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Abstract

Phenolics are ubiquitous compounds found in all plants as their secondary metabolites. These include simple phenols, hydroxybenzoic acid
and cinnamic acid derivatives, flavonoids, coumarines and tannins, among others. The extraction of phenolics from source materials is the
first step involved in their analysis. While chemical methods are used for determination of total content of phenolics, chromatographic and
spectrometric analyses are employed for identification and quantification of individual compounds present. This paper provides a summary
of background information and methodologies used for the analysis of phenolics in foods and nutraceuticals.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion, wounding, and UV radiation, among oth{8s]. These

compounds occur ubiquitously in plariis5] and are a very
Phenolic compounds are considered as secondary metabogjyersified group of phytochemicals derived from phenylala-
lites that are synthesized by plants during normal develop- pine and tyrosineig. 1) [6-8]. Plant phenolics include sim-
ment[1,2] and in response to stress conditions such as infec-pje phenols, phenolic acids (both benzoic and cinnamic acid
derivatives), coumarins, flavonoids, stilbenes, hydrolyzable

* Corresponding author. Tel.: +1 709 737 8552; fax: +1709 737 4000. and condensed tannins, lignans, and lignins. In plant, pheno-
E-mail addressfshahidi@mun.ca (F. Shahidi). lics may act as phytoalexins, antifeedants, attractants for pol-
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Fig. 1. Production of phenylpropanoids, stilbenes, lignans, lignins, suberins,
cutins, flavonoids and tannins from phenylalanine (PAL).

linators, contributors to the plant pigmentation, antioxidants,
and protective agents against UV light, among otli@}sin
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A number of reviews on the analysis of polyphenolics
have appearefB4-42b] The assays used for the analysis
of polyphenolics can be classified as either those which de-
termine total phenolics content, or those quantifying an in-
dividual phenolic or a specific group or class of phenolic
compounds. However, phenolic compounds must first be ex-
tracted from their source prior to any analysis.

2. Extraction procedures

Extraction of phenolic compounds in plant materials is
influenced by their chemical nature, the extraction method
employed, sample particle size, storage time and conditions,
as well as presence of interfering substances. The chemical
nature of plant phenolics vary from simple to highly polymer-
ized substances that include varying proportions of phenolic
acids, phenylpropanoids, anthocyanins and tannins, among
others. They may also exist as complexes with carbohydrates,
proteins and other plant components; some high-molecular-
weight phenolics and their complexes may be quite insoluble.
Therefore, phenolic extracts of plant materials are always a
mixture of different classes of phenolics that are soluble in the
solvent system used. Additional steps may be required for the
removal of unwanted phenolics and non-phenolic substances
such as waxes, fats, terpenes and chlorophylls. Solid phase
extraction (SPE) techniques and fractionation based on acid-
ity are commonly used to remove unwanted phenolics and
non-phenolic substanc@2b.

Solubility of phenolic compounds is governed by the type
of solvent (polarity) used, degree of polymerization of pheno-

food, phenolics may contribute to the bitterness, astringency, lics, as well as interaction of phenolics with other food con-

color, flavor, odor, and oxidative stability of products. In ad-
dition, health-protecting capacity of some and antinutritional

stituents and formation of insoluble complexes. Therefore,
there is no uniform or completely satisfactory procedure that

properties of other plant phenolics are of great importance tois suitable for extraction of all phenolics or a specific class

producers, processors and consunfigys
Phenolics are not uniformly distributed in plants at the tis-

of phenolic substances in plant materials. Methanol, ethanol,
acetone, water, ethyl acetate and, to a lesser extent, propanol,

sue, cellular and subcellular levels. Insoluble phenolics are dimethylformamide, and their combinations are frequently

the components of cell walls, while soluble phenolics are
compartmentalized within the plant cell vacud2s3,9-12]

At the tissue level, the outer layers of plants contain higher
levels of phenolics than those located in their inner parts
[9,13,14] Cell wall phenolics, such as lignins (the polymer
of monolignol units) and hydroxycinnamic acids are linked
to various cell componenf45-17] These compounds con-
tribute to the mechanical strength of cell walls, play a reg-
ulatory role in plant growth and morphogenesis and in the
cell response to stress and pathodébsl 7—20] Ferulic and
p-coumaric acids, the major phenolic acids, may be esteri-
fied to pectins and arabinoxylans or cross-linked to cell wall

used for the extraction of phenoli§34]. Palma and Taylor
[58] used supercritical mixture of carbon dioxide and alco-
hol for the extraction of polyphenolics from de-oiled grape-
seed. According to these authors methanol was a better carbon
dioxide modifierthan ethanol. Later, Murga ef&B] demon-
strated that the solvent capacity of the supercritical mixture
of carbon dioxide and methanol was affected by the operation
conditions. Recently, Ashraf-Khorassani and Tayédy de-
veloped a sequential extraction of de-oiled grapeseed to frac-
tionate phenolics into monomeric phenolics and procyani-
dins. A methanol-modified carbon dioxide was first used to
extract catechins and epicatechins and then pure methanol

polysaccharides in the form of dimers such as dehydrofer- was employed for extraction of procyanidins from the seeds.

ulates and truxillic aci§21-29] It has been suggested that
these cross-links may play a significant role in cell—-cell adhe-
sion[30], serve as a site for the formation of lignif3—33]

and contribute to the thermal stability of plant food texture
[28].

Up to 80% of catechins and epicatechins, presentin the seeds,
were extracted using 40% methanol-modified carbon dioxide
solvent system.

