However, this type of experiment does not allow
to determine what it would happen if the other variables also change. The
experimental design enables the effects of several variables to be estimated
simultaneously: following a sequential approach, it allows firstly to obtain
information on the significance of the factors and secondly to explore more
thoroughly the most promising variables. In particular, response surface
experimental design methodology coupled with central composite design (CCD)
is a useful tool to optimize procedures depending on several variables (17).

The experimental parameters, selected to optimize the extraction of
polyphenols from raw propolis by means of closed-vessel MAE, included solvent
composition, extraction temperature and time (13). The results of the CCD
indicated that the linear and the quadratic term of the extraction time, as well
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as its interaction with the other factors, did not show a significant influence on
the efficiency of the extraction process. In the light of this, a second CCD was
set up, focusing on solvent composition and extraction temperature, and keeping
the extraction time constant (13). As a confirmation of what was observed with
the previous CCD, the solvent composition showed a strong influence on the
extraction yield of phenolics from raw propolis. The interaction between solvent
composition and extraction temperature was also found to be significant in the
extraction procedure.

The analysis of the second CCD was performed by response surface
methodology (13); this surface represents a good description of the relationship
between the experimental variables and the response within a limited experimental
domain. Figure 9 shows the response surface plot for the total amount of the
extracted compounds versus solvent composition and extraction temperature, with
an extraction time equal to 15 min (13). The experimental results showed that the
best global response, within the range studied, was reached when the extraction
temperature was set at 106 °C, the extraction solvent close to EtOH-H2O 80:20
(v/v), with an extraction time of 15 min (13). These values were therefore selected
for the extraction of polyphenols from raw propolis in all the subsequent analyses.

The total amount of representative propolis phenolic compounds extracted
under optimized MAE conditions was then compared with those obtained by
maceration, HRE and UAE. It was found that the MAE technique allowed to
obtain the yield of other methods in only 15 min (13). With the assistance of the
fast heating of microwave irradiation, the extraction with MAE was improved by
a reduced extraction time and half volume of solvent needed.

Figure 9. Response surface plot for total amount (mg/g) of six representative
polyphenolic compounds extracted from raw propolis versus solvent composition
and extraction temperature, with a constant extraction time equal to 15 min.
Reproduced with permission from reference (13). Copyright (2013) Elsevier.
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Analysis of Polyphenols in Raw Propolis Samples
The optimized MAE procedure and RP-HPLC method on the fused-core

column were validated and applied to the analysis of nine Italian samples of
raw propolis (13). The overall chemical composition was the same in all the
samples analyzed, including phenolic acids, flavones, flavonols, flavanones and
dihydroflavonols. This polyphenol composition was found to be in agreement
with what has been described for bud extracts from Populus (18, 19).

As regards quantitative data, a significant variability in the content of total
phenolics, including both phenolic acids and flavonoids, was observed in these
samples, as shown in Figure 10 (13). Data are expressed as mg/g. On the basis of
total flavonoid content (expressed as percentage) (6), propolis with a value lower
than 11% should be considered of low quality, while that with a value of 11-14%
or 14-17% should be classified as acceptable or good, respectively. In this context,
samples RP-1, RP-2, RP-3, RP-5, RP-7 and RP-9 can be considered as low quality;
sample RP-4 as acceptable; samples RP-6 and RP-8 as good (13). In the samples
analyzed, the most abundant flavonoids were chrysin, pinocembrin, galangin and
pinobanksin-3-O-acetate. Regarding phenolic acids, caffeic acid, p-coumaric acid
and ferulic acidwere themost abundant ones. As for phenolic acid derivatives, 3,4-
dimethyl caffeic acid (DMCA), caffeic acid prenyl, benzyl, phenylethyl (CAPE)
and cinnamyl esters were the most representative compounds.

Figure 10. Content (expressed as mg/g) of polyphenols in Italian samples of
raw propolis. Adapted with permission from reference (13). Copyright (2013)

Elsevier.

HS-SPME-GC-MS Analysis of Propolis Volatile Compounds
Regarding the analysis of propolis volatile fraction, a novel and efficient

method based on headspace solid-phase microextraction (HS-SPME), followed by
gas chromatography-mass spectrometry (GC-MS), has been recently developed
(14). Even if volatile compounds are present at low concentration in propolis, their
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aroma and biological activity make them of importance for the characterization of
this product. In addition, the volatile composition can give valuable information
about the origin of samples. In particular, after the optimization of the extraction
conditions, comparative studies on the typical HS-SPME-GC-MS profiles of raw
propolis samples collected from different Italian regions were performed with
the aim of confirming the applicability of the method developed for the chemical
characterization of their volatile compounds (14).

HS-SPME is a multistage equilibrium sampling method which is known to
be influenced by many parameters (20, 21). In this ambit, the first step of the
method optimization was the selection of the best fiber coating for HS-SPME (14).
To obtain the optimal HS-SPME conditions, additional variables were chosen,
including sample amount, extraction temperature, equilibrium time and extraction
time. Other parameters, such as salt addition and sample agitation during the
equilibrium time, were also studied.

The fiber screening was carried out using two fiber types, including
a polydimethylsiloxane (PDMS, 100 μm) and a divinylbenzene-carboxen-
polydimethylsiloxane (DVB-CAR-PDMS, 50/30 μm) (14). Of these two fibers,
the DVB-CAR-PDMS showed a strong extraction affinity for carboxylic acids
and, in particular, for benzoic acid; in samples where benzoic acid was present
at high level, this caused a significant peak broadening and tailing, with the
consequent overlapping of adjacent compounds (14). The PDMS fiber was finally
selected, because it allowed to obtain a better profile for all classes of propolis
volatile compounds (Figure 11) and a composition more similar to the essential
oil processed by HD (14).

Figure 11. Representative total ion current (TIC) chromatogram obtained by
HS-SPME-GS-MS analysis of propolis volatile compounds, using a 100 μm

PDMS fiber. For peak identification, see reference (14).
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Qualitative and semi-quantitative analysis of propolis volatile compoundswas
performed by GC-MS on a HP-5 MS cross-linked 5% diphenyl–95% dimethyl
polysiloxane capillary column (30 m × 0.25 mm I.D., 1.00 µm film thickness,
Agilent Technologies) (14). Ninety-nine constituents were identified using this
technique in raw propolis collected from different Italian regions (14). Figure 12
shows the distribution of the main classes of propolis volatile compounds in the
samples analyzed; data are expressed as % peak area values.

Figure 12. Semi-quatitative data (expressed as % peak area) of the main
classes of volatile compounds in Italian samples of raw propolis. Adapted with

permission from reference (14). Copyright (2013) Elsevier.

Among propolis volatile compounds, the most abundant constituents include
aromatic compounds, such as benzoic acid and its esters (benzyl benzoate, benzyl
salicylate and benzyl cinnamate) (14). Another relevant class is represented by
sesquiterpene hydrocarbons, such as δ-cadinene, γ-cadinene and α-muurolene,
and oxygenated sesquiterpenes, such as β-eudesmol, T-cadinol and α-cadinol
(14). Regarding monoterpene hydrocarbons, they were found to be present at
low level in the samples analyzed in this study, with the exception of one sample
from Southern Italy, where α-pinene was the most abundant constituent (14). As
for oxygenated monoterpenes, menthol was determined mainly in sample RP-6
and thymol in samples RP-4 and RP-6 (14). Hemiterpenes were detected at low
percentages in all the samples and were absent in sample RP-7 (14). The presence
of naphthalene in sample RP-5 was attributed to unexpected material collected
by bees or to inappropriate environmental storage conditions of propolis (14)
and confirms a previous observation that propolis could be used as a marker of
pollution (10).
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The volatile composition of the Italian samples of raw propolis investigated
in this work indicates a close relationship with bud extracts of Populus species
(18, 22). In the case of sample RP-7, originated from a region of Southern Italy
(the Adriatic coast) where poplars are not present, the high percentage of α-pinene
suggests that the botanical source of bee glue may be attributed to Pinus species
(14).

Summary

An efficient closed-vessel MAE process was developed and optimized by
response surface experimental design for the fast extraction of phenolic acids and
flavonoids from raw propolis. The proposed RP-HPLC method using the fused-
core technology allowed a satisfactory separation of propolis constituents and a
reduction of total analysis time and solvent usage. The combination of UV/DAD
detection with ESI-MS and MS/MS provided a reliable identification of propolis
phenolic compounds.

A new, rapid and simple HS-SPME-GC-MS method was developed for the
analysis of propolis volatile compounds.

Both these methods were applied to raw propolis samples collected from
different Italian regions to determine their metabolite fingerprinting, thus
providing new and reliable tools for the complete chemical characterization of
this biologically active apiary product.
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Epidemiological data have demonstrated a dramatic increase in
the incidence of diabetes worldwide. Bitter melon (Momordica
charantia), a vegetable native to Asia, has been traditionally
used in the management of hyperglycemic conditions. The
health-promoting molecules in bitter melon have been
described as cucurbitane-type triterpenoids. Recent advances in
purification and identification techniques have identified several
of these molecules from various parts of the bitter melon plant.
This chapter describes the different classes of molecules that
have been isolated from bitter melon to-date, and the various
purification and identification techniques employed in these
endeavors.

Introduction

Currently, the incidence of diabetes, principally type-2 diabetes, is growing at
an alarming rate in developed and developing nations. Projections indicate that by
2050, if current trends persist, one in three Americans will be diabetic (1). Type-2
diabetes is a metabolic disorder characterized by sub-optimal regulation of glucose
in the body, as a result of the malfunction of several tissues in the body, including
the liver, muscle, adipose, and pancreatic tissues (2). The etiology of diabetes is
very complex and its causation has been linked to factors such as genetics, high
calorie consumption, low levels of physical activity, and general nutrition. Recent
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studies have reported that routine consumption of fruits and vegetables is inversely
correlated with the development of several chronic diseases, including diabetes
and cancer (3–5). The health benefits of such diets have been attributed to the
effects of several classes of bioactive compound in dietary fruits and vegetables.

In traditional medicine, bitter melon (Momordica charantia) has been used
as a natural treatment to manage several diseases, including type-2 diabetes (6,
7). Recently, several studies have evaluated these claims using various animal,
cell and enzymatic assays, particularly illustrating promising antidiabetic and
anti-cancer activities. Animal studies using different bitter melon extracts have
reported that bitter melon can suppress prostate cancer progression, enhance
insulin signaling, and favorably influence blood glucose and blood pressure
regulation (8–10). Furthermore, various cell culture models have reported that
bitter melon extracts can induce apoptosis of human pancreatic carcinoma cells,
have reparative effects on pancreatic β-cells, inhibit adipocyte differentiation, and
increase insulin sensitivity in muscle cells (11–14). With the recent accumulation
of data on bitter melon and its positive health benefits, an increasing interest in
identifying its possible bioactive components has emerged.

Studies have reported that bitter melon contains several health-benefiting
compounds, such as vitamin C, carotenoids, flavonoids, and other polyphenols, but
current interest has focused on the isolation and purification of cucurbitane-type
triterpenoids (CTMs) found in the various parts of the bitter melon plant
(15–18). These CTMs typically occur in plants of the Cucurbitaceae family,
which includes bitter melons (19). CTMs have a tetracyclic nucleus, principally
9β-methyl-19-nor-lanosta-5-ene, with various oxygenated functionalities
throughout their structures (19). Furthermore, CTMs may be present in various
aglycone and glycosidic forms leading to a vastly diverse pool of compounds
found in bitter melon. To date, over 250 cucurbitane-type molecules have been
identified from various parts of the bitter melon plant (20).

Extraction of Cucurbitane-Type Molecules
A. Solvent Extractions

Cucurbitane type molecules (CTMs) have diverse polarities due to the
variation of substitutions to the side chain or glucose moieties. Historically,
all parts of the bitter melon plant, from the roots to fruit to seeds, have been
used to ameliorate various health conditions; hence, several studies have
isolated and characterized CTMs from different parts of the plant. In most
previously published reports, extraction of these molecules from plant material
was usually carried out using alcohol or an aqueous/alcoholic mixture (21–30).
The extractions were typically performed at room temperature on a mechanical
shaker for a period of a day to several weeks (31–33). In a few reports, methanol
was refluxed for several hours through the plant tissue to extract the molecules
of interest (30). The resulting extracts were dried under reduced pressure and
subsequently suspended in water and partitioned with hexane, petroleum ether,
ethyl acetate, or n-butanol (21, 26, 34). For example, in 1990, Fatope identified
three new CTMs isolated from leaves of bitter melon, along with momordicine
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I and II. The extraction procedure consisted of mechanical shaking of 420 g
of dried leaf material and the removal of solvent under vacuum. The resulting
residue was then dissolved in 300 ml of 90% methanol and extracted three times
with 300 ml of hexane. Subsequently, water was added to the methanol layer to
make it 80% methanol and it was extracted three times with carbon tetrachloride.
The remaining methanolic layer was then further extracted with chloroform, in a
similar fashion as the hexane and carbon tetrachloride extractions. The organic
extracts were then used for purification using silica gel (35). Murakami et al.
used a similar approach to extract cucurbitane and oleanane type triterpenoids,
goyaglycosides and goyasaponins from Japanese bitter melon fruits. Dried fruit
material was extracted using methanol at high temperature. The resulting extract
was concentrated under reduced pressure and partitioned into ethyl acetate:
water (1:1). The water phase was further partitioned with n-butanol. The ethyl
acetate and butanol soluble fractions were used for purification by open column
chromatography (36). The same group later used a similar extraction procedure
with methanol to isolate karavilagenins and karavilosides (37). Similarly, eight
CTMs were isolated from dried bitter melon stems (25). The stems (18 kg)
were extracted in methanol (3 x 30 L) at room temperature for 7 days for each
extraction. The resulting pooled extracts were concentrated and re-suspended in
water. The extracts were sequentially partitioned with ethyl acetate and n-butanol.
The organic extracts were then subjected to open column chromatography.
Furthermore, Chen et al. isolated fourteen kuguacins and six previously-reported
analogs from vines and leaves of bitter melon (27). Air-dried plant material
(30kg) was extracted three times with 100 L of ethanol under reflux conditions.
Similarly, the extracts were concentrated, dissolved in water and partitioned by
ethyl acetate. The resulting extract was used for purification.

B. Pressurized Extractions

Earlier extraction methods used mechanical mixing or refluxing of alcohols
for the isolation of CTMs. These methods are simple and effective, but they
consume vast amount of organic solvents. The use of pressurized liquid extraction
has several advantages that may increase the extraction efficiencies from sample
matrices. In 2007, Pitipanapong et al. explored the use of pressurized liquid
extraction to obtain charantin (38). Among the parameters they evaluated were
solvent type, temperature, pressure, flow rate, and composition of the extract in
ethanol (0, 20, 50, 80, and 100%) (38). From the solvents evaluated, ethanol was
used for further evaluation of the extraction parameters, due to its cost and wide
industrial use. The efficiency of charantin extraction was compared to Soxhlet
extraction using ethanol as the extracting solvent. Results from this study indicated
that acetone and ethanol led to higher efficiency compared with dichloromethane
and water. Furthermore, from the range of extraction temperature evaluated (50,
80, 100, 120, 150°C) temperatures from 100-150°C were the optimal extraction
temperatures for ethanol. The results of this study indicated that pressurized liquid
extraction could be a viable alternative to Soxhlet extraction, due the reduced
use of toxic solvents such as chloroform and dichloromethane, and the reduced
extraction time.
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Ji et al., explored the use of ultrahigh pressure extraction of momordicosides
by ethanol, using a high pressure chamber (39). The temperature within the
chamber was maintained at 30°C and the extraction was carried out for 3-9
min under a pressure of 300-500 MPa. The various extraction parameters were
compared with the conventional reflux extraction method to compare extraction
efficiency. Results from these studies indicate that total momordicosides were
higher in the high pressure extraction system than in the conventional method.
Levels of momordicosides were evaluated by colorimetry, and ranged from 2-3.2
g/100 g of material, with the highest extraction efficiency observed at 400 MPa
for 9 min.

Purification Techniques

A. Open Column Chromatography

The first curcurbitane-type molecules isolated from bitter melon were
identified as momordicosides A and B (Fig. 1) (40). In this initial study, seeds
were extracted in methanol as described above and chromatographed on silica.
Momordicosides A and B were eluted using chloroform: methanol: water
(70:25:3). Various compounds have been isolated from bitter melon extracts by
separations involving several chromatographic steps. In fact, methanol extracts
have been re-chromatographed over thirteen times using normal phase silica and
chromatorex octadecyl or ODS, yielding nineteen compounds (37). Several of the
molecules that were initially identified from bitter melon were isolated in a similar
fashion (36, 41, 42). In 2007, Li et al. isolated several CTMs from an ethanol
extract, but this study used the adsorptive resin Diaion HP-20 (43). This marked
one of the first cases where an absorptive resin was used for the purification
of more polar CTMs. Fractions were eluted with water and ethanol as the
mobile phase. Fractions were then re-chromatographed on silica to separate the
molecules of interest. Another commonly-reported resin used for the separation
of CTMs is Sephadex LH-20 (33, 44, 45). After an initial purification through
silica, the resulting extracts were then subjected to various chromatographic
techniques using LH-20 and other resins, but principally silica gel (23, 25, 26,
34). Fractions collected from the various chromatographic runs were further
separated by high-performance liquid chromatography (HPLC) and molecules
were identified based on ultraviolet (UV), infrared (IR), nuclear magnetic
resonance (NMR), and mass spectrometry (MS) to elucidate their structures (22,
23, 27, 29). Current research has focused on biological activities from extracts
instead of isolated bioactives, possibly because the purification steps reported in
the literature to date consist of slow open column purification methods. Typically,
these purification methods use copious amounts of solvents and large amounts
of raw materials. Furthermore, in several cases the semi-purified extracts are
repeatedly chromatographed, possibly leading to a loss of the desired compound.
These steps can be extremely time-consuming and expensive.
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Figure 1. Momordicoside A and B.

Varietal differences have been observed in the biochemical composition and
health benefits of bitter melon. Although the health benefits of these triterpenoids
might be attractive to consumers, we currently have very limited information
on the levels of these triterpenoid molecules in the different varieties of bitter
melon available. The levels of polyphenolics, proteins, amino acids, and other
chemical constituents have also been reported to vary among different varieties
(46–49). Similar results have been observed in other studies on varietal effects on
health-promoting properties of bitter melon, ranging from antioxidant activity to
hypoglycemia (46, 50, 51). Therefore, further studies will be required to measure
the levels of these triterpenoid molecules and their variation among varieties.

B. Preparative HPLC

Guevara et al. reported the preparative-scale purification of bitter melon
methanol extracts. After initial purification using an open silica column, a
subfraction was subjected to LH-20 chromatography and re-chromatographed
by HPLC using an ODS RP-18 column. The fractions were monitored using
UV and RI detectors, resulting in the purification of two compounds (32).
Similarly, in other studies alcohol extracts were pre-purified before preparative
chromatography, which was typically monitoring via UV at 204-210 nm (43).
Typical mobile phases used for preparative-scale purification include various
ratios of acetonitrile:water; methanol:water with the occasional addition of
modifiers such as acetic acid or phosphoric acid. These mobile phases were
used with flow rates ranging from 1–4 mL/min (21, 23, 26, 42, 52, 53). Several
cucurbitane-type triterpenoids have been isolated via preparative HPLC, but
with low yields of pure compounds. For example, in one study 167 kg of fresh
fruit were seeded and juiced to yield 61 kg of material. After ethanol extraction,
the extract was partitioned and subjected to open column chromatography and
preparative HPLC to obtain momordicoside L (9 mg), M (11 mg), N (15 mg), and
O (11 mg) (43). Similarly, when 75 kg of freeze-dried material was extracted with
80% ethanol, dried and partitioned with chloroform and butanol, the butanol layer
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yielded 800 g of material to use for further purification. Initial purification was
carried out by a series of columns using macroporous resins, adsorptive resins,
and silica gel as stationary phases. Several fractions were then further purified by
preparative HPLC to yield four novel molecules, momordicoside Q, R, S, and T
(80, 18, 160, and 220 mg, respectively) (21). Preparative-scale HPLC purification
have the added advantage of monitoring the purification process via various
detectors. Recent technological advances have thus improved the purification
techniques for a more precise and efficient results.

C. Flash Chromatography

Although flash chromatography has been used to purify several bioactives
from a variety of botanicals, few studies have used flash chromatography to
purify cucurbitanes from bitter melon. The first report on flash chromatography
for the purification of cucurbitane-type molecules from bitter melon was
reported by Liu et al (33). In this study, powdered bitter melon fruit was
extracted with methanol at room temperature, followed by evaporation of the
methanol. The residue was then re-suspended in water and partitioned with
petroleum ether, ethyl acetate, and butanol. The ethyl acetate layer was then
subjected to silica gel chromatography to give six fractions, resulting in the
purification of momordicoside A. This molecule was purified by subjecting
fraction 2 (1.2 g) to flash chromatography using a Biotage 40+M cartridge with
chloroform and methanol as mobile phases, yielding 201 mg of momordicoside
A. Similarly momordicoside F2, goyaglycoside-d, momordicoside K,
momordicoside L, momordicoside G, goyacycoside–c, momordicoside F1,
7β,25-dimethoxycucurbita-5(6),23(E)-dien-19-al 3-O-β-D-allopyranoside,
25-methoxycucurbita-5(6),23(E)-dien-19-ol 3-O-β-D-allopyranoside, but these
were subjected to open column chromatography using Sephadex LH-20 or
RP-18 and using either a silica flash column or a Biotage 40+M cartridge to
complete the purification. This initial study demonstrated the effectiveness of
flash chromatography over previously-reported preparative HPLC methods,
resulting in high yields of bioactive molecules from less starting material. While
this study reported good yields of bioactives from bitter melon fruit, there was no
mention of a monitoring method during the flash purification step. Current flash
chromatography systems use various detectors such as UV or evaporative light
scattering detectors or ELSD detectors to monitor the separation.

Ma et al. reported the purification of various molecules using 24 g of
defatted methanol extracts (54). Initially, the extract was subjected to silica gel
column chromatography with chloroform and methanol at a flow rate of 100
mL/min. The fractions from this initial run were pooled according to their thin
layer chromatography (TLC) profiles, resulting in five principal fractions. These
fractions were subsequently used for repeated flash purification using silica and
RP-18 columns, depending on the polar nature of the fraction evaluated. The
purification process was monitored using a UV detector at 205 nm. CTM yields
from this study ranged from 21-636 mg.
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Recently, we reported the separation and identification of several CTMs
from bitter melon fruit and seeds (55). Using flash chromatography, dried
bitter melon chloroform extracts were chromatographed on silica cartridges and
monitored at 210 and 254 nm. The molecules were separated using hexane
and acetone as mobile phases with a flow rate of 20 mL/min. The adjustment
of threshold settings for peak height allowed for the automatic collection of
fractions. After the chromatographic run, fractions were analyzed by TLC and
HPLC. Fractions displaying pure molecules were then analyzed by LC-MS or
NMR. Charantin, 25,26,27-trinorcucurbit-5-ene-3,7,23 trione, momordicoside Q,
and kuguaglycoside D were identified in this study.

Identification of CTMs

Triterpenoids isolated from bitter melon have a basic tetracyclic nucleus with
substitutions of methyl, hydroxyl, or sugar moieties contributing to the diversity
of reported structures. The reported molecular weights of the various CTMs
ranged from 300 to 1500. Furthermore, in several of the reported compounds, the
principal difference between structures was mainly conformational. Therefore,
an array of equipment is required to properly identify and study the triterpenoids
isolated from bitter melon. The first molecules isolated from bitter melon were
reported in 1980 (40). Identification of momordicoside A and B (Fig. 1) from
bitter melon seeds was performed by the use of mass spectrometry (MS), NMR
(proton and carbon NMR), and X-ray crystallography. After purification, samples
were hydrolyzed to give aglycone and sugar moieties. MS and X-ray studies were
used to confirm the cucurbitane framework. Additionally, circular dichroism
spectrometry revealed the presence of a double bond between carbons 5 and 6 and
the presence of a 10 α- hydrogen. Similarly, digital polarimetry has also helped
in the elucidation of optical rotational isomers of various CTMs. Additionally,
the use of IR spectroscopy has also been implemented for the identification of
various functional groups on the cucurbitane triterpentoid structure (56). While
many initial studies used 1D proton and carbon NMR to elucidate the structures
of CTMs isolated from bitter melon, advances in spectroscopy equipment greatly
improved the identification of novel compounds. With the employment of more
sophisticated 1D and 2D NMR experiment such as H-H correlation spectroscopy
(COSY) to elucidate coupled protons, more CTMs from bitter melon have been
identified (35). Further studies also used NMR techniques such as distortionless
enhancement by polarization transfer (DEPT, used to distinguish between CH3,
CH2, and CH groups), heteronuclear multiple quantum coherence (HMQC),
which eliminates long range proton carbon coupling and increases sensitivity,
heteronuclear multiple bond coherence (HMBC), which details two- and
three-bond coupling, nuclear Overhauser and exchange spectroscopy (NOESY),
and rotating frame Overhauser effect spectroscopy (ROSEY) for spatially close
protons, for the elucidation of over 250 triterpenoids from bitter melon (27, 36,
52, 57, 58).
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Figure 2. Structures of triterpenoid glucosides isolated from bitter melon.
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Figure 3. Structures of selected CTM aglycones reorted from bitter melon.

Reported 13C NMR chemical shifts from selected CTM glucosides (Fig. 2)
and aglycones (Fig. 3) are listed in Tables 1 and 2 to illustrate the characteristic
signals. Additional spectral analysis, such as MS data, has also been a valuable
tool for the identification of bitter melon triterpenoids yielding molecular weight
and fragmentation information, with the added benefit that the analysis requires
material of minimal quantity (21, 57).
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Table 1. 13C NMR of Compounds A-Ka Isolated from Bitter Melon

Position A B C D E F G H I J K

1 18.7 18.9 22.6 22.6 17.8 18.7 18.9 22.2 21.9 21.8 18.9

2 27.4 27.6 28.9 28.8 27.8 27.4 27.6 29.3 30.3 30.2 27.6

3 83.8 85.1 87.8 87.7 76.1 83.4 85.1 86.9 76.2 76.1 85.4

4 39.2 39.0 42.1 42.0 37.4 39.1 39.0 42.1 42.1 42.0 39.1

5 85.5 86.0 148.0 148.0 87.5 85.5 85.9 147.5 148.2 148.4 85.8

6 133.2 134.1 119.2 119.2 132.4 133.1 134.2 120.7 119.7 121.0 134.2

7 131.6 130.0 77.7 77.7 131.2 131.6 130.0 75.7 77.7 72.4 130.0

8 42.3 52.3 48.9 48.9 52.1 42.2 52.3 45.8 48.4 48.4 52.3

9 48.2 45.3 34.4 34.4 45.6 48.2 45.3 50.2 35.1 34.5 45.3

10 41.7 40.2 39.4 39.3 39.2 41.6 40.1 36.8 39.4 39.3 40.1

11 23.3 23.8 32.8 32.9 23.7 23.4 23.8 22.6 28.1 28.0 23.9

12 30.9 31.1 30.4 30.6 31.1 31.1 31.2 29.3 33.1 33.0 31.2

13 45.3 45.5 46.3 46.6 45.6 45.4 45.5 45.8 46.5 46.3 45.6

14 48.4 48.9 48.3 48.0 48.4 48.4 48.9 47.9 48.4 48.2 48.9

15 33.9 33.5 35.0 35.3 33.5 33.8 33.4 35.0 34.5 34.5 33.3

16 28.2 28.2 27.9 27.8 27.9 28.4 28.6 27.6 30.7 30.5 28.5

17 50.4 50.5 50.3 46.6 46.5 51.4 51.3 50.2 51.5 50.3 51.6

Continued on next page.
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Table 1. (Continued). 13C NMR of Compounds A-Ka Isolated from Bitter Melon

Position A B C D E F G H I J K

18 14.9 15.1 15.6 15.1 14.4 14.8 14.9 15.0 15.6 15.7 15.0

19 112.4 80.2 29.2 29.2 79.8 112.4 79.7 207.0 29.3 29.5 80.1

20 36.6 36.5 36.5 40.9 40.6 32.9 33.8 36.3 32.9 36.5 32.7

21 18.9 19.1 19.1 15.0 14.6 19.0 19.9 19.0 19.7 19.1 18.9

22 39.6 39.8 39.8 76.9 76.5 43.4 43.0 39.7 44.0 39.8 43.3

23 124.4 128.4 128.5 81.2 80.9 74.8 76.4 128.4 75.7 128.5 67.7

24 141.7 138.5 137.7 124.8 124.6 127.9 127.9 137.7 129.2 137.6 79.9

25 69.7 77.6 74.9 135.4 135.3 134.4 135.8 74.8 132.3 74.9 73.6

26 30.9 28.7 26.1 26.2 26.0 25.8 25.9 26.1 26.0 26.5 28.0

27 30.9 27.7 26.5 18.6 18.5 18.1 18.5 26.4 18.4 26.5 27.0

28 21.2 21.1 28.9 28.8 20.8 24.8 25.6 27.8 26.4 26.1 21.1

29 24.9 25.6 25.9 25.9 24.5 21.3 21.1 25.8 28.5 28.4 25.6

30 20.0 20.3 18.1 18.1 20.1 20.0 20.2 18.1 18.2 18.0 20.2

7-OMe 56.3 56.2 55.9 56.3

19-OMe 57.6 57.6

23-OMe 50.2 55.6 55.3

25-OMe 50.1 50.2

1′ 105.3 103.8 107.6 104.8 103.4 102.3 103.7 107.3 104.3 101.2 106.7
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Position A B C D E F G H I J K

2′ 76.2 73.1 75.2 72.1 72.9 73.8 73.1 75.2 75.5 75.3 75.8

3′ 78.6 72.4 78.7 73.3 72.8 71.7 72.4 78.8 79.0 78.9 78.3

4′ 72.1 69.3 71.8 69.3 68.9 69.2 69.3 71.7 72.0 72.0 71.9

5′ 78.0 76.1 78.2 75.9 75.7 76.5 76.2 78.3 78.3 78.8 78.4

6′ 63.1 63.4 63.2 63.4 62.9 63.3 63.4 63.1 63.0 63.0 63.1

1″ 99.8 103.6

2″ 75.3 73.1

3″ 78.8 73.0

4″ 71.9 69.1

5″ 78.0 75.6

6″ 63.0 63.1

REF (36) (36) (37) (37) (59) (42) (42) (42) (45) (45) (21)
a A-goyaglycoside A, B- goyaglycoside E, C-karaviloside I, D- karaviloside V, E-karavilosideVIII, F- charantoside II, G-charantoside VI,
H-charantoside VIII, I-kuguaglycoside A, J-kuguaglycoside B, K- momordicoside Q. The structures of the compounds are illustrated in Figure 2.
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Table 2. 13C NMR of Nonglucosylated Compounds L-Ua Isolated from Bitter Melon

Position L M N O P Q R S T U

1 21.6 20.8 20.8 21.2 21.0 21.0 24.2 23.7 24.8 24.5

2 28.7 29.7 28.6 29.4 28.4 28.5 38.0 38.0 35.9 35.5

3 76.1 76.6 76.7 75.4 76.8 76.5 210.8 210.9 213.9 212.7

4 43.6 42.8 42.8 41.6 41.6 41.6 51.6 51.5 48.4 49.5

5 168.1 169.0 169.0 145.4 146.7 146.8 167.9 168.1 89.8 89.5

6 127.1 125.9 125.9 123.6 120.7 120.6 124.9 125.0 133.0 48.9

7 199.4 202.8 202.7 65.5 77.1 77.1 200.7 201.3 129.4 211.5

8 51.2 59.8 59.7 49.1 47.8 47.7 58.1 57.1 51.0 52.2

9 51.2 35.8 35.8 50.9 33.9 33.8 37.4 36.9 46.3 49.8

10 37.9 40.3 40.2 36.3 38.5 38.6 41.8 41.7 40.1 42.9

11 22.3 31.3 31.2 22.2 32.5 32.6 30.6 30.7 22.9 22.6

12 28.4 28.6 29.8 29.0 29.9 29.9 23.1 27.9 23.9 23.5

13 45.3 45.7 45.8 45.2 46.0 46.1 53.1 41.8 52.2 52.7

14 48.2 48.5 48.5 48.1 47.7 47.7 43.8 44.4 43.8 43.7

15 34.5 34.5 34.5 34.3 34.6 34.6 31.8 50.6 30.1 31.9

16 27.4 27.8 28.0 27.6 27.5 27.5 33.6 217.8 33.4 33.4

17 49.5 49.5 49.8 50.6 49.8 49.8 217.4 49.6 217.5 217.6

18 14.9 15.4 15.4 14.5 15.3 15.3 17.3 22.7 16.9 17.5
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Position L M N O P Q R S T U

19 203.4 27.8 27.8 207.5 28.5 28.8 27.6 27.6 79.9 110.0

20 36.2 36.2 32.8 32.4 36.1 36.1

21 18.8 18.7 19.8 18.6 18.0 18.6

22 39.0 39.0 51.1 44.9 39.5 39.0

23 124.9 125.1 209.1 64.9 128.4 125.0

24 139.8 139.6 30.5 131.5 136.6 139.4

25 70.7 70.7 130.5 74.7 70.5

26 29.9 29.9 17.7 26.0 29.8

27 30.0 29.9 25.7 25.7 29.7

28 24.9 24.8 24.8 25.3 27.7 27.6 28.6 28.5 24.8 25.0

29 27.2 27.8 27.8 26.8 25.3 25.3 22.8 23.0 16.7 17.2

30 18.3 18.0 18.0 17.6 17.8 17.9 19.1 19.1 19.7 20.3

7-OMe 56.1 56.1

19-OMe 57.6

25-OMe 50.1

REF (44) (44) (44) (60) (37) (37) (61) (61) (61) (61)
a L-kuguacin A, M-kuguacin B, N-kuguacin C, O-momordicine I, P- karavilegenin A, Q-karavilogenin B, R- octonorcucurbitacin A, S-
octonorcucurbitacin B, T- octonorcucurbitacin C, U- octonorcucurbitacin D. The structures of the compounds are illustrated in Figure 3.
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Reported CTMs

Momordicosides (A and B) were first isolated in 1980 from bitter
melon seeds (40). CTMs from other fruits have been previously reported,
but the novelty in these molecules was the absence of oxygen at the C 11
position (Figure 1). The molecules were identified as 3-O-β-gentiobioside and
3-O-β-D-xylopyranosyl(1→4)[β-D-glucopyranosyl(1→6)]-β-D-glucopyranoside
of cucurbit-5-ene-3β, 22(S), 23(R), 24(R), 25-pentol. In subsequent publications,
an additional twenty–one momordicosides (C-X) were identified from fruits,
seeds, vines, and roots of the bitter melon plant (21, 22, 43, 54, 56, 62–66).
Similarly, several other triterpenoids have been identified and named from
the bitter melon plant, including momordicine (I-VIII), (58, 60, 67–71),
goyaglycosides (A-H) and goyasaponins (I-III) (36), karavilagenin (A-F)
and karavilosides (I-XII) (37, 59, 72), charantosides (I-VIII, and A-G)
(30, 42, 73, 74), kuguacin (A-S) (27, 44), kuguaglycosides A-H (45),
neokuguaglucoside (75), kuguaosides (A-D) (76), kuguasaponins (A-H) (77), and
octonorcucurbitacins (A-D) (61). Additionally, two novel pentanorcucurbitane
triterpenes, 22-hydroxy-23,24,25,26,27-pentanorcucurbit-5-en-3-one and
3,7-dioxo-23,24,25,26,27-pentanorcucurbit-5-en-22-oic acid, together with a new
trinorcucurbitane triterpene, 25,26,27-trinorcucurbit-5-ene-3,7,23-trione, were
isolated from bitter melon stem methanolic extracts (78). Selected structures of
these triterpenoids are shown in Figures 1, 2, and 3. Additionally, a summary of
named CTMs and related information is presented in Table 3.

Table 3. Various Triterpenoids Reported from Bitter Melon, Their
Molecular Formulas, and Exact Masses

Name Source Formula Exact Mass ref

Charantosides

I Fruit C37H58O8 630.4131 (42)

II Fruit C38H62O9 662.4393 (42)

III Fruit C36H56O7 600.4026 (42)

IV Fruit C36H56O7 600.4026 (42)

V Fruit C37H60O8 632.4288 (42)

VI Fruit C37H60O8 632.4288 (30, 42)

VII Fruit C36H54O8 614.3818 (42)

VIII Fruit C38H62O9 662.4393 (42)

A Fruit C37H60O9 648.4237 (73)

B Fruit C36H58O9 634.4080 (73)

Continued on next page.
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Table 3. (Continued). Various Triterpenoids Reported from Bitter Melon,
Their Molecular Formulas, and Exact Masses

Name Source Formula Exact Mass ref

C Fruit C37H58O9 646.4080 (73)

D Fruit C37H59O9 647.4165 (74)

E Fruit C37H59O9 647.4165 (74)

F Fruit C37H59O7 615.4266 (74)

G Fruit C36H55O8 615.3902 (74)

Goyaglycosides

A Fruit, Leaves C37H61O9 648.4237 (36, 79)

B Fruit, Leaves C37H60O9 648.4237 (30, 36, 37,
73, 76, 79)

C Fruit C38H62O9 662.4393 (33, 36, 37,
42)

D Fruit C38H62O9 662.4393 (30, 33, 36,
37, 42, 76)

E Fruit C42H68O13 780.4659 (36, 80)

F Fruit C42H68O13 780.4659 (36, 80)

G Fruit C43H70O14 810.4765 (36)

H Fruit C42H70O15 814.4714 (36, 80)

Goyasaponins

I Fruit, Seed C65H102O31 1378.6405 (36, 81)

II Fruit, Feed C70H110O35 1510.6827 (36, 81)

III Fruit C49H76O19 968.4980 (36)

Karavilagenin

A Fruit C32H54O3 486.4072 (37)

B Fruit C31H52O3 472.3916 (37)

C Fruit C31H52O3 472.3916 (37)

D Leaves, Vines,
Fruit C30H46O4 470.3396 (27, 59, 79,

82)

E Fruit C30H48O3 456.3603 (59)

F Leaves, Stems C31H50O5 502.3647 (72)

Karavilosides

I Fruit C38H64O8 648.4601 (37, 42)

II Fruit C38H64O8 648.4601 (29, 37, 73)

Continued on next page.
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Table 3. (Continued). Various Triterpenoids Reported from Bitter Melon,
Their Molecular Formulas, and Exact Masses

Name Source Formula Exact Mass ref

III Fruit, Root C37H62O8 634.4444 (29, 37, 45)

IV Fruit C37H62O9 650.4393 (37)

V Fruit, Root C43H72O14 812.4922 (37, 45)

VI Leaves, Fruit C37H58O9 646.4080 (59, 79)

VII Fruit C37H60O8 632.4288 (59)

VIII Vine, Leaves,
Fruit C36H58O9 634.4080 (31, 59)

IX Fruit C42H68O14 796.4609 (59)

X Vine, Leaves,
Fruit C42H68O14 796.4609 (31, 59)

XI Fruit, Root,
Vine, Leaves C36H60O10 652.4186 (21, 31, 45,

59)

XII Leaves, Stems C38H60O9 660.4237 (72)

XIII Leaves, Stems C36H58O8 618.4123 (72)

Kuguacin

A Roots C30H46O4 470.33961 (44)

B Roots C30H48O3 456.360345 (44)

C Roots C27H42O3 414.313395 (44)

D Roots C27H40O4 428.29266 (44)

E Roots C27H42O4 430.30831 (27, 44)

F Leaves, Vines C30H42O5 482.303225 (27)

G Leaves, Vines C30H44O6 500.31379 (27)

H Leaves, Vines C30H44O5 484.318875 (27)

I Leaves, Vines C31H46O5 498.334525 (27)

J Leaves, Vines C30H46O3 454.344695 (27)

K Leaves, Vines C25H34O6 430.23554 (27)

L Leaves, Vines C25H36O4 400.261359 (27)

M Leaves, Vines C22H28O4 356.19876 (27)

N Leaves, Vines C30H46O4 470.33961 (27, 61)

O Leaves, Vines C30H42O4 466.30831 (27)

P Leaves, Vines C27H40O4 428.29266 (7)

Q Leaves, Vines C29H44O5 472.318875 (27)

Continued on next page.
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Table 3. (Continued). Various Triterpenoids Reported from Bitter Melon,
Their Molecular Formulas, and Exact Masses

Name Source Formula Exact Mass ref

R Leaves, Stems C30H48O4 472.35526 (27, 72)

S Leaves, Vines C30H44O4 468.32396 (27)

Kuguaglycosides

A Root C37H62O8 634.4444 (45)

B Fruit, Root C37H62O8 634.4444 (45, 83)

C Leaves, Fruit,
Root C36H56O8 616.3975 (30, 45, 77,

79, 84)

D Root, Leaves,
Vines C36H60O9 636.4237 (31, 45)

E Root C42H70O14 798.4765 (45)

F Root C43H72O13 796.4972 (45)

G Root C42H70O13 782.4816 (11, 45, 85)

H Root C48H80O18 944.5344 (45)

Kuguaoside

A Fruit C36H58O8 618.4131 (76)

B Fruit C37H60O9 648.4237 (76)

C Fruit C36H58O9 634.4080 (76)

D Fruit C37H60O9 648.4237 (76)

Kuguasaponins

A Fruits C36H56O8 616.3975 (77)

B Fruits C38H62O9 662.4393 (77)

C Fruits C38H62O9 662.4393 (77)

D Fruits C38H62O9 662.4393 (77)

E Fruits C38H62O9 662.4393 (77)

F Fruits C42H66O14 794.4452 (77)

G Fruits C42H69O13 781.4738 (77)

H Fruits C36H60O9 636.4237 (77)

Momocharaside

A Seed C42H72O15 816.4871 (81)

B Seed, Fruit C36H62O10 654.4343 (21, 81)

Continued on next page.
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Table 3. (Continued). Various Triterpenoids Reported from Bitter Melon,
Their Molecular Formulas, and Exact Masses

Name Source Formula Exact Mass ref

Momordicine

I Leaves, Vine,
Fruit, Root C30H48O4 472.3552

(11, 27, 31,
44, 58, 60,
67, 69, 77,

86)

II Leaves, Vine
Fruit C36H58O9 634.4080

(11, 31, 58,
67–69, 86,

87)

III Leaves, Vine C36H56O10 648.3873 (67)

IV Leaves C36H58O9 634.4080 (31, 87, 88)

V Leaves C39H60O12 720.4084 (71)

VI Leaves, Stem C31H50O4 486.3709 (72)

VII Leaves, Stem C34H52O7 572.3703 (72)

VIII Leaves, Stem C35H54O7 586.3862 (72)

Momordicosides

A Seed, Fruit C42H72O15 816.4871
(21, 29, 33,
36, 40, 73,

80)

B Seed, Fruit C47H80O19 948.5293 (21, 29, 40)

C Seed, Fruit C42H72O14 800.4922 (36, 62, 73,
81)

D Seed C42H70O13 782.4816 (62, 80)

E Seed C37H60O12 696.4080 (62, 81)

F1 Fruit C37H60O8 632.4288
(33, 36, 37,
42, 63, 73,

76)

F2 Fruit C36H58O8 618.4130
(33, 37, 42,
63, 73, 76,

80)

G Fruit, Leaves C37H60O8 632.4288 (33, 37, 63,
73, 79)

I Fruit C36H58O8 618.4130 (33, 37, 63,
73, 76, 80)

K Fruit, Leaves C37H60O9 648.4237

(30, 31, 33,
36, 37, 45,
63, 76, 79,

87)

Continued on next page.
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Table 3. (Continued). Various Triterpenoids Reported from Bitter Melon,
Their Molecular Formulas, and Exact Masses

Name Source Formula Exact Mass ref

L Fruit, Leaves C36H58O9 634.4080
(29, 31, 33,
37, 43, 63,
76, 79)

M Fruit C42H68O14 796.4609 (29, 43, 73)

N Fruit C42H68O14 796.4609 (29, 43)

O Fruit C42H68O15 812.4558 (43)

P Fruit C36H58O9 634.4080 (22)

Q Fruit C36H60O10 652.4186 (21)

R Fruit C42H70O15 814.4714 (21)

S Fruit C48H82O20 978.5399 (21, 29)

T Fruit C53H90O24 1110.5822 (21)

U Fruit C38H64O9 648.4237 (66, 76)

V Fruit C36H58O8 618.4131 (66)

W Fruit C36H59O9 634.4080 (66)

X Whole Plant C36H58O9 634.4080 (54)

Octonorcucur-
bitacin

A Stem C22H30O3 342.2192 (61)

B Stem C22H30O3 342.2191 (61)

C Stem C22H30O3 342.2205 (61)

D Stem C23H32O5 388.2240 (61)

Taiwacin

A Stem, Fruit C44H68O14 820.4609 (89)

B Stem, Fruit C25H36O4 400.2613 (89)

Additional CTMs reported fromMomordica charantia

A. Fruits

In addition to the above-mentioned molecules, several other compounds,
principally triterpenoids, have been identified from various parts of the
bitter melon plant. For example, in 2005, Kimura et al. isolated three new
CTMs from fruits of Japanese bitter melon. The newly-identified molecules
were: (19R,23E)-5β,19-epoxy-19-methoxycucurbita-6,23,25-trien-3β-ol,
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(23E)-3β-hydroxy-7β-methoxycucurbita-5,23,25-trien-19-al, and (23E)-3β-
hydroxy-7β,25-dimethoxycucurbita-5,23-dien-19-al (52). Other studies have
also identified several CTMs from Chinese bitter melon fruit. Methanol extracts
of fruit were used to isolate three new triterpenes (83). Other CTMs isolated
from Chinese bitter melon include: (23E)-5β,19-epoxycucurbita-6,23,25-
triene-3β-ol, (19R, 23E)-5β,19-epoxy-19-ethoxycucurbita-6,23-diene-3β,25-diol
and 5β,19-epoxy-cucurbita-6,22E,24-trien-3β-ol (90, 91). Additional
CTMs isolated from Taiwanese wild bitter melon were identified as:
cucurbita-6,22(E),24-trien-3β-ol-19,5β-olide, 5β,19-epoxycucurbita-6,22(E),24-
triene-3β,19-diol, 3β-hydroxycucurbita-5(10),6,22(E),24-tetraen-19-al,
19-dimethoxycucurbita-5(10),6,22(E),24-tetraen-3β-ol, and 19-nor-cucurbita-
5(10),6,8,22(E),24-pentaen-3β-ol (92). Other studies have also identified
CTMs from fruit material, but the origin of the fruit material was not
clearly stated. Among the CTMs identified were: 3β,25-dihydroxy-7β-
methoxycucurbita-5,23(E)-diene, 3β-hydroxy-7,25-dimethoxycucurbita-5,23(E)-
diene, and 3-O-β-D-allopyranosyl-7β,25-dihydroxycucurbita-5,23(E)-dien-19-al,
7β,25-dimethoxycucurbita-5(6),23(E)-dien-19-al 3-O-β-D-allopyranoside, and
25-methoxycucurbita-5(6),23(E)-dien-19-ol 3-O-β-D-allopyranoside (32, 33).
While the exocarp of the bitter melon fruit is commonly consumed, one study
evaluated the content of the fruit pulp for the content of CTMs and identified
two novel compounds as 25-methoxycucurbita-5,23(E)-diene-3β-19-diol and
7β-ethoxy-3βhydroxy-25-methoxycucurbita -5,23(E)-din-19al (93).

B. Leaves

Similarly, several CTMs have been isolated from leaves of the bitter melon
plant. For example, 3β,7β,23-trihydoxycucurbita-5,24-diene-7-0-β-D-glucoside,
3β,7β,25-trihydroxycucurbita-5,23(E)-dien-19-al, were identified from leaves of
bitter melon, along with previously identified momordicin and momordicosides
(35). Triterpenoids isolated from the leaves of bitter melon plants have
also been found to have potent biological activities. For example, Japanese
bitter melon methanol leaf extracts yielded 11 previously-isolated and
six new compounds, (23E)-3β,25-dihydroxy-7β-methoxycucurbita-5,23-
dien-19-al, (23S*)-3β-hydroxy-7β,23-dimethoxycucurbita-5,24-dien-19-al,
(23R*)-23-O-methylmomordicine IV, (25ξ)-26-hydroxymomordicoside L,
25-oxo-27-normomordicoside L, and 25-O-methylkaravilagenin D (79). In
another study, lanost-5, 23(Z)-diene-3β,7β,25-triol-30a-carbaldehyde, known
as charantal, was isolated from leaves of bitter melon and was shown to have
strong antitubercular activity (94). CTMs with similar structural characteristics,
such as (19R,23E)-5β,19-epoxy-19,25-dimethoxycucurbita-6,23-dien-3β-ol and
(19R,23E)-5β,19-epoxy-19-methoxycucurbita-6,23-diene-3β,25-diol, were also
identified in other Momordica species (57).

Recently, sixteen CTMs were isolated from leaves and vines of bitter melon,
of which six were newly-identified compounds. These novel compounds were
identified as: (3β,7β,15β,23E)-3,7,15,25-tetrahydroxycucurbita-5,23-dien-19-al,
(3β,7β)-3,7,22,23-tetrahydroxycucurbita-5,24-dien-19-al, (3β,7β)-3,7,23,24-
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tetrahydroxycucurbita-5,25-dien-19-al, (3β,7β,23S)-3,7,23-trihydroxycucurbita-
5,24-dien-19-al 7-β-D-glucopyranoside, (3β,7β,23E)-cucurbita-5,23-diene-
3,7,19,25-tetrol 7-β-D-glucopyranoside, and (3β,7β,23E)-3,7-dihydroxy-25-
methoxycucurbita-5,23-dien-19-al 3-β-D-allopyranoside (31).

C. Stems

Further studies focusing on the identification of CTM from bitter
melon ethanol stem extracts led to the discovery of several molecules. In
a study by Chang et al., five new cucurbitane-type triterpenes, (23E)-25-
methoxycucurbit-23-ene-3β,7β-diol, (23E)-cucurbita-5,23,25-triene-3β,7β-diol,
(23E)-25-hydroxycucurbita-5,23-diene-3,7-dione, (23E)-cucurbita-5,23,25-
triene-3,7-dione, and (23E)-5β,19-epoxycucurbita-6,23-diene-3β,25-diol
were isolated from bitter melon stems and characterized, along with
a previously-identified molecule (41). Similarly in 2008, stems were
used for isolation of four new compounds: cucurbita-5,23(E)-diene-
3β,7β,25-triol, 3β-acetoxy-7β-methoxycucurbita-5,23(E)-dien-25-ol, cucurbita-
5(10),6,23(E)-triene-3β,25-diol, and cucurbita-5,24-diene-3,7,23-trione (95).
Additional isolation efforts yielded triterpenoids from stems, identified as
3β-hydroxymultiflora-8-en-17-oic acid, cucurbita-1(10),5,22,24-tetraen-3α-ol
and 5β,19β-epoxycucurbita-6,22,24-trien-3a-ol, which were also shown to
possess antioxidant properties (96).

Figure 4. Charantin, a mixture of sitosteryl glucoside (A) and stigmasteryl
glucoside (B).

Sterols from Momorcica charantia

Several acylglucosyl sterol have been isolated from the immature
Momordica charantia fruit, but many were in such low concentrations that their
characterization was not performed. The major acylglucosyl sterol was 3-O-[6′-
O-palmitoyl-β-d-glucosyl]-stigmasta-5,25(27)-diene while the minor component
was 3-O-[6′-O-stearyl-β-d-glucosyl]-stigmasta-5,25(27)-diene (97). Another
group of sterols that received considerable attention was a group of molecules
known as charantin (Fig.4). Charantin is composed of a 1:1 mixture of sitosteryl
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glucoside and stigmasteryl glucoside. Early studies have proposed charantin as
the basis of bitter melon’s antidiabetic properties (38). Additional sterols have
been identified from fruits including 24(R)-stigmastan-3β,5α,6β-triol-25-ene 3-
O-β-glucopyranoside, 25ξ-isopropenylchole-5,(6)-ene-3-O-β-D-glucopyranoside
and 7-oxo-stigmasta-5,25-diene-3-O-β-D-glucopyranoside (30, 83, 98).

Summary
Decades of research have elucidated the structures and potential functions of

various CTMs isolated from bitter melon. Advances in purification technology
have also afforded powerful tools to continue exploring bitter melon in order to
pinpoint the compound or compounds responsible for its bioactivities. While most
purification efforts have focused on alcohol extracts, some future efforts should
focus on exploring non-polar extracts. Additionally, optimization of extraction and
purification procedures should be undertaken to avoid the excess use of solvents
and reduce extraction times.
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The analysis of bioactive compounds in raw bioactive materials
by liquid chromatography can prove to be a very difficult task
and usually require extended times to adequately separate all
components from such complex matrices. Currently there
is a great interest in the development of new technology
to improve chromatographic performance and reduce the
necessary time to achieve the separation between components.
Liquid chromatography has seen great improvements in the
last decades, especially in stationary phase technology. New
stationary phase technologies include sub2 µm particles,
partially porous and porous monolithic polymers. These new
packing materials are taking the chromatographic performance
of separations to a much higher level. Liquid chromatography
systems are also seen improvements in term of pressure limits,
precision, reproducibility and overall quality of the results.
The use of these advanced systems and materials allied to
the adoption of carefully planned strategies under optimized
conditions can produce excellent chromatographic results
with speeds that were thought to be impossible a few years
ago. In this context, this chapter discusses current technology
available that can be explored to reduce analysis time of
bioactive compounds in natural products. It also discusses the
influence of most important operational parameters (column
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temperature, mobile phase composition and flow rate/ linear
velocity in the chromatographic system and how these variables
can be adjusted in order to produce the greatest potential for
performing separations.

Keywords: Bioactive compounds; liquid chromatography;
fast analysis; Sub-2 µm particles; partially porous particles;
monolithic colums; temperature; mobile phase; flow rate

1. Introduction

Raw bioactive materials are complex matrixes which contain innumerous
chemical compounds with great structural diversity and functional versatility.
Several of these compounds are of great interest because they are capable of
modulating metabolism and altering gene expression and cellular signaling,
among other biological processes. The biological activity of these compounds is
closely related to the lead of raw bioactive materials as the most productive source
for potential drugs, veterinary and agricultural products (1, 2). Several important
compounds have been identified in natural sources, such as phenolic compounds
in mushrooms (3), isoflavones in soybeans and derivatives (4), coffeoylquinic
acid in artichokes (5), polyphenols and alkaloids in tea and coffee (6, 7), besides
other chemical sources for anti-inflammatory (8) and novel drugs (2).

Although some of these compounds are found in relatively high amounts
in raw bioactive materials, their concentration varies enormously due to many
factors. Concentration and distribution of several compound classes in plants,
for example, may be influenced by the plant variety, agricultural practices used,
environmental conditions, site of cultivation, attack by microorganisms and pests,
among others. In this aspect, the variation of the concentration of compounds
present in raw bioactive materials combined with other factors causes great
difficulties when identifying the biological potential and efficiency of these
compounds for the prevention and treatment of several diseases. Understanding
the complexities of the bioactivity of compounds present in raw material through
extensive laboratory analysis is fundamental for proper utilization of their
potential uses.

Considering the importance of having reliable information about their
concentration, it is not surprising that several techniques were used and explored
to develop methods for the analysis of bioactive compounds over the years
(9). Obviously the characteristics of the molecule and the characteristics of
sample, including the components present and their profile and concentration,
will determine best technique and method conditions. However, liquid
chromatography (LC) is one of the most used techniques due to its advantages
which include high separation achievements, method reliability, method
sensitivity and compound specificity (10). In this aspect, High Performance LC
(HPLC) provides high resolution results, accuracy, data management, security
features, reports and instrument validation. For many years, researchers have

80

 
 



been concerned about speeding up LC assays and reducing sample amount as well
as solvent spent in an effort, not only to diminishing costs, but also to provide
more environment friendly techniques.

2. Fast LC Separations

There is always been a great interest in the development of fast LC methods
for the analysis of bioactive compounds in raw bioactive materials. Fast methods
can provide several advantages not only in terms of the number of samples that
can be processed in a given amount of time, but also in terms of reduction of cost,
by increasing the life span of detector lamps and reducing amounts of solvents
used (which may also provide environmental benefits). Moreover, fast methods
are convenient for samples which are evolving continuously in a short period such
as products containing enzymes. Several strategies have been used to increase the
speed of LC separations, including shorter columns with new stationary phases
and exploring method conditions (temperature, solvent and flow rate) to reduce
analysis time (Figure 1).

Figure 1. Strategies used to improve and speed-up LC separations.
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Table 1. Selection of Recent Applications of Fast LC Strategies for the Analysis of Bioactive Compounds in Raw Materials

Analytes / Sample Sample preparation Instrumental analysis Ref.

Phenolic compounds/ Edible
mushrooms

Pre-treatment: freeze-dried and finely
milled
Extraction: by stirring with methanol at
65°C for 24 h. Then, the mixture was
centrifugated at 3000 rpm for 10 min.
The residue was re-extracted twice and
the methanolic extracts were combined
and evaporated to dryness under vacuum

Technique: HPLC-DAD
Column: Symmetry reverse phase C18 (75mmX4.6 mm,
3.5µm)
Solvent: Acetonitrile /water/acetic water
Column temperature: 25°C
Flow rate: 1.0 mL.min-1
Analysis time: 16 min
Detector: UV at 280nm

(3)

Phenolic acids/ Beverages
(White wine, grapefruit juice
and leaves of green tea)

Pre-treatment: Internal standard of
deuterium-labeled 4-hydroxybenzoic
and salicylic acids were added to all
beverage samples. The samples were
filtered by centrifugation through 0.2µm
nylon membrane microfilters

Extraction: not available

Technique: UPLC-MS/MS
Column: BEH C8 (2.1mmX150mm, 1.7µm)
Solvent: Acetonitrile /water/formic acid
Column temperature: 30°C
Flow rate: 0.25 mL.min-1
Analysis time: 12 min
Detector: PDA at 230nm

(14)

21 Polyphenols and Alkaloids/
Teas, mate, instant coffee, soft
drink and energetic drink

Pre-treatment: not available
Extraction: Extraction: with 15mL of
50% methanol, than with 75% methanol,
and finally with 100% methanol for 20
min at 60 °C assisted by ultrasound.
After, the sample was centrifuged,
than the solid was submitted to another
extraction using a multi-frequency
ultrasonic bath operating at 25 kHz at
100% intensity output.

Technique: HPLC-DAD-Fl
Column: KinetexTM C18 (100mm×4.6mm, 2.6µm)
Solvent: Acetonitrile /water/phosphoric acid
Column temperature: 55°C
Flow rate: 2.2 mL.min-1
Analysis time: 5.0 min
Detector: UV at 260-320nm

(7, 15)
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Analytes / Sample Sample preparation Instrumental analysis Ref.

Catechin derivatives/Tea
samples

Pre-treatment: not available
Extraction: Infusion in water with
boiling water

Technique: UHPLCUV and UHPLCMS/MS
Column: Hypersil Gold C18 (50mm×2.1mm, 1.9µm); Acquity
BEH C18 (50mm×2.1mm, 1.7µm); Acquity BEH Shield RP18
(50, 100 and 150mm×2.1mm, 1.7µm); Acquity BEH phenyl
(50mm×2.1mm, 1.7µm)
Solvent: Acetonitrile /water/formic acid
Column temperature: 30°C
Flow rate: 0.6 mL.min-1
Analysis time: between 2 and 24 min
Detector: UV at 265nm

(16)

Resveratrol/Red wines

Pre-treatment: red wine was diluted with
methanol and filtered through a 0.22µm
membrane filter.
Extraction: not available

Technique: SPE-LC-MS
Column: Halo fused-core silica (50mmX2.1mm, 2.7 µm)
Solvent: Acetonitrile /water/formic acid
Column temperature: not provided
Flow rate: 0.4 mL.min-1
Analysis time: 6.0 min
Detector: MS

(17)

15 structurally related
components/ Natural products
mixtures

Pre-treatment: dissolving final product
in MeOH
Extraction: not available

Technique: HPLC and UPLC
Column: Ascentis Express C18 (100mm4.6mm, 2.7µm),
Atlantis T3 C18 (150mmX4.6mm, 3.0µm); Acquity UPLC
BEH C18 (100mmX2.1mm, 1.7µm)
Solvent: Acetonitrile /Methanol/potassium phosphate
Column temperature: 35°C
Flow rate: 0.4 and 2.0 mL.min-1
Analysis time: 10-31 min
Detector: UV at 250nm

(1)

Continued on next page.
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Table 1. (Continued). Selection of Recent Applications of Fast LC Strategies for the Analysis of Bioactive Compounds in Raw
Materials

Analytes / Sample Sample preparation Instrumental analysis Ref.

12 Isoflavones/ soybeans and
derived foods

Pre-treatment: ground into a fine powder
in a coffee grinder.
Extraction: solid samples were extracted
under sonication with 25mL of 50%
EtOH (in water) for 20 min at 60 °C.
10mL of MeOH were added to 40mL of
liquid samples before extraction under
the same conditions. After extraction,
0.5mL of the internal standard was
added to the extracts which were then
centrifuged.

Technique: HPLC-PDAD
Column: Chromolith RP-18e Monolithic
Solvent: Methanol/water/acetic acid
Column temperature: 35°C
Flow rate: 5.0 mL.min-1
Analysis time: 10 min
Detector: UV at 254nm

(4)

12 Isoflavones/ Soy

Pre-treatment: The soy protein sample
was ground in a coffee grinder into a
fine powder.
Extraction: with methanol during 20
min at 60 °C using a ultrasonic bath
operating at 25 kHz at 100% intensity
output.

