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Abstract

Phytochemicals in fruits, vegetables, spices and traditional herbal medicinal plants have been found to play protective roles against many
human chronic diseases including cancer and cardiovascular diseases (CVD). These diseases are associated with oxidative stresses caused
by excess free radicals and other reactive oxygen species. Antioxidant phytochemicals exert their effect by neutralizing these highly reactive
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radicals. Among the tens of thousands of phytochemicals found in our diets or traditional medicines, polyphenols and carotenoids s
the two most important groups of natural antioxidants. However, although collectively these phytochemicals are good antioxidants
and effect of individual compounds are often not well known. Hundreds of carotenoids and thousands of polyphenols have been id
far from various plants. A single plant could contain highly complex profiles of these compounds, which sometimes are labile to he
light, and they may exist at very low concentrations in the plants. This makes the separation and detection of these antioxidant phyt
a challenging task. The present review focuses on the antioxidant activity, chemical types, sampling and sample processing proc
separation using various chromatographic and electrophoretic techniques. Detection and quantification using ultraviolet–visible–d
and mass spectrometry will be discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Antioxidant phytochemicals and human health

In recent years, many studies have shown that diets con-
taining high content of phytochemicals can provide pro-
tection against various diseases. Approximately 90% of all
cancer cases correlate with environmental factors, including
one’s dietary habits, and one-third of all cancer deaths in
the United States are avoidable by changing dietary habits
only [1,2]. These discoveries have rapidly amplified the con-
sumer awareness of the potential benefits of naturally occur-
ring compounds from plants in health promotion and mainte-
nance, and researches in nutraceuticals and functional foods
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tioxidant, and the stabilization by the resonance effect of the
aromatic nucleus, that prevents the continuation of the free
radical chain reaction. This is often called radical scaveng-
ing, but polyphenolic compounds inhibit oxidation through a
variety of mechanisms[34–37]. Synthetic antioxidants such
as butylated hydroxyanisole (BHA) and butylated hydroxy-
toluene (BHT) only tend to have one mode of action, i.e. via
free radical scavenging, and are not able to sequester metal
ions through the metal catalyzed route[4]. The anticancer
activity of flavonoids has been attributed to a large variety of
different mechanisms[38].

1.2. Chemical types and sources of antioxidant
phytochemicals
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Carotenoids, including xanthophylls (oxygen-containing
carotenoids) are naturally occurring coloured compounds
that are abundant as pigments in plants. To date, about 500
and 600 specific carotenoids have been identified, mostly
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atory, and autoimmune diseases[4,21], diabetes, vascul
isease and hypertension[22–24], cancer and hyperplas
iseases[11,25], cataract formation[11,26], emphysem

27], arthritis, malaria, multiple sclerosis, myocard
schemia-reperfusion injury[4], immune system declin
nd brain dysfunction as well as the aging process[11].

Antioxidants such as Vitamins C and E are essential fo
rotection against ROS. However, the majority of the an

dant activity of a fruit or vegetable may be from compou
uch as phenolic acids and flavonoids, rather than from
in C, E or�-carotene[28–32]. Intake of controlled diets ric

n fruits and vegetables increased significantly the antiox
apacity of plasma. This increase could not be explaine
he increase in the plasma�-tocopherol or carotenoid co
entration[33].

Antioxidant phytochemicals such as flavonoids are th
ore the focus of many recent studies. The antioxidan
ivity of these compounds is predominantly determined
heir structures, in particular the electron delocalization
n aromatic nucleus, in those based on a phenolic stru
hen these compounds react with a free radical, it is

elocalization of the gained electron over the phenolic
rom plants and algae[41]. Carotenoids have the capac
o trap not only lipid peroxyl radicals, but also singlet o
en species[42]. The essential role of carotenoids as a

or dietary source of Vitamin A has been known for m
ears. Although all carotenoids contain extensive conjug
ouble bonds, individual carotenoids differ in their anti

dant potential in humans[43]. Some have no measura
ntioxidant potential in vitro. The true antioxidant capa
f the most prevalent carotenoids in vivo is still in qu

ion. The antioxidant capacity of carotenoids may also
elated to the structure. Larger conjugated system su
staxanthin is known to have a higher antioxidant act

44].
Polyphenolics is a highly inclusive term that covers m

ifferent subgroups of phenolic acids and flavonoids. M
han 5000 polyphenolics, including over 2000 flavono
ave been identified, and the number is still growing[45].
olyphenolics vary in structures: hydroxybenzoic acids
ydroxycinnamic acids have a single-ring structure, w
(NFF) and natural health products (NHP) have been hot topics
in recent years[3–5]. The protective effects of fruits, vegeta-
bles and spices and herbs were found not only for cancer
[5–9], but also other chronic diseases such as cardiovascular
diseases (CVD)[10–18].

Among the causes of the major chronic health problems,
harmful free radicals and reactive oxygen species (ROS) have
been found to play an important role[19,20]. Radicals and
ROS such as the superoxide anion (O2

•−), hydroxyl radical
(OH•) and peroxy radical (ROO•) have been implicated as

Among the different groups of naturally occurring antiox
dants from plants, carotenoids and polyphenolics are perh
the two most important[39,40]. This review therefore will
focus on the techniques used in the separation of these
major groups of antioxidants. Other antioxidant phytoche
icals such as alkylamides in pepper and Echinacea will a
be mentioned.Fig. 1shows the chemical structures of typic
polyphenolics, carotenoids and amides that are known to
antioxidants.
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Fig. 1. Chemical structures of major antioxidant groups and representative individual antioxidant phytochemicals.

flavonoids can be further classified into anthocyanins, flavan-
3-ols, flavones, flavanones and flavonols. Some of the
flavonoids such as flavan-3-ols can be found in dimmers,
trimers and polymers (Fig. 1). Many of the phenolics are of-
ten associated with sugar moieties that further complicate the
phenolic profiles of plants[46]. Polyphenols are especially
important antioxidants, because of their high redox poten-
tials, which allow them to act as reducing agents, hydrogen
donors and singlet oxygen quenchers[47]. In addition, they
have a metal chelating potential[48]. The antioxidant activity
of the dietary polyphenolics is considered to be much greater
than that of the essential vitamins, therefore contributing sig-
nificantly to the health benefits of fruits[30].