Extraction periods, usually varying from 1 m[@2] to
24h [73-75] have been reported. Longer extraction times
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increase the chance of oxidation of phenolics unless reduc-methanol-acetone—water, was treated with 4 M NaOH under
ing agents are added to the solvent systédj. On the other nitrogen to liberate insoluble-bound phenolic acids. Krygier
hand, Naczk and Shahiffi4] and Naczk et a[46] found that et al. [43] reported alkaline hydrolysis may lead to signif-
atwo-stage extraction with 70% (v/v) acetone, 1 min each, us- icant losses of hydroxycinnamic acid derivatives. Recently,
ing a Polytron homogenizer at 10,000 rpm, was sufficient for Nardini et al.[44] reported that the addition of ascorbic acid
the extraction of tannins from commercial canola meals. Fur- (1%) and ethylenediaminetetraacetic acid (EDTA; 10 mM)
ther extraction (up to six stages) only marginally enhanced the prevented the degradation of phenolic acids during alkaline
yield of extraction of other phenolic compounds. However, hydrolysis. Other solvents, such as ethanol, acetone, and chlo-
Deshpandg77] demonstrated that the optimum extraction roform have also been used for the extraction of phenolics,
time required for dry bean phenolics was 50-60 min. often with different proportions of wat¢84,45,46a,h]

The recovery of polyphenols from food products is also
influenced by the ratio of sample-to-solveR).(Naczk and
Shahidi[46,64]found that changin&from 1:5to 1:10 (w/v)
increased the extraction of condensed tannins from commer- A sequential alkaline hydrolysis procedure has been de-
cial canola meals from 257.3 to 321.3 mg per 100 g of meal veloped for the extraction of wall-bound phenol[ds,48]
and total phenolics from 773.5 to 805.8 per 100 g of meal The cell wall material was first isolated from the plant tissue
when using 70% acetone. [49] and then it was sequentially extracted with 0.1 M NaOH

Deshpande and Chery$s?] demonstrated that the yield (1 h, 25°C), 0.1 M NaOH (24 h, 25C), 1M NaOH (24 h,
of tannin recovery from dry beans was strongly influenced 25°C), and 2M NaOH (24 h, 25C). Each alkaline extract
by variations in the sample particle size. They found that was acidified with HCI to pH < 2 and then extracted three
the amount of vanillin assayable tannins decreased by aboutimes with ethyl acetate to recover free phenolics.

25-49% as the minimum size was reduced from 820 to
250pm.

2.2. Wall-bound phenolics

2.3. Flavonoids
2.1. Phenolic acids Flavonoids Fig. 3) are commonly extracted from plant
materials with methanol, ethanol, water or their combina-
Krygier et al. [43] extracted free and esterified phe-

nolic acids Fig. 2) from oilseeds using a mixture of . 2'4'
N
B &) 02 3
methanol-acetone—water (7:7:6, v/viv) at room temperature. ’ 7Y
. . . . . 6 473
Following this, free phenolics were extracted with diethyl g
e ; i L Cl: N Substituti Dietary S
ether from the acidified aqueous suspension of phenolic—== s Aiinieiad ey e
. Chalcone Butein 2,4,3,4'-0OH Miscellaneous
extract and then the water suspension of the extract Was vincomecien Okanin 2,3,4,3,4' - Ol Miscellaneous
treated with 4M NaOH under nitrogen to liberate esteri- ravone Chrysin 5,7- 01 Fruit skins
. . . « qgegr Apigenin 5,7,4 - OH Parsley, celery
fied phenolic acids. The hydrolyzate was acidified and the
. . . . . Flavonone Naringin 5,4', - OH; 7 - rhamnoglucose Citrus, grapefruit
liberated phenolic acids were extracted with diethyl ether. Naringenin 57,4 -OH Citrus
H H H H H Taxifoli 3,5,7,3,4',- OH Citrus
The residue after exhaustive extraction with a mixture of Ertodictyol s34 on Lemons
Hesperidin 3,5,3'- OH, 4' - OMe; Oranges
7 - rutinose
R TIsosakuranetin 5,7 -OH; 4' - OMe Citrus
R, cooHn Flavonol Kaempferol 3,5,7,4'- OH Leek, broccoli, endives,
grapefruit, black tea
R; Quercetin 3,5,7,3,4'-OH Onion, lettuce, broccoli,
. tomato, tea, berries, apples,
olive oil
Acid R, R, R; Rutin 5,7,3,4'- OH; Buckwheat, citrus, red
- 3 - rutinose pepper, red wine, tomato skin
p-HydrObenz?ic 4-Hyc:lro"yben10ic . H OH H Flavononol Engeletin 3,5,7,4' - OH; 3 - O-rhamnose White grapeskin
Protocatechuic  3,4-Dihydroxybenzoic OH OH H Astilbin 3,5,7,5',4' - OH; 3 - O-rhamnose White grapeskin
Vanillic 4-Hydroxy-3-methoxybenzoic OCH; OH H Genistin 5,4' - OH; 7 - glucose Soybean
Syringic 3, 5-Dimethoxybenzoic OCH;3 OH OCH3 Taxifolin 3,5,7,3,4'-01 Fruits
Gallic 3,4,5-Trihydroxybenzoic OH OH OH .
Isoflavone Genistein 5,7,4 - OH Soybean
Daidzin 4'- OH, 7 - glucose Soybean
R Daidzein 4',7-0H Soybean
L
Flavanol (+)-Catechin 3,5,7,3,4'-OH Tea
R; A (+)-Gallocatechin ~ 3,5,7,3',4',5' - OH Tea
COOH (-)-Epicatechin 3,5,7,5,4'-OH Tea
R; (-)-Epigallocatechin 3,5,7,3',4'- OH Tea
(-)-Epicatechin 3,5,7,3,4' - OH; 3 - gallate Tea
gallate
Acid R, R, R;
- Anthocyanidin Epigenidin 5,7,4' - OH Stored fruits
p-Coumaric 4-Hydroxycinnamic H OH H Cyanidin 3,5,7,4'- OH; 3,5 - OMe Cherry, raspberry,
g N o . o strawberry
(’afﬁ’fc 3,4-Dihydroxycinnamic . Olf OH H Delphinium 3,5,7,3,4,5 - OH Dark fruits
Ferulic 4-Hydroxy-3-methoxycinnamic OCH; OH H Pelargonidin 3,5,7,4' - OH Dark Fruits
Sinapic 4-Hydroxy-3,5-dimethoxycinnamic OCHj3 OH OCH;