Technique: HPLC-UV
Column: Xbridge™ C18 (150mm×4.6 mm, 3.5µm); Kinetex™
fused-core C18 (100mm×4.6 mm, 2.6µm); Chromolith®
Performance monolithic RP-18 (100mm×3mm)
Solvent: Mixtures of water and methanol or acetonitrile
Column temperature: 25 and 35°C
Flow rate: 0.8 and 1.2 mL.min-1
Analysis time: 6.0 min
Detector: UV at 254nm

(18)
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Analytes / Sample Sample preparation Instrumental analysis Ref.

12 Isoflavones/ Soy

Pre-treatment: The soy protein sample
was ground in a coffee grinder into a
fine powder.
Extraction: with ethanol during 20
min at 60 °C using a ultrasonic bath
operating at 25 kHz at 100% intensity
output.

Technique: HPLC-UV
Column: Kinetex™ fused-core C18 (100mm×4.6mm, 2.6µm)
Solvent: Methanol/water or Acetonitrile/water
Column temperature: 25-50°C
Flow rate: 1.2-2.7 mL.min-1
Analysis time: 11 min
Detector: UV at 254nm

(19)

Flavonoids/ Passiflora
incarnata L.

Pre-treatment: not available
Extraction: The sample were macerated
with ethanol 60% for 8 days and the
ethanol solution was filtered obtaining
the tincture at 20% title, which was
evaporated to dryness at reduced
pressure (0.1mmHg, T=40°C) and the
dried residue dissolved in H2O/MeOH
mixture.

Technique: UPLC and HPLC
Column: Ascentis® Express (150mm×2.1mm,
2.7µm); Acquity® BEH C18 (100mm×2.1mm, 1.7µm);
Chromolit-RP18e (100mm×4.6mm)
Solvent: water/Methanol/ Acetonitrile / tetrahydrofuran and
acetic acid
Column temperature: 30°C
Flow rate: 0.1-0.3 mL.min-1
Analysis time: 60-22 min
Detector: PDA at 299nm

(20)

Caffeoylquinic acid
derivatives/artichoke heads
and leaves.

Pre-treatment: powdered to a
homogeneous size by a grinder, sieved
through a No. 40 mesh sieve.
Extraction: the sample were mixed with
100 mL 50% aqueous ethanol. The
mixture was placed on a thermostatic
water bath and incubated at 50°C for
2 h. After, it was centrifuged and the
supernatant solution was transferred and
the dregs were re-extracted.

Technique: LC-ESI-MS/MS
Column: Halo fused core C18-silica (50mmX2.1mm, 2.7µm)
Solvent: Acetonitrile /water/formic acid
Column temperature: 25°C
Flow rate: 0.8 mL.min-1
Analysis time: 4 min
Detector: MS/MS

(5)
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Currently, columns packed with sub-2 μm particles in ultra-high performance
liquid chromatography (UHPLC) systems, columns packed with partially porous
particles and monolithic columns are the three main competing approaches for fast
liquid chromatography (11, 12). Other strategies include the use of short columns
with reduced internal diameter and optimization of the method conditions to
improve separation and allow higher flow rates/ linear velocity of the mobile
phase. The use of columns packed with smaller particles (totally or partially
porous) allows obtaining better resolution, increased efficiency, and increased
sensitivity due to sharper and higher peaks, which can be explored to achieve
faster chromatographic separations (10).

UHPLC employs columns packed with particles of drastically reduced size
(in the sub-2 μm scale), resulting in high column backpressure, which demanded
the development of specific instrument capable of operating at pressures over
1.500 bar. More recently, partially porous particles were developed and due to
the reduced diffusion path for analytes, they are expected to have superior mass
transfer properties compared with fully porous particles and therefore provide
similar separation efficiencies compared to sub-2 μm totally porous particles but
at much lower pressures (11). In this case, partially porous particles can be used
in both conventional HPLC and UHPLC systems. On the other hand, monolithic
silica columns are usually used in HPLC systems and due to their characteristics
and structure they allow very high flow rates (up to 10 mL/min) to be used in
the pressure range of conventional HPLC systems (<200 bar). The high flow
rate and the relative high efficiency allow reducing analysis time but also may
increase solvent usage (although this will depend of the duration of the method).
Another main strategy used to reduce analysis time is the optimization of analysis
conditions (temperature, mobile phase composition, flow rate, among others).

One of the key parameters of fast LC separations is column temperature. Since
temperature affects both the kinetics and thermodynamics of the chromatographic
process, changes in this parameter can help to speed up LC separations. Higher
temperatures can reduce solvent viscosity leading to a lower column backpressure
which can be explored to increase flow rate (13). The limitations of this strategy
can be considered to be the system pressure and column temperature limits.
Solvent choice has been another positive gain with fast HPLC development.
The reduction of the backpressure allows the use of viscous solvents instead
non-viscous solvents which enable the replacement of toxic solvents by ethanol
and water, for example (13). The lower viscosity also allows the use of higher of
the mobile phase linear velocity which can be explored to reduce analysis time.
Each one of those subjects will be more extensively discuss hereafter. Table 1
summarizes recent applications of fast LC separations for the analysis of bioactive
compounds.

3. Column Characteristics

One of the main factors affecting separation in LC is the column´s
dimensions and characteristics. Stationary phase technology has seen amazing
developments in the last decades with advances in several key characteristics
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(21). Developments in stationary phase particle technology allowed reducing
the particle size to less than 2 μm with the associated increase in efficiency and
chromatographic performance. On the other hand, partially porous particles with
excellent packing allow expanding the ability of conventional HPLC systems to
use smaller particles without a great impact on the system pressure. Other types of
columns, made of materials such as monolithic silica, are also becoming widely
available commercially, which present several advantages over conventional
columns. By using modern stationary phases, which are already available, it is
possible to improve existing methods in terms of speed, resolution, reproducibility
and also to reduce analysis and disposal costs due to the reduced solvent usage.

3.1. Sub-2 μm Particles Columns

The long analysis time resulted from low diffusion coefficients in the liquid
phase, as well as analyte in the stationary phase led to the reduction in the size of the
packing materials. As the size of the packing decreased, the efficiency, resolution,
and the ability to work with short analysis time increased (10). Sensitivity and
separation can be greatly improved with these very small particles, due to narrow
peaks results (22). As can be seen in Figure 2 (23), as particle size decreases from
5 to 2.6, 1.7 and 1.3 μm, there is a great improvement in column efficiency which
can be observed in the form of a lower height equivalent to a theoretical plate
(HETP).

Figure 2. Experimental HEPT (µm) plots of columns packed with 1.3, 1.7, 2.6 and
5 μm partially porous particles (peak widths were corrected for the extra-column
band broadening). The test solution was eluted with water/acetonitrile 63/37 on
the Kinetex 1.3 µm column. The mobile phase consists of water/ACN 62/38 (v/v)
for the 1.7 µm and 2.6 µm columns, and a mixture of water/ACN 60/40 (v/v) for
the 5 µm column, to keep the same retention factors for the test solutes on the
different columns. The column efficiency of butylparaben was considered. The
mobile phase ensured a retention between k = 6–7. Reproduced with permission

from reference (23). Copyright 2013 Elsevier.
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However, smaller particles sizes produce very high operating pressures
(10). Conventional HPLC systems reaches its upper pressure limit at 400-600
bar, whereas for the good operation of columns with such small size particles,
pressures over 1.000 bar may be required (24). This is because the mobile linear
velocity is limited by pressure and if a low velocity is used the column may not
provide optimal performance (i.e. high HETP) as seen in Figure 2.

Only the development of new and advanced systems can provide the
appropriate operating conditions to columns packed with sub-2μm totally porous
particles. UHPLC systems were designed to withstand very high pressure limits
(up to 1.500 bar). Even though UHPLC systems have a very high pressure limit,
UHPLC stationary phases generate so much pressure in small diameter columns
that implies that a low operational flow rate must be used, which is usually
below 1 mL/min. The good part is that the smaller particles are more efficient
and therefore require less stationary phase to perform the same separation than
achieved with larger particles and thus shorter columns can be used. With shorter
columns the path that molecules need to permeate is smaller which will eventually
reduce the analysis time if sufficient efficiency is provided. Another advantage of
shorter columns is that they generate lower back pressure than longer ones, which
can be explored alone or combined with other strategies to further reduce particle
size or to increase mobile linear velocity.

However, as column´s dimensions are reduced and mobile phase linear
velocity is increased, the characteristics of the equipment start to increase its
effects in the separation. The system dead volume influences the chromatographic
performance of the separation and this factor increases its importance as the
dimensions of the column are reduced. However, judicious selection of the
column dimensions can alleviate the situation. Short columns are demanding
since they generate peaks with very small volume and the effect of extra column
volume will be less pronounced as the volume (both length and i.d.) of the column
is increased (25). In this context, UHPLC columns are usually available with
reduced internal diameter (i.e. 2.1. μm). Tubing length and internal diameter and
several components (such as the volume of the detector cell) were also optimized
in UHPLC systems to minimize the dead volume of the system and improve the
chromatographic performance.

There are several examples of the application of UHPLC for the fast analysis
of bioactive compounds in raw bioactive materials, such as phenolic compounds,
which are one of the most studied compounds classes (Table 1). Overall, the
extreme efficiencies that may be achieved by UHPLC are translated into methods
that take only a fewminutes to perform the analysis (rather than hours) while being
able to separate dozens of compounds on a single run. Such high performance is
setting a new standard in LC separations in terms of speed, efficiency and solvent
consumption. Surely recent HPLC owners did not find all good in this perspective
because their equipment is expected to last for several years without becoming
obsolete.
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Figure 3. System pressure using different types of columns at different temperatures, flow rates, and mobile phase composition in a
conventional HPLC. CP conventional particle column, FC fused-core column, MC monolithic column. Reproduced with permission from

reference (18). Copyright 2011 Elsevier.
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3.2. Columns Packed with Partially Porous (Fused-Core) Particles

Another emerging technology to improve LC separations is based on
columns packed with partially porous particles. In contrast to the totally porous
particles used in conventional LC columns, partially porous particles (also termed
fused-core, core-shell or porous-shell) are high-purity silica particles with a solid
core and a thin porous outer shell (26). The size of the partially porous particles
commercially available starts at 1.2 μm solid core and 0.25 μm porous silica
surface layer (22). They present a small diffusion path (0.5 µm) compared to fully
porous particles (e.g., 1.8 µm), which provides superior mass transfer kinetics and
better performance at high mobile phase velocities (27). The sub 3 µm partially
porous stationary phases have lower eddy diffusion and higher mass transfer
resistance for small analytes than sub 2 µm totally porous stationary phases.

The columns packed with this new type of stationary phase present high
performance because of its very narrow particle size distribution and their higher
particle density when compared to totally porous stationary phases, which results
in very homogeneous, efficient packed beds. Due to their characteristics, columns
packed with partially porous particles usually provide better efficiency than
columns packed with totally porous particles of the same size. For a typical
HPLC column well-packed with 5 µm totally porous particles present HETP
values usually between 10 and 15 µm while columns packed with partially porous
particles of the same diameter can have HETP values close to 7 μm. It is possible
to have HEPT values lower than 2 µm with columns packed with 1.3 µm partially
porous particles (Figure 2).

On the other hand, as particle size decreases from 5 to 2.6, 1.7 and 1.3 μm,
the maximum linear velocity of the mobile phase that can be achieved without
exceeding the system pressure limits also decreases. While columns with particles
of 5 μm allowed velocities higher than 1.2 cm/sec (although with very high HETP
values), columns packed with particles of 1.3 μm are not able to exceed 0.6 cm/sec,
but they are capable of maintaining excellent efficiency.

It is important to highlight that columns packed with partially porous particles
packed with 2.7 µm particles produces approximately half of the backpressure of
sub-2 µm totally porous particles due to their relatively high specific permeability,
which makes it possible to use sub 3 µm columns on conventional HPLC systems.
For example, the specific permeability of columns packed with sub 3 µm core-
shell particles ranges between K0 = 4.6 × 10−11cm2 and 6.4 × 10−11 cm2, while the
permeability of a column packed with 1.7 μm totally porous stationary phase is ~
2.5 × 10−11 cm2 (28–30).

The relatively high permeability of partially porous stationary phases also
allow the use of the same mobile linear velocity of columns packed with larger
totally porous particles while providing significant gains in chromatographic
performance due to the smaller particle size. For example, under the same
conditions, a column packed with 2.7µm partially porous particles provide similar
pressure to a column of the same dimensions packed with 3.5 µm totally porous
particles totally porous particles, especially at lower mobile phase linear velocity
(Figure 3).
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In this case, with both columns (100 x 4.6 mm) is possible to have flow
rate higher than 2.5 mL/min, although the column packed with partially porous
particles can take better advantage of the higher mobile phase linear velocity due
to a more efficient Van Deemter curve. In addition, columns packed with 2.7 μm
fused-core particles can use the same inlet frits typically used on columns with 3–5
μmparticles, whichmakes these columns less susceptible to the plugging problems
that are sometimes evident with most sub-2 μm columns, especially for samples
from complex matrices such as raw bioactive materials, where several impurities
may be present.

However, partially porous stationary phases and sub 2 µm totally porous
stationary phases produce peaks with low retention volume, which means that
the chromatographic performance might be severely compromised by extra
volume from the equipment. Therefore, in order to fully explore their potential,
it is also necessary to improve the characteristics of the system, especially dead
volume, by optimizing tubing length and internal diameter, and using low volume
components.

There number of studies using columns packed with partially porous for the
fast analysis of bioactive compounds is steadily increasing in the last years and
several applications for the analysis of compounds present in tea, wine, coffee and
soybeans, among other raw bioactivematerials can be found in the literature (Table
1).

3.3. Monolithic Columns

Monolithic columns are made of a single piece of porous cross-linked
polymer or porous silica. The monoliths were developed based on a sol–gel
process, which includes the hydrolysis and polycondensation of alkoxysilanes
(e.g. tetramethoxysilane or tetraethoxysilane) in the presence of water-soluble
polymers (e.g. poly(ethyle) neoxide or polyethylene glycol) (31). Silica based
material is the most popular substrate for HPLC columns due to its unique
properties such as inertness to a wide variety of analytes, mechanical strength to
withstand relatively high pressures, and high efficiency (32). The rods formed,
containing both macro and mesopores, are highly porous material (Figure 4).

Figure 4. Comparison of the structure of a column packed with conventional
particles (a) and monolithic column (b). Reproduced with permission from

reference (33). Copyright 2002 Elsevier.
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The conceptual design of these columns is to reduce analysis time through
low column backpressure and high efficiency, allowing high flow rates, and faster
transfer kinetics. Using monolithic columns it is possible explore flow rates that
are 2 to 3 times higher than those allowed with columns of the same dimensions
packed with totally porous particles of 3.5 µm or with partially porous particles of
2.7 µm (Figure 3) (18). In this case, the large pores (2μm) allow the application of
high eluent flow rates due to the low flow resistance while the small pores (about
12nm) provide higher separation efficiency because of the high surface area (9, 10).
The large through-pore size/skeleton size ratios and high porosities with a small
diffusion path result in high permeability and a large number of theoretical plates
per unit pressure drop which allows for faster separations with “conventional”
HPLC instrumentation. It is important to notice that a relative comparison of the
chromatographic performance of monolithic silica columns and particle packed
columns suggested that the mass transfer properties of the monolithic columns in
the mesopores is equivalent to a column with particle diameter of 3µm, while the
through pore system is equivalent to an interstitial pore system of a packed bed
with a particle diameter of 15 µm (34).

Another chromatographic characteristic of monolithic columns is that they
are very responsive to changes in flow rate. The flow rate may be modified during
analysis (flow gradient) to improve peak definition of a given compound or to
reduce total separation time once the target compounds has successfully eluted
(34). Thus, fast equilibration times can be achieved and total analysis time will be
reduced.

The drawbacks of the monolithic columns include limited chemistries (C18,
C18 endcapped, C8) and suppliers, impossibility of directly transfer methods
between conventional HPLC and monolithic supports, limited resistance to
pressure (<200bar), pH (2<pH<8) and temperature (< 45°C) (24). However,
with hybrid chemistry, both silica and polymeric columns have been produced to
provide enhanced mechanical stability, high efficiency, and extended pH range
(10)

There are some applications of monolithic columns for the analysis of
bioactive compounds that can be found in the recent literature (Table 1). In
general, it is possible to achieve very fast separations (less than 10 minutes) of
complex mixtures while obtaining good resolution. Although it is possible to
develop relatively fast methods the high flow rates used may result in excessive
solvent usage, which can result in an economical and environmental concern in
the case of expensive and toxic solvents.

4. Chromatographic Conditions

Besides of the LC “hardware” (column, system configuration, detector, etc.),
operational conditions used for the analysis (column temperature, mobile phase
composition, flow rate, etc.) can greatly influence the results obtained in any
chromatographic separation. Ideal conditions provide a good balance between
resolution of the sample components and the analysis time necessary to achieve
the separation. When developing fast methods for LC separations is important to
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consider this aspect since there will be several instances where resolution can be
sacrificed for speed or where speed can be traded for resolution. This is especially
true in samples from raw bioactive materials, where there may be several similar
components present (not all may be bioactive) and achieving good separation
between peaks can be a challenge.

4.1. Column Temperature

The increase of the column temperature can provide some advantages
to chromatographic methods such as speed, efficiency, resolution, selectivity,
reduction of the solvents consumption and improved detection and quantitation
levels (13, 15, 19). Temperature influences all aspects of the separation, from the
mobile phase and the stationary phase to the target analytes themselves. However,
one of the most interesting effects of temperature in chromatographic separation
is on the mobile phase viscosity.

To illustrate the effect of temperature on the solvent viscosity and pressure
we can consider the mixture of water and acetonitrile, which is one of the most
used HPLC mobile phases. The viscosity of a mixture of 10% acetonitrile and
90% water mixture (v/v) at 25 °C is approximately 1.0 cP, while at 50 °C it
is approximately 0.6 cP (35). As column temperature increases, mobile phase
viscosity is reduced which results in lower column backpressure. (Figure 5) (19).

Figure 5. System pressure profile produced by different column temperatures
during a gradient separation with acetonitrile and water as mobile phase on a
column packed with partially porous particles of 2.7 µm. Initial conditions are
92% water and 8% acetonitrile. Reproduced with permission from reference

(19). Copyright 2010 Elsevier.

Although the reduction of the column backpressure is not proportional to the
increase in the temperature, the pressure difference can be sufficiently high to allow
a great increase in mobile phase flow rate to reduce analysis time. Additionally,
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due to the reduction of solvent viscosity caused by the increased temperature, the
use ethanol and/or water as mobile phase also may become practical alternatives
(13). Moreover, faster separations may lead to lower solvent usage. Besides
the advantage of less toxicity, the use of larger amount of water as mobile phase
enhances its transparency for UV detection (13).

Another important parameter affecting the separation of compounds which is
greatly influenced by the temperature is the transfer rate of the solute from the
mobile phase to the stationary phase (9). The B term of Van Deemter´s equation
represents the contribution to band dispersion from longitudinal diffusion, the C
term is the mass transfer parameter (36). The diffusion coefficient is directly
proportional to the absolute temperature and inversely proportional to the viscosity.
The lower viscosity and higher diffusivity of a mobile phase at high temperatures
produce much lower mass transfer resistance, thereby decreasing the peak width
(9, 19) and producing a much more “flat” curve.

The effect of temperature on the chromatographic efficiency of columns
at different temperatures can be observed in Figure 2. By comparing the Van
Deemter curves of the column with 1.3 µm at 25 and 55 °C it is clear that at
lower temperatures higher efficiency is achieved (lower HETP values) but at
increased temperatures the curve is extended due to expanded limit of achievable
linear velocity caused by the lower pressure (i.e. “flatter” curve). Therefore,
if column temperature is increased there will be a loss of efficiency but higher
linear velocity may be achieved. Additionally, it can be noted in Figure 2 that
the increase in mobile phase linear velocity may further reduce the efficiency of
the column, especially with columns packed with particles of larger diameter (>
5µm). Therefore, it is also necessary to consider a balance between increasing
flow rate and reducing analysis time and being able to afford the loss of resolution
that the increase in flow rate may cause.

Figure 6. Effect of column temperature in elution order of isoflavones.
Reproduced with permission from reference (19). Copyright 2010 Elsevier.
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As the linear velocity of the mobile phase increases, mass transfer rates
(not column efficiency!) also increases. Consequentially there is a reduction of
the retention of the compounds by the column, which implies that dispersion of
analytes inside the column, will be reduced and faster analysis may be achieved.
This aspect is seen in Figure 6, where the separation of a series of soybean
isoflavones is performed at different column temperatures. The retention time of
compounds is greatly reduced with the increase of the column temperature from
25 to 50 °C, even though the gradient was maintained constant.

However, temperature may not affect all compounds the same way, and even
similar compounds such as some soy isoflavones, can see selectivity changes
depending of the temperature used (Figure 6). In this case, it can be observed that
elution order of some isoflavones (acetyl glycitin – AGly- and malonyl genistin
– MGi) is different between 25-30 °C and at temperatures above 45 °C. It is also
important to note that between 35 and 40 °C, both isoflavones co-eluted which
may affect their correct quantitation. On the other hand, it is possible to take
advantage of these changes in elution order according to temperature to overcome
co-elution problems.

Nevertheless, the use of higher temperatures can be limited due to the lack
of thermally resistant stationary phases and of unstable solutes (36). Temperature
limits of commercially available stationary phases range from 45 °C (examples:
Chromolith C18, XSelect CSH C18) to 90 °C (example: BEH C18UHPLC 1.7 um).
However, it is noteworthy that increasing column temperature may reduce column
life, especially with aggressive conditions (extreme ph, linear velocity and high
pressure, among others) and at the temperature limit of the column.

In this context, temperatures close to 60°C (HPLC) or 90 °C (UHPLC) can be
used to perform rapid analysis, since mobile phase viscosity and consequentially
column backpressure, are greatly decreased, which can be explored to increase
flow rate and reduce analysis time. There are several examples where elevated
column temperature was used for analysis of bioactive compounds in raw bioactive
materials (Table 1).

There are a few columns packed with stationary phases that can withstand
extreme temperatures (> 150 °C) that are being developed and, with the proper
system, they may allow further exploring the advantages of high temperature for
chromatographic analysis. Due to the excellent results obtained with changes in
temperature it is expected that this strategy will be further explored in the future
which can lead to a whole new age of separations with a new technique which is
being defined as high temperature chromatography.

4.2. Mobile Phase Composition

Besides the column temperature, the solvent used in mobile phase is another
important parameter that can heavily influence the potential to speed-up a given
separation. This is because the solvent viscosity is one of the main responsible
for the backpressure generated by column. As mobile phase viscosity increases
so does the resistance offered by the column and thus the backpressure generated.
In reversed phase separations water is usually the polar solvent while other less
polar solvent that is miscible in water is used as secondary component to elute
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compounds from the column. Common examples of the secondary mobile phase
component include methanol, acetonitrile, and tetrahydrofuran. Each solvent has
its own characteristics and may be more suitable for the separation of certain
compounds and sample types than other. Nevertheless, it does not imply that other
solvents and solvent combinations cannot be used and achieve adequate or even
superior results.

Considering fast separations, it is interesting the selection of a mobile
phase with low viscosity so that the lower backpressure generated is explored
to increase flow and that way reduce the necessary analysis time. Among most
used solvents in reversed phase LC separations, methanol and acetonitrile are
the most effective and used ones. They are moderately polar solvents that are
widely used for the separation of a great number of bioactive compounds present
in raw bioactive materials (Table 1). Aside the environmental and toxic aspects
of these two solvents they present several different characteristics. Acetonitrile
present lower viscosity than methanol and therefore generate a lower column
backpressure which in turn allows the use of higher flow rates. This aspect can be
observed in Figure 3, where the allowed flow rate by the mobile phase composed
by acetonitrile was almost 30% higher than the flow rate allowed by the mobile
phase composed by methanol (18).

Another aspect to consider when selecting the appropriate solvent for
gradient separations is the pressure profile of the mixture between mobile phase
solvents. This is important because strongly associating solvent mixtures such
as water/acetonitrile, and water/methanol mixtures show anomalous variations
in viscosity with composition. For example, mixtures of water/acetonitrile show
maximum viscosity at 35% (v/v) while water/methanol show the highest viscosity
near 50% of each component (35). Furthermore, as can be observed in Figure
3, water/acetonitrile mixture produce a much lower difference in the pressure
when compared to mixtures of water/ methanol (18). Nevertheless, acetonitrile is
convenient for HPLC/MS methods because of the lower level of total volume of
gases generated related to methanol based methods.

4.3. Flow Rate and Mobile Phase Linear Velocity

When considering fast LC separations, one of the most important method
parameters which can be explored to reduce analysis time is the mobile phase
flow rate. The basic concept of this strategy is that increasing mobile phase flow
rate increases mass transfer rates between the analytes, the stationary phase and
the mobile phase, which reduces the retention of analytes by the stationary phase,
thereby reducing analysis time.

In isocratic separations this strategy is fairly simple to implement. In contrast,
in gradient separations it is necessary to adjust the gradient and the method may
not be adaptable depending of the conditions and stationary phase used (see Figure
7). In this case, it is usually necessary to reduce the gradient time proportionally to
the increase in flow rate while maintaining the concentration of the mobile phase
components constant (19).
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Figure 7. System pressure profile of a separation performed using different
flow rates with adjusted gradient conditions. Reproduced with permission from

reference (19). Copyright 2010 Elsevier.

To illustrate the principle an example is provided in Table 2

Table 2. Hypothetical Gradient Example Considering a Mixture between
Two Solvents (A and B) under Normal Conditions (0.5 mL/min) and the
Adjusted Gradient under Elevated Flow Rate Conditions (1.0 mL/min)

0.5 mL/min 1.0 mL/min

Time
(min)

% solvent A % solvent B Time
(min)

% solvent A % solvent B

0 100 0 0 100 0

10 80 20 5 80 20

20 60 40 10 60 40

40 40 60 20 40 60

60 0 100 30 0 100

Considering that resolution is a function of the difference of retention time
between two components of the sample, the increase in flow rate will definitely
reduce resolution, which is not detrimental to separation as long as compounds
are adequately separated from each other. When trying to speed-up methods using
this strategy, the maximum usable flow rate is that where the complete separation
of target components (or target resolution) is not yet being compromised in order to
reduce analysis time. In this sense is advisable to determine the lowest acceptable
resolution for specific compounds.
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There is a lot of discussion about the economic and environmental
implications of adopting the strategy of increasing flow-rate to speed-up LC
separations, especially when toxic solvents are used. The negative argument to
this discussion is simple: as flow rate increases solvent consumption increases
proportionally. And if solvent consumption increases, so does costs and
environmental impact.

In order to correctly evaluate the impact of this strategy on costs and
environmental impact it is necessary not only to consider flow-rate and solvent
consumption but also to evaluate the amount of solvent used. If the mobile
phase flow rate is increased and the solvent consumption increases in the same
proportion as the reduction of the analysis time of the separation, than the amount
of solvent will remain the same but with the advantages of the separation being
achieved faster. For example, if a given separation is achieved in 60 minutes at 0.5
mL/min and consumes 30 mL of solvent, doubling flow rate to 1.0 mL/min will
reduce analysis time to 30 minutes while consuming the same 30 mL of solvent.

However, since the increase in flow rate affects mobile phase velocity which
may reduce column efficiency, it is implied that the reduction in analysis time
may not be proportional to the increase in flow rate, inevitably leading to a higher
amount of solvent used. In this context, it is important to define mobile phase
linear velocity and flow rate. Mobile phase linear velocity refers to the velocity
of the mobile phase inside the column (or tubing) while flow rate indicates the
volumetric amount of solvent pumped per unit of time. In this sense, we can have
two different mobile phase linear velocities for the same flow rate if the same
flow rate is used on columns with different inner diameter. This is caused by fluid
dynamics. According to Bernoulli’s principle, reducing the diameter of the column
will reduce the area and consequently the velocity will increase by the same factor
that the area is decreased. Each column responds differently to the increase in flow
rate because they have their own Van Deemter Curve. And these curves are also
affected by temperature (Figure 2).

Therefore, the difference in the amount of solvent consumed and the efficiency
achieved (and thus the separation) will depend of the columns dimensions and
characteristics as well as of the conditions of the method and the separation
achieved. But is important to highlight that in some cases, the resolution loss
caused by the lower column efficiency promoted by the implementation of higher
flow rates may not affect the separation (considering that may be acceptable loss
of resolution). Therefore, there may not be important differences in the amount
of solvent used and in the separation even if lower column efficiency is achieved.

5. Conclusions

The analysis of bioactive compounds in raw bioactive materials can be a
challenging task because some sample may be very complex matrices, where
besides of the target analytes there are several other interfering components.
LC technology is rapidly evolving and new systems, materials and strategies
are constantly being developed and advances in this area are likely to continue.
The need of faster analysis methods is clear and as technology advances the
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developments are applied for the analysis of bioactive compounds in raw
bioactive materials. Among the new packing materials, sub 2µm particles
and partially porous particles are currently the cutting edge technology in LC
separations. Partially porous particles were only recently developed and still are
being subject of intensive research in several fields of liquid chromatography,
including raw bioactive materials. It is expected that it can improve separations
actually being carried out by conventional HPLC systems to a performance level
close to UHPLC separations with columns packed with totally porous sub 2 µm
particles. However, as the number of available partially porous stationary phases
for UHPLC increases, it can be anticipated that UHPLC combined with partially
porous particles will definitely set a new standards in LC separations. Overall,
the combination of these highly efficient stationary phases (partially porous sub 2
µm particles) packed in short columns with reduced internal diameter, operating
at elevated temperature and flow rate with adequate solvents that present low
viscosity under optimized conditions can provide huge improvements in the
speed of LC separations. Only by adopting an integrated effort where several
favourable conditions are used that it will be possible to take full advantage of
their characteristics to produce ultra-fast LC separation methods.
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An actual interesting branch is effect-directed analysis. Recent
progress in the field of the application of bioassays in direct
combination with chromatography (direct bioautography) led to
reliable characterization of unknown samples with regard to their
activity profile. Planar chromatograms were directly immersed
into bioassays, followed by incubation on the plate for up to 2
hours and visualization of the activity profile via a color substrate
reaction. Despite the long incubation time in the aqueous
media, sharp high-performance thin-layer chromatography
(HPTLC) zones were obtained, allowing quantitation. Also
instant bioluminescent bioassays were employed. Bacteria, yeast
cells or enzymes specifically and sensitively detect bioactive
compounds in complex samples according to their distinct
effect. HPTLC in combination with bioassays, derivatization
reagents, spectroscopic and high-resolution mass spectrometric
detections led to a fast activity profiling and the direct link to the
bioactive compounds of interest in complex raw samples. All
these tools, inclusive of structure elucidating methods like NMR,
FTIR, SERS and HRMS, were performed at the analytical level
directly from the bioactive zone of interest on the HPTLC plate,
optionally via the versatile TLC-MS Interface. The image-giving
chromatographic system with an open, planar stationary phase
and the post-chromatographic evaporation of the mobile phase
eased the performance of various kinds of hyphenations.
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Effect-Directed Analysis (EDA)
Over 80 million simple compounds are registered in Chemical Abstracts

Service (CAS). Even if less than one-per-mil of all these chemicals are discussed
as potential contaminants, multi-methods can not cope with it. Their capacity
is limited and can not cover the relevant group and scope of substances. This is
evident for residue analysis of food and feed. Coming from all over the world
due to the global food/feed chain, over 1000 pesticides could be considered
as highly relevant. Additionally, metabolites and breakdown products of the
residues have to be integrated into such multi-residue methods. However, often
this is difficult because of their mostly unknown nature or the unavailability
of reference compounds. Target analysis is powerless and can not notice such
effective compounds present. The same situation is apparent for the search
for effective compounds in highly complex samples, like given for the field of
bioactive natural product search (1) or the analysis of antibiotic residues in food
of animal origin. Even validated multi-residue methods (2, 3) are not able to cope
with the wealth of potential residue candidates.

Opposite to it, detecting everything is also limited (4), as it requires complex
analytical systems with an extensive capacity for data handling, generates high
costs, and takes a great effort and database for detection and identification
of several thousands of substances. High-sophisticated, hyphenated and
comprehensive online methods in combination with a considerable database
are not the key and panacea method for routine food safety (5) and search for
bioactive molecules. High sophisticated online systems are complex and the
whole analysis chain is interrupted and forced to stop, in case of troubles at a
small link.

To conclude, the most appropriate solution for each task should be chosen,
irrespective of the prevailing trend. However, this requires a profound knowledge
on analytical methods, inclusive of advantages and disadvantages. Other
methodologies solve this challenge of the unknown bioactivity and relevance of
samples differently, even in a more simple way. Such a workflow is the so-called
effect-directed analysis (EDA (6–8); ), in which mostly a bioassay is used for
specific detection of an effect. In combination with chromatography, single
effective compounds can directly be assigned.

Chromatography Directly Combined with Bioassays
Actual bioassays used, e.g. cuvette (9), Petri dish or microtiterplate assays,

can characterize complex samples in the whole. A sum parameter is obtainable,
but it is not found out, which compounds are responsible for the bioactivity itsself.
Sum parameter results can be falsified due to matrix interferences, antagonistic or
synergistic effects, as there is no chromatographic separation and differentiation.

Hence, it is advisable to combine bioassays with chromatography. This will
directly link to the bioactive compound itself and show the distinct bioactivity of
single compounds, depending on the bioassays selected. EDA in combination with
chromatography leads to targeted answers in a comprehensive context and range
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of potentially relevant compounds. All compounds are detected in the complex
sample that generate the effect indicated by the bioassay. Thus, thousands of
compounds in a complex mixture are reduced to few important bioactive ones.
Apart from analytes in the focus, unknown metabolites, side products, (process)
contaminants, degradation products, adulterants, migration products, or residues
were detectable. Often compounds not detected with the standard techniques,
like UV, Vis and fluorescence detection (FLD), are discovered not until with the
bioassay. These compounds being bioactive, but not in the analytical focus, are
important, but overlooked.

The importance of a comprehensive screening is triggered by the growing
global threat to ecosystems due to the profuse release of anthropogenic compounds
despite fruitful regulation. Also food safety is concerned due to the global food
chain. For example, screening of antimicrobial substances in food of animal
origin is mainly performed with biological assays, e.g., 4-plate test, 5-plate test,
also called STAR protocol (10–14). In the last two decades, hyphenation of HPLC
with MS/MS seemed to be the analytical panacea in the field of veterinary drug
residue analysis. Regarding residues of antimicrobial drugs, the intention was to
confirm the measured biological effect through the detection and identification
of the drug by HPLC-MS/MS (15). This fruitful approach revealed its limits as
only about 70 % of the positive biological screening tests could be confirmed. In
other words, about 30 % of the food samples detected as positive by a biological
assay were not confirmed by MS, as the targeted antibiotic compounds of the
multi-residue method were not detected and identified in the samples (private
communication with an EU Reference Laboratory). However, it is necessary
to obtain information concerning such unknown bioactive substances contained
in these food samples with regard to food safety and the increasing resistance
of pathogens against antibiotics leading to risky human infections. As recently
demonstrated in a proficiency test (16), the false negative rate was 73 % for
microbial methods, 50 % for biochemical and 22 % for instrumental methods.
It was concluded that substantial effort is needed to improve microbiological
screening and instrumental analysis, inclusive of LC/MS/MS. Bioassays in
direct combination with chromatography can solve this lack in information and
complement existing methodologies.

Drawbacks for Hyphenation of Bioassays with HPLC

The term hypenation (17), and in an excessive understanding jocularly termed
hypernation (meaning super-hyphenation) (18), comprises chromatographic
methods that place all of the required detectors into a single system so that all of
the mostly spectroscopic and spectrometric information is obtained in a single run.
With this hyphenation strategy the most relevant information is obtained out of a
single separation (chromatographic run). Although mainly spectroscopic/-metric
information is gathered by such hyphenated techniques, the integration of other
useful information like effect-directed bioassay detection is of high interest, too.

103

 
 



As HPTLC has been overlooked in analytical chemistry for decades and
HPTLC-bioassay was considered as not relevant, the different approaches were
based on either direct HPLC flow systems (19–22) or on intermediate parking of
HPLC fractions on a carrier (23, 24). Problems associated with column-derived
hypernations are capital cost and the complexity of the instrumentation difficult
to operate in a routine way. Concepts for dealing with the large amounts of data
produced by such systems are challenging, and a single eluent that is optimal for
all detectors is difficult to find, especially with regard to differences in sensitivity
between spectroscopic techniques and spectrometers (18, 25). The attempts to
couple HPLC in flow with bioassay detection showed intrinsic drawbacks:

• After use, the flow system had to be rinsed by disinfectants to prevent the
growth of biofilms. Before system re-use, all traces of disinfectants had
to be removed, otherwise the bioassay was killed directly.

• The HPLC eluent was restricted to a physiological composition or
needed a post-chromatographic aqueous dilution to a mixture with a
minor organic ratio, tolerable for the bioassay. This dilution step should
not impair peak performance. High salt concentrations of the bioassay
media did interfere with online MS detection.

• Only fast bioassay reaction times avoided dramatic peak broadening. The
blowing in of air bubbles did mitigate diffusion effects during the relevant
interaction time with the bioassay, however, impaired later detection, and
thus had to be removed again before the detector cell.

• The instrumental set-up was laborious and complex. The whole online
system was forced to stop in case of troubles with a small link.

• Sequential sample analysis limited the online system in the sample
throughput. Analysis time was limited by the successive online bioassay
duration, also for rapid HPLC separations. Sample preparation had to be
adjusted to the requirements of HPLC, as sample matrix may not remain
on the column.

• Time-depending effects on the bioassays cannot be studied in the flow-
system. For example, Aliivibrio Fischeri contact times of 5 min, 15 min,
30 min with the sample components are crucial according to ISO 11348.

• The limit of detection (LOD)was worse in HPLC-enzyme inhibition (EI),
e.g. by a factor of 5500 for analysis of paraoxon: LOD was 7.4 ng/peak
by HPLC-EI (20) versus 1.3 pg/zone by HPTLC-EI (26).

Various disadvantages of a direct flow-system were circumvented by
intermediate parking of HPLC fractions on a carrier. Two microtiter plates were
used for collection and parking of HPLC fractions (23). One 96-well plate was
subjected to the bioassay (24) and another was intended for later transfer of
critical fractions to HPLC-HRMS.

Concluding, the challenges associated with column-based hypenations were
the instumental complexity, capital costs, eluent flexibility with regard to different
detectors as well as their different detectabilities and strategies for handling the
large data amounts produced. Despite of these clear facts, research funding was
spend on such not ideal mainstream approaches.
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Challenges for Hyphenation Less Critical for HPTLC-EDA
These challenges are less critical in HPTLC-based hypenations. The

profound knowledge of boundaries between analytical methods makes it evident:
The most streamlined option for coupling chromatography with bioassays was via
planar chromatography. The open, offline and planar format of TLC/HPTLC did
not generate all these drawbacks of the column-derived approaches. In contrast
to mainstream techniques, planar chromatography was mostly not supported by
funding due to lack of understanding.

Screening of samples and tracking of relevant constituents therein can be
performed on the same plate with less effort and data handling. The open planar
system is adjustable to different detectabilities, remains simple by its modular
instrumentation, and is producing low data amounts due to its targeted detection.
Whereas in HPLC the online system forces specified pre-settings applied for
every run independent on matrix interferences, the modular offline HPTLC
instrumentation (fully automated in its single steps) facilitates a flexible mode
of hyphenation. HPTLC-EDA can be used at any time for any project and
bioassay without additional capital costs, whereas a hyphenated online HPLC
system is devoted solely to a single specified task (bioassay). As chromatography
is separated from the detection step, one major advantage is the eluent-free
detection. After chromatography the eluent is evaporated and an optimal solvent
with regard to the detector can be selected. The latter is extremely relevant for
EDA using bioassays, which are prone to be killed or inactivated by small organic
solvent portions in the eluent.

After HPLC separation, the sample is normally in the waste, whereas in
HPTLC the whole sample is stored on the plate after chromatography. This
means that unknown samples and their constituents can be evaluated first with
regard to their bioactivity profile. After bio-profiling of unknown samples, only
relevant zones – discovered to be bioactive compounds – were subjected to
further characterization and finally structure elucidation.

Hyphenations for Identification and Structure Elucidation
The next step in the analytical chain was characterization and structure

eludication of the unknown, but bioactive compounds (Figure 1). Hyphenations
can be selected as required to reach the relevant information about the sample.
Attenuated total reflection (ATR)-FTIR spectra were recorded from zones of
interest via the versatile TLC-MS Interface (27, 28) and analogously to that and
after detailed discussion with a college (29), the recording of NMR spectra was
demonstrated in the same way by this group (30), all at the analytical scale.
Diffuse reflectance infrared Fourier transform (DRIFT (31–33),) spectra, and
surface-enhanced Raman spectroscopy (SERS (34),) spectra were demonstrated
by reflectance measurements directly from the analytical plate. Only what is
effective and thus important is selected and directed to MS (35) or high resolution
MS (HRMS) (36, 37), and so further characterized through the sum formula. To
conclude, the non-target bioassay is followed by a targeted characterization of
the effective compounds.

105

 
 



Figure 1. From the bioactive zone to the structure: HPTLC hyphenations for
effect-directed analysis at an analytical level. (Reproduced with permission from

reference (38). Copyright 2014 G. Morlock.)

HPTLC-UV/Vis/FLD-EDA-HRMS/NMR/SERS/ATR-FTIR provides all
relevant information from the bioactive zone to the structural information
obtained from a single HPTLC plate, meaning chromatographic run. It is the
utmost streamlined analytical approach:

1. HPTLC is matrix-robust and sample preparation can be kept simple,
which allows a more comprehensive view on the sample. The sample
extract can be applied in a raw or crude nature.

2. In contrast to other high throughput systems, a simple matrix-tolerant
planar separation divides analytes from matrix to avoid matrix
suppression of the effect-directed detection etc. (known from cuvette
tests and microtiterplate assays). The UV/Vis/fluorescence detection
(FLD) images can be captured.

3. All samples on the plate were simultaneously subjected to the respective
bioassay. The bioassay is homogeneously applied onto the chromatogram
and indicates single bioactive compounds. The bioassay image is
compared with the information obtained from the UV/Vis/FLD images,
which provide basic structural information. The polarity of bioactive
compounds is estimated based on the chromatographic data.

4. Only bioactive compounds are further characterized by structure
elucidating methods at the analytical scale. Bioactive zones of interest
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are collected by online elution and subjected to NMR and ATR FTIR
or directly introduced into the mass spectrometer. Optionally, a
derivatization reaction can be performed with a separate plate section.

An updated recent overview on HPTLC-MS (Figure 2 (39),) divided the
approaches in elution and desorption-based approaches (40). Thanks to the hype
of ambient mass spectrometry, various options got commercially available in the
last 5 years, such as LESA, DART, DESI, MALDI and the TLC-MS Interface.
Practical information on the performance of HPTLC-MS was recently given (41)
with detailed discussion of background signals (42).

Figure 2. Elution and desorption based HPTLC-MS approaches; scanning MS
with dashed frames. (Reproduced with permission from reference (38) and

modified according to reference (39), Elsevier, 2014.)
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Improvement of the Protocol for Bioassay Detection To Obtain
Sharply-Bounded Zones and Optimal Detectabilities

Coupling microbiological assays with planar chromatography
(bioautography) has a long tradition for almost 70 years (40). Bioautography
plays a key role for screening of complex, mainly botanical samples for specific
natural constituents (44–46). In direct bioautography (DB), a developed plate
is immersed into a microorganism suspension broth and incubated to let the
microorganisms directly grow and react on it. Separation, incubation and
visualization are performed directly on the plate. TLC-DB seemed to be an
old technique with minor contribution with regard to the broad, diffuse spots
obtained after incubation with the aqueous media for hours. However, due
to recent combination of knowledge on the individual steps and its factors of
influence, a substantial improvement in the efficiency was reached, leading to
sharply-bounded zones, even after hours of incubation on the plate (47). This
improvement could have been invented since four decades. But not until now it
was discovered, leading to a performance level of TLC/HPTLC-DB being not
anymore what it was used to be (Figure 3). Even quantifications by HPTLC-DB
were performed and led to reliable correlation coefficients (47). Advantages of
better detectability, of the direct link to single compounds and of reduced matrix
interferences are evident if compared to commonly used microtiterplate, Petri
dish or cuvette assays.

Figure 3. Substantial improvement of the planar yeast estrogen screen (pYES):
sharply-bounded zones were obtained even after 2 hours of incubation

with aqueous media on the HPTLC plate (E1: Estron, E2: Estradiol, EE2:
Ethinylestradiol, E3: Estriol; E1/E3: 250 - 1500 pg/band, E2/EE2: 5 - 30

pg/band).
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Additionally, HPTLC was demonstrated to be a highly matrix-robust and
rugged chromatographic method (48). The single use of the stationary phase
can omit a tedious sample cleanup. The sample preparation was reduced to a
minimum and thus the sample extract was as raw and natural as possible (49).
Especially rectangular application was shown to cope with a high matrix load
(49–51). A focusing step followed for some seconds, if the elution power of the
mobile phase mixture was not strong enough to front-elute the analytes out of
the rectangular start zone (matrix should remain as rectangle). Thus, the layer
was used both for sample preparation and separation (49–53). Matrix left at the
start zone does not interfere with the chromatographic separation in HPTLC, but
would be enriched in a column chromatographic system and would interfere with
successive runs.

HPTLC-EDA allowed the localization of the activity even in a complexmatrix
and allowed a targeted isolation of the effective constituents. Tedious pointless
single compound screening was avoided. The improved HPTLC-pYES method
showed very good detectabilities with detection limits down to the fg- or pg-range,
depending on the analyte (47). As demonstrated in many projects in the trace and
ultra-trace analysis range (49–51), rectangular application substantially lowered
the detectability. For a reported LOD of 500 fg/zone for 17 β-estradiol (E2) using
the modified HPTLC-pYESmethod (47), LOD in water can be reduced to 1 ng per
liter for an application volume of 500 µLwater sample, being rectangularly applied
in 10 min. Hence, without any prior enrichment or clean-up step, this specific
HPTLC-EDA method directly worked in the low ng/L-range. The image with the
sharply-bounded effective zones can be used for quantification using digital image
evaluation systems or densitometric scanning.

HPTLC allowed a comprehensive view on the as far as possible raw sample
due to the reduced sample preparation, matrix-tolerance and high application
volumes, which, all in all, supported the profound search for new compounds.
It can be concluded that HPTLC developed further to a unique chromatographic
method for direct combination with bioassays of many samples in parallel.
Thereby, DB - performed as a simple immersion - is much more convenient than
agar-overlay or agar-diffusion assays.

Performance of HPTLC-EDA

Effect-directed detection can be performed starting from the bioactive zone
of a sample and leading to its structure. On one HPTLC plate, the sample can
be applied multifold. After chromatography, the plate is cut into sections, and the
different sections of the same plate can be subjected to the various detection modes
(Figure 4). Comprehensive information is obtained by the different detections,
successively employed for a single chromatographic separation.

A first impression of many separated samples in parallel is rapidly got by UV/
Vis/FLD inspection of the plate image. Information is obtained on UV absorbance,
fluorescence and Vis absorbance of single compounds at UV 254 nm, UV 366
nm and white light illumination, respectively (Figure 5 (54),). But also a more
comprehensive and detailed multiwavelength scan from UV 190 nm to Vis 900
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nm can be performed or UV/Vis spectra or fluorescence excitation spectra can be
recorded. Subsequently, the same plate section was immersed into the Aliivbrio
fischeri bioassay and distinct bioactive zone were observed.

Figure 4. Scheme of one HPTLC plate with two different propolis samples
applied multifold and cut into sections after chromatography for subjection to

the different detection modes.

Figure 5. FLD/UV/Vis inspection of the same plate section with Salvia extract
samples (no. 37-39) and a standard mixture of three tanshinones (TI, TIIa, and
CT); bioactive zones were evident after immersion of the same plate section

into the Aliivibrio fischeri bioassay.

Thereafter further information can be gathered, still on the same plate section,
by recording of mass spectra from bioactive zones of interest. The mass spectrum
was recorded directly after the use of the bioassay on the same plate section (Figure
6 (54),). In the positive ionization mode, sodium, potassium or any other medium
salt adducts are dominant in the mass spectra of such a bioassay plate, if compared
to recordings directly after chromatography (without immersion into the bioassay),
which showed the protonated molecule as a basepeak. All this information was
obtained for three sample extracts on one small plate section (5 cm x 10 cm).
Using the three residual plate sections of the 20 x 10 cm plate from the same
chromatographic run, further investigations may follow such as ATR-FTIR, NMR
and HRMS.
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Figure 6. HPTLC-ESI-MS of an unknown bioactive Salvia sample zone below
cryptotanshinone (CT): the mass spectrum was recorded still on the same plate

section after immersion into the bioassay.

On the one hand, one HPTLC plate section (after UV/Vis/FLD evaluation)
was immersed into the bioassay to get information about a distinct effect related
to single compound zones, on the other hand structurally more profound spectral
information (e.g. FTIR, SERS, NMR, and HRMS) and structure confirmation
with regard to functional groups by derivatization reactions can be obtained from
other plate sections of the same chromatographic run. For a newly discovered,
unknown bioactive component, a HRMS is employed to get information about the
sum formula. Hence, a wealth of information was rapidly gained with regard to
these three Salvia sample extracts. From a single chromatographic run and even
for several samples in parallel, comprehensive information can be obtained such
as identifying bioactive compounds in complex samples, information on polarity,
multifold spectral characterization and sum formulae.

On the other hand, parallel information about several response mechanisms
can readily be obtained for samples applied multifold on the same plate. The plate
divided into plate sections (according to Figure 4) can be subjected to five different
bioassays after chromatography.

For a high sample throughput, up to 30 samples per plate can simultaneously
be screened for bioactive products (36). The sample throughput can even be
doubled using anti-parallel developments from both sides. The most bioactive
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samples can be investigated further. Also this is a highly streamlined process: only
such samples, identified as the most bioactive, are focused on and characterized
further. The bioactivity intensities can easily be compared on the tracks side by
side, chromatographed and bio-detected under strict identical conditions. These
are decisive advantages of the image-giving HPTLC-EDA technique.

Although HPTLC lacks in as high separation power as given for HPLC or
GC, the high specificity and detectability of the bioassays compensate for it.
The analysis of thousands of peaks in a complex sample is simplifyed to few
manageable effective zones. Concerns about potential coelution with regard to
complex mixtures are defanged using either (1) the elution head-based TLC-MS
Interface with an integrated HPLC column or (2) comprehensive HPTLC.

(1) Assumedly co-eluting substances can be separated via a short HPLC
column integrated in the outlet capillary line of the TLC-MS Interface.
For example, if a short monolithic RP18 column is integrated in the
interface outlet line and transfer line to MS, a normal phase system
(HPTLC) is orthogonally coupled to a reversed phase system (HPLC).
For such a heart cut HPTLC-HPLC combination, an aqueous-organic
elution solvent has to be used. The aqueous part assures a high elution
power on HPTLC silica gel plates (front elution) and a sharp transfer of
the zone of interest onto the head of the RP column. In RP-HPLC, water
has no (if endcapped material) or less elution power and thus a retention
and consequently orthogonal separation is enabled by a high water ratio
in the eluent. Through an additional valve after the RP column, which
guides the first run seconds into the waste, the polar ionic bioassay media
can easily be removed and separated from the analytes eluting later,
which are transferred online to HRMS.

(2) Alternatively, comprehensive HPTLC (HPTLC x HPTLC) can readily be
employed without instrumental effort in contrast to HPLC or GC. Only
a small plate side has to be modified, e.g. by immersion of a 2 x 10 cm
edge section of a 10 x 10 cm plate into a modifier solution followed by
drying, and then a 2-D development has to be performed. For this, the
plate is turned 90° after the first separation on the edge section and the
second separation with a differing separation mechanisms follows on the
non-modified plate part.

These options discussed show the high flexibility of HPTLC-EDA inclusive
of all its hyphenations. The system can readily be adapted to a specific need and
the utmost streamlined process can be chosen to get the information.

HPTLC-EDA - The Direct Link to the Effective Compound

EDA means effect-directed analysis and comprises all detection means
indicating an effect that can affect biological systems. Thus, aside biological
assays also microchemical reactions can be included in case of bio-related
mechanisms (Figure 7).
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Figure 7. Categorization of TLC/HPTLC-EDA and some examples.

Although enzymes are neither a living organism nor an isolated organelle,
biochemical detections are increasingly grouped into bioassays. HPTLC-EDA
using the modified DB protocol is the preferred technique as recently shown for
pYES (47) leading to sharply-bounded bioactive zones. Bioassays can be carried
out highly selective and sensitive down to the pg-per-zone and even fg-per-zone
range.

Biological Assays for Effect-Directed Detections

A wealth of microbiological and biochemical assays could be transferred to
HPTLC. This field is extremely underexplored, however, the advantage is evident:
it links directly to the bioactive compound. Especially cell test systems showing
distinct toxicological effects will be an interesting subject of practical importance.
Such cell systems will be explored and transferred in the near future, as the benefit
of the direct hyphenation with chromatography is extraordinary. So far only some
bioassays out of a wealth of possible bioassays using bacteria, fungi, yeasts or
algae were transferred to HPTLC.
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• Bacterial assays for detection of bioactive compounds in complex
samples were described using the directly bioluminescent, marine Vibrio
Fischeri bacteria ((19, 35, 36, 55, 56); review in (57)), newly classified
and termed Aliivibrio fischeri in 2007. The direct luminescence enabled
a very fast protocol. HPTLC in combination with the Aliivibrio fischeri
bioassay is highly convenient in practical use, especially if compared to
cuvette or microtiterplate assays.
The bacterial detection of antibiotic compounds in environmental
and food samples was reported using Bacillus subtilis (58) or in
natural products and in plants using Pseudomonas savastanoi (59,
60). Vitamin B12 was detected in food using Escherichia coli 215
(61). Antimicrobial compounds in essential oils were detected using
Xanthomonas campestris pv. Vesicatoria, Pseudomonas syringae pv.
Phaseolicola (62) or Serracia marcescens (63). The latter bacteria were
red-colored and directly visible, however, for location and visualization
of other antibacterials mostly tetrazolium salt solutions were used as a
substrate for visualization of the vitality. Respective tetrazolium salts
were converted by intact dehydrogenases in living bacteria to colored
formazans. However, antimicrobial compound zones killed the bacteria
and white zones were obtained on a homogeneously colored background
(Figure 8).
An alternative to visualization via tetrazolium salt solutions or instant
bioluminescence, was demonstrated for inhibitors of the plant pathogens
Erwinia carotovora and Erwinia herbicola. Plate incubation with
esculin, which was hydrolyzed to esculetin by living bacteria and reacted
with ferric ion to form a brown complex, led to a brown plate background,
whereas inhibitors of the plant bacteria were detected as white zones
(64). Many other enzyme-substrate reactions that indicate the vitality of
living microorganisms are suited for use in HPTLC-bioassay detection.

• Algae assays were used for detection of algicides like shown for
Pseudokirchneriella subcapitata (67). White inhibition zones were
visible on a colored background.

• Fungi assays were used for detection of antifungal compounds, like
suspensions of Candida albicans, Trichophyton rubrum, Cryptococcus
neoformans, Cladosporium cucumerinum, Colletotrichum species,
Penicillium species or Aspergillus niger ((65–70) review in (71)). The
developed plate was immersed into a fungal suspension and the fungi
grow directly on the plate (visible as grey background with white
inhibition zones) until stopped by immersion into ethanol.

• Tailor-made bacteria strains or genetically engineered luminescent (72)
or specified microorganisms, so-called reporter gene assays, show strong
effects. For example, genetically modified yeast cells were used for
detection of estrogens (73) and further endocrine disrupting compounds.
The genetically engineered yeast cells contained the human estrogen
receptor DNA sequence (YES assay). In the last review (25), YES was
indicated to be a hot assay candidate. Meanwhile it was transferred to
HPTLC (74, 75), but still showed diffuse, broad zones after the long
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incubation time on the plate. Not until now (47, 76), the HPTLC-pYES
method was substantially improved to obtain sharply-bounded zones
with improved detectabilities (Figure 3). An international pYES expert
group is developing this new assay further (intested scientists are invited
to participate).

Figure 8. HPTLC-EDA of a bioactive Salvia sample detected with Bacillus
subtilis (track 2; compared to fluorescence detection on track 1). (Reproduced

with permission from reference (38). Copyright 2014 G. Morlock.)

Biochemical Assays for Effect-Directed Detections

Aside immuno-staining of gangliosides (77, 78), glycosphingolipids (79, 80)
or antiphospholipid antibodies (81, 82), enzyme assays were applied for selective
detection. So far only few biochemical assays were transferred to the plate.

• The esterase inhibition (EI) by anti-cholinesterase compounds like
organo-phosphates, thiophosphates or carbamates (83–85) was
demonstrated to be selective and sensitive down to the pg-per-zone
range (26, 86). Visualization was performed with Fast Blue Salt B
coupled to α- or ß-naphthol, which was enzymatically released from the
respective acetate substrate. Densitometric evaluation was performed via
absorbance measurement at 533 nm. Alternatively, the Ellman reagent
forms a pale yellow background within 5 min. AChE inhibitors appear
as white spots, which are generally more difficult to visualize than the
diazo dye method mentioned before.

• Previously performed as agar overlay and detected using esculin as
substrate to produce esculetin reacting with ferric ion to form a brown
complex (87, 88), screening for glucosidase inhibitors was employed as
TLC-DB (89). Visualization was performed by spraying with a mixture
of naphthyl-glucopyranoside solution and Fast Blue Salt B, in a ratio of
1:1 for the α-D-glucosidase and in a ratio of 1:4 for the ß-D-glucosidase
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assay. Using automated immersion instead of manual spraying would
improve the background homogeneity.

• Xanthine oxidase (XO) catalyses the oxidation of hypoxanthine and
xanthine to uric acid. Enzymatic oxidation of xanthine produces
hydrogen peroxide and superoxide radicals, which reduce the pale
yellow tetrazolium salt to a purple formazan. The XO inhibition zones,
visible as pale zones on a purple background, may reduce oxidative
stress and can have an effect on inflammation, arteriosclerosis, cancer,
aging, reduction of gout and kidney stones etc. Previously applied as
agar overlay (90), detection was recently performed by dipping into
a xanthine oxidase solution, followed by incubation, dipping into a
xanthine-nitrotetrazolium mixture and followed by a second incubation
(91).

• For tyrosinase inhibition, the TLC layer was sprayed with tyrosinase
and l-tyrosine solutions successively. Tyrosinase inhibiting zones are
detected as white spots against a brownish-purple background down
to the low ng-per-zone range (92). Again, using automated immersion
instead of manual spraying would improve the background homogeneity.

Microchemical Effect-Directed Detections

Microchemical derivatizations can also link to an effect. Especially assays for
antioxidant and radical scavenging properties are often applied.

• Bleaching under white light illumination or UV 366 nm (93) after
spraying of a developed plate with ß-carotene solution, or better
immersion into it, led to antioxidative yellow-orange zones remained on
a white background.

• Free-radical scavenging properties of single compounds in complex
mixtures can be detected using the microchemical reaction with the
stable 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•, ). This reaction is
widely used, but instead of application by manual spraying, automated
immersion of the developed HPTLC plate into the methanolic DPPH•

solution should be preferred to obtain a homogeneous background. The
absorption maximum of the purple DPPH• dye decreases upon reduction
by a radical scavenger. The revealing yellow-white zones against a
purple background are evaluated best under white light illumination in
the transmission mode. After 30 min or a longer period, the images
captured are more intense in signal gain if compared to the directly
captured image.

• Another test with regard to free-radical scavenging properties is the 2,2‘-
azino-bis(3-ethylbenzthiazoline-6-sulphonic) acid radical (ABTS•) assay.
The developed plate is immersed into the ABTS• solution and radical
scavengers are observed as colorless or pink spots on a green background.
If compared, the performace of the DPPH• reagent is superior with regard
to stability and zone differtiation (45).
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EDA detects according to its effect depending on the assay selected, and
thus additional information different to spectral detections is obtained. For
example, the effective zone, previously not detectable with mainstream detection
techniques (UV/Vis/FLD), was first revealed with the bioassay (Figures 5 and
8). Microchemical derivatization reactions (for confirmation of functional
groups) and further spectroscopic-/metric techniques may follow for further
characterization of unknown effective zones discovered (Figure 1). For detailed
analysis of newly discovered chiral compounds, chiral HPTLC stationary phases
or a chiral agent added to the mobile phase have to be employed. Or the effective
zone has to be online eluted into a vial (using the TLC-MS Interface) and
subjected to further analysis, e.g., by multi-dimensional gas chromatography with
chiral columns.