Flavonoids and related polyphenols are ubiquitous in
land plants, and have the general structure as shown in
Fig. 1. Flavonoids generally consist of two benzene rings
(rings A and B,Fig. 1) linked by an oxygen-containing
heterocycle (ring C,Fig. 1). It should be noted that the
chalcones are considered by many authorities to be members
of the flavonoid family, despite lacking the heterocyclic ring
C. The fused A and C rings are often collectively termed the
flavonoid nucleus.

1.3. Evaluation of antioxidant activity

Many in vitro models and in vivo methods have been de-
veloped for the evaluation of antioxidant activity. However,
the interpretation of results obtained from these model sys-
tems has to be dealt with caution due to the different methods
being based on different mechanisms, resulting in consider-
ably varied antioxidant activity. There is no perfect system
available to help us know about the “true” antioxidant power
or capacity of a single antioxidant or a complex medium of
antioxidant phytochemicals[49,50].

The following are examples of the most frequently used
simple in vitro models for the evaluation of total antioxidant
activity.

Ferric reducing/antioxidant power (FRAP) assay: The
FRAP assay was first introduced by Benzie and Strain[51]
for measuring the total antioxidant activity. More recently this
method has been modified for the 96-well microplate reader
[52], giving better reproducibility and higher throughput of
samples. The assay is based on the reducing power of a com-
pound (antioxidant). A potential antioxidant will reduce the
ferric ion (Fe3+) to the ferrous ion (Fe2+); the latter forms
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a blue complex (Fe2+/2,4,6-tripyridyl-s-triazine (TPTZ),
which increases the absorption at 593 nm. Stronger absorp-
tion at this wavelength therefore indicates higher reducing
power of the phytochemical, thus, higher antioxidant activity.

�-Carotene–linoleic acid model system (�-CLAMS): The
�-CLAMS method is based on the decolouration of�-caro-
tene by the peroxides generated during the oxidation of
linoleic acid at an elevated temperature[53,54]. This method
has also been adapted for the 96-well microplate reader
recently [52]. Readings are taken at 490 nm immediately
after and typically at 15 min time intervals for 100–300 min.
Flatter decaying curves indicate the presence of stronger
antioxidants.

Oxygen radical absorption capacity (ORAC) method: The
ORAC assay was developed by Cao et al.[55,56]and has been
used to evaluate the antioxidant capacity of water-soluble
phytochemicals. A fluorescent protein, R-phycoerythrin (R-
PE) and a peroxyl radical generator, AAPH (2,2′-azobis(2-
amidinopropane) dihydrochloride were used in the assay. The
excitation and emission wavelengths were set at 540 and
565 nm, respectively.

Thiobarbituric acid reactive substance (TBARS) method:
During lipid peroxidation, lipid peroxides are formed, with
a subsequent formation of peroxyl radicals, followed by a
decomposition phase to yield aldehydes such as hexanal,
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Fig. 2. Antioxidant activities of selected polyphenols and plant extracts
measured by PCL method. The longer the lag phase, the stronger the an-
tioxidant activity. The blank had the shortest lag phase. Phl: phloridzin;
Asc: ascorbic acid; Qu-3-ara: quercetin-3-arabinoside; Cy-3-gal: cyanidin-
3-galactoside; Chl: chlorogenic acid; F-Empire: extract of the Empire apple
flesh; P-Empire: extract of the Empire apple peel. Apples were extracted
with 70% aqueous methanol (1:1, w/v). Data for the extracts were obtained
from a 50-fold dilution of the peel extract, and 10-fold dilution of the flesh
extract. All other standards were in 10�M concentration (R. Tsao et al.,
unpublished).

designed specifically for PCL is now available, and the
author has found it quite a useful tool.Fig. 2 shows some
typical curves of selected polyphenols and plant extracts.

1.4. Sample collection, storage and extraction

Due to the vast reservoir of plants, the variation of differ-
ent parts in a plant, and the diverse chemical structures and
physicochemical properties of the antioxidant phytochemi-
cals, it is nearly impossible to have any definitive procedure
or protocol for the collection and storage of all plant materials.
However, this is perhaps the most important step in the sepa-
ration of antioxidant phytochemicals, because the aforemen-
tioned factors, and many others such as plant variety, grow-
ing location and season, may significantly affect the quantity
and quality of the phytochemicals. Most traditional oriental
medicines are harvested and dried for storage, while at other
times, fresh or frozen plant materials have been used. The
processing and storage conditions such as drying temperature
and duration, thawing method, storage length and humidity
therefore may also affect the outcome. In-depth discussion
on this topic is beyond the scope of this review, however,
it is the author’s opinion that sample collection and storage
conditions are essential and should be treated carefully.

Extraction method is also critical to the recovery of an-
tioxidant phytochemicals. The nature of both plant materials
a order
t y-
d ex-
alondialdehyde and 4-hydroxynonenal. This assa
ased on the detection of a stable product, which is for
etween aldehydes and thiobarbituric acid (TBA) in
queous phase. The production of TBARS was meas
pectrophotometrically at 535 nm after an incubation pe
f 20 min at 80◦C [57].

Trolox equivalent antioxidant capacity (TEAC) meth
his assay is based on the relative ability of antioxid

o scavenge the radical cation 2,2′-azinobis(3-ethylbenzo
hiazoline-6-sulphonate) (ABTS+). The radical is generate
y the interaction of ABTS with the ferrylmyoglobin radic
pecies, generated by the activation of metmyoglobin
2O2. The extent of quenching of the ABTS radical
easured spectrophotometrically at 734 nm and comp
ith Trolox, a water-soluble Vitamin E analogue. Res
re expressed as Trolox equivalents[58]. Other free radica
uch as 2,2-diphenyl-1-picrylhydrazyl (DPPH•) have also
een used to measure antioxidant activities[59]. DPPH•
hows an absorbance maximum at 515 nm which disap
pon reduction by an antioxidant phytochemical that
nti-radical property.