Fig. 3. Different classes of flavonoids, their substitution patterns and dietary

Fig. 2. Phenolic acids found in foods and nutraceuticals. SOUrCes.
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tion, butin some cases these solvents are acidified. Followingeffective in extracting anthocyanins from grape skins as the

this, the extracts are often treated with HCI| underifNor- acidified 60% methanol.

der to hydrolyze flavonoid glycosides into aglycones before

high performance liquid chromatography (HPLC) analysis. 2.5. Proanthocyanidins

Matilla et al.[50] extracted flavonoids from plant materials

with 62.5% (v/v) aqueous methanol. After acidification of For the extraction of proanthocyanidins, several sol-

the extract with 6 M HCI (extract:acid, 1:4, v/v) the hydrol- vent systems, namely absolute methanol, ethanol, acidified

ysis of flavonoid glycosides was carried out under nitrogen methanol, acetone, water and their combinations have been

at 90°C for 2 h. Arts et al[51] utilized aqueous methanol used. For example, 1% HCI in methanol was used for the

(70-90%, v/v) for extraction of catechins from freeze-dried extraction of proanthocyanidins from sorgh{i] and dry

fruits, vegetables, staple foods and processed foods. Lin etbeang62]. Meanwhile acetone—water (70:30, v/v) was found

al. [52] extracted tea polyphenols by steeping tea leaves into serve as the best solvent system for the extraction of

boiling water for 30 min. The infusion was then filtered and proanthocyanidins from rapeseed/car{6lz&-65] beach pea

subjected to HPLC analysis. On the other hand, Moore et al. (Lathyrus maritimus..) [66,67]and blueberrief68]. On the

[53] have obtained tea polyphenol extracts by employing a other hand, acetone—water (60:40, v/v) was used for the ex-

multiple extraction of tea samples with 80% (v/v) methanol traction of proanthocyanidins from cider apf#®] and grape

and subsequently 80% methanol containing 0.15% HCI. skins[70]. Proanthocyanidins of cloves and allspice may be
extracted with boiling watel71].

2.4. Anthocynins

Anthocyanins/anthocyanidingFig. 4) are usually ex- 3. Purification and fractionation procedures
tracted from plant materials with an acidified organic solvent,
most commonly methanol. This solvent system destroys the The extracts of phenolics, first concentrated under vac-
cell membranes, simultaneously dissolves the anthocyaninsuum, may then be extracted with petroleum ether, ethyl ac-
and stabilizes them. According to Moore et [@4,55] the etate or diethyl ether in order to remove lipids and unwanted
acid may change the native form of anthocyanins by break- polyphenols[78,79] Concentration of extracts containing
ing down their complexes with metals and co-pigments. Re- anthocyanins before purification may, however, bring about
cently, Cacace and Maz§s6] proposed using sulfured water  losses of labile acyl and sugar resid{#8]. In order to avoid
for the extraction of anthocyanins from black currents. The this detrimental effect, several researchers have proposed to
maximum amount of anthocyanins was extracted from berriesreduce the contact of the acids with pigmef&8], to use
at a SQ level of 1000-1200 ppm at 30-3€ and a solvent  neutral organic solvents or boiling wa{&8], or to use weak
to berry ratio of 19:1 (v/w). Later Ju and Howdisl’] used organic acids such as formic or acetic acid, for acidification
pressurized liquid extraction (PLE) to extract anthocyanins of the solvents used for extraction of the pigmdB8#554,55]
from dried red grape skins. These authors reported that high-
temperature PLE (80-10C), using acidified water, was as 3.1. Liquid—solid phase procedures

on The phenolic extract can be partially purified, using ion

OH OH OH . . .
o o O o o O o o O exchange resins, as described by Fuleki and Fri@@jsAm-
N » OH N OH H H o . .
() @ @ berlite particles (XAD-2) have also been utilized for isolation
7 OH 7 OH 7 OH
OH OH OH

and purification of phenolics presentin aqueous plant extracts
[83,84] and acidified aqueous solutions of hor{@p—87}