Conclusions

The field of HPTLC-EDA and its hyphenations attracts ongoingly
interest. Comprehensive information about effective compounds in a complex
sample is gained, all at the analytical scale. The experience gathered so
far suggests HPTLC as highly effective complementary and orthogonal
method to column-derived techniques. This hyphenated, flexible strategy
HPTLC-UV/Vis/FLD-EDA-HRMS/NMR/ATR-FTIR/SERS has three decisive
benefits and substantial advantages: (1) the absolutely direct comparison of
samples, run and bio-detected in parallel under identical conditions, (2) the
direct correlation of single sample components to biological activities, and
(3) the immediate reference to sum formulae, especially of newly discovered
bioactive components. This hyphenated strategy will support researcher to
recognize effective adulterations and falsifications with regard to food safety,
but also to streamline natural product search or residue analysis, as it directly
links to effective compounds, depending on the bioassay selected. This strategy
reduces the number of compounds in a complex mixture (>1000 to be analyzed,
all of potential interest) to a reasonable number and supports effective and
comprehensive decisions. Thanks to the combination of chromatography and
bioassay, it can rapidly be decided on samples whether there are relevant
compounds in. Potential matrix interferences of a sample are substantially
reduced thanks to the chromatographic separation, even if it is not the best. The
analysis times are substantially reduced, if compared to cuvette, Petri dish or
microtiterplate assays. The recently modified bioassay protocol (47, 76) led to
sharply-bounded zones, even after long incubation times with aqueous media.
This substantial improvement was shown for HPTLC-pYES and its general
appliciability was demonstrated by transfer to the Bacillus subtilis bioassay, for
which also sharply-bounded zones were obtained (47). Thus, clear compound
assignments are now possible, additionally to structure elucidating techniques
at the analytical scale. Both together make HPTLC-EDA attractive for many
application fields (76) and new avenues are opened through these substantial
improvements.
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Purity assessment of pharmaceutical compounds is a key part
of ensuring data integrity for any biological assay carried
out on such materials. Purity requirements and analytical
procedures are different according to the drug discovery
stage from chemical synthesis to compound selection for
development. In the current climate of globalization and
externalization, analytical laboratories should have the ability
to deliver high quality levels of a service and to directly
develop optimal methods and processes to be able to translate
them into effective practices. For this, standardization in
drug discovery laboratories working with external partners
is of paramount importance to deliver consistent data and
procedures, independent of the research site. This chapter
reports the implementation and standardization of LC-MS
methods and analytical procedures in Lilly research sites to deal
with purity assessment and related substances determination in
different stages of drug discovery.
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Introduction

The purity assessment of a compound in pharmaceutical research is a key
part of ensuring data integrity for any biological assay carried out on such
materials (1). However purity requirements and analytical procedures differ
according to the drug discovery stage from chemical synthesis to compound
selection for development (2, 3). Whereas in later stages of pharmaceutical
development, individually validated methods for each active pharmaceutical
ingredient (API) are necessary and required by regulators, such an approach is
not practical in earlier stages of discovery and generic methods applicable to a
range of compounds must be used to deliver acceptable analysis rates.

Demands on analytical support for drug discovery have increased in the
past few years. As a result, new analytical techniques are being continually
developed to meet these challenges. The use of well established methodologies
is being enhanced by incremental improvements in technology and protocols
(4). Hyphenation of analytical techniques (5, 6) is an approach adopted in drug
discovery laboratories to satisfy the compound quality requirements of today’s
pharmaceutical industry. Herein, liquid chromatography combined with mass
spectrometry (LC–MS) has proven to be the analytical technique of choice to
assess the purity of drug compounds in various stages of drug discovery (3,
7–9). In addition, reversed-phase is clearly the most prominent and valuable LC
separation mode in analytical sciences for its long tradition in quantification and
identification of synthesized compounds (3, 10, 11). The benefits of orthogonal
reversed-phase LC-MS-based methods, to accurately determine the identity and
purity of drug discovery compounds have been recently discussed by our group
(3). Additionally, an approach for improving the speed and effectiveness of
orthogonal low and high pH LC-MS for routine purity assessment on a single
system was demonstrated and standardized across two different sites within Lilly
Research Laboratories (12).

In the current climate of globalization and externalization, analytical
laboratories should have the ability to deliver high quality levels of a service and
to directly develop optimal methods and processes to be able to translate them
into effective practices. For this, standardization in drug discovery laboratories
working with external partners is of paramount importance to deliver consistent
data and procedures, independent of the research site. This chapter reports the
implementation and standardization of LC-MS methods and analytical procedures
in Lilly research sites to deal with purity assessment and related substances
determination in different stages of drug discovery.

We have continued our previous strategy for developing LC-MS methods (3,
12) with the evaluation of different chromatographic approaches for improving
the speed and effectiveness of orthogonal LC-MS methods for routine purity
assessment under an open access environment (analysis carried out by chemists
with minimum training on sample submission). Starting with our optimized 7 min
LC-MS gradients (12), more effective and faster methods with higher resolution
power were projected to reduce the analysis cycle time without sacrificing
data quality. Advantages and disadvantages of 4 column technologies (Gemini
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NX C18, XTerra MS C18, Atlantis dC18 and Kinetex C18) were evaluated in
comparison with conventional Gemini C18 and XBridge C18 columns.

In relation to the analytical procedure, there are different approaches to
determine the purity level and to carry out the quantification/identification of
the related substances that can accompany a pre-clinical candidate. Related
substances (RS) are defined as impurities derived from the drug candidate
structurally related to the compound of interest. The origin of these impurities
may be due to the synthesis, degradation of the compound, or some other process
occurring during the storage of the material (13–15). They do not include process
contaminants such as inorganic impurities, solvents, or water.

The most common approaches for purity assessment and related substances
determination are (16):

• The area percent approach is one of the simplest ways particularly
important through the early phase in drug discovery. This approach
does not require a reference standard and calculates the percentage of
a specific RS based on the area of this in comparison with the total
area by normalisation. It presents some limitations such as the linearity
over a wide range of concentration, the sample concentration (method
sensitivity) and the response factor that should be similar to that of the
drug substance. Due to its simplicity, this approach in combination with
the use of LC-MS was the preferred procedure by the pharmaceutical
industry (13) and chosen in Lilly laboratories for routine analysis of
compounds by synthetic chemists (e.g. monitoring chemical reactions
or rapid purity assessment). In this case, the area percentage obtained by
UV is used for the quantitative analysis and the MS spectrum obtained is
used for the qualitative analysis (17). In addition, due to the robustness
of LC-MS, this approach has been adopted as a user friendly open access
service (18).

• In the external standard approach, the % of RS is calculated using a
standard curve. The concentration of RS is determined by the response
and the calibration curve. It offers several advantages over the area
percent method such as the reduced linear range and improved method
sensitivity, but its main limitation is that a well-characterized reference
standard is essential and this is not typically the case in drug discovery
laboratories.

• In the high-low approach (19)], the limitation of the linear range is
overcome. The HPLC method relies on the assumptions that impurities
will elute from the column, and that they have a UV response that is
similar to the main component at that wavelength. These are not always
good assumptions; however, the resulting error is minimized as impurity
levels decrease. Samples are prepared at two concentrations and related
substances are estimated using HPLC techniques by comparing the
chromatograms from a pair of sample solutions. Chemical amplification
is achieved by comparing the chromatograms from a concentrated
solution (high) and an appropriate dilution (low). Based on the area
of the target compound in the diluted sample and the area of all the
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impurities in the concentrated sample at the maximum wavelength of
the target compound, the % of related substances is determined by
Equation 1. It is important that the accuracy and precision gains from
the improved signal to noise are not offset by new sources of error in
the procedure and therefore reproducible injection volumes and accurate
dilution are essential to achieve the highest quality results with this
high-low approach.

Where:

ALow CPD= Area of the target compound in the diluted sample

AHigh IMP= Total area of the impurities in the concentrated sample

DF = Dilution factor

Equation 1: % TOTAL Related Substances (%TRS)

Note:The percentage TRS is not directly comparable to the area percent. The
area percent is normalised i.e. all peaks summed to 100% whereas the TRS is a
percentage of the main component.

Due to the high sensitivity and the absence of a reference standard, this
approach was chosen to carry out the analysis of more advanced compounds, such
as the pre-clinical candidates, which demand more accurate information. Within
our laboratories, compound purity levels must generally be greater than 97%,
with no single impurity higher than 2%, and the identification/quantification of
the related substances must be performed by analytical scientists To ensure data
consistency across different sites, a global validation exercise was carried out to
estimate the error for the individual and total related substances determination.

Experimental
Instrumentation

Experiments were performed on an Agilent 1200 Series Rapid Resolution
LC/MSD SL system or Agilent 1100 Series LC/MSD equipped with a solvent
degasser, binary pump, auto sampler, column compartment and a diode array
detector (Agilent Technologies, Waldbronn, Germany). The UV wavelength
was set at 214 nm, band width 16 nm for the area percentage approach and
at the maximum wavelength of the compounds of interest for the high-low
approach. Electrospray mass spectrometry measurements were performed on
a MSD quadrupole mass spectrometer (Agilent Technologies, Palo Alto, CA,
USA) interfaced to the HP1200 or HP1100 HPLC system. MS measurements
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were acquired simultaneously in both positive and negative ionization modes
(fragmentor 120 V, threshold spectral abundance 150, MS peak width 0.09
minutes) over the mass range of 100-800 (12). Data acquisition and integration
for LC-UV and MS detection were collected using Chemstation software (Agilent
Technologies). HPLC 1100 instruments were optimized with the Agilent Rapid
Resolution HT1100 Series LC modification Kit (part number 5188-5328) or
a low volume mixer to minimize the system dead volume and gradient delay.
Connections between the injector, the column, and detectors were made using
0.17 mm i.d. stainless steel or PEEK tubing.

Reagents and Columns

Water, acetonitrile (ACN) and methanol (MeOH) were HPLC grade from Lab
Scand (Dublin, Ireland). Formic acid (FA) and ammonium hydrogencarbonate
were from Sigma-Aldrich (Steinheim, Germany).

Propranolol HCl (pKa: 9.2, logP: 3.1), verapamil HCl (pKa: 9.0, logP: 3.9),
terfenadine (pKa: 9.5 and 13.3, logP: 6.5) and niflumic acid (pKa: 1.7 and 4.7,
logP: 4.9) (20) were the components of the test mix for the studies carried out with
low pH mobile phases. Diltiazem HCl (pKa: 8.9, logP: 3.6) was used instead of
propranolol for the mixture employed for high pH analyses. The drug compounds
were obtained from Sigma-Aldrich. 5 mg of each compound were weighted and
dissolved in 30 ml of acetonitrile and made up to 100 ml in a volumetric flask
with water. The resulting concentration equaled 50 μg/mL per component. The
injection volume was 2 μL.

The columns used in this work were Gemini C18 and Gemini NX C18 50 x
2.0 mm, 3 μm, Kinetex C18 50 x 2.1, 2.6 μm (Phenomenex), XTerra MS C18 and
XBridge C18 50 x 2.1 mm, 3.5 μm and Atlantis dC18 50 x 2.1 mm, 3 μm (Waters).
The characteristics of the columns given by the manufactures are listed in Table
1. The acidic mobile phases were water (solvent A) and acetonitrile (solvent B),
both containing 0.1% formic acid (FA). Meanwhile, the alkaline mobile phases
were water (solvent A) with 10 mM ammonium hydrogencarbonate (NH4HCO3)
adjusted to pH 9 with ammonium hydroxide (NH4OH) and acetonitrile (solvent
B). The flow rate prior to the mass spectrometer was 1 ml/min, which was split
at a ratio of 3:1 in order to deliver 250 μL/min into the electrospray interface and
750 μL/min to the waste reservoir.

Results and Discussion
Defining Chromatographic Methods for Purity Assessment: Column and
Gradient Time

Starting with our optimized 7 min standard LC-MS gradients (12) for the
analysis of final products with low pH (from 5 to 100%B in 7 min, stays at 100%B
for 1 min, and then 0.5 min to initial conditions) and high pH mobile phases (from
10 to 100% B in 7 min, holds at 100%B for 1 min, and then 0.5 min to initial
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conditions) in the Gemini and XBridge columns respectively (at a flow rate of 1
ml/min and 50ºC of column temperature), we focused on a strategy for improving
the speed and effectiveness of orthogonal methods for routine purity assessment.
A systematic study using the above conditions but modifying the gradient time
of our standard methods from 7 min to 4.0, 3.0, 2.5, 2.0 and 1.0 min holding at
0.4 min at 100%B was carried out on both columns. Taking into account the low
column volume (0.2 mL), the time taken for the injection step (1 min) was found
to be more than enough to equilibrate the column, therefore both the post-time and
the re-equilibration time (1.5 min and 0.5 min respectively) which were employed
in the previous 7 min gradient were removed.

A test mix containing 4 drug compounds (three amines and one acid) was used
to check the performance of these studies (12). Five consecutive injections of this
test mix were carried out for each of the conditions tested. Peak capacity was
the default chromatographic parameter employed to define the resolution power
of each LC method (3, 21). Peak capacity is calculated according to Equation 2.
Figure 1 shows the results of this study on the Gemini and XBridge columns for
low and high pH, respectively.

Where:

TGT= Total gradient time in min

T0= Dead time in min

W10%= Peak width at 10%

Equation 2: Peak capacity.

It is well known that longer gradient times yield higher peak capacity
values. Peak capacity of our current 7 min gradients, 162 and 125 for the
Gemini and XBridge columns respectively, was lowered when gradient time
was decreased. However, the relationship is not linear and an appropriate and
optimal balance between analysis time and peak capacity can be found. To this
end, a 3 min gradient for the analysis under open access and 4 min gradient for
TRS determination were chosen as the best compromise. Peaks capacities with
these new methods (3-4 min gradients) were 115-132 for low pH on the Gemini
and 80-92 for high pH on the XBridge column. For the final methods of 3 min
gradients, the time for washing the column at 100% of mobile phase B was
increased from 0.4 to 0.75 min to ensure that all retained compounds elute from
the column. Thus, the total analysis time was reduced from 8.5 min to 3.75 min
(3 min gradient) for open access analysis, giving more than 50% time reduction.
Also note that the new methods still showed good performance in both UV and
MS signal detection as is depicted in Figure 2.
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Table 1. Physico-Chemical Properties of the Columns Used in This Study

Column Technology Pore Size (Å) Surface Area (m2/g) Coverage
µmol/m2

Carbon Load
(%)

pH Stability

Gemini® C18 Twin1; 110 375 14 1.0-12.0

Gemini® NX C18 110 375 14 1.0-12.0

XTerra® MS C18 HPT2; 125 175 2.2 15.5 1.0-12.0

XBridge® C18 BEH3; 135 185 3.2 18 1.0-12.0

Atlantis® dC18 100 330 12 3-7

Kinetex® C18 100 200 12 1.5-10
1; Two-In-One Technology. 2; HPT: Hybrid Particle Technology. 3; BEH: Bridged Ethyl Hybrid Technology.131

 
 



Figure 1. Comparison of peak capacity versus gradient time on the Gemini C18
at low pH and the XBridge C18 at high pH according to the gradient time.

Figure 2. Comparison of the UV and MS response for the standard gradient of
7 min and new gradient of 3 min at low pH on a Gemini C18 column and at
high pH on a XBridge C18 column. Elution order at low pH: 1. Propranolol,
2. Verapamil, 3. Terfenadine, 4. Niflumic acid. Elution order at high pH: 1.

Niflumic acid, 2. Propranolol, 3. Verapamil, 4. Terfenadine.
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An evaluation of the chemical stability of the Gemini and XBridge
stationary phases was also performed. In our experience over several years, the
tri-functionally bonded C18 ligand of the XBridge BEH C18 sorbent, which can
be used in the entire range of mobile phase pH (1-12) and exhibits ultra-low
column bleed, showed a good stability during the evaluated time, allowing more
than 2000 analyses at high pH and elevated temperature without any loss in
efficiency. In contrast, in our hands the Gemini column showed lower stability
at low pH, giving a typical life time of 400-700 injections. For this reason,
evaluation of modern column technologies such as Gemini NX C18, Kinetex C18
or well-known column chemistries in our laboratories such as XTerra MS C18 or
Atlantis dC18, in comparison with Gemini C18 at low pH, was carried out. A
summary of the main properties of these columns is described in Table 1.

The Gemini-NX phase is purported to deliver a significant increase in column
stability over the original Gemini product, more predictable separations and
longer column life, in addition to strong hydrophobic selectivity and high loading
capacity. The new phase features advanced TWIN-NX (Two-in-One) technology,
which grafts additional silica-organic layers on the surface of the internal base
silica. The advanced NX process uses ethane cross-linked groups that resist high
pH attacks and multi-point ligand attachments that resist low pH ligand cleavage,
to reinforce the silica and extend the performance to a pH range of 1 to 12. The
extended pH range allows greater flexibility in mobile phase modifications and
more control over retention and selectivity of ionizable compounds (22).

The XTerra MS C18 column is an endcapped, hybrid-based reversed-phase
C18 column that provides superior pH stability compared to a silica-based column
and is designed to be compatible with mass spectrometry applications (23).

The Atlantis dC18 column is a universal, silica-based, reversed-phase
C18 column that is most frequently used for polar compound retention. The
Atlantis dC18 column features di-functionally bonded C18 ligands that have been
optimized for use with highly aqueous mobile phases, including 100% water. Due
to its optimized physical attributes such as endcapping, silica pore size (100Å),
bonded phase ligand density and ligand type, this LC-MS compatible column
exhibits superior peak shape for all compounds, low pH stability, resistance to
dewetting (hydrophobic collapse) and enhanced polar compound retention (23).

Kinetex core-shell column, first introduced in the fall of 2009 have a
TMS endcapping phase which offers the hydrophobic retention and methylene
selectivity expected from a C18 column. Kinetex core-shell 2.6 µm and 1.7
µm particles (porous shell: 0.35 µm and pressure stability: 600 Bar) were
engineered to provide increased efficiencies and improved performance compared
to traditional fully porous particles (22).

Due to the above characteristics, these stationary phases have a wide range of
applications in drug discovery from analytical method development to purification
purposes. A comparison of the peak capacity on these columns with a 3 min
gradient time at low pH is presented in Figure 3.
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Figure 3. Peak capacity comparison of Gemini C18, Gemini NX C18, XTerra MS
C18, Atlantis dC18 and Kinetex C18 in a 3 min gradient at low pH. Average PC

in bold.

The results demonstrated that the Gemini NX column exhibited the highest
peak capacity (117), with a similar value in comparison with the Gemini (115).
However, the column stability was somewhat lower than other phases tested. In
contrast, XTerra MS exhibited a medium peak capacity (91) but with a better
column life time of more than 5000 injections in routine work without any
decrease of peak capacity. The Kinetex showed a similar peak capacity to the
XTerra MS (90 and 91 respectively), but with better results for acid compounds
than basic compounds. The Atlantis gave the lowest peak capacity, but it was the
column that exhibited higher retention times as demonstrated in our overloading
comparative study between this column and Gemini NX with 10 different
compounds chosen randomly from different projects. The results show no single
column offers optimal characteristics for all our criteria. The column that offered
the best compromise was chosen (Gemini NX for the OA approach and Atlantis
for the high-low approach, both at low pH). In this study, the high-low approach
was followed for these 10 research samples. For the high concentration, samples
were prepared between 0.9-1.7 mg/mL, 30:70 ACN:H2O was the preferred
option, 50:50 ACN:H2O, ACN 100% or mixture of ACN:DMSO were used in
that order of preference where solubility was an issue. For the diluted samples, a
dilution 1:100 was made, using the same solvent. Samples at both concentrations
and a blank (prepared with the same solvent mixture) were analysed under
identical chromatographic conditions in both Gemini NX and Atlantis using 4
min gradients (from 5 to 100%B in 4 min, holding at 100%B for 0.5 min) with
an injection volume of 15 μL as default, with the exception of sample 7 in which
one of the impurities presented a UV signal higher than 1000 mAU and this was
repeated with 4 uL of injection volume. A summary of this study is presented in
Table 2.
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Table 2. Comparative Study on the Gemini NX C18 and Atlantis dC18
Columns Using the High-Low Approach for the Determination of %TRS

(Calculated Following Equation 1)

Figure 4. Comparison of the study with Gemini NX C18 and Atlantis dC18
columns of the pre-clinical candidates with the high-low approach methodology.
Identical chromatographic conditions in both columns using 4 min gradient time
(from 5 to 100%B in 4 min holding at 100%B for 0.5 min. A:H2O-0.1% FA and

B:ACN-0.1% FA) and injecting 15 uL as default.
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Interestingly, the Gemini NX column displayed poor retention for four of
the ten basic compounds (samples 1, 2, 3 and 8), showing partial elution at the
start of the chromatogram (sample solvent mismatch effect) when samples at high
concentration were tested (not observed in diluted samples) as illustrated in Figure
4. On the contrary, all the compounds including themost polar analytes (samples 1,
2, 3 and 8) showed good retention on the Atlantis with excellent chromatography
performance at high concentration (see Figure 4). This data was of paramount
importance for the selection of the column for the high-low approach. Thus,
the Atlantis was chosen as the first option for the TRS screening, operated and
managed by experts. However, the percentage of total related substances (%TRS)
values of the Atlantis were significantly lower than in the Gemini NX column with
the exception of sample 4, in which the fronting of the target compound peak,
observed in Atlantis, could be the cause of an incorrect quantification. This fact
can be understood by comparing the large differences in peak capacities of both
columns (117 for Gemini NX and 79 for Atlantis). This meant that a number of
impurities co-eluting in the Atlantis could not be resolved. To counteract the low
peak capacity of this column, longer gradient times were tested (see Figure 5A).
In terms of resolution and time, an 8 min gradient with a peak capacity of 115 was
considered optimum. With this gradient, quantification of the related substances
was possible without issue.

Figure 5. Comparison of gradients of 4, 8 and 10 min on an Atlantis dC18 column
for low pH (5A) and on a XBridge C18 column for high pH (5B). Elution order at
low pH: 1. Propranolol, 2. Verapamil, 3. Terfenadine, 4. Niflumic acid. Elution
order at high pH: 1. Niflumic acid, 2. Propranolol, 3. Verapamil, 4. Terfenadine.

At high pH, comparison of the XBridge and the Gemini NX columns was
carried out in terms of peak capacity for a 3 min gradient. Figure 6 showed that
both columns gave similar results (80 and 87, respectively). The XBridge was
chosen based on the results of column stability with high pH mobile phases. Thus,
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two gradients were defined: 3 min gradient for standard open access analysis with
a peak capacity of 80 and an 8 min gradient for the analysis of the pre-clinical
candidates with a peak capacity of 131, after comparison with gradients of 4, 8
and 10 min (see figure 5B).

Figure 6. Peak capacity comparison of Gemini NX C18 and XBridge C18 in a 3
min gradient at high pH. Average PC in bold.

Variability in the Methods and Procedures for Purity Assessment

Once the purity assessment (3 min gradients on the Gemini NX and XBridge
columns) and TRS methods (8 min gradients on the Atlantis and XBridge
columns) were put into practice, the next step was to optimise and standardise
the parameters related to the analytical method and analytical procedure. Other
factors to minimise the analysis’ variability were also considered.

The following points were found to be critical:

• Related to the analytical method:

o Selection of the wavelength
o Integration parameters

• Related to the analytical procedure:

o Solvent for sample preparation
o Sample concentration

• Other considerations:

o Homogeneity
o Stability
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Optimization of Analytical Method: Selection of the UV Wavelength

Diode array detectors (DAD) are one the simplest analytical tools of
preference for pharmaceutical compound quantification. These highly sensitive
detectors monitor the response of eluting compounds across the UV and visible
spectrum, and provide both a sensitive and linear response, and qualitative
information regarding the UV-vis chromophore of analytes.

For LC-DAD-MS open access analysis it was critical to choose a standard
UV wavelength in order to give a percentage of purity based on the area percent
approach. In our laboratories, 214 nm was established as a standard wavelength
for our 3 min gradients at low and high pH, since most of the drug discovery
compounds present a good response at this low wavelength. This procedure
presents some limitations such as the linearity over a wide range of concentrations.
Overly diluted samples can lead to an over-estimation of purity due to small
peaks not being detected. Conversely, overly concentrated samples may give an
under-estimated purity due to the main peak being outside the linear range. It was
found that the height of the maximum peak at 214 nm should be between 400 and
1200 mAU to avoid these issues. If the height of the maximum peak is lower
than 400 mAU, the LC-MS analyses should be repeated with a more concentrated
sample or more diluted if the height is higher than 1200 mAU.

For LC-DAD-MS related substances analysis using the high-low approach
(19), overcame the limitation of the linear range. This procedure was used to
improve the detectability of trace impurities. Enhanced chemical detectability
was achieved by comparing the detector response of trace-impurity peaks
from a concentrated sample solution with the detector response for the peak
in a quantitatively diluted sample solution. Since the HPLC method relies
on the assumptions that impurities have a UV response that is similar to the
main component at that wavelength, a previous study of the UV spectrum is
required. Wavelengths have to be selected to analyze each compound at its
highest sensitivity. The optimum wavelength of detection is the λmax that gives
the highest sensitivity, resulting in the largest %TRS in order to over estimate
impurity levels. This typically occurs at the lower wavelength.

To evaluate the wavelength influence in the TRS results, the same 10
previous compounds chosen randomly from different projects were used. %TRS
were calculated at low and high pH at the maximum UV wavelength (λmax1)
and at the second maximum UV wavelength (λmax2) for those compounds that
presented more than one. Figure 7 shows the UV spectrum of some of these
compounds at low and high pH and the λmax1 chosen in each case. Results in
Table 3 clearly showed that using the UV wavelength with the high intensity
(λmax1) (for example samples 2, 3 and 9 at low pH or samples 9 and 10 at high
pH), gave a %TRS higher than at λmax2, although in other cases similar results
were obtained (for example samples 1, 2 or 5 at high pH). Because of this, it was
evident that running open access LC-DAD-MS analysis at low and high pH to
choose the λmax1 for which the sample concentration is in the linear range was
an important step prior to TRS analysis.
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Table 3. Percentages of TRS at Low and High pH at the Maximum UV Wavelength (λmax1) and at the 2nd Maximum UV
Wavelength (λmax2) for Those Compounds with More than One

Sample UV λmax Low pH % TRS Low pH UV λmax High pH % TRS at high pH

1 λmax1 218±4 Sig=222,4: 15.72 λmax1 236±4
λmax2 318±4

Sig=236,4: 11.23
Sig=318,4: 11.12

2 λmax1 218±4
λmax2 254±4

Sig=220,4: 4.79
Sig=258,4: 2.03

λmax1 250±4
λmax2 220±4

Sig=250,4: 5.77
Sig=220,4: 5.79

3 λmax1 226±4
λmax2 258±4

Sig=226,4: 3.19
Sig=258,4: 1.79

λmax1 258±4 Sig=258,4: 2.09

4 λmax1 228±4 Sig=224,4: 3.83 λmax1 224±4 Sig=224,4: 4.87

5 λmax1 214±4
λmax2 248±4

Sig=248,4: 0
Sig=212,4: 0.06

λmax1 248±4
λmax2 212±4

Sig=248,4: 0
Sig=212,4: 0.07

6 λmax1 294±4 Sig=294,4: 0 λmax1 294±4 Sig=294,4: 0

7 λmax1 248±4 Sig=246,4: 5.6 λmax2 248±4 Sig=246,4: 7.23

8 λmax1 218±4
λmax2 290±4

Sig=220,4: 1.6
Sig=290,4: 1.54

λmax1 290±4 Sig=290,4: 1.64

9 λmax1 224±4
λmax2 282±4

Sig=224,4: 1.13
Sig=282,4: 0.49

λmax1 232±4
λmax2 282±4

Sig=232,4: 1.11
Sig=282,4: 0.72

10 λmax1 222±4 Sig=220,4: 0.8 λmax1 210±4
λmax2 258±4

Sig=210,4: 1.77
Sig=258,4: 1.33
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Figure 7. UV spectrum and λmax1 chosen for compounds 2, 9 and 10 at low
and high pH.

Optimization of the Analytical Method: Integration Parameters

Little attention is typically paid to integration parameters in method
development but they can have an important influence on results (24). For example
a small change to a parameter such as threshold can result in a disproportionate
change in integral values. This can mean that two experiments undergoing the
same procedure but processed with different integration parameters may give
widely different results. Such changes are exacerbated for small peaks, and could
easily result in a change from a pass to a fail based on some purity specification.
This was tested with an internal experiment in which 3 samples were analysed
in three different laboratories and results were re-analysed by all laboratories
following their own criteria (data not shown).

After observing some discrepancies in the final data, an evaluation of
the acquired raw data through mathematical integration was carried out. The
integration algorithms identify peaks which are characterized by position on the
time scale, height, area, width at half-height, symmetry, etc. The integration
sensitivity can be adjusted by three integration parameters: threshold (slope),
area/height rejects and peak width. Having this in mind, the parameters listed in
Table 4 were globally defined in order that all analysts followed the same criteria,
by integrating at the base line.
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Table 4. Integration Parameters

Integration parameter Value

Slope sensitivity 60

Peak width 0.005

Area reject 15

Height reject 5

Figure 8 illustrates how the above integration parameters in conjunction with
the longer 8 min method are particularly important for obtaining accurate results.

Figure 8. Importance of 8 min gradient for TRS, instead of 4 min gradients.

Optimization of Analytical Procedure: Solvent and Sample Concentration

As a general rule, the sample should be dissolved in the eluent to be used
(HPLC mobile phase). The sample solvent must be no stronger than the mobile
phase. Making an injection in a stronger solvent causes the sample band to spread
out rapidly as it starts migrating down the column. However, it is equally important
that the sample must be soluble in an eluent to avoid precipitation problems and
the sample solvent must be totally and rapidly miscible with the eluent. Taking
into account these general rules, the following sample solvents and concentrations
were established:

Standard Open Access Analysis

For our 3 min gradients with water-acetonitrile as mobile phases, a mixture of
80:20 ACN:H2O was chosen as the first option to prepare the samples for purity
assessment. If solubility was a problem, other solvents such as 100% acetonitrile,
100% MeOH or the addition of small traces of DMSO were used as a second
choice. Sample concentration was typically between 0.5-0.7 mg/mL to ensure the
UV response of the compounds was between 400-1200 mAU.
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TRS Analysis

In the high-low approach or high-low chromatography, described as an HPLC
sampling procedure used to improve the detection limits of trace components (19),
samples were prepared at two concentrations. For the concentrated sample, 1.5 mg
± 0.1 was weighed. This was dissolved in 300 uL ACN. The sample was sonicated
and finally, 700 uL water added to obtain a 1.5 mg/mL solution in a mixture of
ACN:H2O 30:70. Although, compounds can be dissolved in the salt form with
high percentages of water, at least 30% acetonitrile is necessary to ensure total
solubility. The influence of the percentage of acetonitrile in the sample preparation
as well as the wavelength selection for a sample as the salt form in the percentage
of TRS is shown in Table 5. In case of solubility problems, the percentage of
acetonitrile can be increased from 30% to 50% or the sample can be prepared in
pure acetonitrile, pure methanol or mixture of acetonitrile-DMSO or pure DMSO
as last option. For the diluted sample: 100 μL of the concentrated sample are made
up to 10 mL in a volumetric flask with the same solvent or mixtures of solvents
used for the preparation of the concentrated sample. A blank with the same solvent
or mixtures of solvents used for the preparation of the concentrated and diluted
samples is required.

Table 5. Influence of the Acetonitrile Percentage in the Sample Preparation
as Well as the Wavelength Selection for a Sample as the Salt Form in the

Percentage of TRS

Sample Preparation Injec. Vol (uL) Lambda (nm) % TRS

1.6 mg/mL 30:70 ACN:H2O 15 1st maximun: 224 nm 4.09

1.6 mg/mL 100 % H2O 15 1st maximun: 224 nm 2.5

1.6 mg/mL 30:70 ACN:H2O 15 2nd maximun: 300 nm 2.31

1.6 mg/mL 100 % H2O 15 2nd maximun: 300 nm 1.5

Other Considerations

Other important considerations to deliver comparable results between
different laboratories were the homogeneity and the stability of the sample.
Obviously, a specific quantity of material produced in a process or series of
processes should be homogeneous within specified limits. Unfortunately, this is
not always true and can cause variability in the results depending of the selected
fraction or batch. For this reason, it is critical to use homogeneous samples
to investigate the precision of the method. On the other hand, the stability of
the sample must be tested if it is possible that measurements are susceptible
to variations due to the analytical method and/or procedure. For example, if a
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compound is not stable in solution or can be degraded with the mobile phase pH,
the final results may not be consistent (25). Overlaid chromatograms on Figure 9
show the TRS analysis of 3 different fractions of an inhomogeneous sample.

Figure 9. Analysis of 3 different fractions of an inhomogeneous sample.

Global Validation

For open access analysis, due to the high volume of samples analysed,
and the numbers of users and instruments in different sites, a globally defined
automatic suitability test to check the performance of the columns and systems
was established. The previously described test mix containing 4 drug compounds
was analysed weekly (5 consecutive injections) for each of the methods at low and
high pH. Parameters such as symmetry, tailing and peak capacity were monitored.
The same protocol was also applied before running a TRS analysis to check the
performance of the LC-MS systems as a whole.

The purity assessment of pre-clinical candidates for in vivo studies can be
affected by low level impurities through a number of mechanisms (potencial
teratogenic, mutagenic or carcinogenic effects) (26). As such accurate and
reproducible assessment of impurity levels is paramount, we therefore carried
out a global validation pilot study for the TRS test. Three samples known to be
stable and homogeneous were chosen for this study to remove these sources of
variation. All samples were analysed in duplicate using the previously defined
procedures and shipped to the other laboratories to repeat the same procedure.
The results of this study are summarized in Table 6. For the %TRS calculations,
RS with a percentage below <0.05% were not included because of according to
ICH Q3A (R2) (27), reporting threshold is > 0.05%.
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Table 6. Results of the TRS at Low and High pH in the 3 Laboratories as Well as the Sample Concentration, Solvent and UV
Wavelength Selected and the Injection Volume
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The good correlation and consistency of the 3 laboratories data showed the
ability to reproduce the optimized analytical methods and procedures.

Error Estimation

The final objective of this work was to define the errors for the related
substances determination test, taking into account the data generated in the global
pilot. The error was defined as SD*tStudent (n-1)/n^1/2 where SD is the standard
deviation, t is the tStudent for n-1 degrees of freedom and 95% of confidence
interval and n is the number of replicates (28).

Table 7. Estimation of the Error or Confidence Interval as a Function of
the Total RS %

For Total RS % Error

0.2 0.05

0.5 0.09

1.0 0.16

1.5 0.23

2.0 0.30

2.5 0.38

3.0 0.45

3.5 0.52

4.0 0.59

4.5 0.66

5.0 0.73

Table 8. Estimation of the Error or Confidence Interval as a Function of
the Specific RS %

For Total RS % Error

<0.2 0.11

≥0.2 - <0.5 0.28

The errors estimated for both total related substances and individual related
impurities were calculated from the experimental valies (n = 6). Tables 7 and 8
show how the error varies for total related substances and individual compounds.
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Quality Control of Bioctive Compounds from Natural Sources

It is well known that natural products (i.e. bioactive secondary metabolites
from microbial, plant and marine sources) have been a very productive source
of leads for the development of new drugs (29). In recent decades, medicinal
plant materials and herbal drugs have gained popularity to prevent or treat illness
or to act as dietary supplements. Standardization and quality control of herbal
medicines is clearly of paramount importance, a fact that is recognised by the
World Health Assembly who have discussed the need for using modern analytical
techniques and applying suitable standards to ensure the quality of medicinal plant
products (30). In this context, LC-MS plays a crucial role for routine analysis of
bioactive substances. LC-MS is important for the characterization of unknown
impurities and for the quantification of the target analytes. For instance, Tang, et
al. described the use of LC-MS-QTOF for the quantitative and qualitative analysis
of flavonoids in leaves and roots of Scuttelaria baicalensis by enhancing UV-B
radiation (31). More recently, a LC-UV tandem mass spectrometry (LC-MS/MS)
method for the determination of six flavonoids in a dietary supplement plant Citre
Reticulatae Pericarpium (CRP) was developed and validated by Liu et al. The
authors claimed that this LC-MS/MS method in combination with hierarchical
cluster analysis might be used as a quality control method for CRP (32). Without a
doubt the advances in analytical tools, combined with multivariate data analysis is
paying a pivotal role in the standardization and quality control of herbal products
(33).

The analytical methods for natural products analysis typically comprise
two stages: extraction and purification of the analytes from the matrix and the
chromatography separation method for the detection/identification of the target
analytes. Due to the complexity of natural products matrixes, the development of
orthogonal separation methods is an essential part in this process. A case in point
is the hyphenation of solid phase extraction (SPE) and LC-MS for the isolation of
hydrophilic bioactive metabolites in a short timeframe by Espada et al (34). The
described simple, fast and low cost approach was found to be highly reproducible
and was successfully applied to different type of metabolites. Bearing in mind the
wide diversity of analytes present in an organic extract (microbe, plant or marine
source) the use of LC-MS base methods with orthogonal stationary and mobile
phases will increase the quality of the bioactive substance. A methodology
illustrating the advantage of running orthogonal LC-MS methods to confirm the
purity and quality of natural bioactive sample was described by our group (35).
In this example, a single peak exhibiting a purity level of >97% was detected by
reversed-phase LC-MS. However, analysis under hydrophilic interaction LC-MS
revealed the presence of two peaks with a 4:6 purity ratio in the same sample.
Orthogonal LC-MS analysis allowed assigning the correct purity level as well as
the detection and identification of impurities in bioactive products.

The LC-MS methods and analytical procedures described in this chapter for
synthetic compounds might therefore be successfully implemented and applied in
the field of bioactive compounds from natural sources, providing an appropriate
level of analysis for the stage of development of such products.
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Conclusions
Delivering reproducible and consistent data in pharmaceutical laboratories

has typically been a long, labour-intensive task involving medicinal chemists,
analytical scientists, knowledge-base and LC-MS instrument performance.
In order to ensure the quality of drug discovery compounds in an efficient
way, we have standardized and implemented LC-MS methods and analytical
procedures according to drug discovery stage across global research sites.
Sample preparation, optimum chromatography separation and resolution, data
analysis and interpretation, and LC-MS system suitability tests were the key
parameters evaluated and standardized in this study. A compromise between
optimum resolution power and analysis time has been reached resulting in the
standardization of new and short generic LC-MS methods (3 min gradients) for
routine purity assessment in an open access environment. Finally, analytical
methods and procedures to deal with TRS analysis were systematically validated
and implemented. Global protocols were put in place and are currently being used
in our discovery research laboratories. We have largely discussed the analysis of
synthetic pharmaceutical compounds, but the methodologies presented could be
straightforwardly implemented for the quality control of bioactive compounds
from natural sources as briefly discussed in the last section of this chapter.
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Melia azedarach is a botanical species on the focus of global
research for its biological properties. It is usually used for
its timber as well as a shade tree. This deciduous tree is a
Meliaceae species that, unlike Azadirachta indica, adapts in
various tropical and warm temperate regions around the world
and has thus gradually gained scientific interest. The secondary
metabolites it contains exhibit various biological properties,
belong to different chemical categories and can be extracted
from various plants parts. The appliance of such knowledge is
of interest in medicine and agriculture, while analytical methods
and extraction procedures serve as tools for identification and
quantification of similar substances in other complex botanical
matrixes. To date the discovery of novel alternative methods
for diseases and pest control are mandatory, due to resistance
problems and toxicity management to non target organisms.

Introduction

Melia azedarach L. (Sapindales: Meliaceae) is indigenous in India where
for the natives has been known for quite long time, and has been used as a
good source of folk medications. To date many scientists around the world have
focused their research on M. azedarach for its promising properties of interest to
agriculture and medicine (1, 2). As continue of our last report on the biological
activity of M. azedarach, herein we review the bibliography reported since 2010.
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We finally make a short report on the different chemical groups of M. azedarach
bioactive substances, together with the extraction methods and identification
analytical procedures.

M. azedarach also known as Alzanzalakhet, Alsabahebah, Chinaberry,
Paraiso and Persian lilac, has long been recognized for its insecticidal properties
(3). M. azedarach is native in Asia but it is naturalised in most of the tropics
and subtropics such as Australia, and southern China. It has been introduced
in the Unites States, Brazil, Argentine and Africa, because of its considerable
climatic tolerance (3) and in the recent years gains much interest for its biological
properties. Together with Azadirachta indica it belongs to the Meliaceae
family which is famous due to the high contents in limonoids, rich in biological
properties (4). M. azedarach is used for medicinal (5), ornamental and timber
purposes (6) and it affords many different and biologically interesting secondary
metabolites such as limonoids, triterpenoids, steriods, flavonoid glycosides and
simple phenolics.

Medicinal Uses/Controlling Diseases

Unfortunately the traditional knowledge involving medicinal plants to treat
diseases, used for thousands of years in various parts of the world, is in danger of
being lost because it is documented only to a limited extent (7). At the same time
there are potentially many important pharmaceutical applications of plants to be
exploited since to date approximately only 10,000 species have been studied for
medicinal use (8), out of the 420,000 total species that exist in nature (9).

Plant derived natural compounds play an important role in anticancer drug
therapy and may thus be promising lead compounds for developing effective
preparations. Recent cytotoxicity test results revealed that 12-O-acetylazedarachin
B (Table 1), isolated from the fruit extract of M. azedarach, was found
cytotoxic against leukemia (HL-60) (IC50=0.016 µM) and stomach (AZ521)
(IC50=0.035 µM) cancer cell lines, making it promising as a lead compound
for developing an effective drug. 12-O-acetylazedarachin B induces apoptosis
via both the mitochondrial and death receptor-mediated pathways in leukemia
cells (10). Also Akihisa and coworkers tested various M. azedarach fruits
extracts as well as the contained trichilin, vilasinin, salannin, nimbin (Table
1), nimbolinin and tirucallane-type limonoids on various cancer cell lines
like HL60 (leukemia), A549 (lung), AZ521 (stomach), and SK-BR-3 (breast)
cells against two reference anticancer drugs, cisplatin and 5-fluorouracil. The
activities revealed that some of these limonoid compounds may be valuable
anticancer lead compounds. It was demonstrated that meliarachin C (IC50=0.65
lM) and 3-O-deacetyl-4-O-demethyl-28-oxosalannin (IC50=2.8 lM) exhibited
potent cytotoxic activity against HL60 cells, inducing apoptosis observed by
flow cytometry. Western blot analysis proved as above stated by Kikuchi
that the limonoids induced apoptosis via both the mitochondrial and death
receptor-mediated pathways (11). in another study, the seed kernel extract of M.
azedarach has been found highly selective as well as cytotoxic against HT-29,
A-549, MCF-7 and HepG-2 and MDBK cell lines (IC50 range of 8.18- 60.10 μg
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mL-1), while the flavonols rich methanol leaf fraction was found safer in terms of
cytotoxicity. Interestingly, in the same study in comparison with Persian lilac, the
neem samples were more toxic on normal cell line, which indicated that neem is
more harmful and thus its prescription in high doses needs more caution (12). M.
azedarach, together with Asclepias sinaica, Urginea maritima, Nerium oleander
and Catharanthus roseus, was one of the most active out of the 61 total botanical
species screened on active human lymphoma cell line U-937 GTB on a 9 year
research on medicinal plants from the Sinai desert in collaboration with Bedouin
herbalists (13). Yuan reports on some limonoids, triterpenoids, steroids, and
sesquiterpenoids found to exhibit cytotoxicity against five human tumor cell lines
(HL-60, SMMC-7721, A-549, MCF-7, and SW480) (14), while Kim reports on
the hexane layer of M. azedarach bark extract was found of anti-cancer activity
on A549 human adenocarcinoma cells (15).

Biological methods for synthesis of nanoparticles (NPs) are of great
advantage due to their non-toxic and large scale synthesis. Silver nanoparticles
can be used in preventing and controlling HIV infection to treat infection against
burn and open wounds and they also have antimicrobial activity. Nanoparticles, in
comparison to conventional antibiotics, provide more chemical, catalytic, physical
and thermal activities due to larger surface area to volume ratio. Interestingly,
leaves extract ofM. azedarachwas used as a reducing agent of silver ions to silver
nanoparticles, which were additionally highly active as antibacterial agent (E.
coli, K. pneumonia, S. aureus, P. Aeruginosa and Proteus spp.) (16). Similarly,
a first synthesis characterization and cytotoxicity of biosynthesized AgNPs from
M. azedarach against in vitro HeLa cells and in vivo Dalton’s ascites lymphoma
mice model, revealing the application of AgNPs and together M. azedarach in
cancer therapy (17).

The methanolic leaf extract of M. azedarach was proved of significant
hepatoprotective activity since it maintained the activity of antioxidant enzymes
(GPx, GST, SOD and CAT) in liver and the serum enzymes (SGOT, SGPT and
Alkaline phosphate), to the normal level if compared to paracetamol effect. Over
dosing of paracetamol creates disorders in the concentrations levels of the before
mentioned enzymes that in turn causes hepatic damage. Interestingly, the acute
oral toxicity test of M. azedarach on rats showed no mortality up to 610 mg/kg,
revealing the extract’s low toxicity to mammals (18).

Topical corticosteroids and antivirals, being the current therapy for Herpes
simplex virus type 1 (HSV-1) infections, increase in recurrence and severity
of disease in treated patients, and additionally provoke intraocular pressure,
glaucoma and cataracts (19). Meliacine as a constituent compound of the partially
purified leaf extracts of M. azedarach was found to reduce virus load and to
abolish the inflammatory reaction and neovascularization during the development
of herpetic stromal keratitis in mice. On the other hand, 1-cinnamoyl-3,11-
dihydroxymeliacarpin (Table 1), displayed anti-herpetic and immunomodulatory
activities in vitro (20). 1-cinnamoyl-3,11-dihydroxymeliacarpin, isolated from
leaf extracts of M. azedarach was also found to exhibit antiherpetic effect in
epithelial cells and in specific to inhibit Herpes Simplex Virus type 2 (HSV-1)
multiplication in Vero cells but not to affect its replication in macrophages which
were not permissive to HSV infection (21).
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M. azedarach leaf extract was proved of antioxidant activity and protective
effect against H2O2-induced cellular damage in cultured lymphocytes, thus this
botanical species can be developed as an effective antioxidant during oxidative
stress (22).

Various crude extracts of M. azedarach seeds, produced with different
solvents, were tested on 18 hospital isolated human pathogenic gram positive and
gram negative bacterial strains (e.g Staphylococcus, Streptococcus, Enterococcus,
Escherichia, Edwardsiella, Klebsiella, Pseudomonas, Salmonella and Shigella
spp.). All extracts showed antibacterial activity and the inhibition was strain
specific and concentration dependent. Interestingly, the water extract showed
moderate activity against all tested pathogenic bacteria, while the most
active crude extract was that of ethyl acetate (23). 7-cinnamoyl toosendanin
isolated from M. azedarach, showed activity against the gram-positive bacteria
Micrococcus luteus ATCC 9341 and Bacillus subtilis ATCC 6633 with
minimum inhibition concentrations (MICs) of 6.25 and 25 mg/ml, respectively.
21b–methylmelianodiol exhibited respective activities of 12.5 and 25 mg/ml.
The antibacterial agent magnolol was used as the positive control showing a
MIC value of 12.5 mg/mL against the both bacteria (24). The aerial parts of M.
azedarach yield two limonoids that exhibit antimicrobial activity. In specific,
meliarachin D showed weak activities against Staphylococcus aureus (MIC 50
mg/ml) and Bacillus subtilis (MIC 50 mg/ml), while meliarachin H exhibited
moderate activity against Bacillus subtilis (MIC 25 mg/ml) (25). Orhan and co
workers have studied the fruit and leaf extracts of M. azedarach antimicrobial
activity against gram (+) and (-) bacteria Candida species, and they showed
higher antibacterial effect against gram (-) strains (26).

M. azedarachwas also proved of antimicrobial activity against dermatophytic
fungus and in specific Trichophyton rubrum, Epidermophyton floccosum and
Microsporum gypseum (27).

The methanolic extract of M. azedarach was found to exhibit antimalarial
activity against Plasmodium falciparum with an IC50 of 37 μg/mL (28).
Controlling malaria is threatened by the emergence of drug-resistant strains of
the malaria parasite, Plasmodium (29), so new antimalarial agents need to be
exploited. Some of the already existing drugs such as quinine and artemisin
originating in plants could serve as examples of further investigating plant species
for antimalarial properties.

Trypsin belongs to the serine proteases playing a key role in the normal
physiological functions of the cells. Deficiency in the normal activity of this
proteolytic enzyme, provokes pathological disorders and therefore the cure
by protease inhibitors from natural sources, provides an attractive target for
pharmaceutical research. Vanillin extracted from crude ethanolic extract from M.
azedarach together with other phenolic compounds was found to inhibit trypsin
(30).

Last, M. azedarach is at place 5 out of the 15 top listed plants for controlling
type II diabetes mellitus and thus it has a hopeful prospect for drug discovery in
that area (31).
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Medicinal Uses/Controlling Insects Vectors of Diseases and
Animal Parasites

Rapidly emerging insect vector’s resistance to the chemicals threatens the
sustainability of synthetic insecticides treatments. Botanical preparations can be
locally available, are cheap to produce and thus can be effective in reducing disease
vector abundance.

Malaria is an important disease and cause of death in the tropical countries
and it is transmitted by the mosquito vector Anopheles spp. The botanical family
Meliaceae is one of the six of greatest potential as mosquitoes control botanical
agents (32). M. azedarach aerial part extract exhibits an LC50 value of 5.5
μg/L against Anopheles stephensi (33). As mentioned previously M. azedarach
controls malaria parasite, Plasmodium spp. thus by also controlling its vector
Anopheles spp. it provides with an overall control, reducing malaria incidence
and prevalence. M. azedarach was also found significantly growth-inhibiting and
of larvicidal effects on the malaria vector Anopheles arabiensis, which is the most
abundant malaria vector in Ethiopia and much of Africa (34). Therefore the use
of M. azedarch can contribute to an integrated, completely sustainable, approach
to combat malaria. Besides malarial vectors M. azedarach shows efficacy also
against the tick Rhipicephalus (B.) microplus (35), the dengue vector, Aedes
aegypti and the human lice Pediculus humanus capitis (1). Further, Sousa and
co-workers have also studied the synergistic effects of M. azedarach extracts and
Beauveria bassiana (a biological control agent for mites), which makes a nice
match with the below mentioned analogous situation with B. thuringensis (35,
36). On the other hand, worth mentioning is the fact that M. azedarach extracts
were not active against other tick, Amblyomma cajennense (37).

On the other hand, M. azedarach extracts are active against Culex spp (38,
39). Interestingly, considerable synergism is presented whenM. azedarach extract
is compined with Bacillus thuringiensis israelinsis (Bti) and Bacillus sphaericus
2362 (Bs) against Culex pipiens adults (39). Identifying synergism in mixtures
may lead to more effective mosquitocides and to the use of smaller amounts in
the mixture to achieve satisfactory levels of efficacy (39). M. azedarach may also
be sought as potential extract for the sake of synergic combinations against Aedes
aegypti (40). In insects the effect ofM. azedarach extracts could be related to the
inhibition of NADPH-cytochrome c reductase and cholinesterase (1). Application
of M. azedarach oils was proved to be a safe and low-cost means of personal
protection against sand fly bites in endemic areas of Ethiopia (41).

Gastrointestinal nematodes cause serious economic losses and are the most
important factor limiting sheep production worldwide. Haemonchus contortus is
one of the most important nematode parasites of both sheep and goats as adult
worms suck blood, causing loss of plasma and protein in the host. Incorrect and
indiscriminate use of synthetic anthelmintics has led to the evolution of resistance
in H. contortus and therefore to the current need for alternative control measures.
In addition, low-cost phytotherapeutic alternatives are extremely needed in small
ruminants by family farmers. Interestingly ethanol extracts ofM. azedarach tested
at 10, 20 and 30 % controlled at 48.1, 62.9 and 66.7 %H. contortus larvae in sheep
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(42). On the other hand, the hexane extract of M. azedarach fruits, was found of
LC50 572.2 μg/mL and LC99 1137.8 μg/mL in the hatch test, and of LC50 0.7 μg/mL
and LC99 60.8 μg/mL in the larval development test against sheep gastrointestinal
nematodes (43). Last, also Ben Ghnaya and coworkers have demonstrated the
anthelmintic properties ofM. azedarach together with its astringent and properties
(44).

Agricultural Uses/Controlling Pest Organisms and Pathogens

To date, in Europe pest management is mostly performed under the frame of
integrated pest management schemes for low-residue, efficient and cost-effective
management of pest populations. Efforts to reduce synthetic pesticides use can be
beneficial to the environment, therefore new tools of pest management are needed,
and plant-derived semiochemicals are among the lead alternatives towards this
ecofriendly direction. M. azedarach has fertilizer and herbicide quality (44) as
well as pesticidal properties as described here after.

M. azedarach fruits extracts have been found to provoke growth retardation,
reduced fecundity, moulting disorders, morphogenetic defects and changes in
insects. Yaseen and co-workers (45) proved that M. azedarach aqueous extract
exerted a significant inhibitory effect on the growth and development of ovaries
and ovarian follicles of the Musca domestica adult flies and that it also affected
the histological structure of the alimentary canal of the midgut (45). Recently
the senescent leaf extract has been proved of antifeedant and growth regulation
activities to armyworm larvae (Spodoptera sp.) when present in the food. A
synergistic effect with cypermethrin in topical assays was also evident and in
particular to have some inhibitor activity against detoxification enzymes and
acetylcholinesterase like piperonyl butoxide (46). This finding is of particular
interest since the prospect of using the extract as a botanical insecticide, effective
in reducing pest resistance (3), was then compared with the possibility of
using it instead as cheaper price synergist, contrary to piperonyl butoxide. In
agreement with Al-Rubae (1) also Breuer reported that M. azedarach extract has
a NADPH–cytochrome c reductase and cholinesterase activity in Spodoptera
frugiperda (47). Farag and co-workers have demonstrated that the oil of M.
azedarach recorded high insecticidal potential against Spodoptera littoralis
(48). Interestingly an antagonistic effect was observed concerning efficacy
of combined use of M. azedarach aqueous extracts and Bacilus thurigiensis
against Oryzophagus oryzae and S. frugiperda. Only when tested alone Bacilus
thurigiensis 1958-2 isolates were effective against S. frugiperda and Bt 2014-2
isolate or the purified Cry3 proteins controlled Oryzophagus oryzae larvae. Also
M. azedarach aqueous extracts was toxic to both the pests (O. oryzae and S.
frugiperda) when used alone (49). Nonetheless, the activity of M. azedarach
products on Spodoptera spp. is biased as many reports may be conflicting and
therefore they deserve a further critical study (50, 51). The difference in species
studied could be a possible exlanation and perhaps no generalization can be done
yet.
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M. azedarach alcohol extract at 10% showed insecticidal potential against
leaf-cutting ants (Atta laevigatta Smith) of planted forests in Brazil (52).

The methanolic extracts of the leaves ofM. azedarach (0.5 to 2.5 g/mL) were
proved of activity against Alternaria alternata and decreased the fungal biomass
to 83–96% (53). On the other hand, the aqueous extract of M. azedarach was
highly effective and inhibited zoospore germination of Phytophthora colocasiae
by >94.0% (54). Last, when the aqueous extract of M. azedarach was tested on
Elsinoe ampelina, the causal agent of grapevine anthracnose, there was a negative
linear effect of extract concentrations on disease severity (55).

Among factors that are responsible for the deterioration of the quality and
nutrient content of wheat is Rhizoglyphus tritici. Initially the damage is restricted
to the wheat embryo, and then it leads to a negligible reduction in grain weight
and seeds losing their viability. When infestation takes place in the later stages,
the entire grain content may be consumed and only the seed might be left. The
leaf extract ofM. azedarach caused 14.8%–74.8%, 42.7%–80.5%, 47.9%–85.2%,
and 48.5%–86.6% efficacy at the concentrations of 6.25%, 12.5%, 25%, 50%, and
100%, under exposure for 7, 14, 21, and 28 days against Rhizoglyphus tritici. M.
azedarach can therefore be of further study as natural grain protectant, alternative
to toxic synthetic miticides (56). Other reports on the acaricidal activity of
extracts of M. azedarach include the species Oligonychus coffeae, Eutetranychus
orientalis, Tetranychus urticae (57–59).

M. azedarach leaves ethanolic extract was found of larvicidal activity against
the cucurbit fly, Dacus ciliatus (Diptera: Tephritidae), suggesting that the extract
could possibly be used as a sustainable method for controlling this insect pest (60).

M. azedarach both green and mature fruit extracts, significantly reduced the
population of Citrus leafminer, Phyllocnistis citrella, and could thus be promising
of use in sustainable agriculture approaches (61, 62).

Interestingly, M. azedarach has been found friendly against beneficial
organisms, thus implying that it could easily be incorporated into IPM programs.
Eriopis connexa is a native predator from the Neotropical Region and it feeds
on soft-bodies pests such as aphids, whiteflies and thrips. When extracts from
unripe fruits ofM. azedarach were tested no detrimental effects were observed on
hatching, development time, adult emergence, pre-oviposition period, fecundity
and fertility (63). Extracts of mature and immature M. azedarach fruits were
combined with the use of the parasitoid Diglyphus isaea against the vegetable
leafminer Liriomyza sativae and were found compatible and not toxic to the
beneficial (64). The effect of M. azedarach on beneficial fauna has also been
demonstrated in field conditions (65).

Finally, aphids and whiteflies are included in the range of species taxa against
whichM. azedarach efficacy is evidenced, being these two important pests for the
variety of crops they threaten (65–68).

Last, M. azedarach was interestingly found to possess a favorable forage
quality and of the ability to reducemethane formation at simultaneously acceptable
nutritional quality, due to its phenolic fraction (69).
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Table 1. Some of the Most Active Compounds Isolated fromMelia azedarach
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General Extraction Methods and Chemical Composition
Analysis

Limonoids are the most biologically active chemical group of M. azedarach
constituents. Previously we have reported on the various limonoids that have
been isolated from M. azedarach (4). In fact, chemical composition studies
have taken place to evaluate the effect of crafting Azadirachta indica on M.
azedarach adapted to cool climates, regarding limonoids contents. Interestingly,
it was proved that salannin could have been translocated from the M. azedarach
rootstock to the A. indica graft, while meliatoxins were confirmed to be absent in
graft fruits (70). Limonoids are usually isolated from alcoholic soluble fractions
of plant parts extracts obtained after partitioning with high polarity solvents such
as water or butanol. A typical extraction and limonoids isolation procedure was
reported by Akihisa and coworkers that used dried and powdered M. azedarach
fruits for extraction with n-hexane, and then the defatted residue they obtained
for extraction with MeOH. Then they fractionated it into EtOAc-, n-BuOH-, and
H2O-soluble fractions. The EtOAc-soluble fraction was subjected to successive
column chromatography on silica gel and octadecyl silica gel columns, and
to reversed-phase HPLC which led to the isolation of thirty-one limonoids.
The structures of the isolated compounds are usually elucidated by 2D NMR
spectroscopy and mass spectrometry (11). Similar procedures are undertaken by
others (14, 24, 71).

The other than limonoids constituent compounds ofM. azedarach, usually of
lower molecular masses, are screened by gas chromatography-mass spectrometry
(GC-MS). In that context analysis of the fatty oils obtained after defatting with
non polar solvents like n-hexane or petroleum ether reveals caproic, lauric,
myristic, palmitic, stearic, oleic, linoleic (Table 1) and linolenic acid (27). Also
Farag and co-workers have demonstrated that linoleic acid methyl ester, oleic
acid methyl ester, and free oleic acid as the main components of the oil of M.
azedarach, together with hexadecanol, palmitic acid, methyl esters of stearic acid
and myristic acid (48). Other chemical compounds identified by GC/MS in M.
azedarach extracts were flavonoids, phytosterols, diterpenes, alkane hydrocabon,
n-alkanoic acid, vitamin-E and tri-terpene as well as terpene alcohol (72). The
phenolic composition of the extracts is elucidated by high performance liquid
chromatography (HPLC) and gallic, protocatechic, p-hydroxy-benzoic, vanillic,
caffeic, chlorogenic, syringic and p-coumaric acid are revealed (27). p-coumaric
acid and p-hydroxybenzoic acid (Table 1) were detected inM. azedarach as major
nematicidal components by Aoudia et al., 2012 (73).

Conclusions
“Natural alternatives” to synthetic formulates and preparations gain

increasingly more ground in agriculture and medicine for pests and diseases
treatment. Botanicals, as naturally occurring chemicals extracted or derived from
plants, are often eco-friendly and appropriate to resistance management schemes.
M. azedarach is a plant species of particular interest for its biological properties
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and the development of analytical methods for its chemical characterisation is thus
mandatory. If secondary metabolites of botanical extracts are to be commercially
exploited, their identification and quantitation in complex matrices should be
further exploited.
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Chapter 8

Characterization of Sambucus nigra L.
Infusions Using Capillary Electrophoresis and

Liquid Chromatography-Tandem
Mass Spectrometry
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Herbs, herbal teas and infusions are widely used as natural
medicines with important biological effects caused by the
presence of plant metabolites. One of the major groups of
such compounds are polyphenolic compounds including both
phenolic acids and flavonoidic natural antioxidants. For
separation and determination of the content of (poly)phenolic
compounds in herb samples, the liquid chromatographic
method (based on a reversed-phase system employing columns
packed with porous shell particles coupled to the tandem mass
spectrometry) and the capillary electrophoretic method have
been developed. The utility of bothmethods for characterization
and quantification of polyphenolic compounds is demonstrated
on Sambucus nigra L. infusion samples. The quantitative
parameters, i.e. the sensitivity, repeatability and linearity of
calibrations, limits of detection and the correlation between
the concentrations of polyphenolic compounds determined
using both methods are compared in this work with the aim of
providing a tool for the comprehensive characterization of the
herbal infusion samples.
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Introduction

In recent years, there is increased interest in the analysis of wild plants rich in
polyphenolic compounds due to their possible beneficial effects on human health.
Some flowers fromwild species such as Sambucus nigra L. have been traditionally
used for medicinal applications. Due to their diaphoretic properties infusions
prepared from the inflorescences of Sambucus nigra L. have been used to treat
the symptoms of influenza, colds and sinusitis (1). Further, the infusion, poultices
or ointments prepared from elderflower can be used for treatment of skin injuries,
diabetic wounds or as a blood cleanser (2).

The main constituents reported for elder species are phenolic compounds,
triterpenes, essential oils (3) and other compounds such as acyl spermidines
(1). Phenolic compounds (also often known as polyphenols) are secondary
metabolites synthesized in the plants depending on their development stages. The
main classes of phenolic compounds are phenolic acids and flavonoids, which are
very often present in the plant material in the glycosylated form. Due to their
health benefits, the analytical techniques for the characterization and quantitation
of these compounds are required in order to support the steady progress of
the medicinal sciences. As the herb infusions are usually complex mixtures
containing tens of compounds, the methods possessing high peak capacities are
usually required for their analysis.