Photochemiluminescence (PCL) method[60]: PCL is
ased on an approximately 1000-fold acceleration of
xidative reaction in vitro compared to normal conditio
his effect is achieved by optical excitation of a suita
hotosensitizer, which exclusively results in the genera
f the superoxide radical O2•−. The radicals are visualize
ith a chemiluminescent detection reagent. A synth
uorescent compound luminol is used in this assay.
ompound plays a double role acting as both the photos
izer and the radical reaction agent. A commercial instrum
nd the bioactive components should be considered in
o achieve good extraction efficiency. Lipophilicity or h
rophilicity affects the solubility of a phytochemical in the



R. Tsao, Z. Deng / J. Chromatogr. B 812 (2004) 85–99 89

tracting solvent, and conversely, polarity of a solvent also has
an impact on the extraction efficiency. Some compounds such
as lignans and procyanidins are often in bound or polymer-
ized forms. Hydrolysis is therefore necessary before the ex-
traction. Many different extraction methods exist for antiox-
idant phytochemicals, but most of them are based on solvent
extraction using water, organic solvent or liquefied gas, or
combinations of them under different temperature and pres-
sure, although other methods such as physical press, filtra-
tion, steam distillation and solid adsorption (of liquid or head
space) have also been used. Enzyme activity of the plants and
the existence of oxygen and light during the extraction also
impact the efficiency, therefore extreme care must be taken
to avoid hydrolysis, oxidation[61,62] and/or isomerization
[63]. Often, due to the analytical difficulties in later separa-
tion procedures, intentional hydrolysis for obtaining the agly-
cones of some flavonoids or derivatization of some fatty acids
to esters may be incorporated into the extraction process.

The extraction procedure is determined by the types of an-
tioxidants to be extracted and whether the objective is quanti-
tative or qualitative. Polar antioxidants such as phenolic acids
and glycosides of many flavonoids are generally extracted us-
ing water, alcohols or a mixture of water and alcohols. For
antioxidants such as aglycones of some flavonoids and most
carotenoids, non-aqueous solvents are used.
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it is important that the extraction solvent has a good polar-
ity, because solvents with high dielectric constants (polar)
can absorb more microwave energy, therefore result in bet-
ter extraction efficiency[68,69]. Water or other polar solvent
is therefore often added as modifiers in order to achieve an
optimal dielectric constant of the extraction solvent. How-
ever, disagreeing opinions also exist: when solvents of low
dielectric constants are used, all the microwave energy may
be directed to the sample material, the moisture inside the cel-
lular structure absorbs the energy so quickly that it erupts and
breaks the cell wall, releasing the phytochemicals to the sur-
rounding solvent. Nonetheless, compared with the conven-
tional solvent extraction, MAE offers many advantages: (1)
shorter extraction time, often few minutes instead of hours;
(2) less solvent; and (3) higher extraction efficiency.

Certain gases such as carbon dioxide (CO2) can be lique-
fied to a state called supercritical fluid when the pressure and
temperature are right. Characteristics of a supercritical fluid
resemble both a gas and a liquid, and SFE takes advantages
of such fluids. The gas-like characteristics help the fluids dif-
fuse to the matrix and access to the phytochemicals, and the
liquid-like characteristics provides good solvitation power.
SFE has been used in recent years in many applications, and
supercritical CO2 is the most widely used solvent for many
antioxidant phytochemicals. The most obvious merit of SFE
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Methanol is more frequently used than ethanol du
ts higher extraction efficiency. Aqueous methanol betw
0 and 80% has been used for extracting hydroxycinn
cids, and many subgroups of flavonoids. Higher w
omposition in the solvent can aid in the extraction of gly
ides of these compounds, although due to the complex
eterosidic combinations, certain groups of flavonoids,
s flavones and flavanols, are not generally characteriz

ntact compounds but in the form of their aglycones. For
eason, a hydrolysis procedure before or during extracti
equired[64–67].

Solvent extraction offers good recovery of antioxid
hytochemicals from various samples, however, the u

arge amount of organic solvents poses health and safety
nd is environmentally unfriendly. There are many alte

ive methods that either eliminate or reduce significantly
se of organic solvents. Some of them offer identical, if
etter, extraction efficiency and cost effectiveness. Met
uch as solid-phase extraction (SPE) use solid absorbe
xtract phytochemicals from liquid matrix such as juice

s easy, rapid and economical compared to solvent extra
owever, SPE is perhaps more often used in sample cle
urification or pre-concentration than in extraction beca
f the selectivity and saturation of the absorbents. The

owing alternative extraction methods, microwave-ass
xtraction (MAE), supercritical fluid extraction (SFE) a
ressurized liquid extraction (PLE), due to their increasi
opular uses in the extraction of antioxidant phytochemi
ill be briefly discussed.
MAE is a relatively new extraction technique that co

ines microwave and the use of traditional solvent. In M
s the cleanness. CO2 is chemically inactive, has a low toxi
ty, and poses virtually no harm to the environment. Howe
FE is a highly expensive technology. Extraction efficie

n CO2 SFE can be optimized by changing the density of C2,
odifier (e.g. organic solvent), modifier percentage, tem
ture, time and other parameters. Due to the apolar pro
f CO2, it is most suitable for the extraction of antioxida
uch as carotenoids and other relatively lipophilic anti
ants[70–72]. For most polyphenolic antioxidants, unfor
ately, even though a good recovery rate can be achiev
hanging the above-mentioned parameters (often by a
olar solvent), it often significantly offsets the many adv

ages that SFE offers. For example, in extracting polyph
ntioxidants from green tea, the best extraction yield

ound in a system using 95% methanol and 5% CO2 [73].
thers also found that significant amount of polar org
odifiers has to be added to obtain high extraction y

74–79]. These studies showed that high concentration
rganic modifiers lead to reduced selectivity. Antioxida

n rosemary have been extracted using SFE[80,81], and it
as found that supercritical CO2 gave higher recovery tha

ypical organic solvents[80].
PLE or accelerated solvent extraction (ASE) has been

or the extraction of bound residues of pesticides and o
nvironmental contaminants. This technology has only
ently been used for the extraction of antioxidant phytoch
cals[82,83]. In PLE, fast and efficient extraction is achiev
y applying high pressure and elevated temperature. I

ound that using higher temperatures resulted in highe
overy rates[82,83]. At higher temperatures, although m
henolic antioxidants were stable, others such as cat
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and epicatechin were degraded (ca. 14% at 150◦C) [82]. In
extracting catechin and epicatechin from tea and grape seed,
it was found that among water, methanol, ethanol and ethyl
acetate, methanol had the highest yield[83]. PLE was also
applied to extract procyanidins[84].