Pelargonidin Cyanidin Delphinidin . . . .
Amberlite particles were stirred with aqueous extracts for
on up to 4h and then packed into a glass column. The column
O on ) O on was first washed with watgB4] or a combination of acid-
""ocm e @ S ocy ified water and wate[85] to remove sugar and other polar
I 7 on T Zon constituents. Subsequently, the phenolics were washed out
from the column with methanol. Oleszek et [@1] applied
Peonidin Petunidin crude methanolic extract from yucca bark onto;g @lumn
oc, (30mm x 70 mm, 6Qum, Baker) equilibrated with water.
oH The column was first washed out with 40% (v/v) methanol
HO. oy O ocH, and subsequently with pure methanol. The phenolics were
O A on “ only detected in the 40% methanol eluate. Later, Mullen et
on al. [82] employed a combination of ion-exchange column
Malvidin (Diaion HP-20) and column containing 4@n Cg silica gel

support to remove sugars and other contaminants from acid-
Fig. 4. Chemical structures of anthocyanidins. ified extracts of raspberry.
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Phenolics extracts can also be purified and fractionatedthe non-tannin phenolics and proanthocyanidins. The non-
using solid phase extraction or solid phase microextraction tannin phenolics were washed out from the column with
(SPME) on Gg cartridges. Mateos et g215e] employed two bed volume of water followed by five bed volumes
diol-bonded phase cartridge (Supelco C., Bellefonte, PA) to of ethanol-water—trifluoroacetic acid (TFA) (55:44.05:0.05,
extract phenolics from olive oil. The oil was applied tothe col- v/v/v). Subsequently, proanthocyanidins were washed from
umn and subsequently the column was washed with hexanethe column with three bed volumes of acetone—water (60:40,
and then with hexane/ethyl acetate (90:10, v/v). Following v/v). On the other hand, Vidal et dlL02] used a Toyopearl
this, the phenolic fraction was eluted from the column with (TSK HW-50(f) column (50 cmx 25 cm) equilibrated with
methanol. Molecularly imprinted polymers (MIP) are novel water for a semi-preparative separation of anthocyanins ex-
analytical tools for advanced solid phase extraction of tar- tracted from grape skin with ethanol-water (75:25, v/v) con-
geted analytes in fod@15j,k]. Analyte is used as atemplate taining 2% acetic acid. The column was sequentially washed
during formation of the polymer. Analyte is then extracted with water (three beds) and ethanol-water—TFA (20:80:0.05,
from the polymer leaving receptors specific for a molec- v/v/v) to recover the main portion of anthocyanin gluco-
ular recognition of targeted analyte. Recently, Molinelli et sides. The remaining anthocyanins were then eluted with
al. [215i] employed antiquercetin MIP for determination of ethanol-water—TFA (80:20:0.05, v/v/v) solvent system.
quercetin in wine. The recovery rate of quercetin fromsucha  Fractogel (Toyopearl TSK HW-40(s) gel) has also been
column was 98.2%. Salagoity-Auguste and Bertrgatl] as used for separation of malt and hops to obtain proanthocyani-
well as Jaworski and Lej®1] demonstrated that a;g Sep- din dimers and trimers with high purity. The proanthocyani-
Pak cartridge may be used to separate grape phenolics intain fractions, obtained after chromatography of polyphenols
acidic and neutral fractions. Later, Sun et[8R] success-  on Sephadex LH-20 with methanol, were applied to the Frac-
fully used a Gg Sep-Pak cartridge for fractionation of grape togel column which was then eluted with methanol. The four
proanthocyanidins according to their degree of polymeriza- major peaks of hops polyphenolics corresponded to the B3
tion. The procedure involved passing the extract of grape phe-and B4 procyanidin dimers and two unidentified procyanidin
nolics through two preconditioned neutradgiSep-Pak car-  oligomers[103].
tridges connected in series. Phenolic acids were then washed The isolation of proanthocyanins (condensed tannins) is
out with water; catechins and oligomeric proanthocyanidins commonly carried out by employing Sephadex LH-20 col-
were subsequently eluted with ethyl acetate and anthocyani-umn chromatographfp6—100] The crude extract is applied
dins and polymeric proanthocyanidins with methanol. The to the column which is then washed with ethanol to elute the

ethyl acetate fraction was redeposited on the sameS€p- non-tannin substances. Following this, proanthocyanidins are
Pak cartridge and catechins were first eluted with diethyl ether eluted with acetone—water or alcohol-water.
and then oligomeric proanthocyanidins with methanol. An inert glass powder (Pyrex microparticles,

Hong and WrolstafP3] fractionated anthocyanins by elu- 200-40Qum) has been employed for fractionation of
tion of the extract through a SPE cartridge with an alka- grape (seed or skin) proanthocyanidins according to
line borate solution. Only anthocyanins withdihydroxy their degree of polymerizatioi70]. Purified proantho-
groups (cyanidin, delphinidin and petunidin) were prefer- cyanidins were dissolved in methanol and then applied
entially eluted from the SPE cartridge with borate solu- onto the column filled with glass microparticles and
tion due to the formation of hydrophilic borate—anthocyanin equilibrated with methanol-chloroform (25:75, v/v) and
complex. Wang and Sporii84] also isolated anthocyanins massively precipitated on top of the column with chlo-
from fruit juices and wine using a SPE cartridge, but used roform. Proanthocyandins were sequentially eluted from
methanol-formic acid—water (70:2:28, v/v/v) for their elu- the column by increasing proportions of methanol in a
tion. methanol-chloroform solvent system.