For the separation and quantification of phenolic compounds in complex
samples such as herbal extracts and infusions, reversed-phase liquid
chromatography (RP-LC) is a widely used technique (1, 3–13). The mobile
phase usually consists of an aqueous solution of acetonitrile or methanol with the
addition of formic or acetic acid for suppressing the dissociation of the phenolic
acids in acidic pH. Octadecyl silica gel columns are used in almost all cases for
the separation of polyphenols in herbs, however other special stationary phases
were also tested, e.g. poly-(carboxylic acid)-coated silica phase, which is stable
in low pH and can be used for the fast separation of flavonoids (4). Recently, the
RP-LC method for determination of polyphenols in elderflower samples on-line
coupled with the assay for determination of their antioxidant capacity have been
introduced (14).

The polyphenolic profile of the Sambucus nigra L. strongly depends on the
genotype, the place of origin (including altitudinal variations) and processing
conditions (2, 5, 6). Usually, water infusions, hydromethanolic or hydroethanolic
extracts of elderflower are used for quantitative analysis of phenolic compounds.
The common extraction techniques like maceration and Soxhlet extraction are
time consuming and, consequently, in recent years an effort has been made to
develop faster extraction procedures. The comparison of different extraction
techniques with the accelerated solvent extraction was performed for rutin and
isoquercitrin (7) and other flavonoids glycosides and anthocyanins (5). The
application of the accelerated extraction techniques improved the total extraction
time more than ten times in comparison with the maceration technique. The
method suitable for decreasing the extraction time of preparation of extracts from
elder is pressurized liquid extraction (8).
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Besides the RP-LC, spectroscopic techniques (3, 15) and various modes
of capillary electrophoresis (capillary zone electrophoresis, isotachophoresis,
micellar electrokinetic chromatography) can be used for the quantitative
analysis of the phenolic compounds (3, 9, 16–18). Recently, the benefits of
two-dimensional separation techniques have been recognized for the analysis
of polyphenolic compounds of herbs. Thus the two-dimensional liquid
chromatography based either on the combination of reversed-phase systems
(19, 20) or on the combination of hydrophilic interaction chromatography with
reversed-phase system (21, 22) is suitable for characterization of the profile
of polyphenolic compounds. The application of capillary electrophoresis in a
two-dimensional system with liquid chromatography (23) can further improve the
overall peak capacity yielding better separation of the polyphenols.

Quantitative determination of polyphenols presented in herb extracts and
infusions performed using different methods should ideally provide the same
results. In this work we have therefore focused on the comparison of quantitative
parameters of the two most widely applied methods, i.e. reversed-phase
liquid chromatography coupled with tandem mass spectrometry and capillary
electrophoresis. Both optimized methods were used for the characterization and
determination of the 18 physiologically most important polyphenolic compounds
in three Sambucus nigra L. infusion samples.

Materials and Methods
Chemicals

Standards of phenolic acids (caffeic, chlorogenic, cryptochlorogenic,
ferulic, gallic, neochlorogenic, p-hydroxybenzoic, p-coumaric), flavonoid
aglycones (hesperetin, kaempferol, naringenin, quercetin) and glycosides
(hesperidin, isoquercitrin, kaempferol-3-O-rutinoside, rutin) were purchased
from Sigma-Aldrich (St. Louis, MO, USA), as well as the chemicals for
the preparation of mobile phases (methanol, LC/MS purity) and background
electrolyte components (boric acid, sodium tetraborate). Standards of
isorhamnetin-3-O-glucoside and isorhamnetin-3-O-rutinoside were obtained
from Extrasynthese (Genay, France). Background electrolyte additives
sodium decyl sulfate, β-cyclodextrin, heptakis(6-O-sulfo)-b-cyclodextrin and
heptakis(2,6-di-O-methyl)-β-cyclodextrin were also from Sigma-Aldrich.
Deionized ultra-pure water with conductivity of 0.055 μS/cm was prepared by
Ultra CLEAR UV apparatus (SG, Hamburg, Germany). Formic acid, sodium
hydroxide and thiourea were purchased from LachNer (Neratovice, Czech
Republic).

Sample Preparation

The three series of samples of Sambucus nigra L. infusions were used for the
analyses. At first series, the five infusions were prepared using five elderflower tea
bags, obtained in a local store. The weight of each bags was 1.6804 g, 1.6277 g,
1.6600 g, 1.6102 g and 1.6803 g, respectively. The second series of infusions was
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prepared by homogenization of 20 tea bags (from the same brand like in the first
series) and by weighting the elderflower samples. The samples weighted 1.6009
g, 1.6007 g, 1.6074 g, 1.6096 g and 1.6022 g, respectively. The third series of
infusions was prepared from the dried inflorescence of wild-growing Sambucus
nigra L. plant, collected in Veltruby, Czech Republic (location 50° 4.3219’ N, 15°
10.8356’ E) on June 2013. The samples weighted 1.6076 g, 1.6072 g, 1.6176
g, 1.6218 g and 1.6024 g, respectively. The sample infusions were prepared by
keeping the bags or inflorescence samples in 200 mL of 95 °C hot water for 5 min
and cooling to the laboratory temperature. Before injection, the infusions were
filtered using Millipore 0.45 μm polytetrafluoroethylene syringe filter (Bedford,
MA, USA).

Capillary Electrophoresis Method

Electrophoretic analyses with micellar electrokinetic chromatography were
performed using an Agilent CE 7100 capillary electrophoresis instrument
(Agilent, Palo Alto, CA, USA). Fused silica capillaries were used, 50 μm i.d., 48
cm total length, 40 cm to the detector with 150 μm extended light path cell (also
obtained from Agilent). Before the first use, new capillaries were preconditioned
by rinsing with 0.5 mol/L sodium hydroxide following by ultra-pure water for
10 min each. The analyses were carried out in background electrolyte (BGE)
consisted of 25 mmol/L borate buffer pH 9.3 with the addition of 36 mmol/L
sodium decyl sulfate. The pH of the BGE was adjusted using Metrohm 827
laboratory pH meter equipped with Unitrode electrode (Metrohm, Herisau,
Switzerland), calibrated using Metrohm standard buffer solutions, pH 7.00 and
9.00. The temperature of the capillary was 25 °C and applied voltage was 20 kV.
The samples were introduced into the separation capillary hydrodynamically by
applying overpressure of 100 mBar for 10 s at the inlet sample vial. The detection
wavelengths of the CE instrument were set to 214, 254 and 280 nm.

Liquid Chromatography-Tandem Mass Spectrometry Method

The elderflower infusions were analyzed using a Shimadzu modular liquid
chromatograph consisting of two LC-20ADXR pumps, DGU-5 degassing unit,
SIL-20ADXR autosampler, SPD-20A UV detector (all Shimadzu, Kyoto, Japan)
and LCO-102 column thermostat (ECOM, Prague, Czech Republic) coupled with
QTRAP 4500 mass spectrometer operated in electrospray mode (AB SCIEX,
Framingham, MA, USA). The tandem mass spectrometric (MS/MS) detection
in multiple reactions monitoring mode (MRM) was used for the quantitative
analysis. The detection conditions i.e. the MRM transitions, declustering
potential, collision energy and collision cell exit potential were optimized for
all compounds using direct infusion of the standards into the mass spectrometer.
The optimal parameters used for quantitative analysis are indicated in the Table I.
Other settings of the ionization source common to all compounds were as follows:
curtain gas 25, collision gas – medium, ion spray voltage -4500 V, temperature
400 °C, ion source gases 50/60, entrance potential -10 V.
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Table I. Conditions of Liquid Chromatography/Tandem Mass Spectrometric Detection of Phenolic Acids and Flavonoids

Compound Retention time
[min]

MRM transitions Declustering potential
[V]

Collision energy
[V]

Collision Cell Exit
Potential [V]

Gallic acid 2.12 169/125a -60 -22 -1

353/179 -70 -26 -7Neochlorogenic acid 3.80

353/191a -70 -30 -5

p-Hydroxybenzoic acid 5.76 137/93a -40 -18 -5

353/135 -60 -46 -11Chlorogenic acid 6.02

353/191a -60 -35 -5

353/173a -50 -26 -5Cryptochlorogenic acid 6.80

353/179 -50 -26 -9

179/89 -60 -44 -25Caffeic acid 7.23

179/135a -60 -24 -7

163/93 -40 -34 -5p-Coumaric acid 9.84

163/119a -40 -16 -7

193/117 -65 -20 -5Ferulic acid 10.71

193/134 -65 -20 -5

463/271 -140 -60 -3Isoquercitrin 13.87

463/301 -140 -42 -1

Continued on next page.
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Table I. (Continued). Conditions of Liquid Chromatography/Tandem Mass Spectrometric Detection of Phenolic Acids and
Flavonoids

Compound Retention time
[min]

MRM transitions Declustering potential
[V]

Collision energy
[V]

Collision Cell Exit
Potential [V]

609/271 -160 -80 -7Rutin 13.90

609/301a -160 -48 -9

609/164 -115 -72 -7Hesperidin 14.31

609/301a -115 -42 -9

593/255 -150 -72 -9Kaempferol-3-O-rutinoside 16.10

593/285a -150 -48 -11

477/243 -150 -56 -5Isorhamnetin-3-O-glucoside 16.26

477/314a -150 -38 -7

623/299 -175 -62 -9Isorhamnetin-3-O-rutinoside 16.55

623/315a -175 -40 -5

301/151a -100 -30 -7Quercetin 18.90

301/179 -100 -26 -15

271/119 -85 -34 -9Naringenin 19.20

271/151a -85 -24 -9

301/151 -75 -34 -5Hesperetin 20.28

301/164a -75 -34 -5
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Compound Retention time
[min]

MRM transitions Declustering potential
[V]

Collision energy
[V]

Collision Cell Exit
Potential [V]

285/117 -135 -58 -11Kaempferol 21.89

285/185a -135 -36 -7

a Multiple Reaction Monitoring (MRM) transition used for quantitative analysis.
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Figure 1. Separation of the elderflower infusion. Liquid chromatography (A)
Ascentis Express C18 column (150 x 3.0 mm, 2.7 μm porous shell particles);
gradient elution of methanol/water with 0.1 % (v/v) formic acid, 0.5 mL/min, 30
°C. Capillary electrophoresis (B) capillary 48(40) cm x 50 μm i.d. with 150 μm
light path cell, 25 mmol/L borate buffer pH 9.3 with 36 mmol/L sodium decyl
sulfate, 20 kV, 25 °C. For other experimental conditions, see Materials and

Methods.

In this work, several columns were tested for the separation of (poly)phenolic
compounds. Thus Zorbax Eclipse XDB-C18, Luna PFP (both 250x4.6 mm, 5 μm)
and ACE3 C18-PFP (150x3.0 mm, 3 μm) columns packed with the fully porous
particles were compared with the porous shell columns Ascentis Express C8, C18
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and phenyl-hexyl (all 150x3.0 mm, 2.7 μm particle size, 1.7 μm core size). The
quantitative analysis was performed using Ascentis Express C18 column. The
mobile phase A consisted of ultra pure water, mobile phase B was methanol.
Formic acid (0.1 %, v/v) was added to both mobile phases. Flow rate of the mobile
phase was 0.5 mL/min, temperature of the column 30 °C, injection volume 1 μL.
The optimized gradient profile was 0 min – 15 % B, 8 min – 35 % B, 22 min – 59
% B, 24 min – 80 % B. The MS/MS data were acquired with the cycle time 0.6 s
at scheduled MRM mode with MRM detection window of 160 s. The UV signal
was recorded at 280 nm.

Statistical Evaluation of the Data

The results of the quantitative analysis were evaluated using Statistica 10
software (StatSoft, Inc., 2011, www.statsoft.com). The calibrations for both LC/
MS/MS and MEKC methods were measured at least at seven concentration levels
with three replicates (n = 3). The first, fourth and seventh calibration standards
were replicated five times (n = 5). The calibration data were fitted using the least
square linear regression at a significance level of 95 % (α = 0.05). The significance
of the regression parameters was tested using Student’s t-test and the linearity
was checked by inspecting the residuals. Each elderflower infusion was analyzed
three times (n = 3) and the concentrations of phenolic compounds were calculated
together with the standard deviations. Analysis of variance (ANOVA) was used
for the determination of the significance of differences between the analyses, the
infusions and the methods used.

Results and Discussion

Liquid Chromatography-Tandem Mass Spectrometry Method

For the chromatographic analysis of the polyphenolic compounds presented
in Sambucus nigra L. infusions, the various reversed-phase columns were tested
including octadecyl-, octyl-, phenylhexyl- and pentafluorophenyl silica gel
columns. The columns used in the study were packed with both, fully porous and
superficially porous (porous shell) particles. Porous shell material reduces the
band broadening and allows the attainment of high efficiencies for fast separation
similar to sub-2 μm fully porous particles. The advantage of such columns
lies predominantly in reduction of longitudinal and eddy diffusion (B and A
term of van Deemter plot) (24). The retention and the selectivity of separation
for glycosylated flavonoids was higher using the medium-polarity and polar
stationary phases (pentafluorophenyl silica gel column). The phenolic acids and
flavonoid aglycones were better separated using octadecyl silica gel column.
The separation of the elderflower infusion under optimized gradient conditions
is presented on Figure 1A.
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Polyphenols presented in the elder infusions were identified by comparing
the retention times with the standards and by using tandem mass spectrometric
detection. Thus two MRM transitions were used for the detection of the
compounds, where one transition with higher intensity was used for quantification
and the second one for the confirmation of the target compound.

The MRM transitions were optimized using direct infusion of the standards
of polyphenols into the mass spectrometer and are shown in Table I. The most
intense fragment ions of phenolic acids correspond to the decarboxylation. For
the cafeoylquinic acids, either the deprotonated quinic acid (neochlorogenic and
chlorogenic acids; Figure 2A) or the loss of caffeic acid from the deprotonated
molecule was observed in the tandem mass spectra (cryptochlorogenic acid). The
loss of sugar moiety was observed for flavonoid glycosides as the most intense
fragments and for the aglycons, both bonds between carbon and oxygen in the
central ring (1-2 and 3-4 bonds in C ring) are cleaved yielding characteristic
fragment ions m/z 151 (Figure 2B). In case of hesperetin, the central ring can be
cleaved in different position (1-2 and 2-3 bonds in C ring). The tandem mass
spectra of kaempferol strongly depend on the experimental conditions and many
fragment ions are observed. For the conditions used, the transition m/z 285/185
was the most intense, which corresponds to the double decarbonylation and one
decarboxylation of the molecular ion and is in agreement with the literature (25).

Figure 2. Tandem mass spectra and fragmentation of (A) chlorogenic acid
and (B) quercetin. Electrospray ionization in the negative ion mode. For

experimental conditions, see Materials and Methods.
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Capillary Electrophoresis Method

In contrast to the RP-LC separation of polyphenols, the ionization of the
compounds is beneficial for the separation using capillary electrophoresis. The
dissociation constants (pKa values) range from 3.91 to 4.65 for the studied set
of phenolic acids (calculated using ACD/Labs Software V11.02; data obtained
from SciFinder database). The values of pKa of flavonoid glycosides and
aglycones are even higher (6.17 – 7.52). Therefore, we have selected the borate
background electrolyte with alkaline pH 9.3 for the separation of polyphenolic
compounds using capillary electrophoresis. To improve the separation of the
polyphenols from other compounds presented in Sambucus nigra L. infusions,
the sodium decyl sulfate surfactant in concentration 36 mmol/L was added to the
background electrolyte forming negatively charged micellar pseudostationary
phase. The critical micelle concentration for the sodium decyl sulfate under the
applied conditions is 25.4 ± 0.9 mmol/L (26, 27), and, thus, the concentration
of micelles is approx. 10 mmol/L. In addition to electrophoretic migration, the
analyzed compounds are separated also by partitioning between the micellar
phase and bulk electrolyte. The separation of the elderflower infusion with
the identified polyphenols is shown in Figure 1B. In comparison to the RP-LC
analysis (Figure 1A), the separation order is reversed due to the ionization of
the compounds as the effective electrophoretic mobilities are directed towards
the anodic end of the capillary, which is on the injection side. Some pairs
of structurally similar phenolic compounds were not resolved under these
conditions (glycosides isorhamnetin- and kaempferol-3-O-rutinodise and neo-
and cryptochlorogenic acids). To improve the separation of the critical pairs,
neutral β-cyclodextrin, heptakis(2,6-di-O-methyl)-β-cyclodextrin and negatively
charged heptakis(6-O-sulfo)-β-cyclodextrin were tested as the additives to the
BGE. The application of neutral cyclodextrins led to the slightly improved
resolution of the isomers of chlorogenic acids, however, the resolution of
other compounds (p-coumaric acid / quercetin, isorhamnetin-3-O-rutinoside
/ isorhamnetin-3-O-glucoside) decreased. Negatively charged cyclodextrin
also has not improved the overall separation of polyphenols in the samples of
elderflower infusions. Therefore, we have used the BGE without cyclodextrins
for the determination of polyphenols and the comigrating compounds were
quantified as the sums.

Comparison of Quantitative Results

The quantitative analysis of Sambucus nigraL. infusions was performed using
both developed methods, i.e. liquid chromatography-tandem mass spectrometry
and capillary electrophoresis. The calibration solutions were prepared in the range
of 0.5 ng/mL – 10 μg/mL for chromatographic method and in the range of 0.5 –
200 μg/mL for electrophoretic method, respectively. The evaluated parameters of
the quantitative analyses are presented in Table II for liquid chromatography and
in Table III for capillary electrophoresis.
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Table II. Parameters of the Calibration Curves for Liquid Chromatography-Tandem Mass Spectrometry Method

Compound Slope ± SD Intercept ± SD p-Value
(intercept)

R2 LOD (ng/mL) Linearity
(ng/mL)

Gallic acid 8.04·105 ± 6.10·103 1.41·104 ± 2.59·104 0.608 0.9997 4.55 5-1·104

Neochlorogenic acid 2.64·105 ± 5.03·103 2.85·103 ± 2.14·104 0.899 0.9982 2.38 5-1·104

p-Hydroxybenzoic acid 8.11·105 ± 3.11·104 2.11·105 ± 1.56·105 0.270 0.9956 49.77 1·102-1·104

Chlorogenic acid 5.39·105 ± 5.69·103 7.72·102 ± 2.42·104 0.976 0.9994 1.32 5-1·104

Cryptochlorogenic acid 4.16·105 ± 1.03·104 4.28·104 ± 4.10·104 0.337 0.9963 0.76 5-1·104

Caffeic acid 1.39·106 ± 3.58·104 2.86·104 ± 1.52·104 0.119 0.9999 5.99 5-1·104

p-Coumaric acid 1.51·106 ± 3.50·104 1.75·105 ± 1.31·105 0.224 0.9962 0.55 1-1·104

Ferulic acid 4.43·104 ± 1.78·103 1.53·103 ± 3.45·103 0.676 0.9920 1.50 0.5-1·103

Isoquercitrin 3.44·105 ± 2.20·103 9.56·103 ± 9.33·103 0.353 0.9998 0.08 5-1·104

Rutin 4.78·105 ± 4.91·103 6.57·103 ± 1.84·104 0.732 0.9993 0.05 0.5-1·104

Hesperidin 6.39·105 ± 6.14·103 1.29·105 ± 2.18·104 0.001 0.9993 0.22 0.5-1·104

Kaempferol-3-O-rutinoside 6.55·105 ± 1.16·104 6.91·104 ± 4.34·104 0.155 0.9978 0.04 1-1·104

Isorhamnetin-3-O-glucoside 3.95·105 ± 5.14·103 -9.68·102 ± 2.04·104 0.964 0.9990 0.07 1-1·104

Isorhamnetin-3-O-rutinoside 6.41·105 ± 9.26·103 4.80·104 ± 3.47·104 0.209 0.9985 0.07 1-1·104

Quercetin 1.51·106 ± 3.33·104 -8.50·103 ± 1.32·104 0.544 0.9971 0.19 0.5-1·103

Naringenin 2.09·106 ± 6.80·104 2.48·105 ± 1.23·105 0.091 0.9937 0.09 0.5-1·104
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Compound Slope ± SD Intercept ± SD p-Value
(intercept)

R2 LOD (ng/mL) Linearity
(ng/mL)

Hesperetin 1.77·106 ± 1.62·104 2.22·104 ± 6.86·103 0.023 0.9996 0.04 0.5-1·103

Kaempferol 2.91·105 ± 7.19·103 8.16·103 ± 2.86·103 0.029 0.9963 0.07 0.5-1·103
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Table III. Parameters of the Calibration Curves for Capillary Electrophoretic Method

Compound Slope ± SD Intercept ± SD p-Value
(intercept)

R2 LOD (ng/
mL)

Linearity
(μg/mL)

Gallic acid 34.41 ± 0.36 -0.29 ± 15.47 0.986 0.9995 211.3 0.5-1·102

Neochlorogenic acid a 6.18 ± 0.05 4.04 ± 2.28 0.137 0.9996 223.9 0.5-1·102

p-Hydroxybenzoic acid 19.94 ± 0.38 2.32 ± 16.34 0.893 0.9982 92.6 0.5-1·102

Chlorogenic acid 5.67 ± 0.07 7.77 ± 2.85 0.042 0.9993 141.5 0.5-1·102

Cryptochlorogenic acid a 6.54 ± 0.09 -4.32 ± 4.10 0.340 0.9990 241.9 0.5-1·102

Caffeic acid 25.36 ± 0.21 14.17 ± 8.86 0.171 0.9997 111.9 0.5-1·102

p-Coumaric acid 17.21 ± 0.32 -15.11 ± 13.85 0.325 0.9983 80.6 0.5-1·102

Ferulic acid 14.77 ± 0.17 7.92 ± 7.12 0.317 0.9994 138.9 0.5-1·102

Isoquercitrin 12.05 ± 0.10 -0.21 ± 4.75 0.967 0.9997 252.1 1-1·102

Rutin 6.48 ± 0.09 16.95 ± 8.04 0.073 0.9987 118.1 0.5-2·102

Hesperidin 6.52 ± 0.22 13.20 ± 10.35 0.271 0.9954 405.4 0.5-1·102

Kaempferol-3-O-rutinoside,
isorhamnetin-3-O-rutinoside a

7.41 ± 0.14 -10.72 ± 11.88 0.408 0.9983 133.3 1-1·102

Isorhamnetin-3-O-glucoside 9.07 ± 0.12 7.80 ± 5.19 0.193 0.9991 76.9 0.5-1·102

Quercetin 16.56 ± 2.90 -28.73 ± 29.80 0.406 0.9155 319.1 0.5-20

Naringenin 14.30 ± 0.16 5.36 ± 6.98 0.477 0.9994 53.8 0.5-1·102
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Compound Slope ± SD Intercept ± SD p-Value
(intercept)

R2 LOD (ng/
mL)

Linearity
(μg/mL)

Hesperetin 15.94 ± 0.24 13.62 ± 10.19 0.239 0.9989 66.1 0.5-1·102

Kaempferol 22.37 ± 0.62 -61.92 ± 26.93 0.070 0.9961 428.6 0.5-1·102

a The compounds are not resolved under applied conditions.
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Table IV. Results of the Quantitative Analysis of Sambucus nigra L. Infusions

Average concentration, (mg/g) Repeatability of analysis (n = 3) and infusions
(n = 5), SD (mg/g)

Compound Sample
series

LC/MS CE Analysis, LC/MS Analysis, CE Infusion, LC/MS Infusion, CE

1. 0.10 0.19 0.01 0.08 0.01 0.04

2. 0.09 0.06 0.01 0.06 0.02 0.04

Gallic acid

3. 0.07 - a 0.01 - a 0.01 - a

1. 4.73 5.15b 0.47 0.10 b 0.47 0.33 b

2. 3.97 5.21 b 0.33 0.14 b 0.80 0.62 b

Neochlorogenic acid

3. 5.05 4.02 b 0.44 0.19 b 0.51 0.31 b

1. 0.19 0.32 0.03 0.07 0.02 0.05

2. 0.28 0.46 0.03 0.14 0.05 0.06

p-Hydroxybenzoic acid

3. 0.07 0.18 0.01 0.02 0.01 0.10

1. 26.91 11.04 1.87 0.18 3.35 0.58

2. 25.50 12.42 1.61 0.19 4.57 1.37

Chlorogenic acid

3. 14.32 6.50 1.10 0.07 1.17 0.66

1. 2.96 - b 0.36 - b 0.17 - a

2. 2.53 - b 0.29 - b 0.52 - a

Cryptochlorogenic acid

3. 1.81 - b 0.23 - b 0.31 - a
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Average concentration, (mg/g) Repeatability of analysis (n = 3) and infusions
(n = 5), SD (mg/g)

Compound Sample
series

LC/MS CE Analysis, LC/MS Analysis, CE Infusion, LC/MS Infusion, CE

1. 0.23 0.28 0.02 0.04 0.02 0.06

2. 0.39 0.32 0.03 0.08 0.08 0.04

Caffeic acid

3. 0.15 0.20 0.01 0.01 0.02 0.10

1. 0.11 - a 0.02 - a 0.02 - a

2. 0.15 - a 0.01 - a 0.03 - a

p-Coumaric acid

3. 0.04 - a 0.01 - a 0.01 - a

1. 0.19 0.33 0.02 0.04 0.02 0.05

2. 0.22 0.43 0.03 0.04 0.04 0.25

Ferulic acid

3. 0.08 0.18 0.02 0.05 0.01 0.07

1. 1.14 1.64 0.03 0.03 0.19 0.16

2. 1.15 1.80 0.05 0.25 0.22 0.30

Isoquercitrin

3. 0.41 0.66 0.01 0.03 0.29 0.31

1. 26.38 17.46 0.65 0.65 3.24 1.01

2. 25.65 21.59 0.42 0.27 4.84 1.95

Rutin

3. 16.56 12.83 0.72 0.27 1.47 0.74

Continued on next page.
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Table IV. (Continued). Results of the Quantitative Analysis of Sambucus nigra L. Infusions

Average concentration, (mg/g) Repeatability of analysis (n = 3) and infusions
(n = 5), SD (mg/g)

Compound Sample
series

LC/MS CE Analysis, LC/MS Analysis, CE Infusion, LC/MS Infusion, CE

1. 10.15 - a 0.53 - a 1.55 - a

2. 10.24 - a 0.56 - a 1.85 - a

Hesperidin

3. 6.56 - a 0.54 - a 0.59 - a

1. 0.78 3.21 c 0.04 0.04 c 0.13 0.18 c

2. 0.83 4.20 c 0.04 0.07 c 0.17 0.30 c

Kaempferol-3-O-
rutinoside

3. 0.36 3.28 c 0.03 0.04 c 0.04 0.21 c

1. 1.03 0.89 0.01 0.02 0.19 0.09

2. 1.15 1.34 0.03 0.07 0.23 0.29

Isorhamnetin-3-O-
glucoside

3. 0.59 0.69 0.02 0.07 0.12 0.20

1. 2.52 - c 0.06 - c 0.40 - c

2. 2.95 - c 0.05 - c 0.61 - c

Isorhamnetin-3-O-
rutinoside

3. 2.71 - c 0.15 - c 0.38 - c

1. 0.83 0.92 0.05 0.04 0.17 0.07

2. 1.00 1.08 0.05 0.06 0.20 0.09

Naringenin

3. 0.50 0.61 0.03 0.04 0.08 0.11
a The concentration of the compound is below the detection limit of the method. b The sum of the crypto- and neochlorogenic acid was determined. c The
sum of the kaempferol-3-O-rutinoside and isorhamnetin-3-O-rutinoside was determined.
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For the liquid chromatography-tandem mass spectrometry method, the
calibration data can be considered linear for most of the compounds, at least
in the range of three orders of concentration. The coefficients of determination
of the linear regression of the data are higher than 0.99 for all compounds.
The hypothesis that the intercepts of the calibration curves are statistically
insignificant was tested using Student’s t-test. The calibration curves can be
reasonably assumed to pass through zero for almost all tested compounds as the
statistical p-values of the intercepts at the 95 % significance level is higher than
0.05. The intercepts are statistically significant only for hesperidin, hesperetin
and kaempferol. The limits of detection calculated as the concentration yielding
signal-to-noise ratio equal to three are between 0.04 and 50 ng/mL. The sensitivity
of the method, i.e. the slope of the calibration equations is slightly higher for
the phenolic acids and flavonoid aglycones than for flavonoid glycosides. It can
be probably attributed to the facile ionization of the carboxylic groups of the
acids and hydroxyl-groups presented on the flavonoid skeleton, rather than the
hydroxyls in the sugar moieties.

The developed capillary electrophoretic method uses the UV detection,
which has narrower linearity range in comparison to the mass spectrometric
detection. The utilization of the separation capillary with extended light path
detection cell, however, improves the detection sensitivity and increases the
linear dynamic range in comparison to the ordinary fused silica capillaries. The
electrophoretic calibration data can be considered linear in the range of two-orders
of the concentrations (generally in the range of 0.5 – 100 μg/mL) and the limits of
detection are in the range of tenths of μg/mL (Table III). The limits of detection
for the developed method are slightly lower and the sensitivity (i.e. the slope of
the calibration curves) is approximately four times higher in comparison to the
values presented for our recently published electrophoretic method employing 25
μm i.d. capillary with detection cell extended to 125 μm (28). The lower limits
of detection and higher sensitivity of current method can be probably attributed
to the higher injected sample volume and also to the increased internal diameter
of the separation capillary including detection cell diameter in current method
(50 μm i.d. extended to 150 μm in the cell compared to 25 μm i.d. extended
to 125 μm). The coefficients of determination were higher than 0.995 for most
of the compounds. Among the tested compounds, the intercept of the linear
calibration equation was statistically significant only for chlorogenic acid, which
was indicated with the p-value of 0.042 lower than critical value 0.05.

The three series of the Sambucus nigra L. infusions were quantitatively
analyzed using developed methods. Using these results, we have studied
the effects of the preparation of infusion and sample type on the content
of polyphenolic compounds. Moreover, we have compared both methods
developed for quantitative analysis of polyphenolic compounds in terms of the
determined concentrations and repeatability of the analyses. Thus three series
of the elderflower infusions were prepared. The first and the second series of
infusions were prepared from the same batch of herbal tea. In the first series, the
infusions were prepared from the adjusted tea bags, while in the second series
twenty tea bags were opened and mixed together and the appropriate amount
of the elderflower was taken for the preparation of infusion. The third series of
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infusions was prepared from air-dried wild growing elderflower. The results of
the quantitative analysis are presented in Table IV. The determined concentrations
of the polyphenolic compounds were related to the 1 g of the dry elderflower.

The polyphenolic profile of the Sambucus nigra L. infusions determined by
both methods is consistent with the literature (2, 18). In particular, the highest
content of chlorogenic acid and rutin were observed followed with the other
polyphenolic compounds, but the exact concentrations are strongly dependent
on the extraneous influences (e.g. cultivar, place of origin, treatment of the
sample) (6). For example, the concentrations of flavonoids and their glycosides
determined in inflorescence samples of Sambucus nigra L. presented by Barros et
al. are in agreement with our presented results, however, the concentration levels
of phenolic acids (especially isomers of chlorogenic acid) determined in our work
are significantly higher (2). For both methods, the repeatability of the analyses
represented by the relative standard deviations of concentrations is lower than
5 % for the most of the compounds. The deviations between the infusions are
significantly higher, ranging from 5 % to 25 % for liquid chromatographic method
and up to 50 % for electrophoretic method. To reveal the significant differences
between the analyses of infusions and the method used, a two-way ANOVA was
performed for each analyte. The results of the analysis of variance showed that in
most cases the differences between the consecutive analyses of each infusion are
not statistically significant. Also the differences between the infusions within the
series of elderflower samples were not significant for the most of the compounds,
however, the standard deviations are higher, than for the consecutive analyses of
each infusion. The most important differences were however discovered between
the applied methods, especially for the compounds with higher abundance in the
samples (chlorogenic acid, rutin).

To further compare the results obtained using both liquid chromatographic
and capillary electrophoretic methods, the correlation plots of the determined
concentrations were constructed. The plots are shown in Figure 3. As can be seen
from the higher part of the figure, the coefficient of determination 0.89 indicated,
that the concentrations determined using both methods are correlated. The slope
of the regression line is however significantly lower than one, which would be
expected if both methods provided the same results. The bottom part of Figure
3 represents the regression line fitted to the concentration data of less abundant
polyphenolic compounds. The slope of the regression line for less abundant
compounds is not significantly different from one and the correlation coefficient
is higher than in the previous case. One of the possible sources of the differences
between the concentrations of the most abundant polyphenols (rutin, chlorogenic
acid) presented in elderflower samples determined using liquid chromatography
and capillary electrophoresis can be attributed to ionization suppression in the
mass spectrometric detection (29, 30). These matrix effects can play a significant
role, especially when the compounds of interest coelute with other compounds,
which is the case for rutin, isoquercitrin and hesperidin. To confirm the accuracy
of the presented methods, analysis of certified reference material is required,
which is not readily available for the herb matrices.
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Figure 3. Correlation of the concentrations of polyphenolic compounds in
Sambucus nigra L. infusions determined by liquid chromatography-tandem mass

spectrometry method and capillary electrophoretic method.

Conclusions

In the present work, two methods for the characterization of Sambucus
nigra L. infusions have been developed. Liquid chromatography-tandem mass
spectrometry and capillary electrophoresis with UV detection have been used
for the separation and quantification of 18 polyphenolic compounds including
phenolic acids, flavonoid aglycones and glycosides. The quantitative results
of both methods were compared and the effects of the samples’ nature and
sample preparation were evaluated. Statistically significant differences were
found between the concentrations of the most abundant polyphenolic compounds
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determined using both methods, however, a high correlation between the results
was obtained for the compounds presented in elderflower infusions at lower
concentration levels.
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Flavonoid C-glycosides in Citrus Juices from
Southern Italy: Distribution and Influence on

the Antioxidant Activity
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Flavonoid C-glycosides are key constituents of the flavonoid
fraction of Citrus juices. By drawing on the results presented
over the past few years by our research group, a survey on the
presence of these derivatives in the juices from eleven different
Citrus species cultivated in Southern Italy shows that, so far,
12 individual derivatives have been identified and quantified,
in variable amounts ranging from traces to 30–60 mg/L in the
richer juices (C. sinensis, C. bergamia and C. medica). In
addition, and in-depth study on C. reticulata × C. paradisi juice
led to a critical analysis of the role these flavone derivatives
play in the antioxidant activity of fresh Citrus juices.

Introduction

Der Mensch ist, was er ißt, orman is what he eats (L. A. Feuerbach (1)). Over
the past few years, growing consumer awareness about the beneficial effects of a
healthy diet has determined a very fast market expansion for dietary supplements
and functional foods. Research on nutraceuticals has been the driving force behind
this boom, providing evidence on the health-improving action of nutritious food,
as well as relentlessly pursuing hitherto unexploited dietary sources.

Many supplements and functional foods have been prepared taking
advantage, as the key ingredient, of citrus or citrus-derived products, being Citrus
species among the best-known natural sources of health-beneficial compounds
(2–6). In particular, aside from ascorbic acids, citrus fruits are extremely rich in
flavonoids, a broad group of polyphenolic compounds whose radical scavenging
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(7), chronic diseases-preventing (8, 9) abilities and biological activity (10–12)
have been largely demonstrated. Furthermore, many studies highlighted their
antiviral (13), antimicrobial (14, 15), and anti-inflammatory (16), antiulcer (17)
and antiallergenic (18) properties.

Citrus juices are generally characterized by the presence of several flavonoid
components, belonging to the flavanone, flavone, flavonol, flavanol and
dihydrochalcone subclasses. However, the general trend observed showed that
flavanone derivatives are usually the most abundant individual components,
whereas flavones are the ones that are seen with the largest variability.

Flavonoids in Citrus juices are seldom found as their aglycones.
Being the juice an aqueous environment, they often occur as glycosylated
derivatives, whereas the less polar aglycones, along with the equally lipophilic
polymethoxyflavones, are located in the essential oil vesicles in the flavedo layer
of the peel. So far, the vast majority of the glycosylated flavonoids identified in the
juices bear, as saccharide substituents, only a very limited set of hexoses, namely
D-glucose and L-rhamnose, either as monosaccharides or as the disaccharides
rutinose and neohesperidose (α-(1→6)-L-rhamnopyranosyl-β-D-glucopyranose
and α-(1→2)-L-rhamnopyranosyl-β-D-glucopyranose, respectively), both
composed of glucose and rhamnose, but differing in the position of the
interglycosidic linkage.

Furthermore, the saccharide substituents may be found linked to the alglycone
skeleton either asO-glycosides or as the less conventionalC-glycosides. The latter
derivatives possess significantly different chemical properties than their O-linked
counterparts, especially (vide infra) in terms of their resistance to acidic hydrolysis.
Interestingly, with very few notable exceptions, in Citrus C-glycosyl substituents
are found only on flavone aglycones.

Even though C-glycosides are the main flavonoid components in other plant
species (e.g., millet), they have enjoyed less attention than the better-known O-
glycosides. Different classes of flavonoids (and their derivatives) have often a
different functions, andC-glycosyl flavonoids have been shown to play, in vivo, the
role of insect feeding attractants, antimicrobial agents and UV-protective pigments
(19). In vitro, on the other hand, they can prevent tissue oxidation, and cancer
development, but they have been also suspected of preventing thyroidal iodine
uptake (19).

Within this frame, there is surely still room for further investigations, both
on the natural plant sources of C-glycosyl flavonoids, and the activity of these
interesting compounds.

Results and Discussion
C-Glycosyl Flavonoids in Citrus Juices

We have been involved, in the past decade, in a long-term project aimed
at characterizing the flavonoid and furocoumarin fraction of the juice of fruits
from Citrus species grown in Southern Italy (Sicily and Calabria regions (20),).
To this end, we have optimized a reverse-phase HPLC-DAD-ESI-MS-MS
analytical protocol that allows us to identify and quantify flavonoid components
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in a single chromatographic course (21). Fresh juice samples are prepared by
hand-squeezing fruits that were preliminary peeled to avoid contamination by the
lipophilic components present in the flavedo and albedo sections. The juice is
then centrifuged, and the supernatant is diluted with DMF (1:1) prior to injection,
thus avoiding any preliminary extraction procedure. Analytes separation, carried
out on a C-18 column with a water/acetonitrile gradient, takes advantage of
simultaneous DAD detection at 278, 310 and 325 nm, that allows for a first
discrimination between flavones, flavanones and furocoumarins. In fact, at 278
nm both flavones and flavanones have a strong – and comparable in intensuty
– absorption band (the so-called ‘band II’), while at 325 flavones have a much
stronger ‘band I’ absorption than the one observed for flavanones. In such a
manner, comparison of the two chromatograms provides immediate indication
on the nature of the aglycone of the various flavonoid derivatives. In addition,
detection at 310 nm helps in identifying the possible presence of furocoumarins
components.

The nature of the glycosidic linkage can be assessed by parallel acidic
digestion of the juice (22). Treatment of the juice sample with 6M HCl in
methanol/water mixture at 90°C for two hours results in the complete hydrolysis
of the O-linked saccharide substituent, whereas C-linked saccharides do not
react under these experimental conditions. Inspection of the hydrolyzed juice by
HPLC, and comparison of the resulting chromatogram with the one obtained for
the fresh sample, allows for the unambiguous assignment of a C-glycosidic bond
to those compounds whose peak has not disappeared.

Definitive structural elucidation is carried out by means of ESI-MS-MS.
MS2 techniques have proved to be a powerful and convenient technique in
flavonoid identification. Careful analysis of the fragmentation pattern of the
analytes provides evidence on the nature of the aglycone, the nature and number
of saccharides bound to the aglycone, the position of the substituents on the
aglycone core. Moreover, it provides unambiguous evidence on whether the
sugar units are present as mono- or disaccharides and, in the latter case, the
position of interglycosidic bond. This subject has been discussed in detail in
previous publications by our group (3), and has been extensively reviewed (23).
Quantification of the flavonoid component is obtained by means of selected
reaction monitoring (SRM) (24).

In the course of our studies, we carried out in-depth investigation on eleven
different Citrus species (Table I). Flavonoid C-glycosides have been found in all
the species investigated (collectively shown in Figure 1) and with the exception
of phloretin 3′,5′-di-C-glucoside 12 – which is a dihydrochalcone – they were
assigned a flavone skeleton. On reverse-phase columns, they generally elute with
shorter retention times than their corresponding O-glycosides. Furthermore, as
it may be expected di-C-glycosyl flavones elutes earlier than the corresponding
mono-C-glycosyl flavones. As for the latter, 8-C-glycosyl flavones have usually
shorter retention times than the corresponding 6-C-glycosyl derivatives.

Of all the species investigated, C. bergamia (27, 28), C. sinensis (21, 25),
C. limon (22) and C. medica (22) were found to be the richest in C-glucosyl
flavones, with bergamot presenting also the highest variety of individual
compounds (Table II). In addition, at first glance two compounds stand out
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as being the main C-glucosides in most of the species investigated, namely,
apigenin-6,8-di-C-glucoside (vicenin-2, 2) and diosmetin-6,8-di-C-glucoside
(lucenin-2 4′-O-methyl ether, 3).

C. bergamia was found to be very rich in both vicenin-2 2 and lucenin-2
4′-O-methyl ether 3, containing in the three cultivars examined, variable amounts
of 38.0–58.4 mg/L for the former, and 22.1–66.8 mg/L for the latter, with
the "Femminello" variety being the one with the highest content. The other
components are present in lower amount, ranging from the remarkable 5.1–10.1
mg/L determined for scoparin 6 to the small amounts observed for stellarin-2
(chrysoeriol 6,8-di-C-glucoside, 4, 0.5–1.3 mg/L).

Table I. Citrus species Investigated

Binomial name Cultivar(s) Common name(s) Ref.

C. sinensis Moro
Tarocco

blood orange (21, 25)

C. reticulata × C. paradisi tangelo, mapo (26)

C. bergamia Femminello
Fantastico
Castagnaro

bergamot (27, 28)

C. limetta Mediterranean sweet
lemon,
limetta

(29)

C. japonica kumquat (30)

C. aurantium sour orange,
bitter orange

(24)

C. myrtifolia myrtle-leaved orange,
chinotto

(31)

C. limon Femminello
Interdonato
Monachello

lemon (22)

C. medica Diamante citron (22)

C. reticulata tangerine (22)

C. deliciosa clementine (22)

A fairly different picture emerges forC. sinensis (Moro and Tarocco varieties)
(21, 25). In this case, along with vicenin-2 2 (37.0–53.0 mg/L), stellarin-2 4
was found to be present in high amount (22.13±0.88 mg/L), with lucenin-2 1
(10.48±0.56 mg/L) and scoparin 6 (7.14±0.88 mg/L) following closely.
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Figure 1. Flavone-C-glycosides found in the juice of Citrus spp. investigated.
Trivial names are indicated in parentheses.

In the case of C. medica and C. limon (citron and lemon (22)), lucenin-2 4′-
O-methyl ether 3 by far surpasses vicenin-2 2, with 36–60 mg/L vs. 9–16 mg/L in
lemon, and 61–68 mg/L vs. 6–8 mg/L in citron. On the contrary, in the juice of C.
reticulata and C. clementina it is vicenin-2 2 that is more abundant than lucenin-2
4′-O-methyl ether 3, with 23–27 mg/L vs. 6–8 mg/L for the former, and 4–6 mg/L
vs. 1–3 mg/L for the latter.
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Table II. C-Glycosyl flavonoids (1–12, Figure 1) found in the juice of investigated Citrus spp. (mg/L)

C. sinensis C. reticulata
× C. paradisi

C.
limetta

C.
japonica

C.
aurantium

C.
myrtifolia

C.
bergamia

C.
limon

C.
medica

C.
reticulata

C.
clementina

1 10.48±0.56 0.10±0.012 n.o. n.o. 0.12±0.05 n.o. 2.1–3.5(b) – – – –

2 37.0–53.0(a) 3.89±0.111 0.37±0.02 tr. 1.54±0.21 0.58±0.04 38.0–58.4(b) 9–16(c) 6–8 23–27 4–6

3 2.0–11.7(a) n.o. 0.75±0.05 tr. 0.45±0.03 0.20±0.02 22.1–66.8(b) 36–60(c) 61–68 6–8 1–3

4 22.13±2.27 n.o. n.o. n.o. n.o. n.o. 0.5–1.3(b) – – – –

5 n.o. n.o. n.o. n.o. n.o. n.o. 2.1–3.2(b) – – – –

6 7.14±0.88 n.o. 0.10±0.03 n.o. n.o. n.o. 5.1–10.1(b) – – – –

7 n.o. n.o. 0.10±0.04 n.o. n.o. n.o. 1.3–4.8(b) – – – –

8 n.o. n.o. n.o. tr. n.o. n.o. n.o. – – – –

9 n.o. n.o. n.o. 0.26±0.01 n.o. n.o. n.o. – – – –

10 n.o. n.o. n.o. 0.60±0.03 n.o. n.o. n.o. – – – –

11 n.o. n.o. n.o. 0.70±0.05 n.o. n.o. n.o. – – – –

12 n.o. n.o. n.o. 19.94±0.40 n.o. n.o. n.o. – – – –

(a) Range determined for Tarocco and Moro cultivars. (b) Range determined for Femminello, Fantastico and Castagnaro cultivars. (c) Range determined for
Femminello comune, Inerdonato and Monachello cultivars. n.o.: not observed; fields marked as "–" refer to compounds not investigated.
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Data in our hands lend themselves to critical analysis. It has been often
stressed that the flavonoid chromatographic profile of a given Citrus juice can be
used both as a fingerprint to identify the species from with it originates and/or
potential adulteration, and as a tool to reveal (or confirm) taxonomical relations
between different species. It is interesting to observe that, even restricting the
analysis to the C-glucosyl flavones, few clear connection become evident.

Lemon and citron, which are known to be related (32), share a similar profile,
with the diosmetin derivative lucenin-2 4′-O-methyl ether 3 as themain compound.
C. limetta (29), which is also related to these two species, has a similar profile,
albeit the amount of C-glucosyl flavones present in the juice is so much lower that
it is not safe to speculate – basing only on these data – on its taxonomic connection.

In a similar fashion, orange, tangerine (22) and clementine (22) all display
the apigenin derivative vicenin-2 2 as their main flavone C-glucoside component.
Bergamot, which is a hybrid of citron and sour orange, presents – even if in larger
amount than in the parent species – both the C-glucosides that characterize the
two species, lucenin-2 4′-O-methyl ether 3 and vicenin-2 2, respectively. Myrtle-
leaved orange, which is a mutation of sour orange, possesses a C-glucosyl flavone
profile that is almost superimposable to that of its parent species, C. aurantium.

C. japonica (kumquat (30, 33)) possesses a totally different set of C-glycosyl
derivatives. The most prominent compound is not a flavone, but rather a
dihydrochalcone, namely phloretin 3′,5′-di-C-glucoside. This is a rather unique
compound in the Citrus genus, setting kumquat apart from the rest of the
commonly grown species. In addition, a wide variety of mono- and di-C-glucosyl
flavones was detected in kumquat juice, albeit in low amount (typically, < 1
mg/L). Among these, derivatives that seldom are seen in the Citrus genus were
identified, such as the acacetin 6- or 8-C-neohesperidosides. In light of its
peculiarity, it is not surprising that for about a century kumquat varieties had been
allotted a separate genus, Fortunella (34).

Antioxidant Activity Studies

The antioxidant activity of Citrus juices descends from the concerted action
of a wide variety of compounds able to quench ‘free radicals’ with different
mechanism and efficiency. Best known among these are vitamin C and the broad
family of the flavonoids.

As mentioned above, C-glucosyl flavones have not been studied intensively
for their antioxidant activity. In order to shed light on the contribution this
subclass of compounds provides to the radical scavenging and reducing activity
of the juice, we decided to turn to preparative HPLC to separate the various
flavonoid subclasses. Tangelo (C. reticulata × C. paradisi) juice (26) was
selected as a good candidate, owing to the good variety displayed by its juice.
In fact, it was shown to contain C-glucosyl flavones (lucenin-2 1 and vicenin-2
2), an O-rutinosyl flavonol (rutin), a number of di- and tri-O-glycosyl flavanones
(neoriocitrin, narirutin, neohesperidin, didymin and narirutin 4′-O-glucoside)
and polymethoxyflavones (sinensetin, nobiletin and tangeretin), thus allowing to
collect a significant set of representative compounds.
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Six broad fractions were collected (Figure 2): the first one containing all
the flavonoids (henceforth referred to as FP, flavonoid pool fraction), and five
additional ones containing each all the members of a single flavonoid subclass, that
is di-C-glucosyl flavones (fraction I), O-triglycosyl flavanones (II), O-diglycosyl
flavonols (III), O-diglycosyl flavanones (IV) and polymethoxyflavones (V) (26).

The fractions were collected, evaporated to dryness, and then redissolved in
the stipulated amount of solvent needed to restore the original concentration the
analytes had in fresh juice.

Figure 2. Fractions collected from tangelo juice by preparative RP-HPLC.

The six fractions were subjected to DPPH• (2,2-diphenyl-1-picrylhydrazyl),
ABTS•+ (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) and HO•

radical scavenging assays, as well as to ferric reducing antioxidant power (FRAP)
assessment, and compared to the results obtained for the crude juice (Figure 3).
It is evident, from the data presented, that the different subclasses contribute to
different extents to the activity of the juice. In the case of DPPH• quenching,
the flavonoid pool accounts for ca. 50% percent of the activity of crude juice
(CJ, 5.85 μM Trolox [6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid]
Equivalents). Within the flavonoid pool, the C-glucosyl flavones (fraction I),
the O-diglycosyl flavonols (III) and the O-diglycosyl flavanones (IV) were the
subclasses responsible for the activity, whereas the remaining two (i.e., II and V)
displayed little or no activity at all (26).

A similar trend was observed for the ABTS•+ radical cation quenching,
although in this case most of the activity of the crude juice (14.80 mM TE) could
be ascribed to the flavonoid pool (ca. 80%). Again, it was fractions I, III and IV
that contributed the most to the activity measured for the FB fraction (26).
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Tangelo juice turned out also an excellent hydroxyl radical scavenger (17.20
mM TE). In this latter case, the FP fraction was found to be responsible for two
thirds of the activity (ca. 65%), with again the same trend observed for the different
subclasses (i.e., I, III, IV >> II, V). As for the reducing activity, the juice was found
to be very efficient in the FRAP assay, but the flavonoid pool appeared not to play
a key role in this process (FP = ca. 25% of CJ). Still, the C-glucosyl flavones were
found to be the most active among the five subclass fractions (ca. 50% of CJ) (26).

Figure 3. Radical scavenging and reducing activity of the fraction from
tangelo juice (data from ref. (26)). CJ: crude juice; FP: flavonoid pool; I:

di-C-glucosyl flavones; II: O-triglycosyl flavanones; III: O-diglycosyl flavonols;
IV: O-diglycosyl flavanones; V: polymethoxyflavones.

These results allowed us to draw some conclusions. Firstly, it was made
evident the polymethoxyflavones and O-triglycosyl flavanones possess a fairly
limited efficiency in the in vitro radical scavenging processes employed in this
study. This should not come as a surprise, given that DPPH•, ABTS•+ and HO•

radical quenching rely on H• radical transfer (HAT mechanism (35),), and both
these subclasses do not possess highly reactive free phenolic OH groups. A second
interesting point came from the analysis of the activity of the other three classes as
a function of their abundance in tangelo juice (I+III: ~4 mg/L and IV ~30 mg/L,
respectively (26)). The evidence that even though O-diglycosyl flavanones are
significantly more abundant than the flavones and the flavonols but display an
overall similar activity, demonstrates that the derivatives that bear a double bond
in the 2,3-position of the central pyrone C ring of the aglycone are the ones that
exert the highest antioxidant activity. In fact, the presence of such double bound
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determines a very high degree of conjugation within the flavonoid skeleton, with
the consequence that the ArO• radicals generated upon H• transfer enjoy a much
higher delocalization and therefore stabilization.

Conclusions

The consumption of fresh and processed Citrus products has been shown time
and again to be a staple of healthy diets, owing to the abundance in compounds
that positively influence well-being and disease prevention. Among the many
derivatives that play such a role (i.e. ascorbic acid, flavonoids, anthocyanins,
carotenoids, etc.), flavonoid C-glycosides are being studied for their remarkable
antioxidant activity. Data discussed in the present chapter, collected over the years
on Citrus species grown in Southern Italy, demonstrate that indeed they are among
the most efficient radical scavengers within the flavonoid family, deserving more
attention and further investigation in light of their potential exploitation in food
and food supplement industry.
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Chapter 10

Characterization of Pomegranate’s Health
Benefiting Bioactive Compounds, Taste, Color,
and Post-Harvest Fruit Quality by Studying a

Wide Collection of Diverse Accessions
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Pomegranate (Punica granatum L.) is known to be one of the
healthiest fruits and its traditional importance as a medicinal
plant is supported by modern science. The health beneficial
properties of the fruit are attributed to its high levels of
antioxidant compounds, mainly hydrolysable tannins (HTs)
and anthocyanins. This review focuses on our recent analyses
of a wide, bio-diverse pomegranate collection composed of 29
different accessions. Our aim was to compose a wide-scope
picture of the various factors that contribute to the health
benefits, and to the marketability of the fruit, in particular
antioxidant compounds, taste and color. For that purpose we
have examined the concentration and localization of HTs,
anthocyanins, total phenols, organic acids and total soluble
sugars (TSS) in the fruit sections. We have also examined
how these factors are affected by environmental conditions. In
addition, we have investigated the factors that help maintain
fruit quality during prolonged storage and how they may
be utilized to control storage diseases and reduce the use
of synthetic fungicides. The usage of a large pomegranate
collection rich in trait variation is a valuable and powerful
resource to increase our knowledge on the biodiversity that
can be found in pomegranates. It can also give us insights on
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pomegranate biology and help us to determine which bioactive
compounds and factors regulate the fruits taste. Besides the
obvious benefits to basic science, the overall collected data
can assist breeders and growers to respond to consumer and
industrial preferences.

Introduction

Fruits and vegetables contain high levels of antioxidant compounds that
protect against harmful free radicals. The antioxidant activity is attributed mainly
to high total phenols content (TPC). Phenols, in addition to their ability to serve
as scavengers of free radicals and reactive oxygen species (ROS), have been
associated with the reduction of stress-related chronic diseases and age-related
disorders, such as cardiovascular diseases, carcinogenesis, neurodegeneration,
skin deterioration as well as other health benefits (1).

Pomegranates (Punica granatum L.) have high TPC (2, 3) and strong
antioxidant activities (4–6). It was shown that pomegranate juice (PJ) possess a
3-fold higher antioxidant activity than that of red wine or green tea (3), and two-,
six- and eight-fold higher levels than those detected in grape/cranberry, grapefruit,
and orange juice, respectively (6, 7). Moreover, the pomegranate fruit is known
to be one of the healthiest fruits and its traditional importance as a medicinal
plant (8) is now supported by data obtained from modern science showing that
the fruit contains anti-carcinogenic (9, 10), anti-microbial (11), antifungal (12)
and anti-viral compounds (13) as well as many other health beneficial activities.
Recent biological studies have also proven that certain compounds contained in
PJ reduce blood pressure, are anti-atherosclerotic and significantly reduce low
density lipoprotein (LDL) oxidation (2, 4, 5, 14, 15).

Chemical analyses have shown that the phenol fraction of PJ contains a high
level of hydrolysable tannins (HTs) as well as anthocyanins, which exhibit high
antioxidant activities (3, 16). Anthocyanins are water-soluble pigments primarily
responsible for the attractive red-purple color of many fruits, including PJ, and
are well known for their antioxidant activity (17). An analysis of PJ prepared by
hydrostatic pressure applied to the whole fruit showed that the predominant type of
phenolic compounds extracted from the peels during the process are water-soluble
HTs; these compounds account for 92% of the fruit antioxidant activity (3). HTs
are found in the peel (husk, rind, or pericarp), carpellary membranes , and piths
of the fruit (18). The main compounds in this group are the punicalagin isomers,
which were suggested as being responsible for about half of the total antioxidant
capacity of the juice. In addition, ellagic acid, gallagic acid, and punicalin were
also suggested to play a significant role in this acativity (3).

The goal of this review is to demonstrate how studies conducted with a
large collection of diverse accessions, can help to elucidate different factors that
contribute to the health benefits and the marketing of the fruit. Collections of
wild and domesticated pomegranates accessions are available in Asia, Europe,
North Africa, and North America (19–21). This review is mainly based on our
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recent studies performed on 29 pomegranate accessions that were chosen out of
several hundred accessions from a collection in the Newe Ya’ar research center,
ARO [registered in the Israel Gene Bank for Agriculture Crops (IBG, Website:
http://igb.agri.gov.il)] (22) (Figure 1) that differ in their size, taste, color, aril
hardness and ripening date. This review concentrates on: (i) Measurement
and elucidation of the bioactive compounds, and defining their localization in
the fruits sections; (ii) Analysis of the effect of two distinct growing habitats
on pomegranate health-promoting components; (iii) Elucidation of factors that
influence the pomegranate taste; (iv) assessment of the parameters affecting
pomegranate color and (v) Studying factors that keep the fruit and especially the
peel quality during prolonged storage conditions.

Figure 1. The 29 pomegranate accessions used in this study. Reprinted with
permission from Tzulker, R.; Glazer, I.; Bar-Ilan, I.; Holland, D.; Aviram, M.;
Amir, R. J. Agric. Food Chem. 2007, 55, 9559–9570. Copyright 2007 American

Chemical Society. (see color insert)
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Table 1. Correlation Matrix between Antioxidant Activities Measured by Different Methods, Total Polyphenols, Total Anthocyanins
and the Level of the Four Hydrolysable Tannins in Juice Prepared from the Arils of the 29 Pomegranate Accessions According

to the Pearson Test.

Antioxidant
Activity
FRAP

Antioxidant
Activity
DPPH

Total
Polyphenols

Total
Anthocyanins Punicalagin Punicalin

Gallagic
Acid

Antioxidant Activity FRAP 1 0.83** 0.86** 0.68** 0.16 -0.02 0.1

Antioxidant Activity DPPH 1 0.62** 0.265 0.48** 0.12 0.39*

Total Polyphenols 1 0.71** -0.1 0.01 -0.06

Total Anthocyanins 1 -0.34 -0.14 -0.31

Punicalagin 1 0.14 0.45*

Punicalin 1 0.79**

Gallagic Acid 1

The r value of the correlation is given and its significance (p < 0.05) is identified by one asterisk, while (p < 0.01) is identified by two asterisks. The table is
modified from Tzulker et al., 2007.
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Table 2. Correlation Matrix (Pearson Test) Conducted on the Data Obtained from Homogenates Prepared from the Peels Alone of
29 Pomegranate Accessions. The r Value of the Correlation Is Given and Its Significance (p < 0.05) Is Identified by One Asterisk,

while (p < 0.01) Is Identified by Two Asterisks.

Antioxidant
Activity
FRAP

Antioxidant
Activity
DPPH

Total
Polyphenols

Total
Anthocyanins Punicalagin Ellagic Acid Punicalin

Gallagic
Acid

Antioxidant Activity FRAP 1 0.51** 0.95** 0.29 0.63** 0.70** 0.85** 0.94**

Antioxidant Activity DPPH 1 0.55** 0.11 0.29 0.33 0.31 0.43**

Total Polyphenols 1 0.28 0.63** 0.77** 0.87** 0.93**

Anthocyanins 1 0.07 0.41* 0.27 0.41*

Punicalagin 1 0.27 0.6** 0.68**

Ellagic Acid 1 0.70** 0.72**

Punicalin 1 0.85**

Gallagic Acid 1
aThe r value of the correlation is given and its significance (p < 0.05) is identified by one asterisk, while (p < 0.01) is identified by two asterisks. The table is
modified from Tzulker et al., 2007.
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Elucidation of the Bioactive Compounds That Contribute to
the Antioxidant Activity and Their Localization in the Fruits

Sections

In order to define the major bioactive compounds that contribute to the
antioxidant activity, and to reveal where they are localized in the fruits sections
(peels, arils, seeds, carpellary membranes), we have used 29 unique accessions
(23). Arils and peels were separated from the fruits, arils juice was prepared by
squeezing the arils and separating them from their seeds, while the peels were
homogenized with water. We also obtained juice which contained the aril juices
with compounds extracted from the inner peels using a fruit juice extractor.

The results demonstrate that in arils juice, the range of antioxidant activity
is about 3 fold and the range of TPC between accessions is about 2.5 fold from
the lowest to the highest (23, 24). However, the range of the total anthocyanins
contents was about 33-fold difference between the accessions. The antioxidant
activity in aril juice correlated significantly to TPC and to the total anthocyanin
contents, but not to the levels of four members of HTs (punicalagin, punicalin,
gallagic and ellagic acids, Table 1) (23, 25). Anthocyanins are well known to
contribute to the antioxidant activity (17). Therefore, when consuming only the
arils, the accessionswith the highest health benefiting properties are those that have
red or darker colored arils, since these have higher total anthocyanins content. It is
worth mentioning that the correlation value between the total anthocyanin content
and antioxidant activity was significant, but quite low (r=0.68). This implies that
anthocyanins are only one of the contributors to the antioxidant activity, and that
other yet unknown compounds also contribute to this activity.

Measurements of the antioxidant activities of juice prepared by juice extractor
and of peels homogenates, have shown that the activity levels were approximately
5-fold and 40-fold higher than that measured in aril juice, respectively (23). This
demonstrates that the peels contain compounds that have high antioxidant activity,
as previously suggested (3, 26). We have also found that in peels, the ranges of
antioxidant activity and TPC within the 29 accessions were about 5 fold and 3 fold
respectively.

To assess the levels of HTs that were previously suggested to contribute to the
antioxidant activity (17), the contents of four members of this group (punicalagin,
punicalin, gallagic and ellagic acids), were measured in the peels homogenates
(23). Their levels were significantly correlated to the antioxidant activity (r= 0.63,
r= 0.85, respectively), suggesting that they are major contributors to this activity
in the peels homogenates (Table 2). The levels of punicalagins isomers were
about 5 x 103 fold higher in the peels compared to the arils. No correlation was
found between the level of anthocyanins to the antioxidant activities of the peels
homogenates (23).