2. Separation methods

2.1. Conventional chromatography

Paper, packed column and thin-layer chromatographic
methods have been used for the separation and purifica-
tion of many antioxidant phytochemicals. However, due to
the lack of good separation efficiency and resolution, and
the difficulties in detection, quantification and sensitivity,
these conventional chromatographic techniques, particularly
the paper chromatography (PC), are not being used as of-
ten as before. PC was used to separate flavonoids, cinnamic
acids and coumarines from the different tissues and tradi-
tional medicinal preparations of dandelions (Taraxacum of-
ficinale) [85]. In this study, separation was achieved by using
multiple 2DPC (two-dimensional) techniques on 3 mm What-
man paper and a mobile phase consisting ofn-butanol–acetic
acid–water (4:1:5) and 15% acetic acid. Thin-layer chro-
matography (TLC) and open column chromatography (CC)
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phytochemicals. TLC was used to separate and identify phe-
nolic acids and flavonoids in the water extracts of Lamiaceae
family aromatic plants[95]. A strong antioxidant, rosmarinic
acid was separated and purified from Summer savory (Sat-
ureja hortensisL.) using normal phase silica gel and reversed-
phase C18 CC[96]. Similarly, several antioxidant phenolic
acids and polyphenolics were isolated from the root sam-
ple of a traditional medicinePolygonum multiflorumThunb
using silica gel and Sephadex LH-20 CC[97]. TLC is also
one of the main methods for class fractionation and specia-
tion of lipids [98,99], and is used increasingly to determine
the botanical origin, potency, and flavour potential of plant
materials (e.g. herbs and spices)[100–102]. Many core and
new TLC technologies have been identified and developed
in recent years, including: (1) methods to provide a con-
stant and optimum mobile phase velocity (forced flow and
electroosmotically-driven flow), (2) video densitometry for
recording multidimensional chromatograms, (3) in situ scan-
ning mass spectrometry, and (4) bioactivity monitoring for se-
lective detection[103]. These technologies, in combination
with 2D, multiple development and coupled column–layer
separation techniques could dramatically increase the use of
TLC for the characterization of complex mixtures such as
plant extracts containing phytochemical antioxidants[103].

2.2. Gas chromatography
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re still being used as separation tools for many antiox
hytochemicals due to the convenience, low cost, sim
eous separation and detection of considerable amou
amples and the availability of new stationary phases[86]. A
onsiderable number of TLC stationary phases were e
ned and compared for the separation of carotenoids i
rika. Among the alumina, silica, silica–diatomaceous e
1:1, m/m), diatomaceous earth, cellulose, polyamide, cy
iol and amino silica stationary phases, and different c
inations of solvent systems, the best separations have

ound in adsorption alumina TLC with hexane–chlorofo
ixtures as mobile phase[87]. The crude extracts of pla
aterials contain highly complex profiles of phytochem
ntioxidants, and often, isocratic separation cannot ac
atisfactory separation. Multiple mobile phases, in regul
D TLC are therefore useful for good separation of anti
ant carotenoids from complicated plant materials or ext

88–91]. Despite these applications, disadvantages su
arge requirement in sample amount may restrict the u
LC and CC because such amount is not always avail
ecovery of the antioxidant phytochemicals from the T
lates or CC could also be challenging[92,93]. The major

ty of the TLC and CC applications are in the fractionat
nd preliminary separation of antioxidant phytochemical

ore they are separated, quantified and identified by HPL
ther high-performance separation techniques. TLC ofte
n additional role as a monitoring tool for CC fractionat
sing TLC and CC, nine antioxidants were separated
urified from the aerial parts of St. John’s wort (Hypericum
yssopifoliumL.) [94]. TLC and CC are also used, often
ombination, in bioassay-guided fractionation of antioxid
Despite the high resolution and sensitivity of GC, du
he lack of volatility of the majority of plant derived antio
dants, its use in the separation has not been as popu
he high-performance liquid chromatography (HPLC).
lication of GC is also limited because of the difficulty

arge-scale separation and purification. Separation of an
dant phytochemicals by GC has mostly been attempte
ompounds in the essential oils of herbs. Depending o
hysicochemical property of the antioxidants, column
ifferent polarity and lengths have been used in the s
ation. GC with a capillary column and a MS detector is
redominant system. A column with medium polarity (
B-5, with 5% biphenyl and 95% dimethylpolysiloxane) w

ound to give the best results in the separation of antioxid
rom Crataegus oxyacantha, Hamamelis virginianaandHy-
rastis canadensis[104]. The essential oil ofH. virginiana
howed the strongest antioxidant activity, and its majo
ive component was identified to be 1,2,3-trihydroxybenz
phenolic compound by GC. Other studies also indicated
henolic components in essential oils are the major cont

or of the antioxidant activity[105,106]. Among the phenoli
ompounds of essential oils, carvacrol and thymol are pr
ly the two most recognized antioxidants, typically foun

hyme and oregano, respectively[107,108]. GC and GC–MS
ere used to separate alkylamides in Echinacea[109].

.3. High-performance liquid chromatography

There is increasing need to know the photochemical
les of antioxidants in different plants, and among diffe
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varieties of the same plant, but conventional chromatographic
techniques (PC, TLC and CC) in general lack the sensitiv-
ity and resolution that are often required for trace amount of
antioxidant phytochemicals. GC meets these requirements,
but its use is somewhat limited due to the non-volatility of
many antioxidants. As most researchers would agree, HPLC
is perhaps the most popular and reliable system among all
chromatographic separation techniques for the separation of
antioxidant phytochemicals. The versatility of HPLC is also
aided by the different separation modes and types of detec-
tion methods, among which is the diode array detector (DAD)
coupled with mass spectrometer (MS).

2.3.1. HPLC for carotenoid antioxidants
The lipophilic characteristics of carotenoids have made

normal phase HPLC a more favourable choice for the sep-
aration of these phytochemical antioxidants. The majority
of adsorption HPLC techniques used for the analysis of
carotenoids employed silica stationary phase[86]. Separation
of saponified carotenoids was carried out on a silica column
(250 mm× 4.6 mm i.d., 5�m) using gradient elution from
95% of light petroleum to 95% acetone[110]. With reversed-
phase HPLC, C8 and C18 columns have been proven well
suited for routine separations of carotenoids[111–113].
Piccaglia et al.[114] used a C18 column and achieved rela-
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2.3.2. HPLC for polyphenolic antioxidants
For the separation of phenolic acids and flavonoids, the