Column chromatography has been also employed for frac-
tionation of phenolics extracts. Mateus et[8b] employed 3.2. Liquid-liquid procedures
a Fractogel (Toyopearl) HW-40(s) column for fractionation
of anthocyanin-derived pigments in red wines. Two liters of Countercurrent chromatography (CCC) has recently been
wine were directly applied onto the Toyopearl gel column explored as an alternative to liquid chromatographic tech-
(200 mmx 16 mmi.d.) at a flow rate of 0.8 mL per min. The niques for fractionation of various classes of phenolic com-
anthocyanins were subsequently eluted from the column with poundg104,105] Separation of compounds is based on their
water—ethanol (20%, v/v). The elution of wine phenolics from partitioning between two immiscible liquifis06]. One of the
Toyopearl column yielded malvidin 3-glucoside and three solvent is used as a liquid stationary phase while another is
derived pyruvic adduct pigments. The adducts were those ofused as a mobile liquid phase. The immiscible phases usu-
malvidin 3-glucoside, malvidin 3-acetylglucoside and mal- ally have an auxiliary solvent, miscible in both phases, aiding
vidin 3-coumarylglucoside. These glucosides accounted forin the partitioning of the analytes between two immiscible
60% of the total content of monoglucosides. phase$107].

Souquet et al[101] utilized a Fractogel (Toyopearl Degenhart[107] used high speed centrifugal counter-
TSK HW-50(f) gel) column (35cmx 8cm) to separate  current chromatography (HSCCC) for preparative isolation
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of anthocyanins from red wines and grape skins. Antho- OH
cyanins were fractionated based on their polarities into four OH
solvent systems. Solvent |, consisting teft-butyl methyl HO 0
ether-n-butanol-acetonitrile—water (2:2:1:5, viviviv) con- \@J *1
taining 0.1% trifluoroacetic acid, was used as a medium “oR,

for fractionation of monoglucosides and acylated digluco- OH

sides. Solvent Il, consisting of ethyl acetatdsutanol-water

(2:3:5, viviv) and 0.1% TFA, was used as a medium for sep-  _ctechin Ry R

aration of visitins and diglucosides. Solvent lll, consisting of (-)-Epicatechin (EC) H H _on
ethyl acetate—water (1:1, v/v) and 0.1% TFA, was used as a  ()-Epicatechin gallate (ECG) H A Yas
medium for extraction of coumaryl and caffeoyl monogluco- ()-Epigallocatechin (EGC) on oo

. ey ry Yy Y (-)-Epigallocatechin gallate (EGCG)  OH oH
sides. Solvent 1V, consisting of ethyl acetatdsutanol-water -oc-@-orl
(4:1:5, viviv) was employed as a medium for fractionation of on

acetylated anthocyanins.
Vitrac et al.[108] also employed HSCCC for fraction-
ation of red wine phenolics. Phenolics were extracted first

from red wine into ethyl acetate. Subsequently the pheno- _ )
lic extract was chromatographed using a 1.5 gm60 cm chin gallates Fig. 5 from spray-dried tea extract was de-

cation-exchange Dowex (Sigma) column. Non-phenolic con- Veloped by Baumann et glL11]. Tea phenolic extract was
stituents were washed out from the column with water and ISt subjected to |IQUId—|IQUI.d partitioning _bgtween eth'yl ac-
then phenolics were eluted with aqueous methanol (75%,etate and vyater. The organic Iaye.r cqntamlng cate.chms was
viv). Afterwards, the phenolic extract was fractionated us- then submitted to HSCCC operating in an ascending mode.

ing HSCCC in both ascendant and descendant modes. Thdavorable partitioning was achieved using n-hexane—ethyl
solvent systems water—ethanol-hexane—ethy! acetate in th&@cetate-water (1:5:5, v/viv) or ethyl acetate-methanol-water
ratios of 3:3:4:5 (viviviv) and 7:2:1:8 (viviviv) were used, (©-1:5 and 5:2:5, v/v/v). Sephadex LH-20 column with
at a flow rate of 3mL per min, for elution of phenolics in methanol. as a mobile phase was used for a final purification
ascendant and descendant modes, respectively. of catechin gallates.

Degenhart et al.[109] demonstrated that HSCCC
can be used for isolation of theaflavins, epitheaflavic o ]
acids, and thearubigins from black tea using hexane—ethyl4- Quantification of phenolics
acetate—methanol-water (2:5:2:5 and 1.5:5:1.5:5, v/iv/v/v). ) N
Theaflavins, prior to HSCCC, are extracted from teainfusion A number of spectrophotometric methods for quantifica-
with ethyl acetate and then cleaned up using a Sephadex LH-ion of phenolic compounds in plant materials has been devel-
20 column to avoid co-elution of catechins and theaflavins. OP€d. These assays are based on different principles and are
On the other hand, isolation of thearubigins required clean- Us€d to determine various structural groups present in phe-
ing up tea infusion on an Amberlite XAD-7 column prior to  Nolic compounds. Gas chromatographic (GC) and high per-
HSCCC to remove all non-phenolic compounds. formance liquid f:hromatograp_hlqtechnlques are used widely

Renault et al[110] applied gradient elution combined for both separation and quantitation of phgnollc compo_unds.
with HSCCC for purification of anthocyanins from Cham- Structure equdapon is often achleved.usmg comblnatlon of
pagne byproducts using ethyl acetatéutanol-water (0.2% GC and HPLC with mass spectrometric analysis, as well as
TFA) solvent system, Vidal et af[102] coupled a step-  Other relevant techniques.
wise gradient elution to a multilayer coil countercur-
rent chromatography (MCCC) for fractionation of antho- 4.1. Spectrophotometric assays
cyanins into glucosides, and the corresponding acetylated,
coumaroylated and caffeoylated derivatives without using  The Folin—Denis assay is the most widely used proce-
appropriate tie-lines. The most effective separation of an- dure for quantification of total phenolics in plant materials
thocyanins was achieved wheert-butyl methyl ethern- [71]. Reduction of phosphomolybdic—phosphotungstic acid
butanol-acetonitrile—water acidified with 0.02% (v/v) TFA (Folin—Denis) reagent to a blue colored complex in an alka-
(2:2:0.1:5, viviviv) was used as a solvent system (lower line solution occurs in the presence of phenolic compounds
phase of the system) and a binary stepwise gradient of[112]. Swain and Hills[113] modified the Folin—Denis
solvent system consisting dert-butyl methyl ethera- method for routine analysis of a large number of samples.
butanol-acetonitrile—water acidified with 0.02% (v/v) TFA The Folin—Ciocalteu assay is also used for determination of
(2:2:0.1:5, viviviv; upper phase of the system) and- the total content of plant food phenolig#t,114-117]Both
butyl methyl ethera-butanol-acetonitrile—water acidified Folin—Denis and Folin—Ciocalteu reagents are not specific
with 0.02% (v/v) TFA (2:2:2.5:5, viviviv; upper phase of and detect all phenolic groups found in extracts, including
the system). those in the extractable proteins. Another disadvantage of