All in all, the results of this study have shown that juice prepared from
the arils alone exhibit relatively poor antioxidant activity and low TPC, as well
as low content of the four HTs, relative to homogenates prepared from the
peels. Therefore, in order to achieve maximal health benefits from pomegranate
consumption, PJ should be prepared with the proper means which can also extract
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the peels along with the arils, since peels contain significantly higher levels of
compounds that contribute to the antioxidant activity and human health. A recent
study that was carried out on Wonderful accession, has shown that the inner peels
have higher levels of antioxidant capacity and higher levels of the examined HTs
than the external peels (27). Thus, future studies may be carried out to determine
to which level the peels should be extracted along with the arils and to examine
the effect of this process on the sensory properties of PJ. Moreover, it would be
beneficial to inspect the range and nature of variation in the above mentioned
properties of already commercialized pomegranate products in order to elevate
its quality.

The Effect of the Habitat on Health-Promoting Compounds

Due to the extensive knowledge about the pomegranate’s health attributes
noted above and increasing public awareness of functional foods, the demand for
pomegranate fruit and its by-products has increased tremendously in the Western
world. As a result, the land area devoted to pomegranate orchards has increased
significantly, including plantations in different geographic regions having diverse
growth condition. In order to gain more knowledge of how environmental
conditions affect the antioxidant activity and the levels of HTs, we compared the
properties of pomegranates grown in two different habitats for two consecutive
years. The habitats compared were a Mediterranean temperate and a hot dry
desert climate (24). Eleven out of the 29 accessions were chosen for the study
(Figure 2). Our findings revealed that in most of the accessions, the aril juice
obtained from fruits grown in Mediterranean temperate had a higher antioxidant
activity than those grown in hot and dry desert climate, with some exceptions.
Consistent with these findings, it was found that the level of total anthocyanins
was significantly higher in aril juice of fruits obtained fromMediterranean climate
compared to those from desert climate (up to 40-fold). Anthocyanins level highly
correlated to the antioxidant levels and to TPC in Mediterranean climate (r= 0.84;
r = 0.70, respectively), but less in desert climate (r=0.34; r=0.61, respectively).
Temperature is an important factor that affects anthocyanin accumulation in
plants and it was shown that the expression of anthocyanin biosynthetic genes has
been induced by low temperature and repressed by high temperature in various
plants (28–33). The higher level of anthocyanins in Mediterranean climate fruits
could be attributed to the relatively lower temperatures in this habitat compared
to desert climate.

In contrast, examination of juices obtained using a juice extractor, which
include in addition to the aril juice the extract of the inner parts of the peels,
as well as peel homogenates, show that antioxidant activity and TPC were
significantly higher in fruits obtained from desert climate (up to 4-fold).
The antioxidant capacity in the peels significantly correlated to the levels of
punicalagin and punicalin in both habitats (Mediterranean climate: r=0.33,
r=0.68; desert climate: r=0.64, r=0.34 respectively). The reasons for the higher
TPC in the peels of pomegranates grown in desert climate are not clear but could
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be attributed to the higher temperatures and radiation found in desert climate
compared to Mediterranean climate. The higher phenolic compounds content
might protect the fruits and seeds against oxidative stress occurring under the
prevailing climatic conditions. In summary, the study of eleven accessions
indicates that environmental conditions significantly affect the concentration of
pomegranate fruit health beneficial compounds. In addition, the high content
of health-promoting components in the peels of fruits grown in a desert climate
may be advantageous to the byproduct nutraceuticals industry. A comprehensive
study consisting a wider diversity of germplasm may be carried out in order to
construct a more complete picture on the effect of environmental conditions on
pomegranate fruits parameters.

Figure 2. Fruits of the 11 pomegranate accessions grown in two different habitats
as photographed in the 2006 and 2007 seasons. The figure is modified from

Schwartz et al., 2009. (see color insert)

Parameters Affecting Pomegranate Taste

Analysis of a large collection can also shed more light on the compounds
that are responsible and contribute to the taste of PJs. As for many fruit species,
pomegranate varieties differ in their taste, ranging from sweet to sour (22). This
is related directly to the quality and quantity of the organic acids and sugars found
in the fruit, and indeed a great diversity in these components and their contents
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has been detected in different pomegranate juices collected from several regions
around the world (34–37). The desired pomegranate taste varies, however,
in different countries and regions. In North Africa, for example, almost all
commercialized pomegranate belong to the sweet varieties (38), while in Russia
and other northern countries more sour accessions are commercialized (39). Total
soluble solids (TSS) and titratable acidity (TA) are two parameters who’s ratio
define the taste of PJ. Determination of TSS is important not only to establish
the organoleptic quality of the juice, but also because TSS content is the major
parameter determining the accessions that can be used for wine preparation.
Acidity can play an important role in the perception of fruit quality. It not only
affects the fruit’s sour taste but also its sweetness by masking the taste of the
sugars. Thus, ratio between TSS and TA is commonly used to define the “taste”
of a fruit, and overall consumer appreciation is related more to TSS/TA ratio than
to soluble sugars content alone (40).

To determine the compounds that contribute to the taste of the aril juices,
the levels of TSS and TA were measured in arils juice of the 29 accessions (41).
The results showed that in arils juice: (i) There is no significant difference in the
TSS and the sugars among the 29 accessions (15 to 18.5% TSS), implying that
they are not the main contributors to taste; (ii) The levels of TA and citric acid do
differ significantly among these accessions (by 15-fold and 25-fold, respectively),
suggesting that they play a major role in determining juice taste; and (iii) Citric
acid is predominant in the sour accessions, while oxalic and succinic acids are
major in sweet accessions. These results suggest that since the level of sugars and
TSS do not alter significantly between the different accessions, TA and citric acid
are the main contributors to the taste, which as mentioned above, is determined by
the ratio between TSS and TA. This ratio ranged significantly (from 6.1 to 64.6)
between the different accessions.

We have also studied the levels of these taste parameters in the peels of
the different accessions. Although pomegranate peels are inedible due to their
bitter taste and tough dry texture, some pomegranate juice industries squeeze
the fruits in such a way that in addition to the arils, the compounds found in the
peels are also extracted (3). Therefore, it is important to study the contents of
sugars and organic acids in the peels whose ratio defines the taste of PJ. The
peel homogenates exhibited lower levels of TSS compared to the aril juice (by
about 2-3 folds). In addition to glucose and fructose, which were also found in
arils juice, the homogenates contained also maltose (whose concentration differs
among the accessions by about 50-fold), sucrose that was found in only six
accessions, and mannitol whose concentration differs between the accessions by
about 8-fold. The levels of TA were within the range found in aril juices and the
concentration range of TA and citric acid within the different accessions was about
3 and 30 fold, respectively. Oxalic acid was detected only in a few accessions.

Exploring the relationship of TA and TSS values between the arils and the
peels could lead to better understanding of the factors regulating pomegranate juice
qualities, and to gain more information about the regulation of these parameters.
For that, we have performed a correlation matrix and found that the levels of
TA and citric acid are significantly positively correlated, but no correlations were
found in the levels of TSS and soluble sugars (Table 3).
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Table 3. Correlation Matrix (Spearman Test) Conducted on Data Obtained from the Peels and Aril Juices of 29 Accessions

Peels

Arils TA TSS citric acid glucose fructose Anthocyanin

TA 0.62** -0.21 0.78** -0.1 -0.08 -0.28

TSS 0.75** 0.22 0.61** -0.08 -0.08 0.36

citric acid 0.67** -0.33 0.88** -0.19 -0.15 -0.36

glucose 0.53** 0.26 0.32 -0.15 -0.16 0.37*

fructose 0.52** 0.26 0.31 -0.15 -0.15 0.37*

Anthocyanin 0.41** 0.07 0.39* 0.24 0.17 0.26

The r value of the correlation is given and is significance (p<0.05) is identified by one asterisk, while (p<0.01) is identified by two asterisks. The table is
modified from Dafny-Yalin et al., 2010.
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We have also used 11 accessions from that collection to determine the
influence of environmental conditions on TSS and TA levels. To this end, eleven
accessions grown in Mediterranean temperate region and in the hot and dry
desert climate were examined. It was shown that the TSS and TA are largely
dependent on the environmental conditions. The TSS was found to be higher in
fruits obtained from Mediterranean climate in both seasons examined (by up to
4%) (24). TA level was also determined in fruits obtained from both habitats and
found, with one exception, to be higher in accessions grown in Mediterranean
climate. The levels of the organic acids (citric, malic, oxalic and succinic acids)
were significantly higher in the Mediterranean climate in most of the accessions.
The reason for these changes is not yet clear.

The results of this studies lay the foundations for the study of the diversity
of different accessions in parameters relating to taste, demonstrating the effect of
environmental conditions on the taste that may help industries to produce better
pomegranate juices according to consumers’ demands. The results also show how
studying a collection composed of different accession can indicate which are the
factors that contribute to the taste and how these parameters are altered in two
different habitats.

Parameters Affecting Pomegranate Color

In addition to taste, the colors of the peel and aril are important traits
affecting consumer choices. Therefore, we have determined the parameters
which determine color in 29 different pomegranate accessions. We have found
that the fruit’s skin color gives some indication about aril color in most of the 29
pomegranate accessions which were chosen for this study. The results also showed
that the fruit’s skin and aril color as examined by a colorimeter are significantly
correlated to the levels of anthocyanins, suggesting that anthocyanins are the main
contributors to the color of pomegranates (41). As we have previously reported,
the color parameters and total anthocyanins content of the peels cannot predict
the maturation stage of the pomegranates fruit (42), the aril quality, and the levels
of TA, TSS, organic acids and sugars of the aril juices (41).

In order to determine whether the main factor regulating color is genetic or an
environmental one, we have performed color analysis in the two distinct habitats.
We have found that the habitat significantly affect pomegranate color (42) (Figure
2). The aril juices from fruits grown in the hot and dry desert climate had a lighter
color than those from Mediterranean climate. The color of aril juices prepared
from trees grown in Mediterranean climate was more intense and had more of
the magenta-red and yellow color components. Moreover, principal component
analysis (PCA) of parameters measured in aril juice colors indicated that fruits
grown in Mediterranean climate can achieve their full colors and, thus, have more
uniform aril color, while fruits grown in the desert have major differences among
them. In contrast, growth conditions in desert climate lead to similarity in peel
color of the fruits which had more of the yellow color component in their peel,
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while growth conditions inMediterranean climate lead to greater variations among
the accessionswhich hadmore of themagenta-red color component. This indicates
that growth conditions in a certain habitat can expose more the genetic differences
between accessions in terms of aril and peel color. Moreover, similarly to the
results obtained for aril juice, total anthocyaninsmeasured in the peel homogenates
clearly demonstrated that their levels were higher in the peels of fruits obtained
from Mediterranean climate (up to 45-fold). This could be due to the higher
temperatures in desert climate, which negatively affects anthocyanin content and
consequently affect the color in both the peels and arils.

Factors That Help Maintain Fruit Quality during Prolonged
Periods in Storage Conditions

Due to higher demand to pomegranate products, there is a growing number
of industries producing pomegranates, PJ, and pomegranate by-products as well
as pharmaceutical companies, which extract health beneficial compounds from
the fruit (16). However, the harvest season of the pomegranate is relatively
short (lasting about 3 weeks for each accession and usually totaling less than 3
months during autumn). Thus the researchers search for storage conditions that
maintain fruit quality. This is important for two reasons: to extend the marketing
season of fresh fruit and to prolong the time of its availability to the processing
industry. Although several storage protocols have been used commercially to
store pomegranates for several months (reviewed by (43, 44)); the stored fruit
exhibit significant quality loss. The main factors limiting prolonged storage of
pomegranates are shrinkage due to weight loss, decay caused by pathogenic fungi,
husk scald and chilling injury symptoms (45, 46). Since these symptoms develop
with time, they significantly reduce the period that the fruit can be stored. These
disorders are phenotypically present on the husks and customers avoid purchasing
visually defective fruit, even though the arils may be of good quality.

To gain better knowledge on processes occurring in the husk during the storage
of pomegranates fruits, we have selected seven accessions out of the 29 which
differ in the antioxidant capacity and their TPC in their husks. Previously it was
suggested that the appearance of husk scald is related to reduction in the TPC
and antioxidant activity of the peels (47). By measuring the antioxidant activity
during fruit development and maturation, we revealed that this activity is reduced
over time. The post-harvest fruits were stored for 5 months and the husk disorders
weremeasured in the day of harvest and then everymonth (48). The results showed
that the antioxidant activity which was consistent with TPC, increased slightly
but significantly during storage of most accessions. The level of punicalagin was
significantly reduced during storage in all accessions, while punicalin remained
relatively unchanged in four accessions and declined in the other three during
storage. Our findings indicate that fruits having a high antioxidant capacity, high
TPC and high levels of punicalin in their husks (up to 2, 3 and 6 fold respectively),
have a better ability to resist fungal decay and weight loss, in addition to being less
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sensitive to husk scald. On the other hand, our results suggest that the development
of most husk disorders is not correlated to the content of TSS, TA, punicalagin,
anthocyanin, or husk color. Nonetheless, poorly colored accessions were relatively
more sensitive to chilling injury expressed as surface pitting, compared with the
more colored accessions.

The correlation between punicalin and a better ability to resist fungal decay
is interesting, since we have previously identified antifungal compounds in
pomegranate peels (12). It was shown that aqueous extracts of pomegranate peels
inhibit the growth rate of three out of six rot fungi that cause fruit and vegetable
decay during storage. The growth rates were negatively correlated (up to 4 fold)
with the levels of total polyphenolic compounds in the extract and particularly
with punicalagin. These results suggest that punicalagin, which is the dominant
compound in pomegranate peels, may be used as a control agent of storage
diseases.

Summery and Future Aspects

In this review we focused on our recent studies which were performed
across a wide, bio-diverse collection composed of a large number of different
pomegranate accessions rich in trait variation. The power of exploring a large
collection composed of many different accessions, in comparison to working
on single accession, is the ability to apprehend the amplitude of the various
phytochemicals contained in the fruits. In particular, our data provides us with
a broad picture about the natural variation and the biodiversity that contribute
to the antioxidant activity, TPC and total anthocyanin contents in two different
fruit parts (arils and peels) among various pomegranate accessions. In addition,
it can lead to a wide-scope understanding of factors regulating the taste and color
of the fruits, as well as factors that maintain fruit quality during the post-harvest
period. The comprehensive data gives strength to deduced trends of different
characteristics, for instance, significant correlations between antioxidant capacity
and the levels of punicalagin and punicalin were consistent in studies conducted
with a wide range of accessions and with different growing conditions. Another
example is the significant correlations between citric acid levels and TA which
were also found in the our different studies. Besides the obvious benefits to
basic science, this data can assist growers, breeders and industries producing
pomegranates and their by-products to develop and produce healthier and tastier
fruits in order to answer consumer and industrial preferences. In the future, it
will be worthwhile to enlarge the database by examining more pomegranate
accessions in order to market the fruit as a tasty and attractive functional food
with long shelf life, extended marketing period and the best nutritional value and
health properties.
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HPLC hyphenated instrumentations are powerful tools for
separation and structure identification of non-crystalline organic
compounds on an analytical scale. Prominent among these
is the high performance liquid chromatography–solid phase
extraction–nuclear magnetic resonance (HPLC−SPE−NMR)
hyphenation, which combines the strength of analytical
resolution (HPLC), multiple peak trapping and single deuterated
solvent used for NMR sampling (SPE), providing definitive
information for structural elucidation (NMR, 1D and 2D).
Our laboratory has utilized this technique in combination with
HPLC−HRESIMS and HPLC−microfractionation−bioassay
to explore the bioactive natural products and metabolites of
bioactive compounds successfully. It should be addressed
that appropriate sample pretreatment is very helpful to
facilitate the subsequent optimization of HPLC conditions for
well-resolved separation, which is critical to achieve successful
application of HPLC−SPE−NMR analysis. In this chapter,
the application of HPLC−SPE−NMR in characterization of
polyphenols from Phyllanthus reticulatus, labile acylated
flavonol monorhamnosides from Machilus philippinensis,
lignans from P. myrtifolius and P. uriaria, stilbenoids from
Syagrus romanzoffiana, and Amaryllidaceous alkaloids from
Crinum asiaticum var. sinicum is described. These studies
demonstrate that HPLC−SPE−NMR is very useful for thorough
chemical investigation with the advantages of saving time,
plant materials, and consumables over general methods.
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Introduction

HPLC−NMR, which couples high performance liquid chromatography
(HPLC) to nuclear magnetic resonance (NMR), is one of the most powerful and
versatile hyphenation for the separation and structural elucidation of chemical
compositions in mixtures or plant extracts (1–3) on an analytic scale. However,
the 1H NMR spectra acquired by the early applications of sample storage
for on-line HPLC−NMR such as on-flow, stop-flow, and loop-transfer modes
always encounter the problems of solvent interference and low sensitivity in
common. HPLC−SPE−NMR, which hyphenates HPLC and NMR by solid phase
extraction (SPE) for peak trapping, vehicle removal, and interface manipulation
for subsequent NMR data acquisition of the separated compounds, has overcome
solvent effect and greatly improves the sensitivity suffered in LC−NMR. This
hyphenation has become a powerful facility for speeding up structural elucidation
of compounds in complex mixtures of natural products (4–8) and is especially
useful when the mixtures are with limited availability. Furthermore, for natural
products chemists, this hyphenation is very helpful to deal with a full scanning of
a specific plant, leading to the disclosure of its chemical profile or potential for
further development. In this chapter, the background, material and methods with
optimization tricks, precautions, and our experiences in HPLC−SPE−NMR are
introduced.

An HPLC−SPE−NMR is composed of an HPLC, a flow-probe, and a
solid phase extraction (SPE) interface for sample trapping, solvent removal,
and sample transferring. The SPE interface consists of an SPE resin tray with
96 cartridges, an automatic trapping system composed of controlling software
(HyStar, Bruker BioSpin, Germany), an automatic cartridge exchanger, a high
pressure dispenser, and an auxiliary pump. Figure 1 is a photo of the “first
generation” of HPLC−SPE−NMR (400 MHz) instrument in our school. Insertion
of SPE between HPLC and NMR for sample trapping and concentration has made
great progress for sensitivity enhancement and removal of signal interference
caused by the eluents of online LC-NMR (9–16). Up to now, several successful
applications of HPLC−SPE−NMR in the identification of natural products have
been reported (9, 16–27).

Application of SPE for trapping compounds separated by HPLC shows the
following advantages over the LC−NMR with a loop interface. First, the delivery
system using non-deuterated solvents (and buffer solutions) is the same as in a
general HPLC analysis. Second, the HPLC eluents retaining in the SPE cartridges
are removed on-line by flushing with dry nitrogen. The compound-loaded
cartridges are washed by a deuterated solvent into an inverse NMR flow probe
(30 to 120 μL), where the 1D and 2D NMR data are acquired. Such a design
avoids massive consumption of deuterated solvents and the huge solvent signals
arising from the non-deuterated eluents, both of which being the major concerns
in LC−NMR. Third, multiple trapping of one HPLC peak to the same cartridge
is allowed, enabling the accumulation of the compound amount and therefore
enhancing the sensitivity of NMR measurement. Taking the advantage of such a
design in this instrument, only small amount of dried plant material (< 5 g) are
required for a thorough chemical investigation.
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Figure 1. Photo of the HPLC−SPE−NMR (400 MHz) in School of Pharmacy,
College of Medicine, National Taiwan University. (Photo taken by SS Lee.)

In the past decade, HPLC−SPE−NMR has been successfully applied in
the identification of flavonol glycosides from Phyllanthus reticulatus (10),
acylated flavonol monorhamnosides from Machilus philippinensis (28), aryl
naphthalene-type lignans from P. myrtifolius (29), diary butane-type lignans
from P. urinaria (30), minor stilbenoids from Syagrus romanzoffiana (29),
alkaloids from Crinum asiaticum var. sinicum (31), and isoquinoline alkaloids
and flavonoid glycosides from Neolitsea sericea var. aurata (16) by our lab.
Through appropriate fractionation of the plant extracts, including bioassay
guided fractionation, these studies characterized bioactive components, including
those structurally similar or chemically labile ones, on analytical scales. The
procedures for these studies are organized as follows. First, pretreatment of the
plant extracts was performed according to their properties and complexity in order
to concentrate the components of interest and reduce the number of components
for higher resolution in HPLC. Next, HPLC separation of the fractions, selected
on the basis of bioassay or chromophore (UV absorption), was undertaken. To
achieve baseline separation, reverse phase HPLC conditions were optimized by
adjusting solvent pairs, polarity, and pH value. Third, the samples were analyzed
under the optimized conditions and each HPLC peak was trapped by respective
SPE cartridge. Finally, each compound-loaded cartridge after drying by flushing
inert gas (N2) was eluted by a deuterated solvent (usually CD3OD or CD3CN)
into the NMR flow probe to measure 1D or 2D NMR spectra for structure
identification.

Accumulative application and recent advance of HPLC−SPE−NMR resulted
in three characteristics. First, the amounts of the pretreated samples used in
the HPLC−SPE−NMR analysis were in the ranges between 1.6 to 2.7 mg,
generally equivalent to less than 5 g of dried plant material such as leaves.
That is this approach requires only about one hundredth of sample amounts
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comparing to the general isolation work, therefore environmentally friendly.
Second, the geometrical and/ or positional isomers, e.g. the E- and Z- form of
coumaroyl groups on the 2″ to 4″ positions of flavonol α-L-rhamnosides (28) and
C-2/C-3 stereomers of dihydroquercetin 3-O-rhamnopyranosides, were identified
after HPLC−SPE−NMR analysis, indicating the superiority of this hyphenated
technique in isomer clarification relative to LC−MS. Third, one of the most recent
advances in hyphenation of SPE and NMR is to use a tube transfer (TT) unit.
This unit transfers loaded compounds from SPE cartridges to 2-mm or 3-mm
NMR tubes by deuterated solvents, then these tubes are placed on an autosampler
for NMR measurement by a dual cryoprobe in a Bruker NMR spectrometer such
as Avance III 600 MHz NMR, instead of flow probe. This device avoids the
uncertainty of compound location in the flow injection and wash-out steps, and
the compounds are kept in the NMR tubes safely, making them more accessible
to run 2D NMR experiments and easily recovered for bioassay. We have applied
this device to analyze the metabolites of pterosin A in rat (32).

Procedure
Materials and Reagents

The selected seven plants whose chemical constituents were analyzed by
HPLC−SPE−NMR in this chapter were collected in India and Taiwan (Table I).

Table I. Seven Plants Analyzed by HPLC−SPE−NMR

Family Binomial name Place of
collection Reference

Euphorbiaceae Phyllanthus reticulatus (PR) India (9)

Lauraceae Machilus philippinensis (MP) Taiwan (28)

Euphorbiaceae Phyllanthus myrtifolius (PM) Taiwan (29)

Euphorbiaceae Phyllanthus urinaria (PU) Taiwan (30)

Arecaceae Syagrus romanzoffiana (SR) Taiwan (29)

Amaryllidaceae Crinum asiaticum var. sinicum (CA) Taiwan (31)

Lauraceae Neolitsea sericea var. aurata (NS) Taiwan (16)

Appropriate pretreatment of the crude extracts plays a key role for increasing
the resolution of subsequent HPLC analysis. Theoretically, any proper method
capable of focusing the wanted compounds or reducing the complexity of the
mixture in a single fraction (e.g. compound number) can be used. Liquid-liquid
partitioning of the ethanolic extract into fractions soluble in nonpolar (hexanes),
moderate polar (CHCl3 or EtOAc), and polar solvents (n-BuOH, H2O), followed
by Sephadex LH-20 fractionation, was found to be very useful in focusing and
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analyzing the polyphenolics or aromatic compounds-containing fractions. This
approach has been applied to six of our seven studies as listed in the column
entitled "Fraction analyzed" in Table II. Another study applied centrifugal partition
chromatography (CPC) for fractionation of alkaloids in C. asiaticum var. sinicum.

Table II. Fractions and Methods of Pretreatment for the Seven Plants
Studied by HPLC−SPE−NMR

Plant Fraction analyzed Chromatographic method Mobile phase

PR BuOH Sephadex LH-20 (470 g) MeOH

MP CH2Cl2 Sephadex LH-20 (2.6 L) MeOH

PM MeCN Sephadex LH-20 (70 mL) MeOH−CHCl3
(1:0 – 1:1)

PU CHCl3 Sephadex LH-20 (240 mL) MeOH−CHCl3
(1:0 – 7:3)

SR BuOH Sephadex LH-20 (20 g) MeOH−H2O
(7:3)

CA Free base CPC (flow rate 3 mL/min,
700 rpm, 14 mL fraction)

CHCl3−MeOH−
0.5%HOAc(aq.)

(5:5:3)

NS Polar compounds in
EtOH extract

Sephadex LH-20 (192 g) MeOH

Compounds with aromatic rings are UV detectable and with high affinity to
common SPE materials such as Resin GP. Although the fraction of interest up
to 20 g level was used both for chromatographic isolation and HPLC−SPE−NMR
analysis, the latter generally consumes less than 1 g. This hyphenationmakes "one-
injection to get all compounds analyzed, separated, and all structural information
acquired" possible. What emphasized here is that only very small amount of the
pretreated samples, generally in the range between 0.5 mg and 2.0 mg, is needed.
For samples with limited amount, the HPLC−SPE−NMR experiments consume
only a small part. The remainder can be used for bioassays and semi-preparative
separation, using the HPLC conditions adjusted from LC−SPE−NMR. For tracing
the bioactive components in a specific fraction, this hyphenation is powerful since
full compound screening is accomplished in one separation. In addition, only
small amount of a deuterated solvent is used to elute a trapped compound (about
270 μL from the SPE cartridge to the 30 μL-flow probe in our equipment). The
amount of deuterated solvent used in SPE-NMR for each compound is about half
of that used in routine NMRmeasurement. Computer-controlled injection of SPE-
trapped compounds made all the processing steps working automatically and the
superior design of SPE−NMRmade such a small amount of compound enough for
measuring various NMR spectra sequentially.
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Table III. HPLC Conditions Utilized to Analyze the Selected Fractions of Seven Plants

Plant Flow rate
(mL/min)

Sample conc.
(mg/mL)

Injection (μ,
mg)

Mobile phase Columnc Detector

PR 0.5 10 20, 0.2 MeOH-H2O (40:60-44:56, v/v) in 20
min, to 47% in 40 min (linear gradient)

A UV 280 nm

MP 0.5 50 20, 1.0 MeOH-H2O (40:60-44:56, v/v) in 20
min, to 47% in 40 min (linear gradient)

A UV 280 nm

PM 0.5 40 20, 0.8 MeCN-H2O (30:70-54:46, v/v) in 30
min (linear gradient)

B UV 254,
320 nm

PU 0.6-0.9 100 20, 2.0 THF-H2O (3:7)-MeCN (100:0 at 20
min,a 100:0 at 50 minb (isocratic), 60:40
at 65 min,b 100:0 at 67 min, v/v) in 67
minb

C UV 225 nm

SR 0.6 20.8 20, 4.2 MeCN-H2O (30:70-54:46, v/v) in 30
min (linear gradient)

A UV 254,
320 nm

CA 0.7 – 5 0.1% (v/v) TFA in water-MeOH or
MeCN (linear gradient)

A UV 280 nm

NS 0.5 50 10, 0.5 water (A)-MeOH (B) 11:9 (23 min),
45% B to 68% B in 9 min, to 72% B in 3
min, and to 90% B in 5 min (latter three
linear gradients)

A UV 215,
280, 365
nm

a flow rate 0.6 mL/min; b flow rate 0.9 mL/min; c A, Phenomenex Prodgy ODS-3 250 × 4.6 mm, 5 μm; B, Merck LiChrospher 100 RP-18e 250 × 4.0 mm
5 μm; C, Agilent Zorbax Eclipse XDB-C8 150 × 4.6 mm 5 μm.
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HPLC Method Development

Table III shows the RP-HPLC condition used to separate the components in
the fractions of interest. The flow rate was set between 0.5 and 0.9mL/min to avoid
overpressure in the HPLC system. To get more amount of each compound trapped
in respective SPE cartridge, the sample concentration for HPLC separation from
10 to 100 mg/mL was prepared. To perform actual collection works, the highest
amount of sample should be loaded for each HPLC run unless it might affect
resolution. In our cases, sample amounts between 0.2 mg and 2 mg were injected
for each run. If the sample is a mixture of ten compounds with equal concentration,
triple SPE trappings will provide 60 μg for each compound at least, enough for
obtaining decent 1H NMR signals and 1H-detected 2D NMR spectra. To avoid
tedious and time-consuming trial and error, method development of HPLC was
carried out according to our previous research outcomes, the reported literatures, or
modifications of the aforementioned conditions to obtain optimized resolution. For
compounds with moderate to high polariy, MeCN−H2O or MeOH−H2O isocratic
mobile phases or linear gradient with ascending ratios of organic solvents with
maximum ratio lower than 60% (e.g. MeCN−H2O from 30:70 to 54:46 in the case
of S. romanzoffiana) were chosen with the flow rate ratio of HPLC to make-up
pump (H2O) in the range of 1:2 to 1:3. For alkaloids, 0.1% of trifluoroacetic acid
(TFA) was utilized to improve separation. For the less polar compounds such as
lignans in P. urinaria, a reported condition was applied first, however, co-elution
of compounds was observed. Under optimized conditions, using 30% aqueous
THF as eluent at a flow rate of 0.6 mL/min, nearly baseline separation was finally
achieved.

Solid Phase Extraction (SPE)

To collect and concentrate the analytes after HPLC separation, a Prospekt II
(Spark, Holland) solid-phase extraction (SPE) unit equipped with a total of 192
HySphere Resin GP cartridges (10 × 2 mm, 10–12 μm) and an automatic cartridge
exchanger was used. The SPE methods and conditions were listed in Table IV.
The amounts used were in the ranges between 0.2 to 4.0 mg (column 4, Table
III). HPLC flow rate lower than 1.0 mL/min (0.5 to 0.9 mL/min) was selected to
avoid overpressure and possible damage to the cartridges in the SPE system. Prior
to compound trapping by the SPE cartridges, the effluent was mixed with water,
supplied by a post-column pump at a flow rate about two to three times as that of
HPLC to decrease the ratio of organic solvent for higher SPE cartridge capacity.
The compound loaded cartridges were then flushed with dry nitrogen. Once all the
cartridges were dried (each around 30 min), each loaded compound was washed
with a deuterated solvent (CD3OD or CD3CN) into the NMR flow probe. The
sample volume should match the volume of flow cell to avoid dilution in transfer
process.
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Table IV. SPE Conditions for Trapping of the HPLC Peaks in the Selected Fractions of Seven Plants

Plant SPE HPLC flow rate
(mL/min)

Make-up pump
flow (mL/min)

Trapping times Drying time (min) Solvent of elution NMR probeb

PR GP 0.5 1.0 3 30 CD3CN A

MP GP 0.5 1.0 3 30 CD3CN A

PM GP 0.5 1.5 1 40 CD3CN B

PU GP 0.6–0.9 – 1 118 CD3CN B

SR GP 0.6 2.4 1 40 CD3OD and CD3CNa C

CA GP 0.7 1.51.8 3 – CD3OD A

NS GP 0.5 1.2 3 – CD3CN A
a CD3OD for compounds SR-1 to SR-7 and CD3CN for compound SR-8 b A, 30 μL inverted probe; B, 120μL inverted probe; C, 60 μL inverted probe.
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Table V. Instrument and Settings for Measuring NMR Spectra of the HPLC-Separated Compounds from Seven Plants

Plant Frequency of magnet
(MHz)

NMR Probea Solvent suppression
pulse

Temp (K) Number of scan Data acquired

PR 400 A LC1DWTDC 300 256-2048 1H, COSY, NOESY

MP 400 B LC1DWTDC 300 256-2048 1H, COSY, NOESY

PM 400 A LC1DWTDC 300 256-1024 1H, COSY, NOESY

PU 400 A LC1DWTDC - 2048 1H

SR 600 C LC1DWTDC 300 256-1024 1H, COSY, NOESY

CA 400 B LC1DWTDC 298 256-1024 1H

NS 400 B LC1D12 300 256-2048 1H
a A, 120 μL inverse; B, 30 μL inverse; C, 60 μL inverse.
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Table VI. LC-MS Parameters for Analysis of Chemical Constituents from Seven Plants

Plant Instrument ESI interface
temperature (°C)

Nebulizer gas
pressure (psi)

Dry gas flow
(L/min)

Spray voltage
(kV)

Nitrogen dry
temperature (°C)

PR Esquire–2000 Ion Trap 300 15 5 – –

MP Esquire–2000 Ion Trap – 15 – – 300

PM Finnigan MAT
TSQ7000

– – – – –

PU – – – – – –

SR Esquire–3000 or
MicrOTOF

– – – 3.0 –

CA Esquire–2000 Ion Trap 28 9 4.0 325

NS Esquire–2000 Ion Trap 300 15 6 – –
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Nuclear Magnetic Resonance (NMR)

The NMR experiments were conducted on Bruker NMR instruments (400
MHz or 600 MHz), equipped with a 30, 60 or 120 μL inverse flow probe (see
Table V) at 298 or 300K. To ensure the completion of each signal acquisition,
the number of scan was set among 256 and 2048. For 2D NMR experiments,
only homo-nuclear experiments such as COSY and NOESY were undergone. 1D
NOESY and TOCSY spectra would be recorded if necessary. Some 1H-detected
hetero-2D NMR data such as HMBC and HSQC could be obtained for the major
compounds.

LC-MS

Table VI shows the parameters for LC-MS analysis of chemical constituents
from these seven plants. In principle, these experiments shared most of parameters
in common or in a close range. The instruments used to analyze the MS data
included Bruker Esquire-2000, Esquire-3000, and Finnigan MAT TSQ7000.
The scan mode and range were set to positive mode and between 50 to 1000
Da, respectively, and the LC−MS splitter was set to a ratio of 1:20. The other
parameters were set as follows: ESI interface temperature, 300°C; nebulizer gas
pressure, about 15 psi; dry gas flow, 5 or 9 L/min; spray voltage, 3.0 to 4.0 kV;
nitrogen dry temperature, 300 or 325 °C.

Results and Discussion
Brief Description on the Analytic Results of the Seven Plants by
HPLC−SPE−NMR

Phyllanthus reticulatus (9)

A polyphenol-rich fraction from the methanolic extract of the P. reticulatus
leaf was studied using HPLC−SPE−NMR, leading to the characterization of six
compounds (PR-1, tR = 11.36 min; PR-2, tR = 18.68 min; PR-3, tR = 20.27 min;
PR-4, tR = 21.32 min; PR-5, tR = 23.02 min; PR-6, tR = 23.36 min) (Figure 2).
Among them, three flavonoid glycosides (PR-4−6) were not isolated by a parallel
study using general chromatographic method. This study demonstrates that, with
appropriate pretreatment, HPLC−SPE−NMR is very powerful and useful for
thorough chemical investigation of natural products and shows the advantages
such as time-saving and minimal sample consumption over general methods.

Machilus philippinensis (28)

Bioassay-guided fractionation and separation of the M. philippinensis leaf
led to the characterization of two active compounds, MP-1 and MP-2, against
α-glucosidase with the IC50 values of 6.10 and 1.00 μM, respectively. Application
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of HPLC–SPE–NMR in the active fraction resulted in the identification of 10
compounds, including luteolin (MP-3, tR = 40.8 min) and seven additional
3-O-(coumaroyl-rhamnopyranosyl)-flavonols (MP-4−10) with the structures
shown in Figure 3. These additional identified compounds were found labile and
interchangeable while stored in HPLC eluent overnight. Their structures were
elucidated by 1H NMR spectroscopic analyses. CompoundsMP-2,MP-4,MP-5,
andMP-7 were new natural products.

Figure 2. Structures of compounds PR-1−6.

Figure 3. Structures of compoundsMP-1,MP-2, andMP-4−10.
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This study demonstrates the powerfulness of HPLC–SPE–NMR in thorough
exploration of bioactive labile natural products. In addition, these compounds are
geometric and/ or positional isomers, which cannot be distinguished by LC-MS/
MS.

Phyllanthus myrtifolius (29)

HPLC–SPE–NMR in association with HR-ESI/MS resulted in rapid
characterization of the aryl naphthalene-type lignans present in a lignan-rich
fraction of P. myrtifolius. Seven lignans (PM-1−7, Figure 4) with highly
structural similarity were identified by these hyphenated instruments and
consumed only 1.6 mg of partially purified mixtures. This study demonstrates
that HPLC−SPE−NMR associated with HR-ESI/MS is a very powerful tool for
rapid screening of known and/ or poorly separated natural products. Emphasis
should be laid that appropriate sample pretreatment and concentration, such as
liquid–liquid partitioning and subsequent Sephadex LH-20 fractionation, were
found very helpful to facilitate the focusing and analysis of the lignan fraction.

Figure 4. Structures of compounds PM-1−7.
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Figure 5. Structures of compounds PU-1−12.

Phyllanthus urinaria (30)

HPLC−SPE−NMR was applied to analyze a number of structurally similar
lignans (PU-1−12) present in P. urinaria. By using a previously optimized
HPLC condition that gave good resolution for seven lignans (PU-1−7) from P.
urinaria, the SPE−NMR system trapped the individual peaks and provided clean
1H NMR spectra for nine lignans (PU-1−9) (Figure 5), present in a lignan-rich
fraction. This study demonstrates that the NMR spectral data obtained from
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HPLC−SPE−NMR provided much more detailed structural information than
those from other hyphenated methods such as LC−MS. In addition, only 4 mg of
the lignan-rich fraction was consumed for structural identification of nine lignans.
Because the potential of HPLC−SPE−NMR, as shown in this work, the trend
of applications of this hyphenation shall spread dramatically in the near future,
especially for the identification of known natural products.

Syagrus romanzoffiana (29)

HPLC analysis of a polyphenol-rich fraction from the ethanolic extract
of S. romanzoffiana seeds was carried out using an Agilent 1100 liquid
chromatography. Characterization of this polyphenol-rich fraction by
HPLC−DAD(MS)−SPE−NMR gave four additional compounds, including one
unusual rearranged bisstilbene, syagrusin C (SR-1, tR = 27.0 min) and three
bisstilbenes, scirpusins E (SR-5), B (SR-6, tR = 51.5 min), and A (SR-7, tR =
62.3 min), besides four having been isolated stilbenoids, syagrusin A (SR-2, tR
= 42.8 min), scirpusin C (SR-3, tR = 20.9 min), scirpusin D (SR-4, tR = 25.8
min), and 5-hydroxyaiphanol (SR-8, tR = 60.3 min), characterized by 1H NMR
spectroscopic analysis and HR-ESI-MS data. Among these, syagrusin C (SR-1)
and scirpusin E (SR-5) were new compounds (Figure 6).

Figure 6. Structures of compounds SR-1−8.
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Figure 7. Structures of compounds CA-1−21.

Figure 8. HPLC chromatogram of CPC fraction VI from C. asiaticum var.
sinicum extracts. (Reproduced from reference (20). Copyright 2011, ACS

publications.)

Prior to HPLC−SPE−NMR analysis, liquid-liquid partitioning, followed by
Sephadex LH-20, were undertaken to facilitate the focusing and analysis of the
polyphenolic fraction. The full process ended up with the consumption of 1.25
mg of partially purified mixtures, equivalent to ca. 0.68 g of dry seeds.
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Crinum asiaticum var. sinicum (31)

Analysis on the free bases fraction of C. asiaticum var. sinicum leaf, assisted
by HPLC−SPE−NMR, resulted in the identification of 21 alkaloids (Figure 7)
with similar polarity on an analytical scale. A typical HPLC profile (Figure
8) and 1H NMR spectra of six separated alkaloids (Figure 9), adopted from
HPLC−SPE−NMR are shown.

This study led to the elucidation of seven new compounds, including
(+)-siculine (CA-4), 1-epijosephinine (CA-11), 7-methoxycrinamabine (CA-10),
2-O-acetylcrinamabine (CA-16), 3-O-acetyl-8-O-demethylmaritidine (CA-17),
2-O-acetylbulbisine (CA-18), and 1-O-acetylbulbisine (CA-19). Furthermore,
dihydrovittatine (CA-6) and 8-O-demethyloxomaritidine (CA-21) were isolated
for the first time from Nature. Before this study, only four alkaloids had been
identified from this plant because of difficult separation due to the great similarity
of their structures.

Figure 9. On-line 1H NMR spectra of compounds CA-8 and CA-15−19 from
Crinum asiaticum var. sinicum from HPLC−SPE−NMR (CD3OD, 400 MHz).

(Reproduced from reference (20). Copyright 2011, ACS publications.)
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Figure 9 shows the high cleanness (without observable minor impurities)
of the 1H NMR signals of CA-8 and CA-15−19, obtained by SPE-trapping,
flow injection and then measurement on a 30 μL inverted NMR probe. A
chromatographic pretreatment of the fractions of interest by CPC fractionation of
the non-phenolic alkaloids delivered by buffer-containing mobile phase is very
helpful to facilitate the subsequent optimization of HPLC separation conditions.
Combination of HPLC−SPE−NMR with ESI-MS or CD is very powerful for a
thorough investigation of natural chemical constituents in a complicated mixture.

Neolitsea sericea var. aurata (16)

Six flavonol rhamnosides (NS-1, tR = 16.95 min; NS-2, tR = 18.12 min;
NS-4, tR = 23.50 min; NS-5, tR = 25.50 min; NS-6, tR = 30.63 min; NS-7, tR =
36.95 min) and one glucoside (NS-3, tR = 21.67 min) (Figure 10) were identified
from a flavonoid-rich fraction of the EtOH extract of the leaves of N. sericea
var. aurata by application of HPLC−SPE−NMR. Among them, NS-1−2 and
NS-4−5 are diastereomeric dihydroquercetin 3-O-rhamnosides at the C-2 and C-3
positions, characterized by 1H NMR spectroscopic analysis and CD data. This
study overcomes the weakness of LC-MS for distinguishing the diastereomers.

Figure 10. Structures of compounds NS-1−7.

This work took only 1.5 mg of the flavonoid-rich fraction and less than
one month to accomplish the whole work. It is noted that the S/N (signal
to noise) ratios of the 1H NMR spectra of compounds NS-1−2 and NS-4−5
obtained from the HPLC−SPE−NMR were more than 150, with number of
scans between 1024 and 2048, suggesting the high trapping ability of the SPE
cartridges and high sensitivity of the inverse NMR flow probe. The achievement
of such high S/N ratios demonstrated the importance of sample pretreatment for
establishment of a baseline-separated HPLC condition, ensuring the powerfulness
of HPLC−SPE−NMR for the identification of the containing natural products.

234

 
 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2014-1185.ch011&iName=master.img-009.png&w=264&h=95


HPLC Method Development

The HPLC profiles for partially purified fractions of the seven plants had been
optimized for good resolution of the major compounds. The optimized conditions
were shown in Table III. These conditions were used for both LC−SPE−NMR
and LC−MS analyses. Table VII showed compound classification, peak number
in the HPLC chromatograms, and the number of peaks trapped for NMR analysis.
The peak number in the HPLC chromatograms was obtained by calculating all
observable peaks after solvent front. Figure 4 illustrated the resolution-optimized
HPLC chromatogram of an n-BuOH-soluble fraction of S. romanzoffiana,
monitored at UV 320 nm, in which a baseline separation for the ingredients in
this fraction was achieved, and the same fraction was analyzed by SPE−NMR.

Table VII. Compound Classification, Peak No., Peaks Trapped, and
Compounds Identified, New Compound No. from Seven Plants by

HPLC−SPE−NMR

Plant Compound
classification

Peak
No.

Peaks
trapped

Compds
identified

New
compds

PR Flavonol glycosides 15 12 12 0

MP Acylated flavonol
monorhamnosides

22 10 10 4

PM Lignans 13 7 7 0

PU Lignans 23 9 7 0

SR Stilbenoids 23 9 9 1

CA Alkaloids 34 21 21 7

NS Flavonol glycosides 15 7 7 0

As shown in Table III, among the HPLC conditions for the seven plants, the
percentage of organic solvents for P. reticulatus, M. philippinensis, P. myrtifolius,
and S. romanzoffiana are between 30−50% MeOH or MeCN. For P. urinaria,
appropriate amounts of tetrahydrofuran (THF) (30%) were added for better
resolution. For N. sericea var. aurata, the amount of MeOH shall be more than
70% to elute kaempferol 3-O-rhamnoside (NS-7).

HPLC analyses on the two lignan-containing plants resulted in similar
conditions for separation after optimization. For P. urinaria, the optimized HPLC
condition for twelve lignans of great structural similarity present in the lignan-rich
CHCl3-soluble subfraction had been established before (30). HPLC−SPE−NMR
was used to analyze the lignans contained in P. urinaria. To increase the
resolution and thus enhancing the purity of the compounds trapped by the SPE
cartridges, the HPLC condition was modified by increasing the retention time.
This condition was not only utilized to identify a mixture of these isolated lignans
but also to a partially purified lignan-rich fraction in high efficiency and accuracy.
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For identification of the lignans in P. myrtifolius, the HPLC system used in P.
urinaria was modified to a certain extent (Table III).

Preliminary HPLC analysis on the alkaloids of C. asiaticum var. sinicum
showed that far more than the reported number of alkaloids (33) was observed.
Three alkaloid-rich fractions after CPC fractionation were separated by an analytic
HPLC column with the mobile phase of MeCN−H2O (containing 0.1% TFA) in
linear gradient to give 21 alkaloids (CA-1−21) in total. They were separated and
identified by HPLC−SPE−NMR. Addition of TFA to the mobile phase was found
to improve the separation of these alkaloids in RP-HPLC, although the protonation
on the basic nitrogen atom affected the chemical shifts of the adjacent protons.

SPE

The use of SPE makes sequential and automatic trapping and concentration
of the separated compounds possible. In addition, it also eliminates the elution
solvents and buffers. The S/N ratio of the obtained 1H NMR spectra represented
the trapping ability. The higher the S/N ratio is, the more the trapping amount/
ability stands for. Compounds with low affinity to SPE cartridges will not be
trapped efficiently, therefore little or no 1H NMR signals will be observed. For
major peaks in HPLC chromatogram, such as SR-3 (Figure 6), only partial peak
volume was trapped by reducing the trapping time from 30 seconds to 10 seconds
because of the limited SPE capacity. For themajor peak co-eluatedwithminor one,
this approach was used to improve the purity. It’s noted that for online SPE−NMR,
an optimized transfer volume from the SPE cartridge to the cell of the flow probe is
critical to ensure the decentmeasurement of the 1HNMR spectra and the advantage
of SPE. To reduce the solvent interference, the SPE cartridge must be thoroughly
dried (29). In general, the drying time for each SPE cartridge is 30−40 min.

NMR

Table VII summarizes the type and number of compounds isolated from the
seven plants. The automation work of NMR measurement was accomplished
under the control of the software ICON-NMR (Bruker BioSpin, Rheinstetten,
Germany). By using this software, the pulse program, number of scan and solvent
can be set for automatic experiment running. Comparing to the on-line LC−NMR
with stop-flow and loop storage mode, the eluate containing separated compounds
will not diffuse using HPLC−SPE−NMR during the signal acquisition, therefore
higher S/N such as 258 for NS-1 (ns = 2048), 823 for NS-2 (ns = 1024), 325 for
NS-4 (ns = 1024), and 228 for NS-5 (ns = 2048) (Figure 9) (16) will be obtained
(10, 29). Although automatic structural identification via NMR spectral database
analysis remains to be established, the achievements of the aforementioned
works do recognize the powerfulness of HPLC−SPE−NMR. Within a few days
of instrumental analysis and structural elucidation, an overview on the chemical
profile for one mixture of interest can be obtained from analytical amount of the
partially purified products of the alcoholic extract.
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Conclusions

Application of HPLC−SPE−NMR in characterization of bioactive natural
compounds is proven to be an extremely powerful tool. This hyphenation
provides detailed structural information of interested compounds from a mixture
on an analytical scale with short total processing time. As shown in this chapter,
a total of seventy-five compounds, including twelve new compounds, were
identified from seven plants using HPLC−SPE−NMR. For HPLC−SPE−NMR,
the quality of HPLC analysis serves as a key for the overall performance. Partial
purification of the extracts via appropriate pretreatment and fractionation is
important for HPLC optimization. Sephadex LH-20 and CPC fractionation are of
value for such purpose. The use of SPE as an interface between HPLC and NMR
for automatic compound trapping, vehicle removal, and compound transferring
has been demonstrated its great contribution for rapid chemical investigation of
natural products. The HySphere Resin GP cartridge was selected for trapping of
the compounds of interest in these seven plants for its good affinity toward the
analytes including polyphenols, flavonoids, lignans, stilbenoids, and alkaloids
and for its good desorption property by appropriate deuterated solvents. By
using high resolution NMR (600 MHz) equipped with a cryoprobe, the 1H NMR
spectra of these 75 compounds were obtained with high S/N and structures of the
regio- and positional isomers can be solved directly, overcoming the weakness of
LC−MS in this point of view. Although so many strengths for HPLC−SPE−NMR
have been noted, some limitations, especially for the nonpolar and highly polar
compounds, are still present. The use of normal phase HPLC columns is still
not feasible in practical cases because of the intolerable HPLC tubing and SPE
cartridge to the organic solvents such as chloroform.

Future Works

Current works demonstrate that hyphenation of HPLC and NMR with SPE
to identify the chemical constituents of natural mixtures are highly powerful,
in particular for the minor compounds that are not easily isolated by general
chromatographic methods. Although the pure compounds obtained after
HPLC−SPE−NMR experiments are in micro-gram scale, further spectroscopic
analysis (such as CD, [α]D and UV) and bioassay (α-glucosidase and
anti-acetylcholinesterase assays in 96-well plates) can be undertaken. If automatic
signal process, structural elucidation and database matching are available, the
1H NMR spectrum of a specific compound can be labeled, baseline-flatten, and
integrated automatically. These data while compared automatically with an
internal database will enable the structural elucidation of this compound and the
day of "finding novel drugs from natural products automatically" will not be so
far. In addition, the development of UPLC−SPE−NMR will be another concern
since UPLC has better resolution than HPLC but NMR sensitivity needs to be
considered due to less amounts of sample used for UPLC separation.
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Analysis of volatiles using headspace (HS) is a fast, simple
and sensitive method, which does not alter the original volatile
chemical composition. Headspace solid-phase micro-extraction
(HS-SPME) is also commonly used for analysis of volatiles in
wide range of samples from food, soil, air and water. SPME is
used by either immersing the fiber in the sample or by placing
the fiber in headspace of the sample. Both the methods are
convenient for sample preparation, fast, sensitive, reproducible,
solventless, and prevent the degradation of aroma / volatile
compounds during heating at higher temperature. In addition
to clevenger distillation and solvent extraction techniques, HS
and HS-SPME methods are gaining popularity due to several
advantages. Citrus fruits are commonly consumed as fresh
and processed juice due to their appealing flavor, aroma and
health benefits. Therefore, citrus volatile oils have been widely
used for their flavor and aroma and are commonly isolated
using distillation techniques. However low boiling volatiles are
degraded due to distillation and aroma molecules form artifacts.
To overcome such challenges, HS and HS-SPME methods are
most commonly used in recent years.
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Introduction

The use of volatile oil dates back to thousands of years in Egypt, China and
India (1). The Indian Ayurveda system of medicine and the traditional Chinese
medicine used volatile oils for treating various diseases (2, 3). In the current age
of fragrance, use of volatile oils has increased tremendously. It is used not only in
perfume and cosmetic industry but also in food industry. In addition, aromatherapy
is emerging as a new potential market for volatile oils (4).

Citrus fruits are used for both fresh consumption and juice processing. They
are known for their unique aroma and flavor and are rich source of volatile oils;
with more than 200 volatile oil components being reported (5). In citrus fruits,
volatiles accumulate in oil glands present in flavedo (peels) as well as in oil
bodies present in juice vesicles (6, 7). Citrus peels obtained as byproducts from
citrus juice industry are commercially used for volatile oil extraction. Citrus oils
are widely used in cosmetic industry, perfumes, cleaning products, air fresheners,
medicines, insect repellents, desserts, confectionaries, juices and carbonated
drinks. Apart from their aesthetic value, citrus volatile oils are widely studied for
their health benefits such as anti-microbial, anti-proliferative, anti-inflammatory
and anti-oxidant activity (8–12). D-limonene is a major component of citrus
volatiles and accounts for nearly 50-90% of the volatile oil composition.

Various techniques have been developed to study the composition of
volatile oils. Gas chromatography (GC) and GC-mass spectrometry (GC-MS)
are commonly used to analyze volatile components. Volatile oils are isolated
using different methods which are employed in industrial processes as well as
in laboratories. Most common techniques used are hydro-distillation, steam
distillation, simultaneous distillation-extraction (SDE), solvent extraction,
supercritical fluid extraction, microwave assisted extraction, and direct sampling
techniques such as headspace and solid phase micro-extraction (13). Clevenger
apparatus and Likens Nickerson apparatus are commonly used for distillation and
SDE process respectively (14, 15). Hydro-distillation, steam distillation and SDE
methods require heat energy and longer extraction time which can destroy the
thermally labile volatiles. To overcome these problems techniques such as static
or dynamic headspace (HS) and solid phase micro-extraction (SPME) are used in
analyzing the volatiles. Both these techniques are simple, solvent free, sensitive
and rapid.

Headspace Analysis

Headspace analysis is generally defined as a vapor-phase extraction,
involving the partitioning of analytes between a non-volatile liquid or solid phase
and the vapor phase above the liquid or solid. The first reported method on static
headspace with GC was developed in 1958 (16). The widely-read use of dynamic
headspace (purge and trap) with GC was reported in the 1970s (17). Headspace
sampling is divided into static (vapor-phase extraction), dynamic (purge and trap)
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and solid-phase microextraction (18). In static headspace analysis, the liquid or
solid samples are usually placed in a sealed vial forming two distinct phases,
namely the gas phase, commonly referred to as the headspace and the sample
phase containing the liquid or solid sample (19, 20). The volatile compounds
diffuse from the sample into the headspace and reach equilibrium state after
certain time. Further with help of a gas tight syringe an aliquot of the sample from
headspace is taken and analyzed using gas chromatography (19, 20). However,
the analytes present in minor quantities are difficult to detect using static HS
resulting into low recovery of the volatiles (21, 22). In dynamic HS continuous
flow of inert gas above the sample or through the sample (purge) is used to
remove analytes and concentrated in a trap (adsorbent cartridge) (18). The trapped
compounds are thermally desorbed and analyzed using GC. Dynamic HS can be
used when analytes need to be concentrated due to their very low concentration
in the sample (21, 23).

Headspace Solid-Phase Microextraction

SPME method was developed in 1990 by Pawliszyn and co-workers (24, 25).
In SPME, pre-concentration and sample introduction are completed in one step.
The analyte in the sample is isolated and concentrated (adsorbed / absorbed) on
the fused-silica fiber coated with suitable polymeric sorbent or immobilized liquid
which increases the sensitivity. Partitioning principle is used to extract analytes
from gaseous or liquid phases (26). After the analytes are concentrated on the fiber
and the equilibrium is reached, the analytes are thermally desorbed in the injection
port of a gas chromatograph (GC) or in high performance liquid chromatography
injection valve (27).

SPME technique is further classified into headspace (HS) –SPME and
direct immersion (DI)-SPME. In HS-SPME fiber is injected in the headspace
above the samples (gaseous, liquid or solid), while in DI-SPME fiber is directly
immersed in the liquid samples and analyzed. Different SPME fibers are available
commercially namely, polydimethylsiloxane (PDMS), polyacrylate (PA),
divinylbenzene (DVB), carboxen (CAR), carbowax/divinylbenzene (CW/DVB),
polydimethylsiloxane/divinylbenzene (PDMS/DVB), polydimethylsiloxane
/carboxen (PDMS/CAR), divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS) (28, 29). These coatings can be further classified according
to their extraction mechanisms namely absorption (liquid coatings) or adsorption
(solid coatings). Selection can be done on basis of the polarity of fibers and the
volatile compounds. A list of commercially available HS-SPME-GC fibers is
given in Table 1
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Table 1. List of Commercially Available HS-SPME Fibers for GC and
GC-MS Analysis

Coating type Polarity Use Ref.

Polydimethylsiloxane
(PDMS)

non-polar Volatile organic compounds (28,
30)

Polyacrylate (PA) polar Phenols and alcohols (28,
30)

Carbowax
(polyethyleneglycol, PEG)

polar Polar alcohols (30)

Carbowax/divinylbenzene
(CW/DVB)

polar Used for alcohols, ketones,
ethers, volatile amines and polar
compounds

(28)

Polydimethylsiloxane
/divinylbenzene
(PDMS/DVB)

polar Low molecular weight volatile
and polar analytes, amines, and
nitroaromatic compounds

(31)

Polydimethylsiloxane/
carboxen (PDMS/CAR)

polar Volatile organic compounds,
volatile, small analytes,
hydrocarbons

(30)

Divinylbenzene/carboxen/
polydimethylsiloxane
(DVB/CAR/PDMS)

bi-polar Volatiles and semi-volatiles (30,
32)

Carboxen/divinylbenzene
(CAR/DVB)

bi-polar Low molecular weight volatile
and polar analytes

(30,
31)

Factors Affecting SPME Extraction

Fiber Polarity

Depending on the polarity of the analytes fibers can be selected to increase
adsorption/absorption of the target volatile compounds. PDMSwhich is non-polar
and thermally stable is commonly used for extracting non-polar volatile organic
compounds, while PA which is polar and has moderate thermal stability is used
for polar compounds (30).

Fiber Thickness

Thicker polymer coat on the fiber helps in adsorption/absorption of volatile
compounds while thin coat helps in extraction of semi-volatile compounds (28,
30). Retention and separation is better for thicker film coats resulting in higher
sensitivity asmore analytes can be detected (28, 30) . However, they require longer
equilibration time for adsorption.
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Extraction Time

Since SPME is an equilibrium extractionmethod, pre-concentration of analyte
is required. Extraction time should be determined when anlalyte concentration is
in equilibrium in the sample, vapor phase and the fiber coating (33).

Extraction Temperature

Temperature controls the diffusion rates of the analytes into the fiber coating.
Extraction yield can be increased by increasing the extraction temperature (30).
In addition, elevated temperature helps to reach the equilibrium state quickly.
However, temperature should be optimized based on the sample to achieve
satisfactory sensitivity (34). Higher temperature affects the fiber adsorption
ability due to decreased distribution constant at equilibrium (34).

Sample Volume

Headspace volume should be kept small to reduce equilibrium time and to
increase sensitivity (27). Sample volume can be optimized on basis of the analyte
concentration in the sample and the headspace of the vial.

Agitation

Agitation of sample assists in extraction of analytes and reduces the time of
equilibrium (31). Use of magnetic stirrer is a common technique for agitation of
samples. The main aim of agitating samples is to maintain the concentration of
the analytes in the headspace and reduce their depletion (27).

Adjusting pH

The sensitivity for acidic and basic analytes can be improved by adjusting the
pH of the aqueous samples. The pH can be adjusted in accordance to the sample
pH to increase extraction efficiency. Sample pH can be adjusted in the range of 2
to 10 (27).

Salt Addition

Salts such as NaCl, NaSO4, NaHCO3, K2CO3 and (NH4)2SO4 are commonly
used for extraction to increase ionic strength of sample and improve sensitivity (27,
31, 35). Increasing ionic strength decreases the solubility of analytes and increases
their concentration in the headspace (35). Salting out is helpful in case of analytes
with greater solubility in aqueous phase. Extraction efficiency of polar compounds
and volatiles can be increased by addition of salts in the aqueous samples (36). In a
study done by Reinhard et al (37) saturated solution of sodium chloride (0.5 ml/1.5
ml sample) was used to optimize adsorption of analytes.
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Table 2. Comparison of HS-SPME Conditions and Fibers Used in Different Citrus Fruit and Juice Analysis

Samples used for analysis SPME fiber and GC conditions Identified major compounds Ref.

Marsh grapefruit (Citrus paradisi) fresh
and canned juice

75 μm CAR/PDMS, 50/30 μm DVB/CAR/PDMS, 65
μm PDMS/DVB. Adsorption at 40 °C for 30 min.

13 Volatile sulphur compounds
identified. Main compounds ï¿½
hydrogen sulphide, methanethiol,
1-p-menthene-8-thiol

(45)

Powell Navel Late sweet orange (Citrus
sinensis (L.) Osb.), Clemenules (Citrus
clementine Hort. ex Tan.), and two
Citrus hybrids: Fortune (C. clementine
x C. tangerine) and Chandler pummelo
(C. grandis x C. grandis) fruit juices

50/30 µm DVB/CAR/PDMS fibers. Sample
equilibrated at 50 °C for 10 min. Adsorption at 50 °C
for 20 min. Desorption at 250 °C for 1 min.

109 compounds identified (46)

Orange juice 100 µm PDMS fiber. Absorption at 20 °C for 60 min.
Desorption at 220 °C for 2 min.

5 compounds namely D-limonene,
α-pinene, ethyl butyrate, octanal
and decanal identified.

(47)

Orange juice CAR/PDMS andDVB/CAR/PDMSfibers. CAR/PDMS
fiber conditioned at 300 °C for 2h, DVB/CAR/PDMS
at 270 °C for 4h. Sample equilibrated at 40 °C for 5-30
min. Adsorption at 40 °C for 1 to 15 min.

32 components identified. Main
compounds- D-limonene, ethyl
butanoate and myrcene

(48)

Orange juice 100 μm PDMS and 85 μm PA. Sample equilibrated at
22 °C for 15 min. Absorption at 22 °C for 45 and 60
min for PDMS and PA respectively. Desorption at 250
°C for 5 min.

48 components identified. (49)
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Samples used for analysis SPME fiber and GC conditions Identified major compounds Ref.