chromatographic conditions of the HPLC methods include
the use of, almost exclusively, a reversed-phase C18 column;
UV–vis diode array detector (DAD), and a binary solvent
system containing acidified water (solvent A) and a polar or-
ganic solvent (solvent B). The separation normally requires
1 h at a flow rate of 1.0–1.5 mL/min. Solvent A usually in-
cludes aqueous acids or additives such as phosphate. Sol-
vent B is normally pure or acidified methanol or acetonitrile.
Vast amount of literature exists. Antioxidant flavonoids in-
cluding rutin and chlorogenic acid in Solidago plants were
separated using HPLC-UV[127]. Among the numerous sep-
aration systems, only a few procedures were developed to
specifically measure polyphenolic concentrations in several
commonly consumed foods[46]. Most of these methods have
been developed to measure different groups of polypheno-
lics in a single plant, or a single or a few groups in multiple
plant sources. Van Sumere et al.[128] indeed developed a
good method that separated nearly 50 phenolic compounds
from the rose flower pedals. However, some important an-
tioxidant polyphenols such as procyanidins, chlorogenic acid
and phloretin-glycosides were not included in their method.
A method by Paganga et al.[129] and two other recent
HPLC methods by Schieber et al.[130] and Shui and Leong
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ively good separation of free lutein, three lutein monoes
nd five lutein diesters. However, for more complex s
les, particularly those high in esters, a C30-column se

o have better separation and selectivity than the conven
8 and C18 materials. RP C30 column is particularly a g
hoice for the separation of geometric isomers of caroten
115–121]. In a method by Sander et al.[122]it was found tha
ith monomeric C18 column, non-polar carotenoid isom
ere poorly resolved, and lutein and zeaxanthin were no
rated. Better separation of the hydrocarbon carotenoid
ossible with the polymeric C30 column. In monomeric C
r C30 columns, the silica was treated so the surface has
ugh endcapping, whereas in polymeric C18 or C30 colu

he material was synthesized from polyfunctional sila
hich produce crosslinking of the hydrophobic phase on
ilica surface. In the same paper Sander et al. also foun
he retention behavior of lycopene varies dramatically
tationary phase properties. With monomeric C18 colu
ycopene usually elutes before�- and�-carotene, wherea
ith polymeric C18 and C30 columns, lycopene is stron

etained and elutes after these carotenoids[122]. Most re-
ently, using C30 LC–MS, Breithaupt et al. were able
dentify eight regioisomeric monoesters in addition to kno
utein mono and diesters[123]. Geometric isomers of fre
arotenoids have been separated using mainly C30 colu
owever, we recently developed a method using RP C18
mn in combination with DAD and MS detection, and

he first time, separated severalcis isomers of lutein dieste
124]. Several good review papers have been publishe
ecent years on the separation of carotenoids, and reade
eferred to those for more detailed discussions[111,125,126].
,

e

131] were developed for the separation and measure
f prominent flavonoids that are members of the subgr
f flavonoids; anthocyanins and procyanidins, however,
ot included in their methods. Some methods such as
eveloped by Escarpa and Gonzalez[132,133], separate
ultiple groups of the most prominent phenolics with a r

ively short analysis time, an obvious advantage for those
re interested in analyzing the major phenolic compon

n shortening the analysis time, however, some minor o
nown compounds may have been missed due to co-el
he co-elution may also affect the quantification of kno
ompounds. Obtaining good resolution is considered to b
ain difficulty for a method that is targeted for separatio
ultiple polyphenolic groups[131]. A method with improve

eparation was recently developed in the author’s grou
ng a binary mobile phase consisting of 6% acetic aci
mM sodium acetate aqueous solution (v/v, final pH 2

solvent A) and acetonitrile (solvent B) and a RP C18
mn. The use of sodium acetate was key to the near ba
eparation of 25 phenolics commonly found in fruits[134].
uch improved separation is particularly informative in te
f phytochemical profiling and quantification. Detection
PLC is routinely achieved by UV absorption, often us
AD, however, DAD has mostly been used as a conven
ultiple wavelength detector, and its versatility often app

o have been neglected[135]. The hydrophilicity of polyphe
ols is relative and it spans over a wide range. Oligom
rocyanidins for example are relatively less hydrophilic.

hough RP-HPLC has been the primary separation m
or the procyanidins, past studies illustrates the difficult
etermining the degree of polymerization of these ant
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dants. Hammerstone et al. therefore have developed a normal
phase (NP) HPLC method that utilized a series of linear gradi-
ents of methanol into dichloromethane with constant amount
of acetic acid and water[136]. For the detailed separation
method for polyphenols, readers are referred to a recent book
by C. Santos-Buelga and G. Williamson[137].

2.3.3. HPLC for other antioxidant phytochemicals
Although carotenoids and polyphenols are the two major

antioxidant phytochemicals, many other naturally occurring
antioxidants are found in plants[138]. Among them, alky-
lamides from the chrysanthemum plants and capsaicinoids
from the chili peppers are strong antioxidants of particular
interest. Isobutylamides in Echinacea were separated using
a C8 or C18 HPLC with UV and MS detectors[139–142].
Using HPLC–DAD and HPLC–MS-SIR (selected ion record-
ing), Luo et al.[139] were able to simultaneously separate
and identify 12 isobutylamides and other phytochemicals in
Echinacea purpurea. Capsaicin and related compounds also
belong to amide group of phytochemicals and they are good
antioxidants as well. Separation of capsaicinoids have been
carried out using a MetaSil Basic C2–C8 RP-HPLC column
and detected and identified by UV and MS or MS–MS[143].

2.3.4. HPLC with non-adsorption columns
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very large fraction of the stationary phase[147]. Unlike other
chromatographic techniques, HSCCC does not use solid sup-
port as the stationary phase, therefore has many advantages
over conventional chromatography: (1) the elimination of
sample loss caused by irrecoverable adsorption to the solid
support matrix; (2) easy scale-up to larger fractionation sys-
tem by simply changing the Teflon tubing coil (column) to
larger sizes; (3) low-cost because it does not use expensive
absorbents and columns; and (4) it reflects the real distribu-
tion profile of phytochemicals in a sample[148,149]. The
most important step in developing a good HSCCC method
is perhaps the determination of theK-value of an analyte in
different two-phase liquid systems. This is normally done by
dissolving a small amount of analyte in the same volume of
each phase of the pre-equilibrated two-phase solvent system.
The two solutions were mixed, shaken vigorously for 10 min,
centrifuged at 4000× g for 5 min to obtain a thorough equilib-
rium. An aliquot of each phase was then analyzed by HPLC
or a spectrophotometer. TheK-value was expressed as the
concentration or absorbance of the phytochemical of interest
in the upper phase divided by that in the lower phase. It is
generally recognized that theK-value of the target antioxi-
dant phytochemical must be in the range of 0.2–5 in a given
two-phase system in order to obtain good separation[150].
Low K-values will result in a poor peak resolution, while high
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The most frequently used NP and some RP-HP
echniques for antioxidant phytochemicals are based o
dsorption/desorption mechanism. However, other m
ave been used for the separation of some antiox
hytochemicals. Procyanidins, for example, were sepa
y size-exclusion chromatography (SEC). Using a TSK
-2500 column, and a mobile phase consisting of aceton
M urea (pH 2) (6:4), procyanidins with various degree
olymerization were separated in native forms from apple
ther plant extracts[144,145]. Some other separation mod
uch as ion exchange chromatography (IEC) have been
or the separation of antioxidant phytochemicals suc
nthocyanins. However, these techniques are often us
ombination with conventional RP-HPLC (e.g. C18).
nstance, ion exchange resins such as Amberlite XAD-7
ften used to separate anthocyanins from other highly w
oluble interference like sugars. Anthocyanins separate
EC are often further purified on a Sephadex LH-20 colu
efore finally being analyzed on a RP C18 column[146].