Fig. 5. Chemical structures of catechins.

A simple and efficient procedure for separation of cate-
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O OH with indoles and terpenes. A weak response was also de-
HO O o on tected for resorcinol, orcinol, naphtoresorcinol, and phloretin
oH [122,124,125] Li et al. [126] re-examined the use of the
— — DMCA assay for determination of proanthocyanidins in
o o O plants. According to these authors, on a mole basis, the sen-
Q oH sitivity of DMCA towards proanthocyanidins was four times

greater than that of indole and 30,000 times greater than that
on of thymol. The DMCA reagent, in comparison to the vanillin
Ho. o O reaction, carried out in methanol, reacts only with the termi-
@ o nal groups of proanthocyanidins and it is sensitive to both
OH monomeric and polymeric units. The presence of methanol,
acetone, ethyl acetate, and dimethylformamide does not have
Proanthocyanidins g"" any detrimental effect on the rate and intensity of color de-

on velopmen{122].
1o ot 0- cQon oft The proanthocyanidin assay is carried out in a solution
\Q Crpo- L—C} 0 of butanol and concentrated hydrochloric acid (95:5, v/v). In
o O o the presence of this acidic solution proanthocyanidins (con-

HO. . T .
o Ko "" | oH densed tannins) are converted to anthocyanidins. This occurs
—@— -0 0—( HO 0 i i i
C

i through autoxidation of carbocations formed by cleavage of

" =0 ot on Ellagic acid interflavanoid bondgl27]. The yield of this reaction depends
/@\ IR on the concentration of HCI and water, temperature and re-
Ho o action time, the presence of transition metals, as well as the
HOQ\(,H degree of polymerization of proanthocyanidi#8,127] The
Hydrolyzable Tannins OH presence of transition metals enhanced both the reproducibil-
ity and the yield of conversion of proanthocyanidins to an-
Gallic Acid

thocyanidins. Ferrous and ferric ions were the most effective
catalysts in the formation of anthocyanidifi®7]. The re-
producibility of this method was significantly improved with
strict controlling of the reaction temperatU#®].

this assay is the interference of reducing substances such as Various approaches have been used for screening of alarge

Fig. 6. Chemical structures of tannins.

ascorbic acid. number of plant materials for their content of hydrolyzable
The vanillin method is widely used for quantification of tannins Fig. 6). Of these, the most widely used method is
proanthocyanidins (condensed tannii€p( 6) in plant ma- based onthereaction between potassiumiodate and hydrolyz-

terials[118] and, particularly, grain§73]. The vanillin test able tannins. This reaction was first described by Haslam
is specific for flavan-3-ols, dihydrochalcones and proantho- [128] and later used by Bate—Smifh29] for the develop-
cyanidins which have a single bond at the 2,3-position and ment of an analytical assay for estimation of hydrolyzable
possess free meta-hydroxy groups on the B firi,120] tannins in plant materials. Recently, Hartzfeld et[&aB0]
Catechin, amonomeric flavan-3-ol, is often used as a standardmodified this assay by including a methanolysis step followed
in the vanillin assay. According to Price et 1] and Gupta by oxidation with potassium iodate. The assay is based on gal-
et al.[119]this may lead to overestimation of proanthocyani- lic acid which is a common structural component found in
din contents. The vanillin assay in methanol is more sensi- both gallotannins and ellagitannins. Methyl gallate, formed
tive towards polymeric proanthocyanidins than monomeric upon methanolysis of hydrolyzable tannins in the presence
flavan-3-ols. This assay is generally recognized as a usefulof strong acids, reacts with potassium iodate to produce a
method for the detection and quantification of proanthocyani- red chromophore with a maximum absorbance at 525 nm.
dins in plant materials due to its simplicity, sensitivity and The detection limit of the method is 18 of methyl gal-
specificity. The method can be used for quantifying proan- late. Methanol and acetone stabilize the chromophore, while
thocyanidins in the range of 5-5Q@ with precision and presence of water accelerates degradation of the resultant pig-
accuracy of greater thanulg when optimum concentrations ment. Other analytical assays proposed for quantification of
of reactants and solvents are seledtistl ]. hydrolyzable tannins in plant materials include the rhodanine
The 4-(dimethylamino)-cinnamaldehyde (DMCA) assay [131] and the sodium nitratl 32] methods. The rhodanine
has also been proposed for estimation of proanthocyanidinsassay may be used for estimation of gallotannins and is based
[122]. The formation of a green chromophore between cat- on determination of gallic acid in a sample subjected to acid
echin and DMCA was first reported by Thies and Fischer hydrolysis under anaerobic conditions. On the other hand, the
[123]. However, DMCA does not react with a wide range sodium nitrate assay was developed for quantitative determi-
of flavonoids, including dihydrochalcones, flavanones and nation of ellagic acid in sample hydrolyzate, but this assay
flavononols as well as phenolic acids, but instead reactsrequires large quantities of pyridine as a solvent.
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Table 1