Moro, Tarocco, Washington navel and
Valencia late oranges (Citrus sinensis)
hand-squeezed juices.

50/30 μm DVB/CAR/PDMS fiber. Fiber conditioned
at 250 °C for 5 min and then at room temperature
for 2 min. Sample equilibrated at 40 °C for 30 min
with constant stirring. Adsorption at 40 °C for 5 min.
Desorption at 250 °C for 5 min.

22 components identified.
Main compounds-D-Limonene,
β-myrcene, methyl butanoate,
α-pinene and ethyl hexanoate.

(50)

Commercial orange juices 100 µm PDMS fibre. Sample equilibrated at 60 °C
under agitation for 15 min. Absorption at 60 °C for 30
min.

Principal component analysis. (51)

Citrus juices 100 μm PDMS, 65 μm PDMS/ DVB, 50/30 μm
DVB/CAR/ PDMS, 85 μm PA, 75 μm CAR/PDMS and
65 μm CW /DVB fibers. Best fit - DVB/CAR/PDMS.
Sample equilibrated at 80 °C for 30 min under agitation.
Absorption/adsorption at 80 °C for 10 min. Desorption
at 250 °C for 5 min

Principal component analysis. (37)

Citrus juices PDMS, CW/DVB, CAR/PDMS, PDMS/DVB,
DVB/CAR/PDMS fibers. Best fit - DVB/CAR/PDMS
Absorption/adsorption at 40 °C for 120 min. Desorption
at 260 °C for 5 min

44 components identified. Main
compounds- D-limonene and
γ-terpinene.

(43)

Lemon (Citrus limon Burn) hand
squeezed juices

50/30 μm DVB/CAR/PDMS fiber. Sample equilibrated
at 40 °C for 60 min with constant stirring. Absorption
at 40 °C for 30 min. Desorption at 250 °C for 2 min.

35 components identified.
Main compounds-D-limonene,
α-thujene, α-pinene, camphene,
β-pinene, β-myrcene, α-terpinene,
β-ocimene, γ-terpinene, and
terpinolene

(52)

Continued on next page.
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Table 2. (Continued). Comparison of HS-SPME Conditions and Fibers Used in Different Citrus Fruit and Juice Analysis

Samples used for analysis SPME fiber and GC conditions Identified major compounds Ref.

Hallabong (Citrus sphaerocarpa Tan.),
lemon (Citrus limonum), orange (Citrus
aurantium (Linn.) var. dulcis) and
grapefruit (Citrus paradisi) peel

50/30 µm DVB/CAR/PDMS, 100 µm PDMS, 30 µm
PDMS and 75 µm CAR/PDMS fibers were used. Best
fit - 50/30 µm DVB/CAR/PDMS. Fibers conditioned
250-320 °C for 30-240 min. Absorption /adsorption
at 20 °C or 40 °C for 60 min. Desorption at 250 °C
for 1 min.

24 components identified. Main
compounds - D-limonene,
β-pinene, γ-terpinene, terpinolene
and linalool

(44)

Citrus madurensis Lour varieties Taiwan
calamondin and Philippine calamansi
fruit juice

65 μm CW/DVB fiber. Adsorption at 25 ± 1 °C for 20
min. Desorption at 250 °C for 3 min.

58 components identified. (53)

Jinchen sweet orange fruit (Citrus
sinensis (L.) Osbeck) fruit juice and peel
oil

50/30 μm DVB/CAR/PDMS fiber. Fiber conditioned
at 270 °C for 1 h. Sample equilibrated at 40 °C±1 °C
for 15 min. Absorption at 40 °C for 40 min. Desorption
at 270 °C for 5 min.

Main compoundsï¿½ D-
limonene, linalool, terpinen-4-ol,
β-myrcene, α-terpineol, octanal,
and γ-terpinene

(54)

C. sinensis cv. Valencia 100 μm PDMS fiber. Desorption at 250 °C for 3 min. Main compounds- D- limonene,
myrcene, sabinene, α-pinene.

(55)

Indonesian Pontianak orange (Citrus
nobilis Lour. var. microcarpa Hassk.),
Indian Mosambi (Citrus sinensis
Osbeck) and Philippine Dalandan
(Citrus reticulate Blanco) fresh juices

50/30 μm DVB/CAR/PDMS fiber. Adsorption at 50
°C for 30 min

51 components detected in
Pontianak orange, 50 in Mosambi
and 41 in Dalandan juice.
Main compounds- D-limonene,
valencene, γ-terpinene.

(56)

Grapefruit (Citrus paradisi) different
plant parts

100 μm PDMS fiber. Sample equilibrated at
room temperature for 20 min. Absorption at room
temperature for 15 min.

Main compounds- D-limonene,
linalool, sabinene, myrcene and
β-caryophyllene.

(57)
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Citrus Volatile Oil
Citrus volatile oil mainly consists of terpenoids formed from isoprene

units (C5). They are classified as monoterpenes (C10) and sequiterpenes (C15).
These are further classified as hydrocarbons and oxygenated hydrocarbons.
Monoterpene hydrocarbons are main group of compounds present in citrus
volatile oils accounting for nearly 70-90 % of the volatile oil composition (38).
D-limonene, a monoterpene hydrocarbon, is major component of citrus volatiles
(38). Other major volatile components reported in citrus are α-pinene, β-pinene,
β-myrcene, γ-terpinene, p-cymene, linalool, β-caryophyllene (5, 39). However,
each citrus crop has few minor components which impart the characteristic
aroma to the fruits such as in grapefruit the aroma is mainly due to nootkatone
(40) and p-1-menthene-8-thiol (41). In addition, nootkatone is also considered
as senescence indicator with its levels increasing during postharvest storage in
grapefruit (42).

Several different fibers and methods have been used for HS-SPME extraction
of volatile oil components from different citrus fruits and juices including
grapefruit (Table 2). DVB/CAR/PDMS is commonly used due to its adsorption
efficiency of volatile oil components in citrus fruits. It was reported to be more
suitable as compared to PDMS, PDMS/ DVB, PA, CAR/PDMS and CW/DVB
fibers (37, 43, 44).

Health Benefits of Citrus Volatile Oil
Citrus volatile oil has been in use for their antimicrobial activity (38, 58).

Grapefruit volatile oil showed antifungal activity and was especially most
effective against Penicillium chrysogenum and Penicillium verrucosum (59).
In addition, volatile oil components of citrus fruits have several other health
beneficial activities. D-limonene the major component of citrus volatile oil has
been reported to possess chemopreventive and therapeutic properties against
different types of cancers (60–62). In a previous study conducted in our lab
D-limonene present in blood orange inhibited angiogenesis, metastasis and
cell death in human colon cancer cells (11). Inhibition of inflammation and
activation of apoptosis in human SW480 colon cancer cells was observed after
the treatment with volatile oil from palestine sweet lime (Citrus limettioides)
(63). Furthermore, D-limonene has showed anti-tumor activity a gainst prostate
(64), mammary (65), forestomach (66); and increased apoptopsis and decreased
cell proliferation in gastric cancer (67). D-limonene is reported to induce phase
I and phase II enzymes (60). These enzymes help to remove the carcinogens
formed in our body. Glutathione S-transferase interacts with pro-carcinogens to
form conjugated products which are excreted from our body. In some clinical
studies D-limonene was found effective in dissolving gallstones in gallbladder
and alleviating heart burn and gastroesophageal reflux disorder (68). Linalool is
another compound which is reported to possess anti-proliferative activity against
nine carcinoma cells namely - carcinoma of the cervix, stomach, skin, lung and
bone (69). In addition, α-terpinene, nootkatone, citronellal, citral, γ-terpinene,
terpinolene, and geraniol are reported to possess good antioxidant activity (70).
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Conclusion

It is essential to study the volatile compounds in citrus juices which have
several health beneficial properties. HS-SPME is a convenient and easy technique
which can be used for analyzing citrus volatiles. Overall DVB/CAR/PDMS fiber
was found to bemost suitable in several citrus volatile oil studies. However several
factors need to be optimized while developing HS-SPMEmethod according to the
nature sample matrix to obtain best separation.
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Phytosterols/-stanols and their esters possess several
health-benefits such as cholesterol-lowering and anti-oxidative
properties. For the qualitative and quantitative analysis of
individual free sterols/stanols and intact steryl/stanyl esters in
various food matrices different approaches were established.
A combination of GC-based analysis and fractionation via
solid-phase extraction was applied to investigate the natural
variability of these compounds in cereal grains. On-line LC-GC
was demonstrated to be a useful tool for the rapid analysis of
stanyl fatty acid esters in enriched dairy foods as well as for the
simultaneous analysis of free sterols/stanols, steryl/stanyl fatty
acid esters, and other minor lipids in edible plant oils and nuts.

Introduction

Phytosterols/-stanols are bioactive secondary plant metabolites occurring
in free form, esterified with fatty acids or phenolic acids (Figure 1), and as
glycosides or acylated glycosides (1). The nutritional interest in these compounds
mainly arises from their cholesterol-lowering properties (2, 3). A total intake of
2 g plant sterols/stanols per day can reduce the levels of low-density lipoprotein
cholesterol in hypercholesterolemic patients by up to 10 % (4). For this
purpose, a broad spectrum of foods such as spread, margarine, yogurt, or milk
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is currently enriched with mixtures of plant steryl/stanyl fatty acid esters. In
the European Union, these mixtures are specified concerning the distributions
of esterified sterols/stanols and fatty acids (5–7). Vegetable oils can be used as
sources to provide phytosterols/-stanols and the fatty acid mixtures used for the
esterification; tall oil is also a possible source to obtain sterols/-stanols. The
following profile of free or esterified sterols/stanols is considered as acceptable in
general for the incorporation into enriched food products in the European Union:
up to 80% β-sitosterol, 40% campesterol, 30% stigmasterol, 15% sitostanol, 5%
campestanol, 3% brassicasterol and 3% other phytosterols (6). Among natural
foods, cereals, nuts, and edible plant oils are particularly rich sources of free
sterols/stanols and steryl/stanyl esters (1).

Figure 1. Representative structures of a free sterol and steryl esters: (A)
sitosterol, (B) trans-sitosteryl ferulate, and (C) sitosteryl oleate.

Previously, qualitative and quantitative investigations have beenmainly based
on the analysis of total sterols/stanols determined after alkaline hydrolysis of the
lipids. As a result, information on the contents and compositions particularly
of individual intact steryl/stanyl fatty acid esters is rare. Therefore, analytical
approaches are needed allowing both the authentication of foods enriched with
steryl/stanyl fatty acid esters as well as the determination of naturally occurring
free sterols/stanols and their intact esters. Recently, high temperature capillary
gas chromatography was demonstrated to be suitable for the analysis of complex
mixtures of steryl/stanyl fatty acid esters (8, 9). On this basis, three methodologies
were established enabling the analysis of stanyl fatty acid esters in enriched dairy
foods as well as the comprehensive analysis of free sterols/stanols and individual
steryl/stanyl fatty acid and phenolic acid esters in cereals, edible plant oils, and
nuts.
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Experimental Section

Materials and Chemicals

The cereal grains, edible vegetable oils, and nuts were obtained in local stores
(Freising, Germany). The cheese-based spread enriched with stanyl fatty acid
esters (“Benecol naturalny-krem kanapkowy” produced by Raisio Sp. Z o.o/Bahca
Polska Sp z o.o, Warzawa, Poland) was purchased in a supermarket in Poland.

A mixture of plant stanyl fatty acid esters (“plant stanol ester, STAEST
115”) was provided by Raisio Group (Raisio, Finland). Reference compounds
of steryl/stanyl fatty acid esters and steryl/stanyl phenolic acid esters were
synthesized according to previously described procedures (8, 10). All other
chemicals and solvents were obtained from Sigma Aldrich (Steinheim, Germany),
VWR International (Darmstadt, Germany), Evonik Industries AG (Essen,
Germany) or Acros Organics (Morris Plains, NJ, U.S.A.).

Sample Preparation

Enriched Dairy Foods

After homogenization and addition of the internal standard (IS, cholesteryl-
16:0), the samples were subjected to an acid digestion step with hydrochloric acid
(25 %) at 130 °C for 45 min. The lipids were extracted with a mixture of n-hexane/
methyl tert-butyl ether (MTBE; 3:2, v/v), and the extracts were directly used for
on-line LC-GC analysis (11).

Cereal Grains

Lipids were extracted from ground and freeze-dried cereal grains after the
addition of the internal standards (5α-cholestan-3β-ol, cholesteryl-16:0, and
cholestanyl p-coumarate) with of a mixture of n-hexane/dichloromethane (1:1,
v/v) under stirring for 1 h at room temperature. The solvent was removed by
rotary evaporation and 100 mg of the obtained oil was dissolved in 10 mL of
n-hexane; 1 mL of that solution was used for SPE (10).

Edible Plant Oils and Nuts

The commercially obtained edible plant oils were spiked with the internal
standards C17:0, 5α-cholestan-3β-ol, cholesteryl-16:0, and trans-cholestanyl
ferulate. The nut samples were ground to a fine powder and lipids were
extracted after the addition of the internal standards (5α-cholestan-3β-ol and
cholesteryl-16:0) with of a mixture of n-hexane/dichloromethane (1:1, v/v)
under stirring for 1 h at room temperature. The solvent was removed by rotary
evaporation (12).
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Fifty milligrams of the edible plant oils and of the obtained nut oils,
respectively, were dissolved in 5 mL of n-hexane. An aliquot (250 µL) of the
solution was dried by a gentle stream of nitrogen, and the residue was silylated
with 75 µL of pyridine and 150 µL of N,O-bis(trimethylsilyl)trifluoroacetamide/
trimethyl-chlorosilane (99:1, v/v) at 80 °C for 20 min. After removal of the
reagents, the residue was dissolved in 250 µL of n-hexane/MTBE/2-propanol
(96:4:0.1, v/v/v) and used for on-line LC-GC analysis (12).

Gas Chromatography-Flame Ionization Detection (GC-FID) and Gas
Chromatography-Mass Spectrometry (GC-MS)

Separations were performed using a gas chromatograph equipped with
an FID (Agilent Technologies Instrument 6890N, Böblingen, Germany). The
sample solutions (1 μL) were injected onto a 30 m × 0.25 mm i.d., 0.1 µm
film, trifluoropropylmethyl polysiloxane capillary column (Rtx-200MS, Restek,
Bad Homburg, Germany). The temperature of the injector was set to 280 °C.
Hydrogen was used as carrier gas with constant flow (1.5 mL/min) and the split
flow was set to 11.2 mL/min. The oven temperature program was as follows:
initial temperature 100 °C, 15 °C/min to 310 °C (2 min), 1.5 °C/min to 315 °C,
and 15 °C/min to 340 °C (2 min). The detector temperature was set to 360 °C.

GC-MS analyses and identifications of individual compounds were performed
on a Finnigan Trace gas chromatograph ultra coupled with a Finnigan Trace DSQ
mass spectrometer (Thermo Electro Corp., Austin, TX, U.S.A.) as previously
described (8–10).

Solid-Phase Extraction (SPE)

Lipid extracts of cereal grains were separated into fractions of free sterols/
stanols, steryl/stanyl fatty acid esters, and steryl/stanyl phenolic acid esters via
SPE (Strata NH2, 55 μm, 70 Å, 1 g/6 mL, Phenomenex, Germany) as previously
described (10).

On-line Liquid Chromatography-Gas Chromatography (On-line LC-GC)

The applied on-line LC-GC system consisted of a 1220 Infinity liquid
chromatograph, which was coupled to a 7890A gas chromatograph equipped
with an FID via a 1200 Infinity Series 2-position/6-port switching valve (Agilent
Technologies, Waldbronn, Germany). The valve was fitted with a 200 μL sample
loop. LC analyses were carried out on a 250 x 2 mm, 5 µm, Eurospher-100 Si
column (Knauer, Berlin, Germany) at 27 °C using n-hexane/MTBE (96:4, v/v)
as eluent for enriched dairy foods and n-hexane/MTBE/iso-propanol (96:4:0.1,
v/v/v) as eluent for nuts and edible plant oils. Detection was performed with an
ultraviolet (UV)-detector set to 205 nm for free sterols/stanols and steryl/stanyl
esters, and set to 325 nm for trans-steryl/stanyl ferulic acid esters. LC fractions
were transferred on-line by switching the valve and the evaporation of the
solvent was performed via a programmable multimode inlet in the solvent vent
mode. GC separations were carried out on a 30 m × 0.25 mm i.d., 0.1 µm film,
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trifluoropropylmethyl polysiloxane capillary column (Rtx-200MS, Restek GmbH,
Bad Homburg, Germany). Detailed LC, GC, and interface conditions have been
described elsewhere (11, 12).

Identification was carried out using an on-line LC-GC-MS system. The gas
chromatographwas coupled via a transfer line to an inert 5975Cmass spectrometer
(MS) with triple axis detector (Agilent Technologies, Waldbronn, Germany) and
analyses were performed at conditions previously described (12).

Results and Discussion

GC Analysis of Intact Steryl/Stanyl Fatty Acid Esters

GC analysis of intact steryl/stanyl fatty acid esters is a challenge due to their
structural similarities and high boiling points. Previous studies using non-polar
stationary phases (e.g. DB-1 and DB-5) resulted in only insufficient separations
regarding the degree of saturation of the esterified fatty acid moieties (13–15).
Recently, the suitability of an intermediately polar stationary phase for the efficient
separation of complex mixtures of steryl/stanyl fatty acid esters was demonstrated
(8, 9, 16). The esters were separated according to the sterol/stanol moiety as well
as according to the carbon number and degree of unsaturation of the esterified
fatty acid moiety. The GC analysis is exemplarily shown for a commercially
obtained plant stanyl fatty acid ester mixture in Figure 2. Only saturated and
mono-unsaturated fatty acid esters of the same chain length eluted at the same
time.

Figure 2. GC analysis of a plant stanyl fatty acid ester mixture. Peak numbering
according to Table I; (IS) cholesteryl-16:0.

Taking into account the thermal instability of intact steryl/stanyl fatty acid
esters during high temperature GC analysis, response factors were determined for
individual esters to compensate for degradation processes (9, 16).
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The employed intermediately polar stationary phase was also shown to be
effective in the detection and separation of free sterols/stanols and intact steryl/
stanyl phenolic acid esters (10).

SPE-Based Approach for the Fractionation of Plant Lipids

For the separation of plant lipids into fractions containing free sterols/stanols
and steryl/stanyl esters an approach based on SPE was established (10). Figure 3
illustrates the main steps of the methodology from lipid extraction to GC analysis.

Figure 3. SPE-based approach for the separation of free sterols/stanols and
steryl/stanyl esters from plant lipid extracts.

The lipids were extracted from the ground plant material and further separated
on an aminopropyl-modified silica gel phase. This type of phase was more
efficient in the removal of triglycerides than normal silica phases. The resulting
GC analyses are exemplarily shown for the fractions of free sterols/stanols,
steryl/stanyl fatty acid esters, and steryl/stanyl phenolic acid esters extracted from
whole corn kernels in Figure 4.

On-line LC-GC-Based Approach for the Analysis of Steryl/Stanyl Fatty
Acid Esters

The on-line coupling of LC and GC is an efficient and elegant alternative
to laborious off-line techniques such as SPE, column chromatography or thin
layer chromatography. Fractionation, pre-concentration, and analysis take
place in a closed and fully automated system, whereby the risks of sample
loss and contamination are reduced. A schematic representation of an on-line
LC-GC system with a programmable temperature vaporizer as interface for the
evaporation of the solvent, which is transferred from LC to GC, is shown in
Figure 5.
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Figure 4. GC analysis of (A) free sterols/stanols, (B) steryl/stanyl fatty
acid esters, and (C) steryl/stanyl phenolic acid esters extracted from
whole corn kernels: (1) cholesterol, (2) campesterol, (3) stigmasterol,
(4) campestanol, (5) sitosterol, (6) sitostanol, (7) unknown sterol, (8)

campesteryl-16:0/16:1, (9) stigmasteryl-16:0/16:1, (10) campestanyl-16:0/16:1,
(11) sitosteryl-16:0/16:1, (12) sitostanyl-16:0/16:1, (13) Δ7sitosteryl-16:0/16:1,
(14) campesteryl-18:0/18:1 (15) campesteryl-18:2+stigmasteryl-18:0/18:1,
(16) campestanyl-18:0/18:1+stigmasteryl-18:2, (17) campestanyl-18:2,
(18) Δ7campesteryl-18:2, (19) sitosteryl-18:0/18:1, (20) sitosteryl-18:2,
(21) sitostanyl-18:0/18:1, (22) sitostanyl-18:2, (23) Δ7sitosteryl-18:2, (24)
cis-campesteryl ferulate, (25) cis-campestanyl ferulate, (26) cis-sitosteryl
ferulate, (27) cis-sitostanyl ferulate, (28) trans-campesteryl p-coumarate,
(29) trans-campestanyl p-coumarate, (30) trans-sitosteryl p-coumarate,
(31) trans-sitostanyl p-coumarate, (32) trans-campesteryl ferulate, (33)
trans-campestanyl ferulate, (34) trans-Δ7campesteryl ferulate, (35)

trans-sitosteryl ferulate, (36) trans-sitostanyl ferulate, (37) trans- Δ7sitosteryl
ferulate, (38) trans-24-methylene cycloartanyl ferulate, (IS1) cholesteryl-16:0,

(IS2) 5α-cholestan-3β-ol, and (IS3) trans-cholestanyl ferulate.

The lipids were fractionated on a normal silica gel phase, which has been
shown to be effective for the retention of triglycerides (9, 17, 18). The fraction of
steryl/stanyl fatty acid esters could then be transferred on-line to the GC, which
enabled the analysis of the individual composition of the transferred LC fraction.
Compared to methods commonly used for the determination of sterols/stanols
and steryl/stanyl esters in enriched foods or natural foods, the advantage of the
presented on-line LC-GC-based approaches is in particular the far less complex
sample preparation. The work up time is strikingly decreased and compared to
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methods involving saponification and purification steps, less solvent amount is
needed. Detailed information on the validation of the on-line LC-GC approach,
including the limits of detection, has been provided (11, 12, 17). Figure 6
illustrates the on-line LC-GC analysis of a mixture of plant stanyl fatty acid esters.

Figure 5. Schematic presentation of an on-line LC-GC system with programmable
temperature interface (transfer mode).

Figure 6. On-line LC-GC analysis of a stanyl fatty acid ester mixture extracted
from an enriched cheese-based spread: (A) LC-UV chromatogram at 205 nm
and (B) GC-FID chromatogram of the transferred LC fraction. Peak numbering

according to Table I; (IS) cholesteryl-16:0.
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Application of the Analytical Approaches to Enriched Dairy Foods and
Important Natural Sources

Investigation of Free Sterols/Stanols and Steryl/Stanyl Esters in Cereal Grains

The SPE-based approach was applied to the qualitative and quantitative
analysis of free sterols/stanols, steryl/stanyl fatty acid esters, and steryl/stanyl
phenolic acid esters in corn, rye, wheat, and spelt (10). The methodology provided
detailed data on the contents and the distributions of individual members of these
compound classes. The distribution patterns of corn, particularly of steryl/stanyl
fatty acid and phenolic acid esters, exhibited distinct differences compared to
those of rye, wheat, and spelt. In corn, esters of sitosterol and campesterol were
predominant and these sterols were mainly esterified to unsaturated fatty acids.
Linoleic and oleic acid esters represented more than 90% of total steryl/stanyl
fatty acid esters (Figure 7A). Sitosteryl and campesteryl esters were also
predominant in rye, wheat, and spelt, but linoleic and oleic acid esters made up
only approximately 50% of total esters. The other half was represented by esters
of C16-fatty acids, mainly palmitic acid esters (Figure 7A).

Figure 7. Distributions of (A) steryl/stanyl fatty acid esters and (B) steryl/stanyl
phenolic acid esters in cereals.

Regarding the distributions of free sterols/stanols, the observed differences
were not as pronounced. Sitosterol accounted for 55-62% and was the dominating
free sterol in all four investigated cereal grains, followed by either campesterol or
stigmasterol. Sitostanol and campestanol made up between 10 and 16%. Within
the fraction of steryl/stanyl phenolic acid esters, the trans-derivatives of sitostanyl
and campestanyl ferulate were predominant. Coumaric acid esters represented less
than 3.4% of total phenolic acid esters. Whereas in corn sitostanyl and sitosteryl
esters were more abundant than campestanyl and campesteryl esters, the phenolic
acid esters extracted from rye, wheat, and spelt showed an inverse distribution
(Figure 7B).

265

 
 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2014-1185.ch013&iName=master.img-006.jpg&w=323&h=138


Table I. Analysis of Stanyl Fatty Acid Esters in Enriched Cheese-Based
Spread

stanyl esters
[g/100 g]a

esterified stanols
[%]a,c

(1) campestanyl-16:0/16:1 0.11 ± 0.00 campestanol 29.1 ± 0.4

(2) sitostanyl-16:0/16:1 0.20 ± 0.00 sitostanol 70.5 ± 0.4

(3) campestanyl-18:0/18:1 1.00 ± 0.03 others 0.5 ± 0.0

(4) campestanyl-18:2 0.33 ± 0.01

(5) campestanyl-18:3 0.12 ± 0.01

(6) sitostanyl-18:0/18:1 2.36 ± 0.05

esterified fatty acids
[%]a,c

(7) sitostanyl-18:2 0.83 ± 0.02 16:0/16:1 5.8 ± 0.1

(8) sitostanyl-18:3 0.28 ± 0.02 18:0/18:1 63.0 ± 0.4

(9) sitostanyl-20:0/20:1 0.08 ± 0.01 18:2 21.7 ± 0.2

(10) sitostanyl-22:0/22:1 0.03 ± 0.01 18:3 7.5 ± 0.4

othersb 0.03 ± 0.00 20:0/20:1 1.5 ± 0.1

total stanyl esters 5.36 ± 0.12 22:0/22:1 0.5 ± 0.1

calculated as stanolsc 3.28 ± 0.07
a Values represent the mean × standard deviation of a triplicate analysis. b Calculated with
a response factor of 1, relative to cholesteryl-16:0. cCalculated on the basis of intact stanyl
esters.

Investigation of Stanyl Fatty Acid Esters in Fat-Based Enriched Dairy Foods

On-line LC-GC was successfully applied to the analysis of intact steryl/stanyl
esters in enriched dairy products with substantial amounts of protein and fat (11).
The samples were subjected to an acid digestion step with hydrochloric acid to
release the lipids from the protein matrix, followed by the extraction of the lipids
using a mixture of n-hexane and MTBE. The lipid extracts were further subjected
to on-line LC-GC analysis for the determination of the contents and compositions
of the added stanyl fatty acid esters. Possibly interfering neutral lipids such as
triglycerides could be effectively removed using a normal silica gel phase as
stationary LC-phase and n-hexane/MTBE (96:4, v/v) as eluent. Hence, no further
purification step was needed and the extracts could directly be analyzed with the
on-line LC-GC system. Table I shows qualitative and quantitative data on total
and individual stanyl fatty acid esters obtained by the investigation of an enriched
cheese-based spread. Oleic acid esters were predominant, followed by linoleic,
linolenic, and palmitic acid esters. The determined amounts were in agreement
with the declaration on the package (3.3 g stanols/100 g), and the calculated
profile of the esterified fatty acids indicates rapeseed oil being the source of the
fatty acid mixture used for the esterification of the stanols.
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Investigation of Free Sterols/Stanols, Steryl/Stanyl Esters, and Other Minor
Lipids in Edible Plant Oils and Nuts

The sample preparation for the analysis of free sterols/stanols, steryl/stanyl
esters, and other minor lipids in edible plant oils and nut lipids only required
a silylation of the oils. Owing to the silylation step, the trimethyl silyl (TMS)-
derivatives of free sterols/stanols and the steryl/stanyl fatty acid esters as well as
the TMS-derivatives of other minor lipids such as tocopherols and free fatty acids
exhibited similar polarities and thus eluted at the same time in a merged peak under
the employed LC conditions; this enabled the transfer in a single fraction to the
GC (12). Trans-derivatives of steryl/stanyl ferulic acid esters could be analyzed
via a second transfer. The simultaneous analysis of free fatty acids, tocopherols,
free sterols, and steryl fatty acid esters by on-line LC-GC is exemplarily shown
for rapeseed oil in Figure 8.

Figure 8. On-line LC-GC analysis of free fatty acids, tocopherols, free sterols,
and steryl fatty acid esters in rapeseed oil: (A) LC-UV chromatogram at 205 nm
and (B) GC-FID chromatogram of transferred LC fraction: (1) δ-tocopherol,
(2) γ-tocopherol, (3) cholesterol, (4) α-tocopherol, (5) brassicasterol, (6)

campesterol, (7) stigmasterol, (8) sitosterol, (9) brassicasteryl-16:0/16:1, (10)
campesteryl-16:0/16:1, (11) sitosteryl-16:0/16:1, (12) brassicasteryl-18:0/18:1,
(13) brassicasteryl-18:2, (14) brassicasteryl-18:3, (15) campesteryl-18:0/18:1,
(16) campesteryl-18:2, (17) campesteryl-18:3, (18) sitosteryl-18:0/18:1,
(19) sitosteryl-18:2, (20) sitosteryl-18:3, (IS1) 5α-cholestan-3β-ol, and (IS2)

cholesteryl-16:0.

The analysis of several commercially available oils revealed corn germ oil
and rapeseed oil as the richest sources of, in particular, steryl/stanyl fatty acid
esters. The average total amounts of steryl/stanyl fatty acid esters ranged from
0.07 to 0.96 mg/100 mg oil; those of free sterols/stanols from 0.14 to 2.34 mg/100
mg oil (Figure 9). Ferulic acid esters could only be detected in corn germ oil,
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accounting for 0.1 mg/100 mg oil. The majority of the sterols/stanols in most
of the investigated plant oils occurred in form of their fatty acid esters, except
for the native sunflower oils, safflower oil, soybean oil and olive oils, where the
amounts of free sterols/stanols and steryl/stanyl fatty acid esters were either equal
or free sterols/stanols were predominant. Regarding the distribution patterns of
free sterols/stanols and steryl/stanyl esters, considerable differences were observed
between the various oils. The applied on-line LC-GC-based approach enabled the
fast and robust analysis of these lipid compounds, which could thus be a useful
tool for authenticity assessments of plant oils.

Figure 9. Mean total contents of free sterols/stanols and steryl esters in edible
plant oils.

Additionally, three batches of ten different commercially important nut types
were studied regarding their contents and compositions of free sterols/stanols and
steryl/stanyl fatty acid esters (Figure 10).

Figure 10. Mean total contents of free sterols/stanols and steryl/stanyl esters in
oils extracted from nuts.

268

 
 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2014-1185.ch013&iName=master.img-008.jpg&w=323&h=150
http://pubs.acs.org/action/showImage?doi=10.1021/bk-2014-1185.ch013&iName=master.img-009.jpg&w=307&h=132


The main part of the sterols/stanols in the investigated nuts occurred in free
form, followed by fatty acid esters; trans-steryl/stanyl ferulic acid esters could not
be detected. The total amounts of steryl/stanyl fatty acid esters in the extracted nut
oils ranged from 0.02 to 0.28 mg/100 mg, those of free sterols/stanols from 0.12
to 0.37 mg/100 mg; they were both by far the highest in pistachios and pine nuts
(12).

Conclusion

Capillary gas chromatography on an intermediately polar stationary phase
was shown to be suitable for the detection and separation of individual free
sterols/stanols and intact steryl/stanyl esters. On this basis, analytical approaches
for the qualitative and quantitative analysis of free sterols/stanols and steryl/stanyl
esters were established. The authentication of steryl/stanyl fatty acid esters
in enriched fat-based dairy foods can be performed via a combination of acid
digestion, lipid extraction, and on-line LC-GC analysis. For the determination of
naturally occurring free sterols/stanols and steryl/stanyl esters, an approach based
on solid-phase extraction and GC analysis was developed; the applicability was
shown for the investigation of cereal grains. The suitability of on-line LC-GC
for the analysis of free sterols/stanols and steryl/stanyl esters in plant lipids was
demonstrated using edible plant oils and nuts as examples. The established
methodologies show distinct advantages compared to methods commonly used
for the determination of sterols/stanols and steryl/stanyl esters in enriched as well
as natural foods. They allow the simultaneous analysis of various sterol/stanol
substance classes, and especially the achieved GC separation enables a detailed
qualitative and quantitative analysis of individual intact steryl/stanyl esters. Thus,
the presented methodologies can be applied as useful tools for the analytical
characterization of functional foods and of naturally occurring bioactive food
constituents.
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Odorants in food represents various chemical classes and
include compounds of different volatility, polarity, chemical
character, stability and reactivity. Moreover, food is a
complex matrix to extract aroma compounds from, which
makes their analysis a challenging task. In this chapter
different approaches to the analysis of food odorants are
discussed. Emphasis is put on their proper extraction
methods, specificity of gas chromatography – olfactometry
and multidimensional chromatography. Identification methods
based on chromatography and mass spectrometry and
quantitation approaches to food odorants are summarized.

Introduction

Aroma of food is one of the main attribute which is taken into consideration
by consumers when choosing or rejecting food. Odoriferous compounds often
indicate biochemical, chemical or microbial changes that take place during food
processing and storage. Some odoriferous compounds, being the cause of off-
odors and taints can be markers of these processes. Aroma compounds are formed
also in a result of physiological processes in fruit and vegetables, are produced by
microorganisms in fermentation processes, and also in a result of thermal treatment
of food products or raw materials. Heat generated flavors form the most abundant
group of volatile componds in food.
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Among thousands of volatile compounds isolated from foods only a
small fraction (few %) is responsible for food aroma (1). Aroma compounds
despite being extremely diverse in character are present in food in very broad
concentration ranges. They can contribute to flavor in concentrations as low
as ng/L range, moreover, their impact on food aroma is dependent on their
concentration, as well as on their odor thresholds (OT), which also is often in a
ng/L range. This poses a special challenge for analysts, making aroma compounds
analysis challenging and specific task, as methods developed are often verified by
human smell perception. As a result for the investigation of aroma compounds
in food several factors have to be considered for a successful qualitative and
quantitative analysis. These factors include:

• the complex nature and diversity of food odorants to be determined often
in a single run,

• different concentrations of aroma compounds and other volatiles,
• matrix complexity and influence on aroma compounds release,
• extraction specificity guaranteeing maximum compounds recovery and

protecting analytes from decomposition,
• matrix and aroma compounds stability,
• method performance - competitive to human nose in terms of limits of

detection (LOD) and quantitation (LOQ)

For the successful analysis of aroma compounds, bearing in mind their
low odor thresholds, all steps should be optimized: compounds isolation and
pre-concentration, separation, detection and quantitation. There are many review
papers and other sources on the specificity of flavor compounds analysis, focused
either on specific foods, compounds or mainly, techniques (2–6). There are also
specific guidelines regarding mainly the aroma compounds identification and
quantitation procedures (7–9).

Strategies for aroma compounds analysis in food can be divided roughly into
three approaches:

i) target analysis of specific odorants,
ii) sensory guided analysis of key odorants,
iii) fingerprinting/profiling of volatile compounds.

Target analysis of specific compounds is often used for identification of known
odoriferous compounds related to specific odor note or aroma of particular food.
The example of such approach is the determination of compounds responsible for a
known off-flavors or taints. Earthy – musty off-odors of some foods can be caused
by several suspects: haloanisoles, geosmin, 2-methylisoborneol, 2-methoxy-3,5-
dimethylpyrazine (MDMP), 2-methoxy-3-isopropylpyrazine (IPMP), or 1-octene-
3-one. The type of off-odor can provide a hint in selection of compounds for
screening and the analysis is directed to the search for known suspects. When it
is impossible to deduce the possible source of an odor or off-odor, sensory guided
analysis is usually performed.
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Sensory guided analysis of key odorants is the approach that focuses on
pinpointing compounds responsible for the aroma of a given product (i.e.
key odorants). In a result of sensory profile analysis of investigated food
descriptors of the main odor notes can be elucidated and a sensory profile of
the product is revealed. Then, chromatographical methods are used to find key
odorants. Modern separation techniques allow separation of hundreds of volatile
compounds isolated from food. In case of multidimensional gas chromatography
the number of possible compounds separated increases substantially compared to
one dimensional gas chromatography. As only a small portion of compounds is
responsible for the aroma, to select these compounds methods based on the use
of human nose as a detector emerged (10, 11). Gas chromatography-olfactometry
(GC-O) allows identification of odoriferous fractions in the chromatogram and
methods such as AEDA (Aroma Extract Dilution Analysis)(1) allow quantitation
of odor sensation. Key odorants are then identified and quantified using usually
GC/MS. Reconstitution or aroma from identified key odorants should resemble
the smell of investigated product.

Figure 1. Scheme of the analytical approaches to aroma compounds
determination in food.

273

 
 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2014-1185.ch014&iName=master.img-000.jpg&w=323&h=191


Volatile compounds fingerprinting/profiling is usually not targeted at aroma
compounds analysis, but is often used for the comparison of products, treatments,
processes and storage conditions. One of the most important field of application
of volatile compounds profiling is their use in the authenticity and traceability
investigation of foods. It is used to determine botanical, regional origin,
differentiation of varieties of beers, honeys, wines, spirits, coffee, olive oil, cheese
to name the most frequently investigated products (12). Chemometric approach is
used to process data and multivariate statistical methods, such as cluster analysis
(CA), principal component analysis (PCA), linear discriminant analysis (LDA)
are used to differentiate, groups of objects and identify compounds responsible for
the differences between groups. PCA is usually utilized as a first step to visualize
differences between samples and their classification patterns. Both CA and PCA
represent an unsupervised learning methods. To obtain a statistical tool for both
sample classification and prediction supervised learnind methods are used, such
as LDA. In this approach a model is built in which data is divided into training set
of samples of known origin, and validation set of the same sample type. Once the
model is validated unknown samples can be analyzed predicting the belonging
of unknowns to particular class. Another perspective for profiling volatile
compounds is in the development of metabolomic approach to the analysis of
large sets of data to focus on sensory relevant compounds (13). Figure 1. shows
the main approaches and steps in the analysis of aroma compounds in foods.

Compounds that are perceived by human sense of smell exist in food in
their free form i.e. they are released from food into the headspace and then
sniffed. To be analyzed they have to be extracted, eventually preconcentrated
and transferred to a gas chromatograph. Release of flavor compounds from
the matrix is highly dependent on the matrix-analyte interaction - partition of
analyte and the eventual interactions of analyte with food macromolecules such
as proteins, carbohydrates and lipids. Three main macroconstituents of food –
lipids, carbohydrates and proteins influence the behavior of flavor compounds
and their interaction with matrix. Aroma compounds are usually hydrophobic
and lipids act as solvents for lipophilic compounds. Hydrophobicity is one of
the main factors that governs the interactions of volatiles with liquid phase.
Partition coefficients will therefore be dependent on fat contents changes (i.e.
in milk products). In emulsions proportions of oil/water will influence partition
of flavor compounds between air and emulsion. When carbohydrates form the
marix type of saccharide influences partition of volatiles as polysaccharides
influence viscosity – gelatinized starch increases flavor retention by minimizing
diffusion rates, in starch solutions competitive binding can take place. Dry starch
granules can act as porous adsorbent. When proteins are main matrix constituents
their sensitivity to heat treatment and pH changes influence their aroma binding
capacities. Binding to protein process can be reversible and irreversible and the
binding sites and constants are protein type dependent. The complexity of matrix
– volatiles interactions has been discussed in books and numerous papers (14–18)
and the analyte matrix interaction are one of crucial issues in food flavor analysis.
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Extraction Methods

Extractionmethods used for analysis of odor active compounds can be roughly
divided into exhaustive and non-exhaustive extractions.

Exhaustive extraction allows total transfer of aroma compounds from matrix
into the extracting solvent. Liquid/liquid extraction can be an example of
such methods. Because flavor compounds are in great part compounds of low
polarity (ie lipophilic) they can be co-extracted from food products with fat when
extraction is performed using nonpolar solvents. Aroma compounds are often
mixtures of compounds of different polarities, therefore mixtures of solvents
are used (ie pentane/diethylether) for their extraction. To get rid of co-extracted
impurities distillation methods have been developed. The most appropriate
for labile aroma compounds extraction are methods using vacuum to minimize
formation of artefacts and compounds decomposition. Among methods used for
key odorants isolation, where preservation of aroma of the product as intact as
possible is important SAFE (Solvent Assisted Flavor Evaporation) is widely used
(19). It allows separation (distillation) of volatile fraction from the matrix. SAFE
is the basic method used for gas chromatography-olfactometry methods. For
compounds that are thermally stable simultaneous distillation-extraction methods
are used, such as in Likens-Nikerson distillation apparatus (5).

Non-exhaustive extraction comprise methods that are based on partition
of the analyte between matrix and the headspace. As aroma compounds are
volatile, headspace analysis methods are widely used in their analysis. Headspace
analysis in its simplest form is a static headspace method, where a certain
volume of headspace is transferred from vial, which was equilibrated (at certain
temperature and time) into injection port of gas chromatograph using different
transfer methods (using syringe or a loop transfer). The drawback of static
headspace is its relatively low sensitivity (usually high µg/kg), which sometimes
limits its use for trace analysis. Because many of odorants need to be quantified
at very low (ng/L) levels preconcentration step is a crucial element of sample
preparation. Method based on the headspace analysis but using sorbents or
solvents for analyte preconcentration were developed within last decades. Of
microextraction methods providing high preconcentration of analytes SPME
dominates in flavor compounds analysis. Majority of SPME applications are
in the field of wine analysis, followed by fruit/vegetables, dairy, beverages,
meat, spices, cereals, fats and oils to name the most explored applications.
The success of SPME in volatile-flavor compounds analysis is related to its
sensitivity, robustness and ease of use. SPME extraction can be done manually
maintaining high reproducibility. Apart from being very sensitive SPME is also
extraction technique that offers high selectivity. The selectivity is based on the
fiber coating materials that are used. The coatings are available in different
types and polarities and sorption mechanisms are typical for liquid phases
(absorption in polydimethylsiloxane (PDMS), polyacrylate (PA) fibers), or for
polymers (adsorption in Carboxene/Divinylbenzene or carboxene fibers). Though
very simple to perform SPME methods to be used properly for quantitative
purposes require multistep method parameters optimization procedure. Other
microextraction methods used for flavor analysis encompasses stir bar sorptive
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extraction (SBSE), single drop microextraction (SDME) and also liquid/liquid
microextraction (LLME)(6). Microextraction methods offer frequently very low
limits of detection, which makes them an attractive tool for trace compounds
analysis.

In nonexhaustive extraction methods partition coefficient of analyte is
dependent on the nature of matrix, therefore it is of a special importance to
explore matrix influence on extraction in the method development process.
Figure 2 illustrates the influence of matrix type on the partition of analyte:
2-(Z)-heptenal spiked into mayonnaise of different fat contents yields different
peak areas when sampled using static headspace. It indicates the necessity of
careful calibration of the compounds using specific matrix. Food products are
matrices which are homogenous, but can also be non-homogenous. Extraction
of aroma compounds from homogenous matrices simplifies sample preparation,
especially calibration process. However in many instances for non-homogenous
matrices, solid matrices or non-Newtonian liquids, calibration process is more
laborious and sophisticated. For solid matrices spiking standard compounds
to construct calibration curves does not always reflects the interactions, which
exist in naturally occurring compounds. Solid matrices are often homogenized
with water and such pre-prepared matrix is spiked with analytes for calibration
purposes. In case of hydrophobic compounds water addition can ease their
migration into headspace. Such preparation of potato chips to facilitate volatile
lipid oxidation products partition into headspace is shown on Figure 3. The
water addition to chips influences the peak area of 2-(Z)-heptenal and shows
the possibilities of increasing sensitivity of the method using this approach.
Manipulation with matrix by water addition is used often for solid foods (20).

Figure 2. Peak area of 2-(Z)-heptenal spiked at 10mg/L and then extracted by
static headspace technique from mayonnaise of different oil contents (44 – 80%).
For a comparison peak areas of 2-(Z)-heptenal from spiked water and rapeseed

oil are shown.
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Figure 3. Peak area of 2-(Z)-heptenal spiked at 10mg/L and then extracted by
static headspace technique from potato chips prepared in a different way: (5+0)
– 5g of chips, no water added; (4+1) – 4g of chips, 1g of water, vortexed; (1+4)
– 1g of chips, 4g of water, vortexed; (2.5+2.5) – equal amounts on chips and

water (2.5g), vortexed.

Separation Methods

As the aroma compounds are volatile, capillary gas chromatography
is a separation method of a choice with a long tradition. Capillary gas
chromatography when performed on a single column allows separation of few
hundred compounds per analysis. The main obstacle in analyses using single
dimensional chromatography is the coelution of compounds. To overcome this
problem and increase peak capacity of chromatographic system, multidimensional
chromatography was developed. It is performed on a two dimensional (2D GC)
systems, using a method called heart cutting that facilitates transfer of a peak
(or chromatographical fraction of interest) using a special valve or pneumatic
system onto another column, where different separation mechanism is applied.
The other column is connected to a different detector than the first one. 2D GC
has been used to separate complex mixtures, also to provide chiral separation
of odor active isomers in mixtures. Developments in gas chromatography
leading to comprehensive gas chromatography (GCxGC) opened a possibility
to separate few thousand compounds mixtures in a single run. Orthogonal

277

 
 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2014-1185.ch014&iName=master.img-002.jpg&w=323&h=206


separation mechanism is usually performed on nonpolar-polar, or polar non-polar
columns setup. All compounds eluting from the first column enter second column
after being refocused usually by crioconcentration performed in a modulator.
All compounds are transferred into the detector, which is in most cases mass
spectrometer able to acquire spectra in a fast rate, as the second column is usually
a narrowbore, producing very narrow peaks. Such approach is used mainly
for target analysis, where selectivity of the chromatographical system achieved
by physical separation of peaks allows their better identification using mass
spectrometry. As an example Figure 4 shows region of GCxGC chromatogram
of white wine, where 2,4,6-tribromoanisole (TBA) appears (highlighted on
chromatogram, 10ng/L, spiked into white wine). Tribromoanisole is a compound
originating from microbial methylation of bromophenols that are used as
wood preservatives (fungicides) or flame retardants. TBA is responsible for a
musty-corky taint in wine, though its main source is 2,4,6-trichloroanisol (TCA).
Similarly to TCA, TBA has low odor threshold of 4-8ng/L. The upper TIC
chromatogram shows the complexity of the region, where TBA elutes. The peak
due to the low amount of TCA is practically non visible in TIC mode. It can be
seen that analyzing it on a single dimensional chromatography on DB5 column
there are several compounds that can coelute with it in the same time. When
ion m/z=329, characteristic for TBA is extracted, the compound is visible on the
lower chromatogram, however also for the selected mass, there is a noticeable
coelution on DB-5 column with another compound sharing the same ion. TBA is
separated from the potential coeluting componds on Supelcowax-10 used in the
setup as a secondary column, which improves its separation and signal/noise ratio.

Comprehensive gas chromatography (GCxGC) as well as two dimensional
chromatography (2D-GC) are also very helpful in the separation of coeluting
compounds and an unequivocal identification of odor active molecules often
present besides peak of volatiles with lesser or none sensory importance (21–23).

Identification and Quantitation Methods

Identification and quantitation of odor active molecules in flavor research
is based on two main hyphenated techniques: gas chromatography olfactometry
(GC-O) and gas chromatography – mass spectrometry (GC-MS).

Gas chromatography – olfactometry enables identification of odor active
regions in chromatogram, where key odorants are present. Sniffing effluent
from a capillary column and parallel detection using mass spectrometry enables
identification of compounds that interact with receptors in human olfactory bulbs
inducing certain aroma. Screening techniques based on analysis of serially diluted
flavor extract, such as AEDA (1, 10) enable selection of key odorants of particular
food. Figure 5 shows the aromagram of main odorants in fried tempeh (23). FD
(flavor dilution) factors illustrate how many times diluted was the extract in which
a particular compound was still detectable using GC-O. On the figure compound
number 10 (2-acetyl-1-pyrroline, FD 1024) was the predominant key odorant,
followed by 4 detectable ones at a 1:512 dilution (compounds 2, 12, 13, 14), and
more compounds of lower FD factors.
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Figure 4. Flavor dilution factors (FD) vs. peak numbers of main odoriferous
fractions of tempeh fermented for 5 days and fried. Bar numbers correspond
to peaks of: 1) dimethyl sulfide; 2) 2-methylpropanal; 3) 2 and 3-methyl
butanal; 4) 2,3-butanedione; 5) butanol; 6) hexanal; 7) 3-methyl butanol;

8) (Z)-4-heptenal; 9) 1-octene-3-one; 10) 2-acetyl-1-pyrroline; 11)
(Z)-1,5-octadienone; 12) dimethyl trisulfide; 13) 2-ethyl-3,5-dimethylpyrazine;

14) 3-(methylthio)propanal; 15) 2,3-diethyl-5-methylpyrazine; 16)
(E)-2-nonenal; 17) (E,Z)-2,6-nonadienal; 18) phenylacetaldehyde; 19) unknown;

20) (E,E)-2,4-decadienal; 21) 2-methoxy phenol. Based on (17).

Mass spectrometry is a method of choice in the identification of odor active
molecules. Hyphenation of gas chromatography with mass spectrometry provides
a universal tool for the identification of aroma compounds based on their EI
spectra and comparison with commercially available libraries and also provides
a tool for quantitation of even unresolved compounds. Apart from “standard” EI
mass spectra libraries, such as NIST or Wiley, there are more specific libraries
for particular groups of compounds (i.e. pesticides, terpenes). As the quality
of spectra is of substantial importance in proper identification of compounds
the best available separation of volatiles using state of art GC is required. For
the unresolved compounds deconvolution software can be used to identify
compounds from overlapping mass spectra. Such software is either an add-on
to the mass spectra library (Amdis) or is incorporated into instrument’s data
processing software.
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Figure 5. Total ion current (TIC) of a GCxGC chromatogram with eluting
TBA (10ng/L) highlighted. Lower graph shows extracted ion chromatogram

(m/z=329) for TBA.

Identification of aroma compounds present in food is usually a complex task.
Despite the abilities of two dimensional chromatography to resolve a complex
mixtures, single dimensional chromatography is still a prevailing separation
tool in these analyses. As a standard approach analysis of odorants should be
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performed on two columns of different polarities (usually nonpolar ones, such
as DB-1 or DB-5 type, and a polar ones based on Carbowax type phase). For
identification purposes retention times are replaced by retention indices that
are calculated usually based on a series of a-alkanes homologues. There is a
substantial literature data on retention indices of flavor compounds, which provide
useful information for compounds identification. Combination of separation of
a compound on two columns and the mass spectrum gives strong evidences for
compound identity, though is not always sufficient. Retention data and mass
spectra of tentatively identified compounds should be compared with authentic
standards. If not commercially available the compounds should be preferably
synthesized. For additional confirmation gas chromatography – olfactometry
(GC-O) should be performed to compare the odor of analyzed compound with the
authentic standard. For chiral compounds their retention data should be obtained
on chiral columns. For novel compounds identified, their spectral characteristics
should be provided (HRMS, NMR, IR) (7).

After GC-O and GC-MS analyses a list of key odrants (based on FD factors)
is obtained with a sensory characteristic (by GC-O) of particular compound and
compounds identity obtained by GC/MS. The next step after identification of
key odorants is their quantitation. It is usually done using mass spectrometry, as
it is a method that allows the use of isotopically labelled internal standards for
quantitation (SIDA), and also in many cases enables quantitation of inresolved
compounds based on extracted ions or tandem mass spectrometry.

Quantitation of aroma compounds is the most demanding part of analysis,
bearing in mind the complex character of food as a matrix, and often very
low concentrations in which odorants are present. As it is very hard to obtain
analyte-free matrices standard addition method is a preferred one, if SIDA is not
possible. Proper calibration is especially important in such extraction methods
as SPME (24), and can standard addition method, apart from SPME be used
in other isolation methods, such as SAFE, though it requires several analyses
for a compound. Guidelines for the quantitative gas chromatography of flavor
compounds are provided in the literature (8).

Stable isotope dilution analysis (SIDA) is the preferredmethod of quantitation
as the physico-chemical behavior of analyte and its isotopically labelled analogue
are identical, therefore extraction errors are minimized. In Table 1 idenfied key
odorants of tempeh are listed, with their odor characteristics, retention indices
on two different columns, odor thresholds (literature data) and concentration.
11 out of 19 compounds were quantified using SIDA, the remaining ones
using standard addition. Figure 6 shows one of the thempeh key odorants –
1-octene-3-one quantified using 2H3-1-octene-3-one as a deuterated analogue.
For quantitative purposs ions m/z 70 and 73 were selected and analysis was
performed by GCxGC-ToFMS. The last step in quantitative analysis of odorants
is the calculation of OAV (Odor Activity Values), which is a ratio of compounds
concentration to its odor threshold. It indicates the true impact of the compound
on the overall aroma of a particular food. Odor thresholds for the OAV calculation
should be preferably determined in investigated food as a matrix, however usually
OT values for water are used for calculations. Compounds of the highest OAV
have the strongest influence on food aroma.
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Table 1. Main Aroma Fractions of Fried Tempeh Prepared from Soy Fermented for 5 Days (Based on (17))

Compound Odor RIb Wax/DB5 OTc [μg/L] Concd [μg/kg] OAVe

1. dimethyl sulfide cabbage 718/502 7,6 145 19

2. 2-methylpropanal rancid 870/562 0,7 218 311

3. 2 and 3-methyl butanal malty 920/651 0,4 224 560

4. 2,3-butanedione buttery 980/593 15 118 8

5. 2-butanol spoilage 1012/552 17000 3150 <1

6. hexanal grass 1079/801 10 3386 339

7. 3-methyl butanol rancid 1215/732 29930 13488 <1

8. (Z)-4-heptenal rancid 1267/901 0,06 18 300

9. 1-octen-3-one mushroom 1296/980 0,04 21 525

10 2-acetyl-1-pyrroline popcorn 1325/931 0,1 138 1380

11 (Z)-1,5-octadienone geranium 1353/983 0,0012 Nd Nd

12 dimethyl trisulfide cabbage 1369/963 0,01 9 900

13 2-ethyl-3,5-dimethylpyrazine roasted 1445/1081 0,16 54 338

14 3-(methylothio)propanal boiled potato 1449/908 0,2 186 930

15 2,3-diethyl-5methyl pyrazine earthy, roasted 1490/1087 0.09 4,4 49

16 (E)-2-nonenal soap, fatty 1531/1156 0,69 26 38

17 (E,Z)-2,6-nonandienal cucumber 1585/1135 0,03 Nd Nd

18 phenylacetaldehyde honey 1641/1038 6,3 624 99
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Compound Odor RIb Wax/DB5 OTc [μg/L] Concd [μg/kg] OAVe

19 unknown spicy 1688/unkn - Nd Nd

20 (E,E)-2,4-decadienal fatty, fried 1798/1321 0,2 91 455

21 2-methoxy phenol smoke 1859/1089 1 5 5
a –Odor perceived at the sniffing port b - Retention Indices determined on Supelcowax-10 and DB-5 columns c – odor thresholds in water d - mean values
based on three replicates e - odor activity values (OAV) calculated by dividing the concentration of analyte by its odor threshold value.
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Figure 6. (A) - Extracted ion chromatogram (EIC) of ions (m/z=70 and m/z=73)
used for quantitation of 1-octene-1-one in tempeh using SIDA; (B) - mass
spectrum of 1-octene-3-one from tempeh sample; (C) – mass spectrum of

2H3-1-octen-3-one used as a standard for 1-octene-3-on determination. Carbon
atoms with deuterium substituted are shown on formula
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Figure 7. Single reaction monitoring (m/z 343.7 → 328.8) peak for 1ng of TBA spiked into dry white wine.
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Quantitation using mass spectrometry is usually performed on selected
ions obtained either by extraction from total ion current, or obtained using
SIM (Selected Ion Monitoring) mode of quadrupole mass spectrometers. SIM
analysis is usually more sensitive than that run in SCAN mode, however it can
be used only for quantitative purposes. The drawback of SIM approach in aroma
compounds analysis is the complexity of food as a matrix. As volatile compounds
are usually low molecular compounds, often with a low abundance molecular
ions their intense EI fragments are frequiently in a low mass region. This results
often in a noisy baseline, which make the quantitation of odor active compounds
difficult. Therefore selection of ions for SIM and their evaluation must be done
very cautiously (25). Solution for this is the quantitation of compounds based
on CI spectra, which yield much less fragments and abundant protonated or
deprotonated molecular ion. It is also better for SIDA quantitation as molecular
ion conatins all the isotope substitutions. Other solution for this problem is the
use of tandem mass spectrometry, which for complex matrices provide unrivaled
selectivity, eliminating the influence of ions from the matrix, and though in the
most frequently used mode (Multiple Reaction Monitoring, MRM) the signal is
much lower, the matrix background drops substantially increasing signal to noise
ratio. Figure 7 shows the chromatogram of 1ng of 2,4,6-TBA spiked into dry
white wine and obtained using SPME extraction and tandem mass spectrometry
(triple quadrupole) quantitation of this compound in targeted haloanisoles analysis
in wines (26). Signal to noise obtained for TBA (33:1) allowed its reliable
quantitation in concentrations lower than the odor threshold of this compound.

Conclusions
Analysis of aroma compounds in food nowadays benefits from the

developments in chromatographical techniques, where comprehensive gas
chromatography enables separation of up to thousands volatiles per run. Analysis
of aroma compounds should be related to sensory analysis, and sensory guided
approach to the food aroma analysis is the most rationalized but also a challenging
one. Due to the nature of aroma compounds their analysis requires carefully
performed extraction to preserve the flavor of specific product, efficient separation
to avoid coelution problems and reliable quantitation, preferably using stable
isotope analogues to provide reliable results.
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Nuclear magnetic resonance (NMR) spectroscopy is a well-
known analytical technique for simultaneous quantitation and
structural elucidation of small molecules and macromolecules.
In natural products research, quantitative NMR (qNMR) gives
valuable information on metabolites. qNMR is robust with
high precision, good reproducibility and is non-destructive,
compared to traditional analytical methods. It has proven
to be rapid, highly reliable for the determination of purity,
examination of impurities, metabolic profiling, and for the
quantitation of single entities in complex mixtures without
fractionation or isolation. Therefore, qNMR can be used to
simultaneously identify and quantify multiple metabolites.
This chapter discusses current challenges in quantitation,
metabolomics, and sample preparation, as well as the selection
of references for quantitation of health-promoting compounds.

Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a well-known analytical
technique for elucidating the structure of small molecules and macromolecules
(1). NMR spectroscopy uses the application of strong magnetic fields and radio
frequency pulses to the nuclei of atoms. For atoms with odd atomic number (1H)
or odd mass number (13C), the magnetic field will cause the nucleus to possess
spin, which is known as nuclear spin. Absorption of radio frequency energy then
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allows the nuclei to be promoted from low-energy to high-energy spin states, and
the emission of radiation during the subsequent relaxation process is detected.
1HNMR spectroscopy has been used for quantitative analysis during 1963 for
determining the intra-molecular proton ratios (2). In the 1H NMR spectrum,
the chemical shift and coupling constants give valuable information about the
quantitative relationship between intramolecular and inter-molecular resonances.
Also, as long as the analytes contain protons, NMR can analyze any class of
compound. Figure 1 depicts the 1HNMR spectrum of L-citrulline in D2O recorded
at 400 MHz JEOL ECS spectrometer. The chemical shifts of each signal have
been assigned to the respective protons in the L-citrulline molecule. The integral
values in each signal denote the number of protons present in molecule.

Figure 1. Structure of L-citrulline and its proton NMR spectrum shows the
relative integrals and chemical shifts of intra –molecular resonances. The

integral values depends on the number of nuclei per resonance.

In natural products research, quantitative proton nuclear magnetic resonance
(qHNMR) has emerged as one of the most reliable, and suitable techniques for
comprehensive qualitative and quantitative analysis. The main advantage of
qNMR compared to other analytical methods is the primary ratio measurement,
since the peak area in qNMR is proportional to the number of nuclei (CH, CH2 and
CH3) giving rise to the signal. With qNMR, the quantitation of the compounds
present in a complex sample can be performed in a single, rapid, non-destructive
measurement. Sample preparation for qNMR is simple and non-tedious and the
uncertainty in quantification is minimal (3). NMR spectroscopy has additional
advantages, such as the ability to determine molecular structures, the lack of
a requirement for individual experimental setup for authentication, validation,
and calibration, rapid, and non-destructive measurements. It is also possible to
quantitatively analyze multiple metabolites simultaneously from a mixture.
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The applicability and ease of use of qNMR has increased due to availability
of high-sensitivity detection methods, sample changers with good homogeneity,
and modern software packages that allow accurate and precise data processing for
large numbers of samples. In the last decade, researchers have reported intensive
studies using qNMR for the analysis of individual components in complex
mixtures without prior LC separation (4, 5). qNMR does not require a particular
reference standard, but quantification can also be performed using an internal
standard. Various internal standards have been used in qNMR (Table 1), usually
co-dissolved with the sample or introduced in a separate coaxial insert tube.

qNMR and Metabolomics

Metabolomics involves the study of small molecules from cells, plants, foods,
tissues, organisms or other biological tissues. These small molecules include
primary and intermediary metabolites, as well as exogenous compounds, such as
secondary metabolites, drugs, and other compounds. Metabolic fingerprinting
compares patterns, signatures or fingerprints of metabolites that change in
response to external stimuli either in different plant varieties or species, or
in response to adulteration, toxins, drug exposure, environmental or genetic
alterations (6, 7). Metabolomics fingerprinting is a promising tool in clinical
diagnosis, drug screening and toxicology studies (8–12).