.4. High-speed counter-current chromatography

Separation by counter-current chromatography (CC
ased on the partition coefficient (K) of a phytochemica
igh-speed CCC (HSCCC) is a relatively new technol
nd it is the most advanced CCC form in terms of parti
fficiency and separation time. The separation in HSCC
ided by pressure and centrifugal force; the latter is ge
ted from both rotational and synchronous planetary m
f coiled columns. The force provides vigorous mixing

ween the two immiscible liquid phases, and retention
-values tend to produce excessive sample band broad
151]. In addition to theK-value, a suitable two-phase s
em should also have a satisfactory retention of the statio
hase and short settling time of the two solvents (<30 s)[151].
or more in-depth information on HSCCC theories rea
re directed to a general review by Conway[152].

Although the first CCC separation of antioxidant phy
hemicals was done nearly two decades ago by Putma
utler for the separation of condensed tannins[153], a grea
umber of HSCCC applications have been reported in
ast several years, particularly in the separation and pre

ion of active ingredients from traditional herbal medici
ncluding antioxidants[147–166]. Procyanidins in apple
ere successfully separated by using type-J multilayer
lanet centrifugation with a two-phase solvent system c
osed oftert-butylmethylether–acetonitrile–water and/o
ystem containing methyl acetate–water[154,155]. Chloro-
enic acid, an antioxidant found in apple and other fr
as separated with high purity and recovery rate fro

raditional Chinese medicineFlos Loniceraeusing HSCCC
ith a two-phase solvent system containingn-butanol–aceti
cid–water (4:1:5)[147]. HSCCC has also been applied
eparate more lipophilic phytochemicals such as caroten

two-phase solvent system composed ofn-hexane–ethy
cetate–ethanol–water (5:5:6.5:3) was successfully us
eparate a strong antioxidant astaxanthin[148].

.5. Supercritical fluid chromatography

Supercritical fluid chromatography (SFC) is a new te
ology similar to HPLC, however, due to the use of su
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critical fluid such as carbon dioxide, it has several advantages
over regular HPLC[167,168]: (1) the use of supercritical fluid
such as carbon dioxide significantly reduces solvent waste,
and makes it easier in removing the solvent when collecting
fractions; (2) antioxidant phytochemicals have higher diffu-
sivity in a supercritical fluid, because such liquid has low
viscosity, therefore leads to more homogeneous diffusion of
the antioxidant compounds into the packing materials, result-
ing in higher resolution and faster separation time; and (3)
parameters such as temperature, pressure, and fluid composi-
tion of the mobile phase can be changed therefore give more
venues for better separation[169].

Most of the SFC related literature is on the separation of
relatively lipophilic antioxidants. This is not surprising be-
cause carbon dioxide, which is non-polar, is the most popular
supercritical fluid. The simultaneous separation ofcis- and
trans-�- and�-carotenes was achieved using SFC[170,171].
Separation of geometric isomers of�- and�-carotene was
also performed on a capillary column[172]. The results are
very encouraging in terms of separation and gain in analysis
time. Other antioxidants have also been separated by SFC.
SFE extract ofArtemisia annuaL., was analyzed by super-
critical fluid chromatography (SFC) using a capillary col-
umn, coupled with a flame ionization detector (FID). With
optimized operating conditions, artemisinin and artemisinic
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amount of organic solvent therefore limits solvent waste
[178–183]. Separation of antioxidant phytochemicals in
capillary electrophoresis is based on the differences in mass
to charge ratios of these compounds, and complex formation
with tetraborate molecules when the phenolic compound
hasortho-hydroxy groups. There are different modes in CE
separations. CZE is the simplest mode and has been used
to separate various types of antioxidant phytochemicals,
particularly phenolic compounds[184–190]. Several CZE
methods were developed for the separation of polyphenolic
antioxidants such as epicatechin, catechin, quercetin,
gentistic acid, caffeic acid, gallic acid andtrans-resveratrol,
myricetin and rutin in wine and grape samples[189,191].
Antioxidants in Ginkgo leaf infusates were also separated
using a CZE system[192]. A recent CZE method was
developed for the separation of anthocyanins in wine[193].
This method had comparable quantitative results with the
HPLC method, but it significantly reduced the analysis time
by nearly 75%. da Costa et al. separated anthocyanins from
blackcurrant (Ribes nigrum) using CZE, and found that res-
olution and peak shapes of the anthocyanins were critically
influenced by the pH of the running buffer and the presence
of an organic solvent. Optimum qualitative separation was
achieved on a fused-silica capillary with a phosphate running
buffer containing 30% (v/v) acetonitrile at an apparent pH
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cid were quantitatively extracted at a flow rate of 2 mL/
n less than 20 min. The supercritical fluid was compo
f carbon dioxide and 3% methanol with temperature
ressure fixed at 50◦C and 15 MPa, respectively. Resu
ere compared with two conventional liquid solvent ext

ion processes[173]. Natural�-tocopherol from�- and �-
ocopherols were also separated by SFC, and the effe
ressure, temperature and the ethanol concentration
obile phase on the retention factor and resolution of t
herols were studied comprehensively by Jiang et al.[174].
method using normal-phase SFC with methanol as m

er has been developed for determination and quantific
f the various indol-3-ylmethyl derivatives including asc
igens formed from the glucobrassicin degradation pro

ndol-3-ylmethanol, under acidic conditions (pH 2–6) w
nd without the presence of ascorbic acid. The SFC me
ad detection limits in the 10–100 pmol range[175].