Some HPLC procedures for determination of isoflavones in soy foods

Food Sample preparation Stationary phase Mobile phase References

Seed Extraction with 80% Aquapore @; (220mmx 4.6 mm)  (A) 10% acetonitrile in pD with 0.1% TFA; Simonne et al[193]
MeOH; centrifugation (B) 90% acetonitrile in HO with 0.1% TFA,

linear gradient: 100% A, 0% B, 0 min; 70% A,
30% B, 30 min; step gradient to 0% A, 100%

B
Soy foods Extraction with 80% Brownlee Aquapore &£ (A) 0.1% TFA in H,O; (B) acetonitrile; linear Coward et al[194]
MeOH; centrifugation, reversed-phase; (300 mrn gradient: 100% A, 0% B, 0 min; 53.6% A,
evaporation of MeOH, 4.5mm) 46.4% B, 20.6 min
extraction of lipids with
hexane
Seeds, soy Extraction with 0.1% YMC-pack ODS-AM-303 (A) 0.1% acetic acid in water; (B) 0.1% acetic Murphy et al.[195]
foods HCl:acetonitrile (1:5), (250 mmx 4.6 mm, 5um) acid in acetonitrile; 85% A, 15% B, 0 min;
filtration 85% A, 15% B, 5min; 71% A, 29% B, 31 min;
65% A, 35% B, 8 min; 85% A, 15% B, 3 min
Seeds Extraction with 80% YMC-pack ODS-AQ 303 (250 mm (A) 0.1% acetic acid in HO; (B) 0.1% acetic ~ Wang et al[177]
MeOH x 4.6 mm; 5um) acid in acetonitrile; modified gradient: 85% A,
15% B, 0 min; 69% A, 31% B, 45 min
Soy sauce Direct injection Wakosil 11 5C18 HG (250 mum (A) 0.05% TFA in HO; (B) 90% acetonitrile  Kinoshita et al[196]
4.6 mm) fitted with a precolumn with 0.05% TFA; 100% A, 0% B, 0 min;
(30 mmx 4.6 mm packed with the 100% A, 0% B, 20 min; 75% A, 25% B,
same material 270 min, linear gradient
Soy foods Extraction with 80% NovaPak Gg reversed-phase (A) 10% acetic acid in HO; (B) Franke et al[197]
MeOH, centrifugation (150 mmx 3.9 mm, 4um) coupled MeOH-acetonitrile—dichloromethane (10:5:1,
to Adsorbosphere {g column vIVIV). 95% A, 5% B, 0 min; 95% A, 5% B,
guard 5 min; linear gradient: 45% A, 55% B, 20 min;
30% A, 70% B, 6 min; 95% A, 5% B, 3min
Soy foods Extraction with 96% EtOH, NovaPak Gg (150 x 3.9 mm; Isocratic: acetonitrile—water (33:67, v/v) Hutabarat e{ 8]
centrifugation, filtration 4pm)

The complexation of phenolic with Al(11l) has been used A number of approaches have been used to develop
for the development of spectrophotometric methods for de- a simple and satisfactory UV spectrophotometric assay
termination of total caffeic acid, total flavonoids and total [117,138-143] Simple phenolics have absorption maxima
tannins[133-135] The total caffeic acid was measured by between 220 and 280 nfid38,139] but their absorption is
adding a solution of AlGJ to the methanolic extract of phe- affected by the nature of the solvent employed and the pH
nolics and adjusting the pH of this mixture to 4.8 with a of the solution. Moreover, the possibility of interference by
solution of NH;Cl. The absorbance of this solution was then UV-absorbing substances such as proteins, nucleic acids and
measured at 355 nfi35]. On the other hand, the total con- amino acids should be considered. Therefore, the develop-
tent of flavonoids in methanolic extract of phenolics mixture ment of a satisfactory UV assay is a rather cumbersome and
was by complexing flavonoids with Alglat pH 3.1. The a difficult task. In addition, suitability of the UV assay de-
total content of flavonoids and tannins was determined by pends on the material to be analyzed. Both UV and visible
measuring the absorbance of the solution at 407 and 323 nmgspectroscopic techniques are often used for identification of
respectivelyj135]. The modification of the AlG assay pro- isolated phenolic compounds, particularly flavon¢idgt]as
posed by Zhishen et dl136] included the reaction of phe-  well to identify the presence of groups of predominant phe-
nolic extract with sodium nitrate followed by the formation nolic compoundg145]. Diode array detection (DAD) may
of flavonoid—aluminum complex. The absorbance of the so- also be of benefit in such analysis.
lution was then read at 510 nm. Traditional spectroscopic assays may lead to overestima-