One of the main problems in metabolomics is the lack of standardized
methods, especially for global metabolomics analysis. In analytical chemistry,
applications of qNMR include the identification and quantification of targeted
and non-targeted metabolites. More recently, qNMR has been used to provide an
unbiased view of sample composition, and, simultaneously, to quantify multiple
compounds. qNMR has become the method of choice for metabolome studies
and quality control of complex natural samples such as foods, plants, herbal
remedies, and biofluids (10). Metabolomics is often deemed more discriminating
than transcriptomics and proteomics, possibly because there are fewer chemical
metabolites than genes and proteins. The main advantages for metabolic profiling
using qNMR is faster than proteome and transcriptome analyses, as well as
less expensive. Thus, qNMR-based metabolomics presents an ideal choice for
systems biology studies on interactions at different molecular levels (13).

Challenges in Metabolomics Analysis

The main challenge in metabolomics involves the extraction of metabolites
(targeted and non-targeted), detection, identification, and quantification of huge
numbers of compounds present in a wide range of concentrations. To address
this complex challenge, integration of various analytical platforms including
gas chromatography-mass spectrometry (GC-MS), ultra-high performance
liquid chromatography combined with MS (UHPLC-MS) and nuclear magnetic
resonance (NMR) have been explored to improve metabolite coverage and
expand the categories of metabolite identification (14). Moreover, improved
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detection techniques (NMR and LC-MS) have been discussed recently for the
identification of various metabolites (1, 15). Evident demand exists for the
development of robust strategies for preparation of biological samples (16). Due
to the heterogeneity of target samples in metabolomics experiments, selection
of solvents for the extraction of targeted metabolites and preparation of samples
are key steps (17, 18). For example, quantitation of non-polar or mid-polar
metabolites requires extraction with deuterated solvents such as CDCl3, CD2Cl2
whereas polar metabolites can be extracted with various solvents such as
deuterated water (D2O), CD3OD, CD3CN and DMSO-d6. The liquid samples
can be analyzed by lyophilization, followed by extraction with appropriate NMR
grade solvents.

Selection of Samples, Storage, and Processing

Sampling and sample preparation are critical and valuable steps in metabolite
analysis. The sampling time, method of sampling, diurnal, and dietary influences
can greatly affect the reproducibility (19, 20) and have major effects on the
composition of the metabolome (21, 22). The storage of biological samples is
important, as freeze/thaw cycles may have detrimental effects on the stability
and composition of the sample (23–25). All these factors will influence the
precision, accuracy and reproducibility of results. It seems that the biological
variability is always greater than analytical variability, even in studies that use
controlled sampling and sample preparation (26). Extra-cellular metabolite
samples such as urine, depict a period of metabolic activity and are easy to
acquire. Intra-cellular metabolite samples provide a snapshot of the metabolome,
but can be time-consuming and difficult to acquire, depending on the accessibility
of the tissue. Metabolic processes occur rapidly in biological systems, so both
types of samples require quick inhibition of enzymatic processes, generally by
freeze-clamping or freezing in liquid nitrogen after harvesting, and subsequent
storage at -80°C. However, freezing of biological samples has been reported to
cause loss of certain intracellular metabolites (27). To prevent changes in the
composition of the samples during storage, the number of cycles of freezing
and thawing should be minimized. Acidic treatments (perchloric or nitric acid)
may cause severe reduction or degradation of certain metabolites. Physical
and chemical disruption of the cells generally involves extraction with polar or
non-polar solvents, and distribution of metabolites in polar (methanol/water)
and non-polar (chloroform) solvents is also commonly used. Figure 2 shows
the extraction efficiency of curcuminoids extracted using CDCl3, acetone-d6 and
DMSO-d6. Since curcumin is lipophilic in nature, thus CDCl3 showed selective
extraction of curcumin as compared to acetone-d6 and DMSO-d6. The NMR
spectra of polar solvents showed other polar compounds signals along with
curcumin. All signals were assigned, confirmed and quantitatively determined as
curcumin. In case of Figure 2B and 2C, many minor signals denotes the presence
of more compounds extracted in these solvnets. Thus selection of solvent is more
critical to isolate certain targeted metabolites.
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Figure 2. Extraction efficiency of curcuminoids in various solvents such as (A).
CDCl3 (B). Acetone – d6 and (C). DMSO-d6 . Sample (525μL) was transferred to
an NMR tube and coaxial glass tube containing 60 μL 0.012% 3-(trimethylsilyl)
propionic-(2,2,3,3-d4) acid sodium salt in D2O and was inserted into the 5 mm
NMR tube. TSP-d4 in reusable external tube served as a quantitative reference.

The major compound curcumin signals were assigned.

In some cases, the loss of metabolites occurs due to non-specific binding
or adsorption to the container surface; this can be prevented by post-addition of
reagents such as bovine serum albumin or Tween-80 (28). Sample collection
should be non-invasive and randomized. The choice of sample type and method
of sample preparation are critical aspects in metabolomics studies. These aspects
directly affect the data quality, accuracy and interpretation of the results.
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Sample Preparation

Optimization of metabolites isolation without degradation is a critical
step in analytical chemistry. To get satisfactory results, sample preparation
should be simple and rapid to prevent metabolite loss, and it should be
high-throughput to enable processing of large numbers of samples in short
time span. Furthermore, the sample preparation method should be reproducible
and include a metabolism-quenching step to represent the true metabolome
composition at the time of sampling. One more challenge is that the extraction of
metabolites from various matrices, including plants, food, tissues, and organisms,
will vary because of the differences in each matrix; thus, extraction procedures
need to be optimized. The first step in preparation of biological samples is to
freeze at -80°C or in liquid nitrogen, because the pattern of the metabolites may
change prior to analysis. Methanol cooling of samples has often been used as a
simple and rapid method to terminate metabolism and rupture cells, promoting
the release of intracellular metabolites.

As the polarity of the solvent increases, the range of metabolites extraction is
also increases. Moreover, extractions should be performed at suitable pH, which
leads to a maximum recovery of metabolites with minimal extraction interfering
materials. The extraction methods must be highly efficient, nonselective, and
reproducible, and should not cause degradation of the metabolites. However, the
analysis of targeted metabolites or the construction of metabolic profiles requires
a selective method of sample preparation to decrease other compounds that may
interfere with the analysis.

Reference and Calibration Standards.

As similar to any analytical method, qNMR requires calibration. Most
quantitative NMR experiments require referencing of chemical shifts (δ ppm)
and quantitation of NMR signals by calibrating sample and standard signals.
Table 1 shows the most commonly used standards in qNMR, while TMS and
DSS are the IUPAC-approved NMR standards. The referencing and calibration
of chemical shifts are often done externally, that is with a separate sample rather
than with an internal standard. Chemical shifts can also be calibrated using the
residual solvent signal. qNMR requires a well-defined standard material, which
is often termed the reference standard. The primary standard should be highly
pure, have good solubility, be stable and not be volatile (e.g. TMS). Moreover,
it should be a well-characterized material and does not chemically interact with
the analyte. In the case of biological samples (e.g., serum, plasma, and other
biological fluids), which have abundant proteins, lipoproteins and fatty acids, the
selection of internal standard is critical.
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Table 1. Structures of Compounds Used for Determination of Concentrations
by qNMR and Their Molecular Weights and Chemical Shifts

Quantitation of Health-Promoting Compounds in Food

qHNMR has a growing application in analysis of food, because it has
numerous advantages over currently used routine analytical methods (29).
Current chromatographic methods require method development, optimization
of sample preparation, relatively longer analysis times (15-60 min), frequent
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calibrations using identical reference materials. The simplicity and swiftness
of qNMR-based methods have been demonstrated to advance food science and
technology in the study of metabolic and fermentation processes, composition of
foods, or controlling manufacturing stages (29–33). The following two examples
were demonstrated for the quantitation of certain health beneficial compounds
using qNMR.

Quantitation of Curcumin in Turmeric Samples.

Recently, optimized a quantitative proton NMR for the determination of
purity of curcuminoids is reported (29). Curcuminoids are yellow pigments with
many pharmacological properties including antimicrobial, antiviral, antifungal,
anticancer, and anti-inflammatory activities (34). A variety of methods have
been reported for the quantification of the curcuminoids, and most of these
are spectrophotometric methods, which measure the total color content of the
sample (35). Commercial turmeric products contain mixtures of curcumin,
demethoxycurcumin, and bisdemethoxycurcumin. However, spectrophotometric
methods cannot quantify individual curcuminoids. While HPLC method for the
determination of curcuminoids in turmeric was reported (36–38). This HPLC
method requires 20 min run time and uses authenticated standards for calibration
and quantification. While recently developed qNMR method needed less than 5
min, which can be used for quantitation of large numbers of samples.

As an example of the utility of this method, a turmeric powder (50 mg) was
extracted in 1 mL of DMSO-d6 for 30 min by sonication at 40 ºC. The sample was
filtered though 0.45micron filter and analyzed by NMR at a frequency of 400MHz
using 5mmmultinuclear inverse probe. A 525 µLDMSO-d6 extracted sample was
transferred to a NMR tube. An external coaxial glass tube (Wildmad-LabGlass,
Vineland, NJ) containing 60 µL 0.012% 3-(trimethylsilyl) propionic-(2,2,3,3-d4)
acid sodium salt (TSP) solution in D2Owas inserted into the NMR sample tube as a
quantitative reference. The TSP concentration in the tube was pre-calibrated using
a separate standard solution. A sufficiently long (16 s) relaxation delay was used
to ensure full recovery of magnetization from both sample and internal reference
(TSP) for accurate quantization. 1H NMR spectra obtained from the single pulse
sequence were used to determine the curcumin content in turmeric sample. The
purity of the curcumin in turmeric sample was determined by comparing the peak
integrals of the compounds and the reference, taking into account the volume
of the sample, the number of protons that contribute to the peak area and the
molecular weights of curcumin and the reference standard. Figure 3A shows the
1HNMR spectra of the turmeric sample along with TSP. The TSP signal displayed
at δ-0.55 ppm in the sample due to the presence of two solvents in one NMR
tube (525 µL of turmeric sample in DMSO-d6 and 60 µL of TSP in D2O). The
arrow indicates the signals for curcumin and the rest of the signal for other, minor
curcuminoids. Further, the selectivity of each signal was confirmed by spiking a
known amount of pure curcumin into the turmeric sample and recording the spectra
as described above (Figure 3B). This spectrum clearly shows that the assigned
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proton signal intensity is enhanced after spiking with the standard curcumin, which
confirms the selectivity of the signal. Using these signal integral values, the purity
of compounds was determined using the following formula (39).

Figure 3. 1H NMR signal enhancement by spiking with a known standard and
recorded at 400 MHz. (A). Turmeric sample (50 mg) was extracted with 1mL of
DMSO-d6 and 600 μL was used, (B). Turmeric sample (400 μL) was spiked with
10mM curcumin (200 μL). The arrows indicates the enhanced curcumin signals.

IA and IRef are the signal integral values of analyte and reference (e.g. TSP),
respectively.

HA and HRef are the number of protons in analyte and reference, respectively
MA and MRef are the molecular weights of analyte and reference, respectively
CA is the concentration of analyte or weight of sample and CRef is the

concentration of the reference used for the assay.
The purity of curcumin (3.8%) was found to be comparable to HPLC analysis

with <5% CV.

Quantitative Measurement of Purity of Phytochemical-Loaded Nanoparticles.

Citrus limonoids are a class of secondary metabolites known as triterpenoids,
and act as defense agents against insects. Limonoids constitute one of the major
phytochemicals in citrus, along with flavonoids, coumarins, and carotenoids.
However, recent research has discovered the various health benefits and
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pharmacological uses of limonoids, such as antibacterial, antifungal, antiviral,
antioxidant, and anticancer activities (40–42). Limonoids also exhibited anti-HIV,
moderate radical scavenging, and anti-oxidant activities (43, 44). For the first
time, our group reported that certain citrus limonoids inhibit bacterial cell-cell
signaling and biofilm formation (45). Specially, obacunone functioned as the
most potent inhibitor of Escherichia coli O157:H7 biofilm formation (45).
Understanding the structure-function relationship of limonoids plays a vital role
in understanding their biological action. The structure-activity relationships of
limonoids on antifeedant activity was demonstrated. The highest activity was
speculated to furan ring and the epoxide group against insects (46). Furthermore,
the A ring of the limonoid nucleus may be a key regulator for antineoplastic
activity and cancer chemopreventive activity (47, 48), whereas the D ring may
not be associated with biological activity (49, 50). Lipophilic compounds
are emerging as important ingredients of functional foods and prophylactic
formulations due to their ability to inhibit chronic diseases, including cancer.

Figure 4. Phytochemical loaded PLGA nanoparticles of obacunone, nomiln
and limonin were analyzed for purity and identity by quantitative proton NMR
spectra. The spectra was recorded on a JEOL ECS NMR spectrometer at 400
MHz in acetone d6. Each sample 525 μL was taken in 5mm NMR tubes, a
coaxial glass tube (OD 2 mm) containing 65 μL of 0.012% 3-(trimethylsilyl)
propionic-(2,2,3,3-d4) acid sodium salt (TSP-d4) in D2O was inserted into the
NMR tube. TSP-d4 in reusable external tube served as a quantitative reference.
The numbering of proton signals corresponds to the numbering in the structures.
* denotes residual signal from acetone-d6 and ** denotes residual water from

D2O in the coaxial tube containing TSP-d4 reference.
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Recently, nanotechnology has emerged as a promising field of
interdisciplinary research that has opened up a wide array of opportunities
in various fields like agriculture, medicine, health and electronics (51).
Nanoencapsulation-based enhancement of delivery of health beneficial
compounds from agricultural byproducts may also help to improve human
health by preventing chronic diseases (52–55). In this direction, emulsion
diffusion technique (56, 57) was used to formulate nano-biomaterials (poly
lactic-co-glycolic acid, PLGA) loaded with phytochemicals such as limonin,
nomilin and obacunone separately. The purity of the nanoparticles were
determined by qNMR as described earlier (29). A known quantity (2 mg) of
phytochemical-loaded nano-biomaterials was dispersed in 525 μL of acetone
d6 and spectra were recorded at 400 MHz. Figure 4 dipicts the chemical shifts
of all proton signals to the structures of obacunone, nomilin and limonin. The
phytochemical entrapment (w/w) or purity of limonin, nomilin and obacunone
in nano-biomaterial was found to be 47.35 ± 0.79, 52.85 ± 1.02% and 51.72 ±
1.25 respectively.

Conclusions
Quantitative NMR provides a rapid, robust, and relatively simple method

to analyze natural products and biological samples. The main advantages of
this technique are: (a) data can be used to derive molecular structure, (b) short
measuring times, (b) samples are non-destructive and can be used for other
analyses, (c) multiple components can be determined quantitatively using single
reference compound, (d) no specific reference standard are needed, (e) qNMR
has better reproducibility, accuracy, and precision. Thus, qNMR can be used for
quality control for large numbers of samples, standardization of various plant
extracts and their commercially available products and can also be applied for
fingerprinting of other plant-based products with high reproducibility without
specific marker standards.
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Typically, about $1 billion/year is lost when red meat loses
freshness on the shelf. Consumer purchasing decisions depend
on meat color and flavor, which are strongly influenced by
complex nitro-oxidative events within meat muscle tissue. One
goal of this chapter is to explain the loss in meat freshness
linked to the action of peroxynitrite anion ONOO–, a strong
nitro-oxidative agent. The toxicity of abnormally high ONOO–
levels in vivo has been proven, and ONOO– is also suspected
of accelerating meat spoilage by two principal mechanisms:
(1) oxidation of iron atoms in heme-containing globin
proteins, leading to a color change from red to brown, and (2)
peroxidation of unsaturated lipids, leading to flavor degradation.
A second goal is to review electrochemical quantification
methods for ONOO– and its oxidative effects on biologically
relevant molecules, including unsaturated phospholipids within
biological membranes and heme-containing molecules. A third
goal is to examine the natural polyphenols that protect against
peroxynitrite–induced oxidative damage. The final goal is to
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assess research advances and remaining research challenges
related to ONOO–induced oxidative processes that reduce
meat’s shelf life.

1. Introduction: Peroxynitrite’s Formation and Fate In Vivo

The color, flavor and texture of food are critical freshness factors in the
consumer’s decision to purchase muscle foods, especially red meat, such as beef.
Recent studies show that 15% of retail beef is typically discounted in price due of
surface discoloration, resulting in annual revenue losses of $1 billion (1). Color
and flavor are primary indicators of freshness and wholesomeness, so extending
the meat-color lifetime could yield significant economic benefits. Loss of red
meat color is largely due to oxidative processes whose rate depends on conditions
before and after harvesting, the so-called pre- and postmortem stages of meat.

Recent work in food science hypothesized the role of peroxynitrite (PON) as
a strong promoter and modulator of the myoglobin oxidation, which contributes
to discoloration of the muscle foods (3, 4, 10, 11). Furthermore, it is known that
PON and its associated radicals induce lipid peroxidation via the abstraction of a
hydrogen atom from unsaturated fatty acids, which are components of lipoproteins
and phospholipids that compose bilayer lipid membranes (BLM) and liposomes
(8, 12). PON’s role in the oxidative degradation of lipids contained in muscle
foods can be studied by monitoring PON-induced damage to synthetic bilayer
lipid membranes (BLM) that mimic cell membranes (13–15). PON-induced
degradation of lipids could potentially be prevented via natural antioxidants (e.g.,
polyphenolic compounds) that scavenge radicals or catalyze decomposition of
PON (16–18).

Lipids are important components of muscle tissue and known to enhance the
flavor, tenderness and juiciness of fresh meat (2–4). In addition, PON is a reactive
oxygen species (ROS) and powerful cytotoxic agent in vivo (5–7). Biochemical
and medical research of the last two decades has confirmed the involvement of
PON and its associated radicals in many major degenerative patho-physiological
processes (8, 9).

The PON anion ONOO− is formed by the reaction of two precursors: the nitric
oxide free radical (NO•) and the superoxide anion (O2•–) (5–8). The PON reaction
pathway is coupled with reactions involving other reactive nitrogen and oxygen
species (RNS; ROS), as shown in Figure 1.

One precursor, NO• nitric oxide derives from a 2-step catalytic oxidation of
L-arginine by nitric oxide synthases. Superoxide can be leaked by respiratory
chain enzymes, generated by several oxidases, or produced by inflammatory
processes (8, 12). The O2•– and NO• precursors are combined (rates 3 - 20 x 109
M-1s-1) in diffusion-controlled reactions whose rates exceed those of most other
cellular events. This high reaction rate ensures PON formation virtually whenever
the precursors are in close proximity (5–7). When CO2 is present, it will react with
PON to form nitrosoperoxy-carbonate (ONOOCO2−) as the predominant product.
(8, 12). A controlled level of PON within normal limits has a protective role in
homeostasis of healthy cells and organisms. For example, PON participates in
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redox regulation of critical signaling pathways by triggering protective signals
against ischemia-reperfusion injury (8). However, an excessively high PON
level is correlated with cytotoxicity and pathological conditions including stroke,
cancer, diabetes complications, chronic inflammation, and several devastating
neurodegenerative conditions (7, 8, 12).

Figure 1. The formation of ONOO– anion from superoxide O2•–) and nitric oxide
(NO•), with the conjugate peroxynitrous acid (ONOOH). The reaction pathway
illustrats the formation of the other reactive oxygen species and reactive nitrogen
species (ROS, RNS). Reproduced with permission from reference (22) copyright

2008 American Chemical Society. See text for more details.

This chapter outlines advances in PON detection with electrochemical
methods, typically preferred over the chemiluminiscence and fluorescence
optical analytical techniques (20, 21), especially when in situ measuring speed
is critical. Broadly defined, electrochemistry investigates the redox processes of
electron transfer at polarized interfaces, typically with a three-electrode setup:
working (WE), auxiliary or counter (Aux), and reference (Ref). Two very basic
electrochemical methods used in solution are the cyclic voltammetry (CV) and
the amperometry (CA). During CV, the electric potential is cycled between two
set values, while the current is measured. For CA, the WE is polarized at a
fixed potential and the current is measured continuously in time, while different
aliquots of analyte are added sequentially to the solution. Changes in current are
correlated with analyte concentration, in calibration graphs showing the linear
response. The PON electrochemical sensing was recently reviewed (101, 102)
and recent develpments are critically discussed in the Section 4 of this chapter.
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2. Peroxynitrite Interaction with Lipid Membranes

PON with its related radical products is known to induce peroxidation of
membrane phospholipids. The established methods to detect lipid oxidation
include the measurement of one or more of the following types: absorption of
oxygen, loss of initial substrates, formation of free radicals, or formation of
primary and/or secondary radicals (94). The individual physical and chemical
tests totaled about thirty different methods, ranging from sensory analysis by
a trained panel, to using antioxidant activity (ready-to-use) kits, differential
scale calorimetry (DSC), or more complex equipment such as Fourier transform
infrared spectroscopy (FTIR) or electron spin resonance (ESR) (94). By looking
at the total number of lipid oxidation tests, the authors’ opinion is that this
diversity of methods on several levels (analysis time, technical complexity,
operational cost) could bring too much experimental variability, due to differences
in the results obtained by different operators, using different methods, on different
brands of equipment, to test food samples having inherent differences.

One way in which PON induces toxicity in vivo is by degrading cell
membranes. The degradation may be mediated either by ONOO− or its conjugate
peroxynitrous acid ONOOH. (8, 9). A simplified conceptual model of lipid
peroxidation by PON in a BLM is illustrated in Figure 2. This figure only
considers select ROS reactions. The action of PON as a nitrating agent is well
documented, but these actions will not be discussed here.

Figure 2. Conceptual model of lipid peroxidation in a BLM that takes into
account the ROS illustrated in Figure 1. Legend: ONOOH, peroxynitrous acid;
LH, unsaturated lipid; LOO•, lipid peroxyl radical; LOOH, lipid hydroxyl
peroxide. Modified with elements reproduced with permission from reference

(32) copyright 2014 Wikipedia and from references (34) copyright 2006 Brasilian
Society of Chemistry. See text for more details.

PON and its associated radical products are known to induce peroxidation of
phospholipids in BLM, liposomes, and lipoproteins via abstraction of a hydrogen
atom from unsaturated fatty acids (8, 9). The resulting products from reactions
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of unsaturated lipid peroxidation (ULP), as well as nitration reactions, have
the potential to influence membrane integrity, fluidity, and other physiological
properties of the BLM.

Numerous in vivo and in vitro studies of effects of oxidative processes on
meat quality have demonstrated that PON and associated oxidative species,
including hydroxyl and peroxyl radicals are capable of inducing biochemical
changes. These biochemical changes may be associated in part with BLM
phenomena (16). Hydroxyl and peroxyl radicals resulting from lipid peroxidation
can cause significant biological consequences including an increase in membrane
viscosity and permeability, a decrease in membrane electrical resistance and
fluidity, as well as enhanced lipid exchange between upper and lower leaflet of
the BLM (23–26).

A primary function of cell membranes is to provide a selective permeability
barrier to ions. The BLM’s resistance to ion transport can be measured using
EIS and other methods that have the potential to be adapted to high throughput
operation (13–15). In addition, electrochemical assays provide real-time,
label-free, direct PON quantification of peroxynitrite (20, 21). Thus, BLM-based
electrochemical methods offer the potential of simultaneously measuring the
PON local concentration and other reactive nitrogen oxide species (RNOS), as
well as the resulting changes in biomembrane impedance resulting from lipid
peroxidation and nitration.

Figure 3. Current profiles of pBLM composed of 1,2-diphytanoyl-sn-glycero-
3-phosphocholine(DPhPC). Lower curve: immediately after BLM formation.
Upper curve: after 24 h exposure to air. Experiments performed in HEPES

buffer (20 mM HEPES, 20 KCl, pH7.4) at a sampling frequency of 1000 Hz and
applied potential of +100 mV.
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Characterization of the effect of RNOS on lipid bilayers is challenging when
using intact cell membranes, because the RNOS may influence many different
molecules within the membrane, including a broad spectrum of membrane
proteins. To isolate the effects of RNOS on the lipids, synthetic BLMmay be used
as a biomimetic substitute for intact biological membranes. A variety of model
synthetic BLMs have been used for electrochemical studies, including the planar
(pBLM) and tethered BLM (tBLM). The composition of the synthetic BLM can
be customized to test hypotheses and meet experimental objectives. These two
methodologies have been widely used to study channel peptides/proteins, toxins,
and engineered nanomaterials because of their easy setup, high resolution and
high sensitivity (13).

The pBLM method provides extremely high ion-current sensitivity, on the
order of pA, and can measure dynamics of a single transient pore with time
resolution on the order of ms (19, 27). BLM lipid degradation can trigger transient
current spikes, extended integral conductance, and increased baseline current.
Some of these effects are shown in Figure 3, which contrasts the ion currents for a
single pBLM formed across a 760 nm pore immediately after formation and after
the pBLM was aged by 24h of air exposure. Immediately after formation with
fresh lipids, the pBLM exhibited a stable baseline current of about 1 pA. However,
after exposure to the air for 24 h, the baseline current was three-fold higher, and
both current spikes and integral conductance (i.e., extended periods of increased
current) were observed. This evidence of impaired membrane impedance due to
oxidized lipids was obtained using saturated diphytanoyl lipids, which are less
susceptible to oxidative damage than phospholipids containing unsaturated fatty
acids (e.g., oleoyl).

Figure 4. Schematic diagram of EIS characterization of interaction between
tBLM and peroxynitrite. C, R and W represent counter, reference and working

electrode, respectively.
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The tBLM method offers the advantage of a more stable membrane
than a pBLM. Electrochemical impedance spectroscopy (28) (Figure
4) is commonly used to measure changes in membrane resistance due
to agents that create membrane pores (e.g., channel-forming proteins
(14)) or disrupt membranes, (e.g., engineered nanomaterials (13)). In
preliminary studies, we observed that the resistance of a tBLM composed of
1, 2-dipalmitoyl-sn-glycero-phosphothioethanol (DPPTE) lower leaflet and 1,
2-dioleoyl-sn-glycero-phosphocholine (DOPC) upper leaflet increased during
exposure to 30 mM from a PON donor, 3-morpholino-sydnonimine (SIN-1),
which generated about 300 μM PON. However, this increase in impedance was
prevented by the addition of an iron porphyrin that catalyzes PON decomposition.
Because DOPC is commonly found in cell membranes and each molecule of
DOPC has two unsaturated lipid chains, this finding suggests that electrochemical
characterization of a DOPC BLM (either pBLM or tBLM) following PON
exposure represents a potentially valuable model system to characterize
PON-induced ULP reactions.

3. Oxidative Processes in the Muscle Tissue

The freshness of raw meat is indicated by its color, texture and olfactory cues.
Reduced ferrous Fe (II) myoglobin (Mb) imparts the purple-red color associated
with fresh meat. Oxidation of Mb’s iron atom to the ferric Fe (III) oxidation state
results in a color transition to brown, visually indicating a loss of freshness. The
rate of this oxidation process thus plays a significant role in raw meat’s shelf life.
Food chemistry research has shown that PON promotes and modulates oxidation
ofMb to metmyoglobin (metMb) (29, 34), and is thus involved in the discoloration
of muscle foods. Moreover, experimental evidence (30, 31) indicates a possible
link between ULP and the heme-containing globin oxidation (HGO), suggesting
that PON plays a central role for both classes of meat degradation reactions.

In living muscle, the metmyoglobin (metMb) concentration is extremely
small, due to the presence of the enzyme metmyoglobin reductase (MMR). This
enzyme, in the presence of the cofactor NADH and co-enzyme cytochrome b4
reduces the Fe(III) from the heme prostethic group of metMb back to Fe(II)
of reduced myoglobin (33, 34). By contrast, in raw meat, metabolic processes
responsible for NADH regeneration and metmyoglobin reduction are unavailable,
so metmyoglobin accumulates, leading the color change associated with meat
aging.

The PON interaction with meat myoglobin will be considered next. Its
precursors NO• and O2•– are both present in fresh meat. The inorganic chemistry
of meat, including PON interactions with Mb, has been explored by a number of
authors. (29, 34). Research (35, 36) indicated that, by analogy to the oxidation
of oxymyoglobin with hydrogen peroxide, the myoglobin should react with
peroxynitrous acid ONOOH via 2-electron oxidation of myoglobin MbFe(II) in
equilibrium with oxymyoglobin MbFe(II)O2:

309

 
 



In addition, fast-scan UV-Vis spectroscopy data revealed that ONOOH
mediates the oxidation ofMbFe(II) in a 2 steps reaction. First,MbFe(II) is rapidly
oxidized to ferrylmyoglobin MbFe(IV) = O, which reacts next with PON to form
the metmyoglobin MbFe(III)OH2 as illustrated in Equations 1-2. According
with ab initio calculations (29), the ONOO• radical is unstable and thus prone to
dissociation into NO• and O2 as shown in Equation 3:

Figure 5. The meat color cycle. See text for more details.

The “meat color cycle” is illustrated in Figure 5 as the interconver-sion
between myoglobin’s different forms. The purple, cherry-red color oxymyoglobin
is oxidized into the grey-brown color metmyoglobin and the O2•– is generated
in an uncatalyzed reaction. Next, the metMb is reduced to Mb by the MMR.
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This reduced form readily binds molecular oxygen to yield oxymyoglobin. The
same pathway illustrates how the O2•– dismutates to H2O2 and O2 in the presence
of superoxide dismutase (SOD). Significantly, O2•– will react with the NO• to
produce the PON coupled with its conjugate peroxynitrous acid ONOOH. This
creates an avenue of interaction between the processes of ULP and HGO. In
regards to the meat color cycle, the MMR enzyme is reported to be still partially
effective in freshly harvested muscle tissue (38, 39). The color stability of meat
throughout processing, storage and display is a complex process that depends on
multiple factors, including post mortem pH, storage temperature, addition of salt,
O2 and light exposure during display or packaging.

Next, the coupling between lipid oxidation and meat myoglobin oxidation.
The ULP generates off-flavors, much as the HGO results in meat discoloration
(31, 37). Both of these processes decrease the value of meat products, and thus
research has explored their interaction. Amino acids in meat protein were shown
to be vulnerable to products of lipid oxidation, in fact more prone to damage
by lipid oxidation secondary products (i.e., aldehydes) than primary products
of lipid oxidation (i.e., hydroperoxides). On the other hand, these secondary
products can interact with the amino acid residues of proteins regulating the
proteins’ structure and function (40). Fatty acid (lipid) oxidation was shown to
promote protein (meat) oxidation, in animals fed with fatty acids having different
degrees of unsaturation (41). Also, it was discovered that feeding animals with
oxidized oil induced a higher level of protein carbonyl groups, a marker of
oxidative stress (42). Some proteins in muscle foods, especially myoglobin, can
act as pro-oxidants that initiate and accelerate lipid oxidation (43). Also, higher
levels of oxygen in packaged beef were associated with increased lipid oxidation,
accelerating color degradation in the meat (44).

These results support the hypothesis that protein oxidation products enhance
the rate of lipid oxidation and vice versa (31). Several reviews have cited evidence
that myoglobin and lipid (per)oxidation and underlying mechanisms are in fact
linked (31, 43, 45). Because oxidative reactions involving lipids and proteins can
influence meat quality during post mortem aging, strategies involving antioxidants
have been proposed to extent shelf life. Such strategies, including addition of
antioxidants such as addition of vitamin E to the animal’s diet have been reviewed
by Lund et al. (46).

A body of published inquiries seems to indicate that PON can accelerate
oxidative degradation of muscle foods by generating free radicals that initiate
lipid peroxidation and by reacting with cellular components to decrease the
anti-oxidative capacity (3, 4, 15, 34, 47, 48). Moreover, fresh meat is a complex
and gradually changing milieu, whose properties are influenced by environmental,
health, and nutritional factors acting both before and after the animal meat is
harvested, including a) the composition of the animal’s diet; b) the animal’s
physiological state, which is influenced by the animal’s age and general health;
c) pre-harvesting animal handling procedures, including low water availability
or exposure to extreme temperatures, that might induce nitro-oxidative stress; d)
meat-harvesting practices, including rough handling during transportation to, or
processing at the abattoir site; and e) the meat storage conditions the first few
days post-mortem (49, 50).
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3.3. Scavengers of the Peroxynitrite Caused Injury: Natural Polyphenols
from Grapes and Grape Products

Natural antioxidants from fruits and vegetables are powerful scavengers
of radical species, including PON (17). Although these antioxidants may be
present in somewhat limited amounts in the organism due to bioavailability and
transformation, they can protect against nitro-oxidative stress. The huge potential
of natural antioxidants is indicated by several ongoing clinical trials assessing
antioxidant effects of natural substances for alleviating a number of medical
conditions (18).

In this section we will focus on a special class of natural PON scavengers,
namely polyphenolic compounds from grapes and wine (Figure 6), which are
often natural companions of meat during meals. Recent studies have shown
that consumption of partially oxidized meat increases lipid peroxidation in the
stomach, increasing absorption of cytotoxic lipid peroxidation products in the
body. When meals included red wine polyphenols in addition to meat, the level
of malondialdehyde (MDA, an indicator of biological oxidative stress) in plasma
was significantly lower (51, 52). Moreover, natural polyphenols seem to modulate
the endogenous antioxidant system while lowering the risk of death from some
diseases, including cardiovascular, neurodegenerative diseases, diabetes, or some
types of cancer (18). Consumption of red wine is believed to lower the risk of
death from coronary heart disease (53) by preventing the oxidation of LDL, or
bad cholesterol (54). Resveratrol, the famous wine polyphenol, was reported to
possess anti-cancer (55), anti-inflamatory (56), and anti-aging activity (57). Its
role in cardiovascular, cerebral and metabolic diseases was recently reviewed
(18).

Grapes contain high amounts of polyphenolic compounds distributed in the
grape skin, seeds and pulp. A glass of red wine is estimated to contain about
100 mg polyphenols (58) which contribute to its high antioxidant capacity.
Polyphenols from wine are classified in two categories (Figure 6) flavonoid and
nonflavonoid compounds (stilbenes, phenolic acids, and tannins). These natural
antioxidants were shown to intervene and alleviate all transformations induced by
PON such as protein nitration and oxidation, DNA damage, or lipid peroxidation
(59–61).

To give a few examples, phenolic compounds like gallic acid, tyrosol, caffeic
acid, resveratrol and epicatechin protected various cell cultures (primary cortical
neurons, bovine aorthic endothelial cells etc) against PON-induced injury (62, 64,
65)) as illustrated in Figure 7. Epicatechin prevented the nitration of fibrinogen
(59) (Figure 7A). Resveratrol minimised the intracellular depletion of glutathione
(the endogenous antioxidant), caused by PON (62) (Figure 7B). Ellagic acid
protected against single strand breaks produced by incubating DNA with PON
(63) (Figure 7C).

The scavenging activity of red wines against PON was found to be correlated
with their polyphenolic content (66). On the other hand, individual polyphenols
from grapes and wines exert their protective effect against PON-induced
transformations through different mechanisms. To complicate things further,
for the same compound (e.g resveratrol), the protective action corresponds to
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different reaction pathways at various concentrations levels (62). Also, synergies
and antagonisms between various antioxidants influence the global antioxidant
effect in mixtures.

Figure 6. Phenolic compounds from grapes and wine.

Mechanisms by which natural compounds from grapes and wines exert their
antioxidant effect range from direct scavenging of PON and PON-derived radicals
to activation of transcription factors (67) or inhibition of radical-producing
enzymes (68). For example, a 50 µM concentration of resveratrol upregulated
the intracellular content of glutathione, minimizing the depletion due to PON
(62). Procyanidins from grape seeds prevented PON attack to vascular cells by
binding to the surface of coronary endothelial cells (69). Flavonoids exert their
protective effect against PON -induced DNA damage most likely indirectly, by
scavenging free radicals produced by PON ( nitrogen dioxide, carbonate and
hydroxyl radicals) (70, 71).

The PON scavenging activity of polyphenols is related to their chemical
structure. For flavonoids (Figure 6), the presence of the 3’, 5’-dihydroxy structure
in the B ring, a catechol moiety, offers a higher stability and provides scavenging
activity (72). The presence of 3- and 5-hydroxy groups with 4-oxo function in
the A and a C rings ensures a maximum scavenging activity. Compared with
the aglycone antioxidants, glycosylation decreases the radical scavenger activity
(72). For the stilbene resveratrol (structure also in Figure 6), the 4-hydroxyl
group in its ring B and the m-hydroxyl configuration in ring A are critical for its
scavenging activity (73–75). Methods used to study the PON antioxidant effect of
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polyphenolic compounds in grape extracts and wines include direct quantitative
measurement of PON levels and indirect assessment of protective effects on
PON-tyrosine (PON-Tyr) interaction (i) and PON-induced DNA damage (ii).

Direct detection of PON by chemiluminescence and fluorescence methods
proved helpful to rank the scavenging activity of several polyphenols (+)-catechin,
(-)-epicatechin, and myricitrin (76) or to emphasize for example reduced plasma
PON levels in diabetic rats whose diets were supplemented with resveratrol (77).

Figure 7. A: The effect of epicathechin on PON-indiced changes in fibrinogen
clotting. B: Cellular glutathione content in bovine aorthic endothelial cells

treated with 500 µM PON after pre-incubation with resveratrol. C: Protection by
ellagic acid against PON-mediated strand breaks in DNA. The relative intensity
of open circular and supercoiled DNA in the PON-untreated sample (lane 1), the
ellagic acid-treated samples (lanes 3–6), versus the sample treated with PON
only (lane 2). Reproduced with permission from references (62) copyright 2006,
from reference (63) copyright 2009 and from reference (88) copyright 2012,

all Elsevier.

3.3.1. Antioxidant Effect of Polyphenols on PON-Tyrosine Interaction

Formation of nitrogen dioxide radical from PON as result of its fast reaction
with carbon dioxide in biological media triggers further attack on biomolecules,
leading to nitrated compounds (70). It has been demonstrated both in vivo

314

 
 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2014-1185.ch016&iName=master.img-010.jpg&w=262&h=222


and in animal models that increased levels of 3-nitro-Tyr are associated with
cardiovascular disease, atherosclerosis, ischemia–reperfusion, and stroke (78–81).
In all, more than 50 human diseases are associated with increased levels of
nitrated proteins (82).

Tyr is a non-essential amino acid with a polar side group. Most Tyr residues
in proteins are surface-exposed and, as a consequence, are available for nitration
by PON (83, 84). Besides Tyr, tryptophan (Trp) is another amino acid that can be
nitrated by PON in proteins, leading to 6-nitro-Trp as a major product (85, 86).

The nitrating effect of PON has been exploited for screening various radical
scavenging compounds and for studying the precise modifications induced
in proteins upon attack by PON. Scavenger screening studies relied on the
PON-induced nitration of either free tyr or of proteins such as collagen (87)
bovine serum albumin (63) and fibrinogen (61, 88). Among these, fibrinogen is
particularly sensitive to the toxic action of PON. Fibrinogen is a glycoprotein
representing 4% of the total plasma proteins. PON produces both structural and
functional changes in this protein (89, 90), as nitration of fibrinogen by PON
translates further into changes in its clotting ability (88). Cardiovascular diseases
are associated with an increase of nitrated fibrinogen (8).

Several methods have been described for evaluating the nitration of Tyr and
Trp residues in proteins: HPLC (with coulometric, UV or mass spectrometry
detection), ELISA or Western blotting. Specificity of the detection in complex
biological samples was ensured by using either chromatographic separation (73,
91–93) or by using specific antibodies against 6-nitro-Trp and 3-nitro-Tyr (59,
85, 86, 94, 95) In studies aimed at identifying nitration sites the two approaches
were usually combined. Detection limits for 3-NO2-Tyr were in some cases less
than 1 nM (92).

Several natural antioxidants such as sinapinic acid, ellagic acid, epicatechin,
catechin, rutin, quercetin and resveratrol (59, 61, 63, 73, 87), as well as grape seed
(59) and grape extracts (73) were found to inhibit the PON-induced formation of
3-nitro-Tyr.

The antiradical effect of grape extracts, pure antioxidants and mixtures
of phenolic compounds from grapes (catechin, rutin, epicatechin, quercetin
and resveratrol) (73) was expressed as the amount of polyphenolic compounds
necessary to inhibit 50% of nitration of free Tyr induced by PON. One study
compared the interactions between pure compounds observed via the inhibition of
PON-induced Tyr nitration with those emphasized by a classic test of antioxidant
capacity, 2,2-diphenylpicrylhydrazyl (DPPH) and found differences between the
results and trends gathered via these two methods (73). Different results between
antioxidant assays are however a common occurrence, due to the different
underlying principles and different radical species involved (73).

For some polyphenols (ellagic acid, epicatechin, shown in Figure 6), the
magnitude of their protective effect in vitro was concentration-dependent (59,
63), while for others like resveratrol no such dependence was found (61).
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3.3.2. Effect on DNA Damage

PON reacts with DNA, causing mutations and structural damage. Antibodies
generated against PON-treated DNA appear to bind DNA from patients suffering
of various types of cancer but not DNA from healthy individuals, suggesting that
peroxynitrate-induced stress plays a role in cancer etiopathology (60). PON can
damage DNA by attacking either the sugar-phosphate backbone (leading to DNA
single strand breaks (96) or DNA bases, with guanine being the most susceptible
to oxidation and nitration by PON (97).

Some flavonoids with an ortho-trihydroxyl group were shown to inhibit
the PON-mediated formation of 8-nitroguanine in calf-thymus DNA (98)
while other dietary antioxidants (epigallocatechin-gallate, quercetin, and rutin)
protected against PON-induced DNA damage manifested through the formation
of 8-hydroxy-2’-deoxyguanosine (99). Single strand breaks due to PON attack
were either minimised or totally abolished by ellagic acid (63) and various
flavonoids (myricetin, myricitrin, epigallocatechingallate, quercetin, rutin etc
(71, 98–100). The protective effect of ellagic acid against single strand breaks
damage (produced by incubating DNAwith PON) was proportional to antioxidant
concentration in the range 0.1-100 µM (63).

A simple and fast colorimetric method allowed the protective effects of
various antioxidants such as gallic acid, caffeic acid and ascorbic acid against
ONOO−-induced DNA damage to be compared (100). The method relies on single
strand DNA adsorbed on gold nanoparticles. Upon attack by PON, the strands are
cleaved to smaller fragments that can no longer prevent the electrostatic attraction
between particles. The resuling aggregation determines a color change of the
nanoparticle dispersion from red to blue.

4. Peroxynitrite Detection: Focus on Electrochemical Sensors

PON has also been shown to have cytoprotective roles in the redox regulation
of critical signaling pathways. Specifically, PON is modulating the protective
signals against ischemia-reperfusion injury and neural apoptosis (8, 12, 101).
Thus, the dynamic concentration of PON generated in tissues under various
conditions, and the balance to local concentrations of other species such as NO•,
seem to modulate its role in many vital cellullar functions. Efforts by biochemists
and physiologists to clarify both PON’s negative and positive physiological roles
require the ability to measure PON accurately in vivo in real time (21, 101).
This section outlines recent research on ONOO− electrochemical sensing. Other
detection methods, such as the fluorescent or (bio)luminescent probes have been
recently presented in detail elsewhere (102) and will not be covered here.

4.1. Preparation Methods for Peroxynitrite

Maintaining a controllable, stable PON concentration during experiments is
important but challenging, due to PON’s fast reaction kinetics. Challenges and
approaches used to provide a stable PON supply are briefly reviewed below.
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Two practical approaches used to provide PON are (i) adding aliquots of
chemically synthesized, stable alkaline solutions of PON and (ii) in situ generation
of PON from various donors. Chemical synthesis of PONwas achieved by various
pathways, including use of ozone and sodium azide (103–105) hydroxylamine
oxidation (106), reaction of hydrogen peroxide with alkyl nitrite (107, 108) or
sodium nitrite (109, 110). Fresh chemically synthesized PON in alkaline solutions
can be aliquoted and kept at -80º C for several months. The PON concentration
is typically derived from the absorbance at 302 nm using the molar extinction
coefficient (molar absorptivity) ε = 1670 L mol−1 cm−1 (111).

Peroxynitrite can be generated in situ at physiological pH using various donors
(112, 113), including SIN-1 (114–117). SIN-1 decomposes spontaneously and
liberates NO• and O2•– and with a 1:1 stoichiometry, thereby generating ONOO−

continuously for a period of time (118). A solution of 1mM SIN-1 is known to
release PON at a rate of 1µM/min (114). However the decomposition kinetics are
influenced by the composition of the medium (119). The peak concentration of
peroxynitrite is linearly correlated with SIN-1 concentration. Most authors have
reported a PON concentration of 1.2–3.6% of the added SIN-1 (114–117). Electron
spin resonance spectroscopy (ESR) was used to derive the PON formation rate at
a rate of 1 μM min-1 PON from 1 mM SIN-1 in phosphate buffer solution (PBS).

4.2. Electrochemical Quantification of Peroxynitrite

Several recent reviews have appraised methods for PON detection, mainly by
electrochemical techniques (22, 121) and optical (fluorescence and lumi-nescence)
methods (21, 101, 102). This section describes the state of the art PON-sensitive
electrochemical sensing via hybrid films, their quantification mechanism and
response performance: detection limit, sensitivity and measuring range, where
available. Advantages, drawbacks and challenges of the various methods are also
analyzed. Table 1 outlines several recent significant contributions.

The group of Amatorehas developed several innovative methods (122–128)
supported by both theoretical and experimental models. Among these, one
technique involved the concurrent quantification of NO, O2˙− and ONOO− in
the vicinity of a single cell (123, 126). The amperometric studies performed on
fibroblast cells at different oxidative potentials have shown a complex response
that apparently incorporated multiple electroactive species. Indeed, the in vivo
experimental data involved several oxidative waves, successively confirmed by
in vitro experiments with platinized carbon microfiber electrodes (Pt-C μFEs) for
stable solutions. The inset (A) in Table 1 illustrates the species H2O2, ONOO−,
NO, NO2− being directly oxidized by Pt-C μFEs at their distinct potentials vs. a
standard saturated calomel electrode (SSCE). In addition, the same concept was
applied to nano-electrodes placed inside macrophages to detect these RNOS in
vivo under relevant conditions (129). The integration of the reconstructed fluxes
of the RNOS allowed the calculation of an average total amount of each species,
detected as shown in inset (B) same table (126). This intriguing assay procedure
allowed the exploration of a carefully controlled biological environment; however
its merits still remain to be fully appreciated for unknown, complex in vivo
configurations.
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Bedioui and colleagues reported a number of PON-sensitive films
and methods (130–132), including ONOO− detection on bare gold (Au)
microelectrodes (μEs) by amperometry at -0.1 V vs. Ag/AgCl in PBS (132).
The simultaneous detection of ONOO− and NO was also revealed. The NO
detection involved using a polyeugenol–polyphenol film at +0.8 V vs. Ag/AgCl.
This method was developed for an on-chip electrochemical sensor array (ESA)
platform with individually addressable Au μEs for simultaneous screening of
NO• and PON, as shown in insets (C) and (D). The ESA was interfaced with cell
culture wells (132).

Notably, several synthetic manganese complexes were employed as
components in ONOO− sensitive electroactive films on electrodes. For instance,
Koh and colleagues (133) synthesized a manganese–polymer complex film
with the polydithienyl-pyrrole-benzoic acid (pDPB) by electrodeposition onto a
Platinum (Pt) μEs. This (Mn-pDPB) film was decorated with electrodeposited
Au nanoparticles that reportedly enhanced the PON reduction, according to the
reaction scheme from inset (E) and calibration graph from (F). Moreover, an
increase in selectivity was reported by using an outer layer of polyethyleneimine
(PEI). The interferents tested included several electroactive species and PON
decomposition molecules (133). The selectivity was reported as satisfactory,
allowing these Mn-pDPB-PEI μEs to be employed for the PON determination in
vitro on glioma tumor cells. To further validate this work, it would be useful to
repeat the same experiments with the “genuine” synthetic PON freshly prepared.

The group of Malinski (134) used a manganese(III) [2-2]paracyclophenyl-
porphyrin (MnPCP) film electrodeposited on carbon microfiber electrodes (CµFE)
for PON detection in the presence of NO and O2•−. The chronoamperometry was
conducted with the three working electrodes poised at different potentials, namely
0.67 V for NO, 0.35 V for O2•− and -0.35 V for ONOO−. Carbon µFEs were
modified with a MnPCP film. Detection was based on the reduction of ONOO−.
The concentration ratio [NO] / [ONOO−] was reported as a potentially useful
marker to diagnose cardiovascular disease. (134). The same group quantified
PON after release upon stimulation by a beta-blocker medication, Nebivolol (135)
as illustrated in inset (G).

L.T. Jin and colleagues used Mn(III) tetraamino-phthalocyanine (MnTAPC)
(136) as films electropolymerized onto C μFEs. Quantum chemistry predicted the
outermost oxygen atom from ONOO− would provide the lone-pair electron to the
center of the Mn atom of the MnTAPC, with formation of an axial coordination
complex with the reaction scheme as in inset (J). This reaction shows that PON
was oxidized to nitric dioxygen and nitrite (136). Differential pulse amperometry
(DPA) current was recorded as the difference between the values at the potentials
0.20 V and 0.0 V vs Ag/AgCl. In addition, a poly(4-vinylpyridine) positively
charged film was placed on the MnTAPC microsensor, and its cation-repulsive
barrier functioned as a diffusional screen for larger molecules. The selectivity
was tested against a list of electroactive interfering agents from biological media.
(136). This microsensor was utilized with DPA to quantify PON at the surface of
single myocardial cells as shown in inset (K). The improvement in selectivity is
noteworthy; however the addition of a selective membrane typically comes at the
expense of the response time, which is a drawback when fast detection is needed.
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Table 1. ONOO− Sensitive Electrochemical Methods (More Details in Text)
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Table 1. (Continued) ONOO− Sensitive Electrochemical Methods (More
Details in Text)
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Table 1. (Continued) ONOO− Sensitive Electrochemical Methods (More
Details in Text)
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The cobalt compound cyanocobalamin (vitamin B12) was used by Wang
and Chen (137) to functionalize glassy carbon electrodes (GCEs). The
electropolymerized film displayed electrocatalytic activity for PON oxidation.
The reaction mechanism in inset (L) indicated that the redox-active cobalt center
in poly(cyanocobalamin) film catalyzed ONOO− decomposition through the
formation of intermediates. The DPA allowed detection of PON spiked in serum
as seen in inset (M). The authors declared PON selectivity in the presence of
potentially interfering molecules (137), however no data were provided to support
this claim.

The group of Bayachou (145), used the electroactive, intrinsically
conductive polymer polyethylenedioxythiophene (PEDOT) together with hemin
electro-assembled on CμFEs for the detection of ONOO−. The response of the
hemin film to PON was compared, with and without PEDOT by CV and CA.
When PEDOT was copolymerized in the hemin film (inset N) the sensitivity
was strongly enhanced, as compared to just the hemin film (P) or the PEDOT
film. Significantly, the typical “nano-cauliflower” tortuous and porous matrix of
the hemin-PEDOT hybrid seemed to provide a very high specific area/volume,
as ascertained by SEM imaging (145). This testing has suggested that synergy
occurs between the PEDOT and the hemin macrocycle molecules; this hypothesis
was supported by a decrease of the oxidation potential for the nano-hybrid
material (146), as compared with the responses from either of the two components
employed separately

In a follow up investigation, Peteu and colleagues electro-polymerized hemin
thin films on either GCEs or C μFEs (138) and assessed the resulting sensors’
oxidative detection of PON in stirred solution or in a flow-cell. The advantages of
using a flow-cell include the convective transport of analyte, resulting in less noise
and faster response times. The catalytic efficiency (calculated as the ratio of the
catalytic peak current in the PON presence and absence, respectively) decreased
as the scan rate increased, and the peak potential of the catalytic oxidation was
found to depend on pH. The analyte tests indicated a fast catalytic oxidation of
PON specific for hemin, and not for protoporphyrin-only films where iron was
absent.This finding suggests a fundamental role of the bound iron center atom
to ensure the oxidative catalytic turnover of PON (Q). In separate tests, related
species such as NO•, nitrite, or nitrate did not interfere with electrocatalytic
detection of PON (138).

The group of Szunerits built on their earlier published method (140, 141) to
prepare a hemin-functionalized reduced graphene oxide to prepare PON-sensitive
electrodes with Peteu and collaborators. The graphene surface is supporting
electron-donating organic molecules. Porphyrins, for instance, were shown to
allow at same time a reduction of GO to reduced GO (or rGO) and the insertion
of organic aromatic molecules via π-π stacking interaction (139, 141–144) and
this has spawned a high interest to study the PON activity of GO decorated with
hemin. The meaning of the expression “graphene oxide (GO)” is “a single or
few layer graphene” prepared by the oxidation of graphite. Thus, oxygenated
functionalities are introduced in the structure, expanding the layer separation
and also making the material dispersible in water, i.e. by sonication. The
hemin-functionalized graphene nanosheets have revealed PON activity (141,
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142). Hence, a hemin-rGO complex was prepared from a graphene oxide aqueous
solution mixed with hemin with subsequent sonication for several hours and
freshly drop-cast onto GCEs. Addition of ONOO− from SIN-1 to the hemin-rGO
modified GCE has shown an oxidative wave at 1.17 V that was ascribed to the
electrochemical oxidation of hemin on the rGO platform. In the presence of
ONOO−, an electrocatalytic oxidation mediated by hemin centers seems to occur,
as illustrated by the reaction mechanism (inset R) . The Fe3+ center of hemin in
the rGO–hemin film was oxidized to a high valent iron form such as [Fe4+=O]
iron oxointermediate, electrochemically at the electrode interface. In the PON
presence, this iron oxo intermediate is reduced back to Fe3+ for further turnovers
(141). The resulting current scaled linearly with the PON concentration, and a
detection limit of 5±0.5 nM was recorded in PBS with a sensitivity of 7.5 nA
nM-1 (141).

The reasons for this apparent increased sensitivity brought by graphene need
to be elucidated. Firstly, graphene provides a two-dimensional support with large
open accessible surface with high area per volume ratio, where the catalyst-PON
interaction seems to be enhanced, which could be beneficial for the surface-driven
electrocatalytic activity. Secondly, the graphene-supported hemin could prevent
hemin molecules from self-polymerization and thus increase the available iron-
hemin catalytic active sites. Thirdly, the amount of hemin present on the electrodes
seems to be important; the amount incorporated into the new rGO/hemin matrix
is 2.5 times larger than that on rGO that is post-modified with hemin. Ongoing
research seeks a better understanding of the catalytic mechanisms of graphene
supported hemin for PON oxidation and to potentially develop highly sensitive
sensor platforms (141).

4.3. Challenges to Develop Electrochemical PON Sensors

Quantitative determination of short-lived reactive species, such as PON in
complex analytical matrices (biological samples, meat etc) require a sensitive,
selective and accurate detection method with fast response time. A variety of
sensor architectures and analytical strategies have been designed to improve
measurement quality. As examples, experimental conditions (e.g operating
potential) have been customized to favor selective detection of specific RNOS
analytes, semipermeable membranes have been used to screen out interferents,
and (micro)electrodes have been fabricated from a variety of materials (21, 22,
102). Results of these studies were summarized in Table 1.

The choice of electrochemical detection method is typically determined by
the requirements of time resolution, sensitivity and selectivity. For example,
differential pulse voltammetry offers good sensitivity, as the contribution of the
background current to overall signal is drastically reduced. Moreover, the sensors
miniaturization is desirable. The ultra-small sensors can afford fast response
times in non-stirred soft solid matrices, high spatial resolution (146) and are
potentially integrated in biosensor arrays (147).
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In cases when temporal resolution is most important, (e.g monitoring in real-
time oxidative bursts) amperometry and fast-scan cyclic voltammetry are more
appropriate. The impedancemethodsmonitor changes in cell membrane resistance
due to PON-induced membrane-lipid oxidation.

Figure 8. A: Square wave voltammograms (SWV) recorded for a solution of 100
µM SIN-1 (a, fresh solution, red dotted line, b, after 20 minutes, pink, and c, after
100 minutes, black line) and for a 10 µM sodium nitrite solution in PBS pH 7.4
(d, blue dashed line). The potential was scanned in the range from -0.25 V to 1.3
V, with a step potential 5 mV, step amplitude 25 mV (scan rate: 250 mV/s). The
electrode was poised at -0.25 V for 10 s before starting the scan. B: Evolution of
the anodic peak current at 1.1 V recorded for SIN-1 solutions at different times
after preparation). The height of the anodic peak current was resolved from the

SWV with the Origin 8 program. See text for more details.

Figure 8A presents the square wave voltammograms recorded for a 50 µM
solution of SIN-1 following dissolution in PBS buffer pH 7.4. The 3-electrode
electrochemical cell had a GCE working, a Pt counter and Ag/AgCl (KCl, 3M)
reference. At time zero, one anodic peak due to PON oxidation was observed at
1.1 V (trace a). The peak height increased with time up to 20-30 min (b), then
decreased slowly. After 45-50 minutes, the decrease as abrupt. A second peak
appeared at 0.74 V (c). This second peak could be attributed to nitrite oxidation
(d).

The time evolution of the anodic peak current at 1.1 V (Figure 8B) suggests
a working window of 25-30 minutes where PON concentration is relatively
stable, allowing for accurate electrochemical measurements. This finding is in
agreement with profiles of PON generation from SIN-1 obtained by other authors
through fluorescence experiments based on the quenching effect of PON on
NADH fluorescence (120).
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5. Discussion, Conclusions, and Future Research Needs

Consumers’ awareness of nutritious foods and increased attention to healthy
eating are strong drivers for the food market, including meat products. As such,
color and flavor are meat wholesomeness indicators. Thus, improving the meat
color and flavor shelf life will result in substantial economic benefits.

Consequently, significant research efforts have been directed toward methods
to quantify meat freshness and elucidate mechanisms of oxidative processes
causing degradation of meat quality. As described in this paper, electrochemical
methods, especially micro-sensing approaches, provide outstanding potential
for label free, in situ, fast measurement of PON’s concentration and effects.
Technological progress has been significant, but there are still no widely accepted,
commercial bio/sensors available to detect the freshness of meat using simple and
user-friendly procedures.

This chapter has focused on two key reaction agents: ULP, which contributes
to off-flavors and HGO, which contributes to discoloration. Within each of these
classes, model molecules have been identified for in-depth study of PON’s role in
meat spoilage: DOPC, a model ULP commonly found in biological membranes,
and myobgobin, an HGO whose oxidation modulates the meat discoloration.

As critically discussed herein, the characterization of oxidative meat
degradation is complicated for several reasons. First, multiple methods have
been developed to characterize various aspects of PON-related food degradation,
but no method has been adopted as a gold standard. Thus, the state-of-the art
in characterizing meat quality and degradation rate may be considered to be
early-stage and evolving. Second, there is substantial variability among fresh
meat samples. Samples of animal muscle tissue harvested post mortem should be
viewed as inherently complex and a continually changing milieu. Multiple factors
can influence the concentrations of PON and other RNOS, as well the natural
antioxidants and radical scavengers that modulate slow oxidative meat spoilage.
These factors include the animal’s age, health, environment, nutrition, access to
water, and even its handling and physiological state just before meat harvesting.

The complexity of meat’s structure and chemistry, combined with the
difficulty in quantitatively measuring the highly reactive RNOS suggest that it is
unlikely a single bio/chemical test will be developed that satisfactorily measures
meat quality and spoilage rate. However, widespread acceptance of key classes
of chemical reactions (HGO and ULP) and robust, reproducible assays involving
representative molecules within each class (myoglobin and DOPC) would provide
a framework on which to advance fundamental understanding of oxidative key
processes in meat spoilage and to develop useful, cost-effective, and standardized
meat-quality assays.

Such assays would supplement existing currently used commercial food test
kits that use enzyme-linked immunosorbent assays to measure the presence of
specific analytes. These ELISA assays have several inherent disadvantages, ,
including one-time use, large coefficient of variation, low precision, the need for
antibodies that are highly specific for the target analyte, and an inability to monitor
temporal changes in the analyte’s concentration. These disadvantages are not
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shared by the electrochemical methods reviewed in this chapter, which are better
suited to monitor rapidly evolving changes due to small, rapidly reacting oxidative
species for which antibodies are not available.

However, development of commercially viable electrochemical sensors for
specific analytes offers significant challenges. Despite large investments of time
and research, few electrochemical sensor systems for biochemical analytes are
widely used commercially. One noteworthy success story is glucose biosensors,
providing simple, accurate, reproducible, inexpensive home blood glucose
measurements for diabetics. However, several decades of research and an overall
investment of hundreds of millions of dollars were required to develop, validate,
and bring to these biosensors to market. No other commercial electrochemical
biosensor offers similar cost-performance features, although some are in various
stages of development.

Recent experience in commercial biosensor development suggests that
significant investments of research funds and time will be required to develop
an electrochemical biosensor platform for meat freshness that is suitable for
cost-effective use by farmers, meat processors, and retailers. Development of
the commercial biosensor systems to monitor key biochemical processes, such
as oxidation of myoglobin and DOPC, will likely follow the glucose biosensor
model, in which a permanent portable electronic device is used with disposable
interfaces that are placed into contact with the meat samples.

Efforts to develop such systems will be facilited by recent advances in the
speed of microdevices, whose computing power can be leveraged to carry out
advanced processing algorithms needed for electrochemical techniques (EIS,
DPA, etc.) in real time. In addition, telemetry technologies will allow wireless
data communication from remote sensors to central processing units. These
advancements could accelerate the timeline from bench research to commercial
implementation and reduce the ultimate cost per measurement. In addition,
ongoing research may develop correlations between indicators of PON-related
oxidative degradation (e.g., rate of myoglobin oxidation) and traditional indicators
of spoiled meat (e.g., rate of color change). Such correlations would facilitate
development of widely accepted standards for high-quality meat products.