.6. Capillary electrophoresis

Although HPLC stays as the most dominating separa
echnique for antioxidant phytochemicals, capillary e
rophoresis (CE) is gaining popularity. Like HSCCC a
FC, CE is also a relatively new technique; howeve

epresents an alternative method for the analysis of diffe
roups of antioxidant phytochemicals[176,177]. CE has
everal unique advantages compared to HPLC[178]: (1) it
equires a very small sample size, (2) high efficiency du
on-parabolic fronting; (3) shorter analytical time; (4) l
ost, particularly when use capillary zone electropho
CZE) and fused-silica capillary; and (5) use no or only sm
f 1.5[194,195]. In CZE, modifiers such as organic solve
re often added to the running buffer to increase resol
f phytochemicals[182,196]. Addition of a modifier ca
educe the viscosity, lower the zeta potential of the capi
all, and increase selectivity and resolution. The m
henolic diterpenes responsible for the antioxidant pro

ies of rosemary extracts, carnosol and carnosic acid,
eparated by capillary zone electrophoresis (CZE) u
56 cm long uncoated fused-silica capillary and a 50

isodium tetraborate buffer of pH 10.1. The CZE method
ood reproducibility (relative standard deviation less t
%) and the separation of carnosol and carnosic acid
ccomplished in less than 11 min[197]. CZE was also used
eparate puerarin, daidzein and rutin, antioxidants from
raditional Chinese medicinal plants,Pueraria lobata(Wild.)
hwi and Puerariae Radix[198] and farrerol, quercetin

yringic acid, vanillic acid, 4-hydroxybenzoic acid, pro
atechuic acid inRhododendron dauricumL. [185].

Micellar electrokinetic chromatography (MEKC) us
urfactants such as sodium dodecyl sulfate (SDS) which
ighly organized spherical micelles at concentrations a

he critical micellar concentration (CMC) with the lipophi
ails toward the interior and the hydrophilic ends on
urface of the micelle. This creates an additional separ
echanism through partition. Compounds with differenK-

alues can then partition differently between the micelles
he mobile phase (running buffer). This mode is particul
mportant for the separation of different neutral antioxida
he CMC for SDS is typically 20 mM. The MEKC techniq
as been used for the separation of polyphenolic antioxid

199–205]. Organic modifiers were also incorporated into
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MEKC system in some of these methods to increase the sepa-
ration efficiency and resolution. Antioxidants from rosemary
were determined using a new MEKC method, and found
that MEKC had slightly lower reproducibility in peak area,
but similar in retention time. However, the main advantage
of MEKC is its much higher separation speed[206].

CE as a separation technology is still rapidly evolving
and new modes of separation are being developed. Among
them, a hybrid technique combining solid-phase matrix such
as C18 and C30 polymers with high voltage electrophoresis
has been found very useful. This new mode is called cap-
illary electrochromatography (CEC). Sander et al. first re-
ported the use of polymeric C30 stationary phases in CEC for
the separation of carotenoid isomers[207,208]. This method
was able to separate lycopene isomers,�-carotene isomers,
�-carotene isomers, lutein isomers, zeaxanthin isomers and
�-cryptoxanthin isomers in 35 min.

3. Quantification and online identification

The main purpose of this review is to give up-to-date
information on the separation of antioxidants in plants.
Methods for detection, quantification and online identifi-
cation are inseparable from many of the above discussed
separation techniques, however, they are ultimately a means
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detection wavelength can also make possible the quantifica-
tion of an unresolved or poorly resolved peak. DAD can also
be used to examine the purity of a peak. In-depth discussion
of HPLC–DAD and its use in identification of phytochemi-
cals are beyond the scope of this paper, and there are several
excellent reviews recently published if readers want to obtain
further information[111,209].

Although UV–vis and DAD provide useful information
for the identification of antioxidant phytochemicals, the use
of conventional approaches based on spectra is often limited
when samples contain very similar compounds. Unambigu-
ous identification of structures cannot be done using UV–vis
and DAD spectral data only[209]. For complete structural
identification, other techniques such as MS and NMR are of-
ten necessary. Having said that, the combination of DAD and
MS in HPLC has been a highly useful tool in the separation
and determination of antioxidant phytochemicals. DAD is
particularly useful in the selective detection of antioxidants
with distinct UV–vis absorption patterns. Good examples of
such compounds can be the carotenoids and anthocyanins.
All carotenoids have the characteristic absorption pattern
in the visible region between 410 and 470 nm. There are
normally three absorption maxima at 410, 440 and 476 nm,
although slight shifts may occur depending on the structural
differences. A strong absorption at 330 nm indicates the
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or the confirmation of good separation. The above discu
eparation modes (HPLC, CE, SFC, HSCCC) often s
he same detection techniques, particularly UV–vis–D
nd MS detectors.

.1. UV–vis and diode array detection

UV–vis spectrophotometry has been long used for q
itation of organic compounds that absorb light in the u
iolet and visible region. Most antioxidant phytochemic
ave highly conjugated double bond or aromatic sys

hat absorb light in this region. The application of UV–
etector in separation technologies, particularly the co
ation of DAD and HPLC has gone beyond quantificatio

ight absorbance. HPLC–DAD has played important role
he identification of antioxidant phytochemicals, particul
olyphenolic compounds and carotenoids. In HPLC–D

he spectral information of known standards can be obta
nline and saved as a library database. The UV–vis sp
ata of all eluting peaks of a sample can be scanned, s
nd later retrieved for comparison with the library data
atch of both UV–vis spectrum and retention time can

o highly positive identification of an antioxidant phytoche
cal. As a detector, DAD is also capable of simultaneously
ect and record chromatograms at different wavelengths
eature significantly enhances the performance of the
ation system, particularly when different groups of anti
ant phytochemicals are mixed in one sample. When p
avelengths are chosen, e.g. at the maximum absorptio
roups of antioxidant phytochemicals can be detected

he highest sensitivity[134]. An appropriate selection of th
is-configuration[124]. In terms of polyphenolic antiox
ants, certain subgroups can be separated by monitor
ifferent maximum UV–vis absorption (λmax). The λmax

or the cinnamic acid and its derivatives is near 320
nd that for the benzoic acids, flavan-3-ols (including
imers) and dihydrochalcones is about 280 nm. Theλmax

or the flavonols is usually around 360 nm. Among
avonoids, however, anthocyanins are the most un
ubgroup because they absorb visible light near 52
hen the molecules are in the flavylium cation status (w
H is low). This spectral characteristic gives anthocya
dvantages in being detected without the interference
ther groups of phytochemicals. The maximum wavele
f absorption in the visible region for anthocyanins is fo

o be related to the substituent pattern in the B ring (Fig. 1).