Because the oxidative processes described in this chapter require oxygen,
which diffuses into the meat from the surface, significant spatial gradients
of oxygen and oxidation rate within the meat sample would be expected.
Development of needle-type electrochemical sensors would allow indicators of
PON oxidation rate to be measured as a function of depth within the product.
Such measurements would provide a more complete assessment of product
quality than is possible with surface techniques, such as most optical methods.
The three-dimensional measurements would also allow validation of mechanistic
mathematical models of the simultaneous transport, chemistry, and reaction
kinetics that govern the rate of meat spoilage. Such models, together with the
electrochemical sensor platforms, would provide a framework with which to
elucidate mechanisms of meat spoilage and to optimize meat-processing methods
that maximize product shelf life.
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Including resistant starch in the diet has potential health
benefits, but studies of the digestion of resistant starch are
hampered by the complexity of having to isolate the starch from
digesta or fecal material before measuring it. We examined
whether Fourier transform infrared photoacoustic spectroscopy
(FTIR-PAS) would provide a method of measuring resistant
starch without separating it from the biological matrix.
FTIR-PAS was used to quantitatively measure the amount
of resistant starch present in the contents of rat ceca. Rats
were fed four diets that were identical except for the starch
they contained. The four different starches were ordinary
cornstarch (non-resistant control), HA7 high-amylose starch,
HA7 modified with octenyl succinate anhydride, and HA7
modified with stearic acid. A partial least-squares model was
used to correlate the spectra of the cecal contents from all
of these diets with the amount of resistant starch present as
determined by enzymatic assay. The cross validation for the
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model had an R2 of 0.997, demonstrating an excellent fit of the
model to the resistant starch content. The amount of resistant
starch present varied from 0.3% to 50.1% (by weight, dry
basis). In addition, principal component analysis of the spectra
showed that the cecal contents could easily be differentiated
according to diet.

Introduction

Starch is the major energy-storage component of most plants used as food by
humans and is an important energy source in fodder for domesticated animals.
Starch content in food and feed and its fate during digestion are therefore
intensively studied. Starch is divided into three categories depending on the
speed and location of its digestion (1)—rapidly digestible starch (RDS), slowly
digestible starch (SDS), and resistant starch (RS). RS is that fraction of starch
that is not digested in the small intestine and reaches the colon, where it may
be fermented by microorganisms (2) or pass through and be excreted. RS has
received attention for its potential to prevent colon cancer and inflammatory bowel
disease and to reduce fluctuations of postprandial blood-glucose concentration
and prevent the development of diabetes (3, 4).

The resistance of starch to digestion is dependent on several factors, including
the physical accessibility of the starch, the type of crystalline structure, and
any chemical modifications to it. RS is divided into five types. Englyst et al.
(1) identified the first three, naturally occurring types in 1992 and described
methods for their measurement, and two chemically or physically modified
types have been added since. Type 1 (RS1) is physically inaccessible starch. In
grains and seeds, starch granules are surrounded by a protein matrix and cell
walls. These structures hinder digestibility. Type 2 (RS2) is B-type crystalline
starch. The B-type crystalline structure resists enzyme hydrolysis. It occurs in
uncooked starches, such as raw potato and green banana starch, but it gelatinizes
and becomes highly digestible when cooked. Another RS2 is high-amylose
maize starch, produced from an amylose-extender gene mutation (ae mutant),
which possesses substantially longer branch-chains of amylopectin and a larger
proportion of amylose (5). It has a high gelatinization temperature and resists
disruption of the crystalline structure during cooking. Type 3 (RS3) is retrograded
starch. Amylose molecules are linear chains, and they tend to form double helices
at lower temperatures, such as room temperature. The double helices cannot
be bound by amylases, so they are not hydrolyzed. Type 4 (RS4) is chemically
modified starch, either with additives or by cross-linking. Highly cross-linked
starch does not swell during cooking and therefore cannot be hydrolyzed by
amylases. The appropriate additive, such as octenyl succinic anhydride (6),
alters the structure of the starch and hinders enzyme hydrolysis. Lastly, Type 5
(RS5) is starch modified with lipids. Amylose and long branches of amylopectin
form single-helix complexes with fatty acids (7) and consequently cannot be
hydrolyzed by amylases.
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Analysis for RS has been accomplished through modification of methods
developed for the analysis of dietary fiber (DF). Both RS and DF are broadly
defined as polysaccharides that escape digestion in the small intestine and pass
into the colon. DF analysis methods, however, frequently do not accommodate
all types of RS, so RS determinations using DF-analysis methods often differ,
depending on the RS type present. The method of Englyst et al. (8) for DF
determination has been widely used, and AOAC has developed several official
methods similar to that of Englyst et al. (9–12). All of these use enzyme
digestion to remove starch from DF, but some forms of RS can also resist the
digestion. AOAC Method 991.43 (9) uses a thermostable α-amylase at 95 °C for
the digestion, so only RS stable at that temperature survives. AOAC Methods
2009.01 and 2011.25 (11, 12) determine DF including RS, but the RS is lumped
together with DF and not determined separately; the methods use α-amylase and
amyloglucosidase for digestion, but only at 37 °C, which removes ordinary starch
but not RS. These methods can therefore determine RS if there is no DF present.
Englyst et al. (1) have also developed a method to indirectly measure RS in food
by determining total starch, RDS, and SDS, and then finding RS by the difference
(RS = total starch – RDS – SDS). The method imitates in vivo digestion by using
a mincer and shaking bath to physically breakdown the sample and then using
amyloglucosidase and pancreatin at 37 °C to digest it. AOAC Method 2002.02
(13) for determining RS uses a similar digestion to isolate RS, but then the solid
RS is dissolved using 2M KOH and digested with amyloglucosidase, and the
resulting glucose is measured to determine the RS content. AACC International
has also issued a similar method for measuring RS (14).

Such wet chemical methods are rather cumbersome and expensive, so
spectroscopic methods have long been of interest as an efficient alternative. Near
infrared reflectance spectroscopy (NIRS) has become a standard method for
analyzing food, fodder, and forage (15–18). NIRS first gained acceptance for
nondestructive analysis of grain in the 1970s (19, 20), and soon thereafter it was
applied to the analysis of animal feed (21). That study successfully determined
numerous feed properties using NIRS, including acid detergent fiber and neutral
detergent fiber, by correlating the spectra with the properties via multiple linear
regression involving the reflectance at selected wavelengths. Of course, these
early studies did not involve RS, which was not recognized until the 1990s (1),
but even the later handbooks and reviews cited above say little about RS.

Most analyses for RS in food and fodder have used the AOAC, AACC,
or Englyst methods, or variations of them (22). Hódsági et al. (23) recently
demonstrated qualitatively that NIRS could be used to determine the amount
of RS present in mixtures of starches, but it does not appear that NIRS has
been applied to measuring RS quantitatively in food or fodder. Mid-infrared
spectroscopy has been used to measure the amount of short-range structure in
starch (24), which would indicate the level of RS2 or RS3.

Of course, knowing the RS content of food or feed is only half of the
requirement. The starch content of digesta within humans and animals at a
specific point or the starch content of feces must be known to determine the fate
of RS and the role it plays in nutrition.
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Analysis of starch digestibility in humans may be the ideal approach for
measuring RS, but such studies are relatively few (25–27) and are costly to
implement. In such studies, human ileostomates are typically the test subjects,
so that there is ready access to the digesta at the terminus of the small intestine.
Mid-infrared spectroscopy has been used to measure the degree of short-range
order in starch in digesta from human ileostomates (25).

Starch analysis of digesta from animals via NIRS has been done on several
occasions. Starch in the jejunal digesta of cannulated pigs was determined with
NIRS (28). The digesta was freeze dried, ground, and then oven dried before
analysis. NIRS has been used to determine not only starch but numerous other
chemical properties in freeze-dried chicken excreta as part of studies to increase
the efficiency of feed use by chickens (29, 30). None of these studies, however,
analyzed for RS.

Fecal analysis is much more common than digesta analysis, and NIRS has
been used for this purpose as well, but analysis for starch is not common because
so little starch is present in the feces of healthy subjects not on diets high in RS.
NIRS was used, however, to measure fiber and other constituents in fecal matter
from pen-fed cattle (31).

Medical application of NIRS fecal analysis has been explored. Fecal
carbohydrate (i.e., starch and sugar combined) levels, indicative of several
gastrointestinal diseases, can be determined by NIRS (32). Another study
examined sugar and starch content separately in children’s stools by NIRS and
was able to quantify sugar but not starch (33). In both of these studies, the feces
were homogenized but not otherwise processed. They were not dried.

NIRS has usually been the form of optical spectroscopy applied to food,
feed, digesta, and feces because the spectroscopic absorptions in the near-infrared
region are relatively weak. This weakness allows the undiluted samples to
be analyzed by NIRS without excessive optical saturation. Unfortunately, the
absorption features in the near infrared are broad and overlapping, which can
make determination of details, such as the differentiation between normal starch
and RS, difficult. Absorption features in the mid-infrared are generally much
sharper, so more detailed analyses are possible, but the features are also much
stronger, so mid-infrared spectroscopy is much more susceptible to saturation.
We have chosen to use photoacoustic spectroscopy (PAS) for the present study
because of this. PAS can analyze undiluted and largely unprocessed samples in
the mid-infrared region without succumbing to saturation.

PAS is a technique based on the acoustic response produced when a gaseous
or condensed-phase sample absorbs radiation. When modulated or pulsed
radiation is absorbed, the deposited energy produces a thermal expansion that
results in an acoustic signal. This photoacoustic effect was discovered by
Alexander Graham Bell (34). He not only demonstrated wireless communication
via his “photophone,” which was based on the photoacoustic effect, but also
performed PAS using his “spectrophone” (34, 35). Despite this, a century would
pass before PAS gained popularity. When the Fourier transform infrared (FTIR)
spectrometer became widespread in the 1980s, its high throughput and multiplex
advantage made infrared PAS practical. In addition, its innate modulation of the
infrared beam made FTIR and PAS a natural pairing.
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PAS has the advantage that it can be applied to nearly every type of solid
or semisolid material (36). Usually the sample can be analyzed with little or
no sample preparation, so PAS is nondestructive. In addition, it is applicable to
dark, opaque, and highly light scattering materials. Conventional spectroscopy
measures the radiation that either passes through or is reflected off the sample.
This places limits on the surface morphology, the transparency of the sample, or
both, so substantial sample preparation is often needed. PAS, on the other hand,
measures the absorption directly by detecting the heat deposited when radiation is
absorbed near the sample surface.

The concept behind PAS is illustrated in Figure 1. The sample is placed in a
sealed chamber with a microphone and a window that lets an intensity-modulated
beam enter and strike the sample. The sample is heated if it absorbs the radiation,
and the heat diffuses to the surface of the sample, where it transfers to the
surrounding gas. Because the incident radiation is modulated, the temperature of
the gas is also modulated, and the pressure inside the chamber oscillates, which
the microphone detects as sound. The detailed theory behind the generation of
the photoacoustic signal has been developed (36), but roughly speaking, only the
energy deposited within a thermal diffusion length, µ, of the sample surface is
close enough to the surface to diffuse out of the sample in time to contribute to
the photoacoustic signal. The thermal diffusion length depends on the modulation
frequency of the incoming radiation, f:

where a is the thermal diffusion coefficient of the sample, D is the thermal
diffusivity of the sample, and D = k/ρC, where k is the thermal conductivity
of the sample, C is the heat capacity of the sample, and ρ is the density of the
sample. Thanks to its dependence on f, µ is user adjustable. If α is the absorption
coefficient of the sample, and f is high enough (i.e., the FTIR spectrometer
scanning speed is high enough) that µ << 1/α, as shown in Figure 1, then the
amount of radiation absorbed within a distance µ of the surface is proportional
to α, and the photoacoustic spectrum is equivalent to a conventionally acquired
spectrum. This is true even if the physical thickness of the sample makes it
opaque. In the study reported here, the spectra were recorded at a 2.5 kHz
spectrometer scanning speed. This results in the modulation frequency of the
spectrometer infrared beam varying linearly with wavenumber from 63 Hz at
400 cm-1 to 633 Hz at 4000 cm-1. Dry fecal matter has a thermal diffusivity of
very roughly 0.0011 cm2/s (37), so the above equation yields a thermal diffusion
length of 7 μm at 4000 cm-1, rising to 23 μm at 400 cm-1. Although not used in
the present study, the dependence of µ on f allows sample depth profiling (38, 39).
There are numerous reviews of PAS in the literature that will provide the reader
with further detail (38–42).
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Figure 1. Schematic of the photoacoustic process. Intensity-modulated light
incident on a sample within a sealed cell is absorbed principally within a distance
1/α of the sample surface, where α is the absorption coefficient. The absorbed
energy degrades to heat and diffuses to the sample surface, where it transfers to
and warms the gas in the cell. Because the light was intensity modulated, the
temperature of the gas is also modulated, and so the pressure in the sealed cell
is modulated, which the microphone detects as sound. Only the light absorbed
within approximately a thermal diffusion length, μ, of the sample surface can

diffuse to the surface in time to contribute to the signal.

The biological application of photoacoustics with the greatest research
activity is microscopic imaging, where photoacoustics is a complement to MRI
(43–45). Applications of mid-infrared FTIR-PAS to food and feed, however,
have been wide ranging. It has been used to analyze intact (i.e., not ground) beef
and pork (46). It has been used to analyze both cheddar cheese and its wrapping
(47). Depth profiling them both showed the near-surface loss of moisture in
the cheese and migration of fat and protein from the cheese into the packaging.
FTIR-PAS analysis of roasted, ground coffee was able to differentiate organic
and conventionally grown varieties (48). The amount of fat in chocolate was
quantitatively measured using FTIR-PAS (49). Monitoring the oxidation of fat
with FTIR-PAS has been used to assess degradation during storage of potato
chips (50) and of lard, peanut butter, and mayonnaise (51). It has also been used
to study storage degradation of intact wheat kernels (52). Depth profiling showed
minor structural and morphological changes in the wheat over time. PAS can
analyze very small amounts of material. One study used FTIR-PAS to examine
ground material from individual peas (53). The amount of material taken was
small enough that the peas were still viable, yet the researchers quantitatively
determined both total starch and amylose, as well as total protein, total lipids, and
some individual fatty acids.
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By virtue of its sample-surface sensitivity, FTIR-PAS has proven to be very
good for detecting microorganisms on food and fodder. It has been used to detect
infections on the skin of apples, and applying canonical variate analysis to the
spectra successfully differentiated between pathogenic and non-pathogenic strains
of E. coli (54). FTIR-PAS has been used to detect and categorize microorganism
contamination on intact corn kernels (55, 56).

The ability of FTIR-PAS to detect and measure so many different factors in
such a wide variety of biological materials makes it a natural choice for analysis
of digesta and fecal material in dietary and disease studies, but our recent work
reported here and elsewhere (57, 58) appears to be the first such uses. The results
reported here have also been discussed in our previous publication (57). Our
principal goal in this work is to develop FTIR-PAS as a practical alternative to
the enzymatic assay normally used to measure starch content and demonstrate its
use for multiple forms of RS.

Materials and Methods
Rat Diet and Treatment

Fischer 344 rats were housed as described in Zhao et al. (59). The trial
started with a total of 90 rats (two rats died before sacrifice), which were randomly
assigned to four diet regimens described below. Each diet involved a different
starch—cornstarch (control diet), HA7, OS-HA7, and RS5-HA7. The animals
were on the feeding regimens for eight weeks prior to sacrifice. For purposes
important to companion studies (58, 60, 61) that used this same diet trial, each
diet group was further split up into two or four treatment subgroups. The control
and RS5-HA7 diet groups each contained 29 rats that were split up among four
subgroups according to whether or not the rats were given injections of the
carcinogen azoxymethane (AOM) and whether or not they were treated with an
antibiotic. The rats were given two injections of either saline or AOM (Midwest
Research Institute, Kansas City, MO) administered as described in Zhao et al.
(59), and some were fed an antibiotic treatment mixture of vancomycin and
imipenem. The treatments resulted in four subgroups within the control and
RS5-HA7 diets consisting of rats given both AOM and antibiotic, given AOM
but not antibiotic, given saline and antibiotic, and given only saline. The HA7
and OS-HA7 diet groups each contained 15 rats and were divided into only two
subgroups. They were given either AOM or saline. None were given antibiotic.
The AOM and antibiotic treatments were given immediately before the rats were
placed on the four different eight-week diet regimens. For purposes of the tests
reported here, data for AOM and antibiotic treated rats are included with data for
the other rats for a specific diet if these treatments were administered to animals
on that diet, unless otherwise noted. The animal studies were approved by and
performed in compliance with the guidelines of The Institutional Animal Care
and Use Committee of Iowa State University.

Four starch varieties were utilized for the feeding study: cornstarch for the
control diet (Cargill Gel 03420; Cargill Inc., Minneapolis, MN); high-amylose
starch HA7 (AmyloGel 03003; Cargill Inc.), which is a Type 2 resistant starch;
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HA7 bound to octenyl succinate (OS-HA7, produced in the Department of Food
Science and Human Nutrition, Iowa State University), a Type 4 resistant starch;
and HA7 processed with stearic acid (RS5-HA7, produced by the Department of
Food Science and Human Nutrition), a Type 5 resistant starch (6, 62). The starches
were cooked before inclusion in the diets according to Zhao et al. (59). The diets
were formulated on the basis of the standard diet recommended by the American
Society for Nutritional Sciences for mature rats (AIN-93M) (63). Starch diets were
prepared every other day and served fresh to the rats.

Rat Cecal Samples

The cecal contents were collected from the sacrificed rats and placed
in Corning centrifuge tubes (Tewksbury, MA) on dry ice, which were then
transferred to -80 °C storage. The companion studies made use of the collected
material prior to the present experiment, so many of the samples were no longer
available at the time of this study. Adequate material from 28 samples, seven
from each of the four feeding groups, was obtained. The wet cecal samples were
placed in aluminum weighing pans and dried at 105 °C for three hours. The dried
cecal material formed dry wafers, which were ground using mortar and pestle.
The ground cecal material was then placed in 1.7-mL microcentrifuge tubes
(Marsh Bio Products, Rochester, NY) and stored sealed at room temperature prior
to analysis.

Reference Assay for Starch Content

The starch content of the cecal material was measured using the Total Starch
Assay Kit (Megazyme International Ireland Ltd., Co. Wicklow, Ireland) following
AACC Method 76-13 (64).

FTIR-PAS

The FTIR-PAS analysis was performed using an MTEC Photoacoustics
PAC300 detector installed in a Digilab FTS 7000 FTIR spectrometer. The detector
has a 1-cm interior-diameter chamber for the sample with a window at the top
for the infrared beam to enter and illuminate the sample. The dry, ground cecal
material was placed in a disposable aluminum cup, which was fully illuminated
by the infrared beam. Immediately before analysis the detector was purged with
helium to remove atmospheric water vapor and carbon dioxide, which have strong
mid-infrared absorptions. Helium also increases the photoacoustic signal by a
factor of two to three compared to air because of its superior thermal properties.
Magnesium perchlorate, a desiccant, was placed beneath the sample to remove
any moisture that might evolve from the sample during analysis. Spectra were
taken at 8 cm-1 resolution and a 2.5 kHz scan speed, with the co-addition of 256
scans. The carbon-black-covered polymer-film sample provided with the detector
was used as the (100% absorption) reference.
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PLS and PCA

The spectra were correlated with starch levels determined by the enzymatic
assay via partial least-squares analysis (PLS) (65–67) using commercial software
(Thermo Galactic GRAMS/AI PLSplus IQ, Version 5.1). PLS utilizes a training
set of spectra from samples whose relevant properties are known and span the
range of interest. In the present case, the relevant property is the amount of starch,
as determined by the enzymatic assay. PLS modeling breaks the training-set
spectra down into a weighted sum of basis-vector spectra, called factors. The
factors with the smallest weightings consist mostly of noise and are dropped from
the model. PLS then performs a multiple linear regression correlating the factor
weightings with the known values of the property being predicted. Once the PLS
model is built, the correlated property can be determined for unknown samples
directly from the model, as long as the properties of the unknowns fall within the
range of those covered by the original training set.

Because the starch level was determined for only 28 samples (seven per diet),
the sample set was not split into separate training and validation sets. Instead, all
samples were used in the training set, and a single-elimination cross validation was
used to assess model quality. In such a cross validation, onemember of the training
set is removed, and a model is built from the remaining members. The removed
spectrum is then analyzed as an unknown. The removed spectrum is returned to the
training set, a different spectrum is removed, and the process is repeated. This is
done until all training set members have been removed and analyzed as unknowns.
A cross-validation plot comparing known starch content and the model-predicted
values is included in Results. The standard error of cross validation (SECV) is
a measure of model quality. It is the root-mean-square difference between these
model-predicted values and the known starch contents.

The model with the lowest prediction residual error sum of squares (PRESS)
value was selected as the most accurate model and the appropriate number of
factors to include in the model. PRESS is given by

where there are N samples in the training set, and ki and pi are the known and
predicted values for the ith sample. A variety of models were tested to find
the optimum one. In the most-accurate model, the 4000-397 cm-1 range of the
spectra was used, the spectra were preprocessed using multiplicative scatter
correction (MSC) (68), and they were converted to first derivatives (19-point
Savitsky-Golay). The model had ten factors.
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Figure 2. FTIR-PAS spectra of rat cecal contents. The spectra are from single,
representative rats from each of the diet groups. (Reproduced from reference 57.

Copyright 2013 American Chemical Society.)

Classification of the spectra according to diet was done using principal
component analysis (PCA) (69, 70). The same 4000-397 cm-1 range and the
same first derivative and MSC preprocessing were applied to the data as in the
PLS modeling. This was sufficient to cleanly separate the samples into clusters
according to diet.

Results

Enzymatic Assay for Starch Content

The starch content of the cecal material was highly dependent on the starch
included in the diet. Starch content was lowest for the control (cornstarch) diet,
where it varied from 0.3 to 1.1 wt. % (dry basis). It ranged from 12.7 to 21.3 wt.
% for the HA7 diet, and from 13.3 to 30.5 wt. % for the RS5-HA7 diet. The cecal
contents from the rats fed the OS-HA7 diet had the highest starch concentration,
ranging from 47.1 to 50.1 wt. %. These results suggest that the OS-HA7 has the
highest resistance to in vivo digestion, and normal cornstarch has the least. There
was no significant differences among food disappearance (used to estimate intake
but includes loses) for the rats fed the different diets (data not shown).
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Figure 3. Cross-validation plot for starch content from PLS model correlating
photoacoustic spectra with enzymatic starch assay. (Reproduced from reference

57. Copyright 2013 American Chemical Society.)

Infrared Spectra and Chemometric Analysis

FTIR-PAS spectra were acquired for 4000–397 cm-1. Spectra from all four
diets are shown in Figure 2. The spectra have many bands in common, but in the
fingerprint region (1800 to 397 cm-1) there are visible differences among the cecal
samples from different diets. Irudayaraj and Yang (71) identified individual bands
in FTIR-PAS spectra of pure starch. Some of the bands they identified, such as the
1054 cm-1 C–O–C bend and the 930 cm-1 and 857 cm-1 C–H bends, are apparent
in all of the spectra in Figure 2 except that of the control-diet sample, which
contains very little starch. However, the cecal material is highly complex, resulting
in substantial peak overlap, so determination of starch content based on manual
measurement of the heights of one or a few peaks is not reliable. Chemometric
modeling was used instead.

PLS successfully modelled the relation between the enzymatic-assay-
determined starch content and the FTIR-PAS spectra of the rat cecal contents.
Figure 3 shows the cross validation for the best fitting model. The plot correlates
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the known starch content (dry basis) with the starch content predicted by the PLS
model. The diagonal line is the ideal (i.e., predicted = known), and the fit of the
data to that line has R2 equal to 0.997 and SECV is 1.055 wt. %. SECV is only
2% of the total starch-content range of the sample set (0.3 to 50.1 wt. %), so the
fit is quite good. Because the model accurately fits all of the samples, the model
should be useful for analyzing unknown samples from any of the four starch diets
tested.

Besides the quantitative starch information, qualitative information
concerning which starch is involved could be useful. The data were analyzed
using PCA to see if the specific starch in the diet could be identified from the
spectra. The first two principal components from the PCA of the spectra separated
the samples according to diet well, as shown in Figure 4. These two components
account for 83.5% of the variance in the data. The PCA analysis gives a simple
and visibly clear means to match the samples to specific diets.

Figure 4. Scores for the first two principal components in the PCA model
separate the cecal-content samples according to the RS diets fed to the rats.
(Reproduced from reference 57. Copyright 2013 American Chemical Society.)
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Conclusions
Despite the similarity of the spectra, the chemometric analysis was able to

determine both the content and identity of the starch in the cecal material. The
FTIR-PAS data coupled with the enzyme starch assay results clearly were able
to produce a cross-validation plot that gave high-quality quantitative results.
The PCA analysis cleanly separated the samples according to diet but showed
no clustering related to the antibiotic- and AOM-treated subgroups. This
demonstrates that FTIR-PAS data can see through minor variations even within
complex matrix materials.

Once the samples were prepared, the 256-scan photoacoustic spectra gathered
in this study required approximately five minutes each. This study was proof of
concept that FTIR-PAS analysis could be a faster and less expensive substitute for
the enzymatic-assay analysis.
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Metabolic Fingerprinting of the
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Herbs are used either singly or in combination as an alternative
to drugs for the treatment of a variety of diseases. The
advancement of technology has enabled more stringent quality
control of herbs. For example, (-) Huperzine A is an alkaloid
originally isolated from Huperzia serrata and has been found
to be a potent, reversible and selective acetycholinesterase
inhibitor. (-) Huperzine A is found in other Lycopodiales
species. The aim of this study is to develop chemical profiles
of Lycopodiales species with the hplc-pda system. Chemical
profiles are analyzed with the chemometrics software. Species
from the Lycopodiales order were collected throughout
Peninsular Malaysia. Methanolic extracts of dried club mosses
were dissolved in methanol and subjected to hplc analysis. The
chemical profile was acquired with a hplc-pda connected to a
250 x 4.6mm ODS-3, 3 μm column maintained at 35 °C. A
gradient system was used for the separation of (-) huperzine
A. Data were collected from 200-500nm. The chemical
profiles were exported to the UnScramblerX software. Using
the unsupervised principal component analysis, the species
were clustered into two families, namely the Huperziaceae
and Lycopodiaceae families. The species can be chemically
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discriminated using the principal component analysis.
This methodology is useful for both the chemotaxonomic
discrimination of species from the Lycopodiales order and
quality control of plant material.

Keywords: Lycopodiales; metabolic fingerprint;
chemotaxonomy

Introduction
Alzheimer’s disease is a neurodegenerative disorder of the central

nervous system, characterized by loss of cognitive ability and severe behavior
abnormalities, which ultimately results in degradation of intellectual and mental
activities (1). It is associated with a selective loss of cholinergic neurons and
reduced levels of acetylcholine neurotransmitter. Breakdown of acetylcholine
causes decreased activity in the cerebral synapses and is a cause of cognitive
impairment in the course of Alzheimer’s disease. Huperzine A (Figure 1) is an
alkaloid originally isolated from H. serrata and has been found to be a potent,
reversible and selective acetylcholinesterase inhibitor (2, 3). Clinically it was
proven useful for Alzheimer’s disease in China and approved for mild-to-moderate
stages (4, 5) and marketed in the United States as a dietary supplement (6).

Figure 1. Structure of (-) Huperzine A.

There are more than 500 Lycopodiales species yet only fewer than 40
species have been studied on its alkaloidal content (7–12). Lycopodiales species
is a large group of species that are commonly known as club mosses. These
species are characterized by low, evergreen, coarsely moss-like and club-shaped
strobili at the tips of mosslike branches. The club mosses are the oldest extant
terrestrial vascular plants with origin from the late Silurian to early Devonian
era. The taxonomy of the genus is still not fixed. There are more than 500
species in Lycopodiales belonging to the two main families Lycopodiaceae and
Huperziaceae. Nevertheless, these plants are not abundant, grow very slowly and
are only found in very specialized habitats.

Since the discovery of (-) huperzine A as a potent anticholinesterase, various
groups have reported the distribution of huperzine A or anticholinesterase activity
in club mosses from various regions, namely Europe (13), China (14–16),
Australasia and Southeast Asia (17, 18), Peninsular Malaysia (19, 20), Panama
(21), Iceland (22) and northeastern India (23).

354

 
 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2014-1185.ch018&iName=master.img-000.png&w=102&h=67


The objective of this study was to use the metabolite profile to discriminate
the species into clusters. The Principal Component Analysis (PCA) model can be
further used to classify the species or quality control of finished pharmaceutical
products containing Lycopodiales species.

Methodology
Sample Preparation

The club mosses were collected from the Peninsular Malaysia and
authenticated by Emeritus Prof. Dr. A. Latiff from the Universiti Kebangsaan
Malaysia. The collected club mosses were dried at 40 °C for 24 hours or until
constant weight. The process of drying, grinding and extraction is according
to earlier method (20). Briefly, the powdered club mosses were extracted with
methanol at 40 °C. Every hour, the extract is decanted and fresh methanol is
refilled in for the next cycle of extraction. This process is repeated five cycles.
The combined extracts were dried under reduced pressure with a rotary evaporator
(Buchi, Switzerland) at 40 °C and further freeze dried (Labconco, USA). Stock
solution of 5 mg/mL was prepared by dissolving in methanol.

Chromatographic Condition

The method developed with a HPLC-PDA (Waters, USA) was used for the
analysis of club mosses samples (20). The oven temperature was maintained at 35
°C and the column used was a 250 x 4.6mmODS-3, 3um, column (Inertsil, Japan).
A gradient method was used with increasing amount of acetonitrile from 20 % to
70 % in deionised water with 0.01 % TFA and the flow rate was maintatined at
1 mL/min. The photodiode array detector wavelength was set to monitor from
200-500 nm. Triplicate samples were used. (-) Huperzine A (Sigma, USA) was
used as an internal standard.

Principal Component Analysis (PCA)

Chromatogram data extracted at 308 nm were exported to the multivariate
software (UnScramblerX (Camo, Norway)). Peak areas of the dataset were
normalized without further treatment of the dataset. The dataset was analysed
with the unsupervised pattern recognition method, Principal component analysis
(PCA). PCA is a mathematical method using orthogonal transformation to
change a set of possibly correlated variables to a set of values of uncorrelated
variables named principal components (PCs). PCA can highlight both similar and
independent information. Dataset were subjected to the multivariate software,
UnScramblerX, v10.1 (Camo, Norway).

Result
The Lycopodiales species were collected from Peninsular Malaysia (Table 1).

A total of 23 species were collected from the mountain.
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Table 1. Lycopodiales species from Peninsular Malaysia

Sample No. Name Collected location

1 Huperzia pinifolia Trevis Taman negara

2 Huperzia c.f. pinifolia Trevis Taman negara

3 Huperzia pinifolia Trevis Perak/Pahang border

4 Huperzia pinifolia Trevis Cameron Highlands

5 Huperzia phlegmaria (L.) Rothm Perak/Pahang border

6 Huperzia phlegmaria (L.) Rothm Cameron Highlands

7 Huperzia phlegmaria (L.) Rothm Pahang border

8 Huperzia phyllantha (Hook.f.&Arn.)
Hulob

Kelantan

9 Huperzia carinata (Desv. Ex poir) Trevis. Cameron Highlands

10 Huperzia nummulariifolia (Blume) Jermy
in T.C. Chambers & Crabbe

Pahang

11 Huperzia nummulariifolia (Blume) Jermy
in T.C. Chambers & Crabbe

Perak/Pahang border

12 Huperzia tetrasticha (Kunze ex Aldrew.)
Hulob

Pahang

13 Huperzia squarrosa (G. Frost) Trevis Perlis

14 Lycopodium platyrhizomaWilce Cameron Highlands

15 Lycopodium platyrhizomaWilce Frasers Hill

16 Lycopodium casuarinoides Spring Cameron Highlands

17 Lycopodium casuarinoides Spring Pahang

18 Lycopodium casuarinoides Spring Frasers Hill

19 Lycopodium clavatum L. Pahang

20 Lycopodium clavatum L. Cameron Highlands

21 Lycopodiella cernua (L.) Pic. Serm. Langkawi

22 Lycopodiella cernua (L.) Pic. Serm. Selangor

23 Lycopodiella cernua (L.) Pic. Serm. Frasers Hill

The chromatogram dataset was integrated at 308 nm with 73 peaks (C1-C73)
for all the species were used (Figure 2). The dataset was normalized with the
UnScramblerX software and all the 73 peaks were used for the chemometric
analysis. (-) Huperzine A was eluted as peak number C39. All the peaks were
ovelayed on the similar line plot.
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Figure 2. Line plot of normalized dataset.
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Figure 3. PCA (i) score plot and (ii) loadings analysis of Lycopodiaceae species.

The normalized dataset subjected to PCA analysis projected two clusters
(Figure 3i). All the species from the genera Lycopodium and Lycopodiella were
clustered into one cluster (Figure 3i). Species from the genus Huperzia were
clustered into the second cluster. Since the 73 peaks were used for the PCA
analysis, both Principal component (PC) 1 and 2 were only able to explained 21%
of the variations. Nonetheless, the species were discriminated into two clusters,
namely, Lycopodiaceae and Huperziaceae families, respectively. The metabolite
profile used for the principal component analysis (PCA) showed similarity to
the taxanomy classification by Ching (24) and Holub (25). Both have classified
the species from Lycopodiales order into two families, namely Huperziaceae
and Lycopodiaceae. However, Ollgaard (26) have combined both the families
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with four genera, namely, Huperzia, Lycopodiella, Lycopodium and . Thus,
the chemical profiles acquired with a high performance liquid chromatography
coupled to the photo-diode array detector was congruent will the earlier taxanomy
by Ching (24) and Holub (25).

From the loading plot (Figure 3ii), influential peaks contributing to the
clustering of the species were identified. All the peaks in the quadrant Q1 of the
loading plot were influential peaks in the Huperzeaceae family clustering. While
all the peaks on the quadrant Q2 of the loading plot were influential peaks for
the clustering of the Lycopodiaceae family. No outliers were deteceted with the
Hotelling T2 statistics with a significance of 99 % (Figure 4).

Figure 4. Hotelling T2 Statistics.

Conclusion

The metabolite profiles from the high performance liquid chromatography
coupled to a photodiode array detector were clustered into two clusters, namely
the Lycopodiaceae and Huperzeaceae families. Influential peaks were identified
contributing to the clusters. No outliers were detected. The PCA model
maybe applied for the quality control of pharmaceutical supplements containing
Lycopodiales species.
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Because metabolomics is still a recent area of research,
continuous development takes place leading to further
improvements and adaptations of experimental protocols.
In this chapter an overview is given of the sequence of
experimental procedures of typical metabolomic experiments.
The focus is on NMR based metabolomics, but many aspects
apply to other techniques that can be used in metabolomics
such as MS or HPLC. Major holdbacks are pointed out and
improved protocols are suggested for the extraction of the
samples and for the conversion of NMR spectra to data, which
can be analyzed by multivariate analysis. For an improved
coverage of the extracted metabolites a single two-phase (using
immiscible solvents) extraction procedure is proposed. To
minimize the overlooking of minor components in the extract a
procedure for automatic reduction of NMR spectra to essential
data is proposed.
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Metabolomics

Genomics, transcriptomics, proteomics and metabolomics are the most
important –omics. Genomics studies the genes, the genetical foundations of life.
The genes furnish the blackprint of the living organisms and much information
of these organisms can be obtained through the genes. However, cells can
develop completely different with the same genes. All cells in the human body
contain in principle the same genes, but each cell is different due to interactions
with its environment and consequent differences in the activation of genes. In
transcriptomics the mRNA is studied, which shows which genes are activated
at certain moments. Through time the transcriptomic profile changes and the
presence of mRNA indicates the activation of genes but if this leads to functional
proteins is only revealed by proteomics, where the protein profile is studied.
Proteins include the enzymes and entities which enable the biochemical reactions
to occur. But once again the presence of an enzyme is not a guarantee for its
activity. This depends, among others, on the availability of substrates and often
co-factors. Only when the micromolecules are studied an effective and complete
image is obtained, which shows the characteristics of phenotypes or of individual
cells. This is the purpose of metabolomics. Often it has been described as the
area of research which tries to analyze all micro-molecules in a cell, tissue or
organism (1, 2), but as will be shown below, this definition is much too limited.

The objective of metabolomics is not limited to the analysis of all molecules
present in a given system. It also includes the interpretation of the changes
in metabolite levels. Therefore a better definition of metabolomics has been
given (1): Metabolomics is the area of research which strives to obtain complete
metabolic fingerprints, to detect differences between them and to provide
hypothesis to explain those differences. From this definition it is clear that another
important part of metabolomics is the comparison of metabolic fingerprints.
What are the differences, what molecules are responsible for those differences
and what factors cause the differences? The usefulness of the measurement of
metabolite levels to investigate the status of an organism is illustrated by tests
used routinely for diagnosis. For example measuring metabolites such as glucose
and cholesterol in human blood samples will detect diseases such as diabetes or
predict the chances of a future heart disease.

This area of research is still rapidly developing. Each year the number of
papers on metabolomics increases and metabolomics has become a powerful tool
in the study of all types of organisms (1).

In contrast to the other –omics mentioned, metabolomics does not have well
established experimental procedures. This is the result of the enormous variety of
metabolites which exist and which can be encountered in a given system. Actually,
it is not known how many metabolites exist in a single cell or in a plant or in any
other organism. Estimates have been made on the basis of the number of genes
or by extrapolation of known metabolites and the quantities are generally in the
range of thousands (3, 4).

The tools of metabolomics are in contrast to the other -omics not well
defined. In literature mainly two techniques are used: NMR or MS; the last
generally coupled to LC or GC. All techniques have their specific advantages
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and disadvantages. In the review by Schripsema (2010) many factors have been
pointed out (5). In the present chapter, some specific points are highlighted, i.e.
the extraction of the sample and the processing of the data.

Procedures Used in Metabolomics

As is clear from the foregoing, in metabolomic studies a series of phases
exist. Already from the definition presented above three phases are apparent: the
obtaining of complete metabolic fingerprints, the detection of differences between
them and the generation of hypothesis to explain those differences.

But in fact many more stages can be discerned. Schripsema and Dagnino (1)
discerned the following stages in a metabolomic experiment:

1. Proposing the Questions To Be Answered and the Objectives of the Study

This was considered the most important and often sub-estimated part of a
metabolomic experiment (1). Only when the initial questions are well defined the
experiment can be properly designed.

2. Experimental Design

The experimental design involves the choice of the analytical technique(s) to
be used in the experiment, the planning of the sample preparation, with or without
extraction, and the procedures for compound quantification.

3. Sampling of the Material To Be Analyzed

When comparing sample populations, it is essencial that for correct sampling
the homogeneity of the populations is considered. The variation between samples
within the population should be known. Preferably, different populations should
only differ in the factor under investigation.

4. Measurement of Spectra and/or Chromatograms

In the measurements the best possible results should be obtained from the
equipment. Much care should be taken with the adjustment of the apparatus and
the measurement conditions. The reproducibility of the results is also essential.

5. Data Pretreatment

For the analysis of the data of a metabolomic experiment the data from each
analysis need to be converted to a format suitable to be processed with multivariate
analysis.

363

 
 



6. Multivariate Analysis

The most common ways of multivariate analysis are PCA (Principal
Component Analysis) and PLS (Partial Least Squares Analysis). Much care
should be taken with the results, and adequate tests should be performed to check
for the validity of the conclusions.

7. Interpretation of Factors

When differences are detected between data sets, those differences should be
linked to specific metabolites. To identify those compounds might be the most
elaborate part of a metabolomic study.

It was emphasized by Schripsema & Dagnino (1) that the first two stages
are extremely important for the success of metabolomic experiments, because
any errors made in the sample collection, preparation and measurement cannot
be corrected afterwards and might seriously damage the outcome of metabolomic
experiments, or even completely invalidate them (1).

The choice of the analytical technique to be used is also very important for the
way how the experiment is conducted. In most metabolomic experiments, which
have been published up till now, one of the techniques GC-MS, LC-MS or NMR
was used, because these techniques provide metabolic fingerprints, containing
information about a large quantity of metabolites (6). Considering the number
of metabolites which can be detected GC-MS and LC-MS are superior to NMR,
but NMR is superior when quantitative aspects are taken in consideration (7, 8).
With NMR the signal intensity is directly related to the quantity of the compound,
and hardly influenced by compound specific response factors. This fact also turns
the sample preparation for NMR based metabolomics less exigent.

However, whatever the analytical technique chosen, it should be realized that
a complete analysis of the metabolome is not feasible, due to the large differences
which exist between the different metabolites. Some occur in large quantities (up
to tens of percent of drymass), while others only occur as traces (in pmol quantities
or less). Some are extremely hydrophilic (e.g. sugars), while other are lipophilic
(e.g. fats), turning the extraction of both in a single extract practically impossible.

The analytical technique produces a large amount of data for each sample.
For the adequate analysis of these data multivariate data analysis is essential.
This means the data should be transformed to an adequate format to permit the
analysis. For the subsequent multivariate data analysis, many different programs
are available, both free or commercial. An extensive discussion of available
software was published by Blekherman et al. (9).

As final stage of the metabolomic experiment the discriminating factors
between data sets should be analyzed, and the molecules responsible for these
differences have to be identified. Often this stage is the most elaborate and
complex, because compounds might be present in minute quantities and the
data obtained in the metabolomic experiments are generally too limited to
obtain a 100% certain identification, making it necessary to perform additional
experiments. In some cases this can be done by obtaining 13C NMR and 2D
NMR from the same samples as used in the metabolomic experiments. But,
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more common the sample does not contain the compound in sufficient quantity
or there is too much interference in the spectrum from other compounds. Then,
the compound should be isolated in a quantity sufficient to permit the recording
of the additional data.

Areas of Metabolomics Needing Further Developments

In metabolomics the objective is to obtain quantitative and qualitative
information of all metabolites present. Considering the present state-of-the-art
further advances are required in both the quantitative and qualitative aspects (5).

The number of metabolites detected should be increased further. Especially
for NMR this is important, because the detection of metabolites is limited by
several factors, including the following:

- It is not possible to extract all metabolites with one single solvent or
solvent mixture.

- When concentration differences are very big (> 100-1000), the minor
components are not detectable.

- Superposition of signals is frequent due to the limited spectral range of
1HNMR. Especially smaller signals close to larger signals are difficult to
detect.

Many metabolomic studies have been devoted to the search of the best
solvent (10). What solvent or solvent mixture is most suitable and extracts more
compounds from a biological matrix? Dependent on the solvent or solvent mixture
large differences are found in the extracted metabolites (11, 12). Figure 1 shows
NMR spectra obtained after extraction of plant material from Baccharis trimera
with different deuterated solvents. The differences in the spectra are caused by
differences in the metabolites extracted by the different solvents and also because
different solvents result in different spectra for the same compound. This makes
the direct comparison of spectra in different solvents nearly impossible.

In general the evaluation of the extraction efficiency by NMR is done by
counting the number of peaks in the spectrum (13). However some remarks
should be made on this evaluation procedure: a single compound, dependent on
its structure, can show a single peak (e.g. acetic acid) or hundreds of peaks (e.g.
triterpenes), and the number of peaks detected depends on the resolution of the
spectrum, which also depends for a certain part on the solvent used.

Superposition of signals is also a serious problem, especially when the
process of binning or bucketing is used (5). This process is generally used to
avoid interference of incidental slight changes of chemical shift values. But at the
same time this process leads to a tremendous loss of resolution which turns the
observation of minor signals close to bigger signals impossible.

In the following some new approaches are proposed to diminish the above
mentioned problems.
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Figure 1. 1H NMR spectra of extracts from the medicinal plant Baccharis trimera
(Less.) DC. Extracts were prepared by direct extraction of plant material (100
mg) with the deuterated solvent (1.00 ml). The spectra were obtained at 400

MHz. (R = residual solvent signal).

Two-Phase Extraction
In metabolomic experiments large amounts of samples are processed. This

means that the procedures should be kept as simple and reproducible as possible.
Any additional step in a procedure introduces an additional source of variation.
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For example, in the extraction procedure for NMR based metabolomics the use of
deuterated solvents for extraction will eliminate the evaporation and redissolution
steps.

As stated above, in an ideal situation, all metabolites of a sample should be
extracted to allow their quantification. But it is clear that the extraction of a sample
with a single solvent only extracts a part of all metabolites (see Figure 1). Mixtures
of solvents have been used in an attempt to expand the number of metabolites
extracted (14, 15). Most common in metabolomics is the extraction with a mixture
of water and methanol but the most lipophilic metabolites are not extracted with
this mixture

A further major disadvantage of the use of a solvent mixture for the extraction
is the fact that the NMR data of individual compounds, i.e. the chemical shifts,
are dependent on the solvent in which the spectrum is recorded (16). Therefore, if
the spectrum has been obtained in a mixture of water and methanol, the chemical
shifts will be different than those obtained in pure water or in pure methanol.
Because, the data published for isolated compounds are nearly always published
using a single solvent, most generally CDCl3 for apolar compounds and D2O for
polar compounds, the obtained chemical shifts with solvent mixtures cannot be
related directly to the databases which have been constructed over the decades
that NMR has been developing. Consequently, when using a solvent mixture, a
specific spectrum database needs to be generated, corresponding to the specific
solvent system.

Considering these facts we investigated the possibility of using multiple,
sequential extracts of the same sample. If different solvents are used for the
extraction, every solvent provides a specific fingerprint (see Figure 1). The
difficulty in generating extracts with different solvents for metabolomic samples
in a sequential way lies in the fact that some of the previous solvent will stay
in the material and influence the next extraction. As a consequence, as outlined
above, this solvent mixture will influence the spectrum obtained. Furthermore
extreme care should be taken not to lose biomass in the extraction process.

For the quantification of compounds in the sample extracted by multiple
sequential solvents a further difficulty is expected: quantification of individual
compounds will become more difficult, because compounds can appear in several
extracts each of them giving a different spectrum (see above).

Therefore we analyzed the possibility to extract samples with a two-phase
system of deuterated water and chloroform. In this way two separate extracts are
obtained, which have the following advantages:

1. The spectra can be obtained directly in the solvents that are the most
common solvents used in NMR for natural products. Therefore the
resulting NMR spectra can be compared directly to existing data.

2. The two extracts are completely complementary. Extracted individual
compounds dissolve in one or both of the two solvents.

3. In the case of plant material or microbial material, by using water, the
compounds dissociate better from the matrix.
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Figure 2. 1H NMR spectra (400 Mhz) of extracts from the medicinal plant
Baccharis trimera (Less.) DC., obtained by the two-phase extraction outlined in
the text. 100 mg of plant material was extracted with 0.80 ml of D2O and 0.80
ml of CDCl3. The D2O extract shows the signals from carbohydrates, while the

CDCl3 extract shows signals from flavonoids and lipids.

In our experience with this two phase solvent system we rarely observed
that the same compound was found in both of the solvents. We have applied it
for extraction of numerous plant species, microbial biomass and different food
products, e.g. butter (17). With the two extracts two spectra are obtained, which
means that superposition of signals will be less. Furthermore, compounds across
the whole polarity range are extracted. In Figure 2 the spectra of the medicinal
plant Baccharis trimera, obtained with this two phase system are shown. A similar
sample was used as for Figure 1 and it is seen that both solvents extract specific
compound classes.

In Figure 3 another example is shown, i.e. the spectra of black tea obtained
with this two phase system. Caffeine is only encountered in the CDCl3 layer, while
theanine is only observed in the D2O layer. It is remarkable that caffeine is not
present in the water extract, because it is easily extracted with water, e.g. in regular
coffee or tea (18). Not only for NMR analysis the two phase extraction is useful,
because the extracts can also be used for subsequent analysis by HPLC or LC-MS.
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Figure 3. 1H NMR spectra (400 MHz) of extracts of black tea (Camellia sinensis)
obtained by the two-phase extraction outlined above. 100 mg of plant material
was extracted with 0.80 ml of D2O and 0.80 ml of CDCl3. The D2O extract shows
the signals from theanine, while the CDCl3 extract shows signals from caffeine.

Automatic Reduction of NMR Spectra to Essential Data
(ARNSED)

Once the samples have been extracted adequately and representative spectra
are obtained they should be compared so as to verify eventual differences in the
samples. This is carried out by multivariate data analysis after transformation
of the NMR data to a suitable format. This transformation is usually done by
binning (also known as bucketing), however this method leads to significant loss
of information (19). In the process of binning the total intensity of regions of
the spectrum is determined instead of using all available data points. Normally
a spectrum containing about 16000 data points is converted by binning to about
400 data points. This means that a tremendous loss of resolution is obtained and
consequently much information is lost.

The process of binning is used to avoid that small variations in the chemical
shifts of signals lead to problems in themultivariate data analysis. Those variations
can occur due to differences in pH, temperature, analyte concentration or salt
concentration. Alternatively alignment procedures could be used, but because
signals can move to both directions this is not a straight forward process (20).
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In fact the best way of processing spectra is the deconvolution of the spectrum
in the spectra of the individual components of the mixture of metabolites. But this
is only possible if the components are known, e.g. as it has been described for the
analysis of urine samples (19, 21).

Another factor which might negatively influence the analysis of series of
spectra are problems in the shimming of samples, leading to peak distortions. To
avoid those distortions the process of reference deconvolution has been described
(22–24). In this process the FID is corrected leading to a near perfect peak shape
for all signals, leading to an improved resolution and enhanced possibility to
recognize minor signals near to larger ones.

We here propose an alternative approach, in which a standard peak in the
spectrum is used to correct the whole spectrum. In this way the spectrum is in
fact transformed to a series of single lines that correspond to the peaks, each
characterized by a chemical shift and intensity. In a next step the peaks are
analyzed to recognize signal shapes, such as doublets, triplets or more complex
shapes. Based on the intensities signals can be joined as belonging to the same
compound.

Figure 4. Illustration of the principle of ARNSED (Automatic Reduction of NMR
Spectra to Essential Data). The 1H NMR spectrum is converted to a series of
lines, taking into consideration the peak shape of the spectrum. The series
of lines is resumed in the listing of essential data. Those data permit a rapid

identification of metabolites by consulting data bases.
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In this way a spectrum can be automatically reduced to the so-called essential
data, since each signal in an NMR spectrum is characterized by the following three
parameters: chemical shift, signal form and intensity. The process is illustrated in
Figure 4.

The essential data, the chemical shift, coupling constants and intensity of the
signals are independent of the apparatus and permit the search in databases with
the purpose to achieve the identification of the compound or compounds.

A special software is being developed to extract the essential data from the
NMR spectra (ARNSED – Automatic Reduction of NMR Spectra to Essential
Data). In this program a standard peak is indicated (usually TMS) and its peak
shape is used to reduce the other peaks to single lines. The usefulness of this
approach is illustrated in Figure 5.

Figure 5. Visualization of a small region of the spectrum from Cashew Nut Shell
Liquid obtained at 400 MHz on a Jeol Eclipse+ NMR spectrometer (a). A small
signal next to the large complex signal is highlighted by an arrow. In b and c
spectra were obtained, by on purpose, using incorrect shimming, causing in this
way progressive broadening of the peaks. In the lower panels are displayed the

peaks that are recognized by the program ARNSED.

Next to a large signal in the spectrum (caused by superposition of methylene
group signals) a small signal is present, which can be observed if the resolution
of the spectrum is good (Figure 5a). The ARNSED routine clearly recognizes the
peak and quantifies it. Even when the spectrum is deteriorated, by on purpose
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introducing inhomogenity in the magnetic field (wrong shimming) the small
peak remains detectable (Figure 5b). Even with an extreme broadening and
even duplication of the standard signal the small peak is recognized (Figure
5c). It should be pointed out that some variation occurs in the attribution of the
peaks composing the large signal. This is because in large broad peaks, multiple
solutions exist. This problem can only be addressed by spectral interpretation and
database comparison of data. The ARNSED program is now further developed to
detect signal shapes (doublet, triplet or more complex), and combining signals on
the basis of integration values. As a last step in the development of the program
the integration with spectral databases in envisaged.

Conclusions

It was shown that with a single extraction with a two-phase solvent system
using D2O and CDCl3 both polar and apolar metabolites can be extracted,
increasing the number of compounds that can be analyzed. This also offers great
advantages in the analysis of the spectral data, because standard solvents for
NMR are used. The extraction with this two phase system is an adequate method
to be applied in metabolomics: matrix effects are reduced, both hydrophilic and
lipophilic compounds are extracted from the sample and the quantification of the
compounds is facilitated since only two, complementary spectra are obtained.

A procedure for extraction of essential data is described for the adequate
and most effective analysis of NMR data in metabolomics experiments. The
initial experiments with the ARNSED program illustrate its feasibility. Even the
detection of small not resolved peaks is possible. The processing of spectra with
the ARNSED program will increase the amount of data available for metabolomic
experiments, adding information about minor components that are not detected
by the current methods.
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flavonoids
negative ion mode, 41f
positive ion mode, 41f

main classes of volatile compounds in
Italian samples, 47f

polyphenolic compounds extracted
from raw propolis versus solvent
composition, 44f

polyphenols extraction methods, 43
central composite design (CCD), 43

propolis polyphenols
propolis volatile compounds,
HS-SPME-GC-MS analysis, 45
representative total ion current (TIC)
chromatogram, 46f

structures of flavanones and
dihydroflavonols, 40t

structures of flavones and flavonols, 39t
HPLC in flow with bioassay detection,
intrinsic drawbacks, 104

I

Identification of volatile flavor compounds
in citrus fruits, 243
citrus volatile oil, health benefits, 251
comparison of HS-SPME conditions and
fibers used, 248t

factors affecting SPME extraction
adjusting pH, 247
agitation, 247
extraction temperature, 247
extraction time, 247
fiber polarity, 246
fiber thickness, 246
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salt addition, 247
sample volume, 247

headspace analysis, 244
headspace solid-phase microextraction,
245

list of commercially available HS-SPME
fibers, 246t

L

Lycopodiales species, metabolic
fingerprinting, 355
hotelling T2 statistics, 359f
line plot of normalized dataset, 357f
methodology
chromatographic condition, 355
principal component analysis (PCA),
355

sample preparation, 355
PCA score plot and loadings analysis,
358f

Peninsular Malaysia, lycopodiales
species, 356t

M

MAE. See Microwave-assisted extraction
(MAE)

Meat freshness, 303
antiradical effect of grape extracts, 315
conceptual model of lipid peroxidation,
306f

current profiles of pBLM composed,
307f

effect of epicathechin on PON-indiced
changes, 314f

effect on DNA damage, 316
formation of ONOO– anion, 305f
interaction between tBLM and
peroxynitrite, 308f

lipid and meat myoglobin oxidations,
coupling, 311

meat color cycle, 310f
nitrating effect of PON, 315
nitration of Tyr and Trp residues, 315
O2•– dismutation, 310
oxidative degradation, 311
oxidative processes in muscle tissue, 309
oxidative reactions, 311
pBLM method, 308
peroxynitrite detection
develop electrochemical PON sensors,
challenges, 323

electrocatalytic activity for PON
oxidation, 322

electrochemical quantification, 317
electro-polymerized hemin thin films,
322

hemin-functionalized reduced
graphene oxide, 322

Mn(III) tetraamino-phthalocyanine
(MnTAPC), 318

ONOO- sensitive electrochemical
methods, 319t

polyethylenedioxythiophene
(PEDOT), 322

preparation methods, 316
square wave voltammograms (SWV)
recorded, 324f

synthetic manganese complexes, 318
peroxynitrite interaction with lipid
membranes, 306

peroxynitrite’s formation and fate in
vivo, 304

phenolic compounds from grapes and
wine, 313f

PON scavenging activity of polyphenols,
313

PON-tyrosine interaction, antioxidant
effect of polyphenols, 314

scavengers of peroxynitrite caused
injury, 312

Melia azedarach extracts, Biofunctional
properties
agricultural uses/controlling pest
organisms and pathogens, 156

antibacterial activity and inhibition, 154
antimalarial activity, 154
crude extracts, 154
general extraction methods and chemical
composition analysis, 159

medicinal uses/controlling diseases, 152
medicinal uses/controlling insects
vectors of diseases and animal
parasites, 155

methanolic leaf extract, 153
physiological functions of cells, 154
some of most active compounds isolated,
158t

synthesis of nanoparticles (NPs), 153
Microwave-assisted extraction (MAE), 13

N

New approaches in metabolic
fingerprinting, 361
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areas of metabolomics needing further
developments, 365

automatic reduction of NMR spectra to
essential data (ARNSED), 369
principle, 370f

extracts from medicinal plant Baccharis
trimera, 368f

extracts of black tea (Camellia sinensis),
369f

metabolomics, 362
procedures used in metabolomics
data pretreatment, 363
experimental design, 363
interpretation of factors, 364
measurement of spectra and/or
chromatograms, 363

multivariate analysis, 364
proposing questions to be answered
and objectives of study, 363

sampling of material to be analyzed,
363

two-phase extraction, 366
visualization of small region of spectrum
from cashew nut shell liquid, 371f

P

PEF. See Pulsed electric field (PEF)
PLE. See Pressurized liquid extraction
(PLE)

Pressurized liquid extraction (PLE), 14
Propolis polyphenols
conventional fully-porous stationary
phase, 34
representative HPLC-UV/DAD
chromatogram, 35f

structures of phenolic acids and
derivatives, 36t

fused-core stationary phase, 42
Pulsed electric field (PEF), 23
Purity assessment of small molecules in
drug discovery, 125
Atlantis dC18 column, 133
chromatographic methods, 129
comparison of peak capacity versus
gradient time, 132f

comparison of UV and MS response
for standard gradient, 132f

gradient time, 129
physico-chemical properties of
columns used, 131t

common approaches, 127
comparative study on Gemini NX C18
and Atlantis dC18 columns, 135f, 135t

comparison of gradients on Atlantis
dC18 column, 136f

error estimation, 145
estimation of error or confidence interval
function of specific RS %, 145t
function of total RS %, 145t

Gemini-NX phase, 133
global validation, 143
instrumentation, 128
Kinetex core-shell column, 133
peak capacity comparison, 134f
peak capacity comparison of Gemini NX
C18 and XBridge C18, 137f

quality control of bioctive compounds
from natural sources, 146

reagents and columns, 129
results of TRS at low and high pH, 144t
XTerra MS C18 column, 133

Q

Quality control of bioctive compounds
from natural sources, 146

R

Rat cecal contents, measurement of
resistant starches, 333
analysis of dietary fiber (DF), 335
cross-validation plot for starch content,
343f

FTIR-PAS, 340
analysis, 338
spectra, 342f

infrared spectra and chemometric
analysis, 343

near infrared reflectance spectroscopy
(NIRS), 335

photoacoustic process, 338f
photoacoustic spectroscopy (PAS), 336
PLS and PCA, 341
principal components in PCA model,
344f

rapidly digestible starch (RDS), 334
rat cecal samples, 340
rat diet and treatment, 339
resistant starch (RS), 333
slowly digestible starch (SDS), 334
spectroscopic methods, 335
starch content, enzymatic assay, 342
starch content, reference assay, 340
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SFE. See Supercritical fluid extraction
(SFE)

Supercritical fluid extraction (SFE), 15

U

UAE. See Ultrasonic-assisted extraction
(UAE)

UHPLC. SeeUltra-high performance liquid
chromatography (UHPLC)

Ultra-high performance liquid
chromatography (UHPLC), 86

Ultrasonic-assisted extraction (UAE), 14
Unraveling food aroma
analysis
factors, 272
strategies, 272

analytical approaches, 273f
chemometric approach, 274
extracted ion chromatogram (EIC) of
ions, 284f

extraction by static headspace technique
mayonnaise, 276f
potato chips, 277f

extraction methods, 275
GC-O and GC-MS analyses, 281
identification and quantitation methods,
278

macroconstituents of food, 274
main aroma fractions of fried tempeh,
282t

odoriferous fractions, flavor dilution
factors vs peak numbers, 279f

quantitation of aroma compounds, 281
separation methods, 277
single reaction monitoring, 285f
stable isotope dilution analysis (SIDA),
281

total ion current (TIC) of GCxGC
chromatogram, 280f

volatile compounds fingerprinting/
profiling, 274

Useful tools for qualitative and quantitative
analysis of phytosterols and their esters
analysis of steryl/stanyl fatty acid esters,
on-line LC-GC-based approach, 262

enriched dairy foods and important
natural sources
cheese-based spread, analysis of
stanyl fatty acid esters, 266t

distributions of steryl/stanyl fatty and
phenolic acid esters in cereals, 265f

edible plant oils and nuts, free
sterols/stanols, 267

fat-based enriched dairy foods, stanyl
fatty acid esters, 266

free sterols/stanols and steryl esters,
mean total contents, 268f

free sterols/stanols and steryl/stanyl
esters in cereal grains, 265

on-line LC-GC analysis of free fatty
acids, 267f

fractionation of plant lipids, SPE-based
approach, 262

free sterol and steryl esters,
representative structures, 258f

gas chromatography-flame ionization
detection (GC-FID), 260

gas chromatography-mass spectrometry
(GC-MS), 260

GC analysis, 263f
intact steryl/stanyl fatty acid esters, GC
analysis, 261

materials and chemicals, 259
on-line LC-GC system with
programmable temperature interface,
264f

on-line liquid chromatography-gas
chromatography (On-line LC-GC),
260

plant stanyl fatty acid ester mixture, GC
analysis, 261f

sample preparation
cereal grains, 259
edible plant oils and nuts, 259
enriched dairy foods, 259

separation of free sterols/stanols and
steryl/stanyl esters, 262f

solid-phase extraction (SPE), 260
stanyl fatty acid ester mixture extracted,
on-line LC-GC analysis, 264f

V

Variability in methods and procedures for
purity assessment in drug discovery, 137
optimization of analytical method
analysis of different fractions of
inhomogeneous sample, 143f

importance of 8 min gradient for TRS,
141f

integration parameters, 140, 141t
other considerations, 142
percentages of TRS at low and high
pH, 139t
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sample preparation, influence of
acetonitrile percentage, 142t

selection of UV Wavelength, 138
solvent and sample concentration, 141
standard open access analysis, 141

TRS analysis, 142
UV spectrum and λmax1 chosen for
compounds at low and high pH,
140f
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