.2. Mass spectrometry and tandem mass spectrometr

Mass spectrometry (MS) can be carried out online
led with chromatographic or electrophoretic technique
ffline as a stand-alone instrument. However, it is the
er that provides unsurpassed opportunities in the ident

ion and structure elucidation of antioxidant phytochemic
here are two main types of ionization techniques for the

ioxidant phytochemicals, the ion-spray techniques suc
lectrospray ionization (ESI), thermospray and atmosp
ressure chemical ionization (APCI), and the ion-desorp

echniques which include fast atom bombardment (FA
lasma desorption (PD), and matrix-assisted laser de

ion ionization (MALDI). ESI and APCI are the two mo
idely used ionization methods for antioxidant phytoche
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cals, and most commercial chromatography–mass spectrom-
etry (LC–MS) instruments can accommodate both of these
techniques. Although there is no clear line, ESI is more often
used to ionize antioxidant molecules such as anthocyanins
that are polar and exist as ions in aqueous solutions, and
APCI is used for less polar and non-ionic antioxidants such
as carotenoids[210]. APCI and ESI can be operated under
both positive and negative ion modes (PI and NI). The most
frequently used mass analyzers can also be separated into
two main groups: analyzers based on ion beam transport such
as magnetic field, time-of-flight (TOF), and quadruple mass
filter; and those based on ion trapping technology. These
analyzers vary in their capabilities with respect to resolu-
tion, accuracy and mass range. MS detector is critical for the
identification of antioxidant phytochemicals because of the
complex and diverse structures, and low concentrations in
the plants. Sensitivity and selectivity of detection can be in-
creased using tandem mass spectrometry, i.e. two (MS–MS)
or more (MSn ) mass analyzers coupled in series. MS–MS
and MSn produce more fragmentation of the precursor and
daughter ions, therefore, provide additional structural infor-
mation for the identification of antioxidant phytochemicals.
There are many excellent recent reviews on the application
of LC–MS in quantitative and qualitative analyses of phy-
tochemicals including antioxidants[121,135,195,211–215].
F ud-
i cifi-
c ctive
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N ed
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been
s idant
p mon-

strated. However, despite the strong evidence that many
groups of phytochemicals have good antioxidant activity
both in vitro and in vivo, our knowledge about the biological
function of individual antioxidant phytochemicals is lacking.
Some of the biggest hurdles may include the low concentra-
tion, instability and difficulty in separation and detection of
these bioactive compounds. In this review, the authors intend
to condense some of the latest technologies that have been
applied to the separation of antioxidant phytochemicals.
The authors also provided some background information
about the antioxidants chemistry and biochemistry, and their
links to the health benefits. It is the authors’ sincere wish
that by emphasizing on the major antioxidant groups, i.e.
carotenoids and polyphenolics, readers will be encouraged
to carry out further studies on the development of new
separation techniques and apply to these and other groups
of antioxidant phytochemicals.

5. Nomenclature

2D two-dimensional
AAPH 2,2′-azobis(2-amido-propane)dihydrochloride
ABTS 2,2′-azinobis(3-ethylbenzothiazoline-6-sulphonate
APCI atmospheric pressure chemical ionization
A
B
B
C
C
C
C
C
�
C
C
C
D
E
F
F
G
G
H
H
I
K
L
L
M
M
M
M
M
N
N

lamini [216] has summarized the use of LC–MS in st
es of polyphenols in grape extracts and wine. He spe
ally indicated that LC–MS techniques are the most effe
ool in the study of the structure of anthocyanins, part
arly the MS–MS approach which is a very powerful tool t
ermits anthocyanin aglycone and sugar moiety chara
ation. In the same review, other LC–MS techniques
s the matrix-assisted-laser-desorption-ionization–tim
ight (MALDI–TOF) was also discussed by the author
he analysis of procyanidin oligomers.

Although PI-MS were used for the detection of vari
ntioxidant phytochemicals, it was found that NI-M
ethods, both APCI and ESI were excellent for flavon
nalysis, both in sensitivity and specific structural infor

ion [217]. Data reported in this paper showed that ESI
he method of choice for the analysis of low-molecular-m
henols under NI mode, whereas flavan-3-ol compo
ere well detected under both positive and negative
egative LC–APCI–MS and low-energy collision induc
issociation (CID) MS–MS were used to provide molec
ass information and product-ion spectra of the flavo
lycosides in some herbs[218]. Detection of phytochemica

ncluding antioxidants has been subjected to many re
eviews[210,211].

. Conclusion

The human health benefits of phytochemicals have
hown by many recent studies, and the roles of antiox
hytochemicals as a whole have also been clearly de
SE accelerated solvent extraction
HA butylated hydroxyanisole
HT butylated hydroxytoluene
C column chromatography
CC counter current chromatography
E capillary electrophoresis
EC capillary electrochromatography
ID collisionally-induced dissociation
-CLAMS �-carotene–linoleic acid model system
MC critical micellar concentration
VD cardiovascular disease
ZE capillary zone electrophoresis
AD diode array detector (or diode array detection)
SI electrospray ionization
AB fast atom bombardment
RAP ferric reducing/antioxidant power
C gas chromatography
C–MS gas chromatography–mass spectrometry
PLC high-performance liquid chromatography
SCCC high-speed counter current chromatography

EC ion exchange chromatography
-value partition coefficient
C liquid chromatography
C–MS liquid chromatography–mass spectrometry
AE microwave-assisted extraction
ALDI matrix-assisted laser desorption ionization
EKC micellar electrokinetic chromatography
S mass spectrometer (or mass spectrometry)
S–MS tandem mass spectrometry
HP natural health products
FF nutraceuticals and functional foods
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NI negative ion
NMR nuclear magnetic resonance
NP normal phase
O2

•− superoxide anion
•OH hydroxyl radical
ORAC oxygen radical absorption capacity
PC paper chromatography
PCL photochemiluminescence
PD plasma desorption
PI positive ion
PLE pressurized liquid extraction
P-PE R-phycoerythrin
ROO• peroxyl radical
ROS reactive oxygen species
RP reversed-phase
SDS sodium dodecyl sulphate
SEC size-exclusion chromatography
SFC supercritical fluid chromatography
SFE supercritical fluid extraction
SIR selected ion recording
SPE solid-phase extraction
TBARS thiobarbituric acid reactive substance
TEAC trolox equivalent antioxidant capacity
TLC thin-layer chromatography
TOF time of flight
U
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