Quantification of anthocyanin&ig. 4) takes advantage of  tion of polyphenol contents of crude extracts from plant ma-
their characteristic behavior in acidic media. The analytical terials due to the overlapping of spectral responses. These
procedure for quantification of anthocyanins was first devel- problems can be overcome by using a chemometric tech-
oped by Sondheimer and Kertg487]. This procedure was  nique to analyze the spectra such as partial least squares (PLS)
later modified by Swain and Hillig 13]who suggestedtoex-  or principal component analysis (PCH)46,147] Chemo-
press the concentration of pigments in terms of the change inmetric techniques use information (such as a spectrum) and
the absorbance atyax between pH 3.5 and pH 1.0. Fuleki chemical indices (such as concentration of a component) and
and Francig79] suggested to extend the pH differential to established a mathematical relation between the two. This
between 4.5 and 1.0. They proposed to determine the opticaltechnique assumes that the chemical index (concentration)
density of the two samples at 515 nm for aliquots buffered to is correct and attributes weighings of the spectral informa-
the above pH values. tion accordingly. The setting up of the model, correlating the
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Food Sample preparation Stationary phase Mobile phase References
Grapeseed Extraction with EtOH; fractionation  Exsil 100 ODS Gg, (A) 0.2% phosphoric acid (v/v); (B) 82% Peng et al[187]
of PA using Sephadex LH-20 reversed-phase (250 mm acetonitrile with 0.4% phosphoric acid;
4.6 mm, 5um) coupled to Gg gradient: 100% A, 0% B, 0 min; 85% A,
column guard 15% B, 15 min; 84% A, 16% B, 25 min;
83% A, 17% B, 5min; 57% A, 43% B,
3min; 48% A, 52% B, 1 min; isocratic
52% B, 7min; 57% A, 43% B, 1 min; 83%
A, 17% B, 1 min; 100% A, 0% B, 2 min
Beverages Direct injection Spherisorb ODS2 (150 mm (A): H20; (B) MeOH; (C) 4.5% aqueous de Pascual-Teresa et F182]
46 mm, 3um) formic acid; (D) 4.5% aqueous formic
acid—-MeOH (90:10, v/v); gradient:
0-10 min, 100% A to 100% C; 10-20 min,
0-15% D in C; 20-30min, 15% D in C,
isocratic; 30—40 min, 15-35% D in C;
40-45min, 35% D in C, isocratic;
45-60 min, 35-45% D in C; 60-75min,
45-100% D in C; 75-175min, 0-50% B
in D; 175-180 min, 50-80% B in D
Apples, Extraction with 90% MeOH Inertsil ODS-2 (150 mnx (A) 5% acetonitrile in 0.025 M phosphate Arts and Hollman[51]
grapes (apples, grapes) or 70% MeOH 4.6 mm, 5um) coupled with buffer pH 2.4; (B) 25% acetonitrile in
beans (beans); filtration Opti-Guard PR @g Violet A 0.025 M phosphate buffer pH 2.4;
guard isocratic, 0-5 min, 10% B; 5-20 min,
linear gradient: 5-20 min, 10-80% B;
20-22 min, 80-90% B; isocratic
22-25min, 90% B; linear gradient,
25-28 min, 10% B; isocratic, 28—-37 min,
10% B
Wine Dealcoholized under vacuum; Nucleosil 120 (125 mnx (A) 2% HCOOH in HO; (B) Fulcrand et al[199]
fractionation of polymeric fraction 4mm, 3um) CH3CN-H,O-HCOOH (80:18:2, V/Vv/v);
using Tyopearl TSK gel HW-50 (f), linear gradient: 15-75% B, 0-15min;
thiolysis 75-100% B, 15-20 min
Wine Dealcoholized under vacuum; Superspher 100 RP18 (250mm  (A) H,0; (B) H,O-acetic acid (90:10, Sun et al[200]
fractionation of procyanidins and x 4mm; 4m) v/v); catechins: 10-80% B, 0-5 min;
catechins using two {g Sep-Pak 80-100% B, 5-29 min; 100% B,
cartridges in series 29-45 min;procyaidins 10-70% B,
0-40 min; 70-85% B, 40-55 min;
85-100% B, 5574 min
Wine Filtration, direct injection Nucleosil 100,€(250 mmx (A) 2mM NH4H,PQy, adjusted to pH 2.6 Carando et al[173]
4 mm, 5um) coupled to @Gg with H3POy; (B) 20% A with acetonitrile;
column guard (C) 0.2M HzPQOy adjusted to pH 1.5 with
ammonia; gradient: 100% A, 0-5min;
0-4% B, 5-15min; 4-8% B, 15-25min;
8% B, 92% C, 25.1 min; 8-20% B,
25.1-45 min; 20-30% B, 45-50 min;
30-40%, 50-55 min; 40-80% B,
55-60 min
Cocoa Extraction of defatted seeds with Phenomenex Luna (250 mm (A) Dichloromethane; (B) MeOH; (C) Hammerstone et a]189]
70% acetone (v/v), followed by 4.6 mm, 5um) acetic acid—HO (1:1,v/v); gradient: 0 min,
extraction with 70% MeOH (v/v), 14% B in A; 0-30 min, 14-28.4% B in A;
fractionation of phenolic from 28.4-50% B in A, 30— 60 min; 50-86% B
non-phenolics on column packed in A, 60—65 min; isocratic 65—-70 min
with Baker octadecyl for flash
chromatography
Oolong tea Extraction with acetonitrile—water Devolosil PhA-5 (250 mmx 0.1 M NaH, POy buffer (pH Sano et al.[181]
(1:1, viv) 46 mm) 2.5)—acetonitrile (85:15, v/v) with 0.1 mM
EDTAZ2 Na, isocratic
Green tea Washed with chloroform; extraction ~ p-Bondapak Gg (300 mmx Acetonitrile—ethyl acetate—0.05% phospho- Wang et al[178]
beverage with ethyl acetate, ethyl acetate 3.9mm) ric acid (12:2:86, v/v/v), isocratic
layers combined, evaporated,
residue dissolved in 50%
acetonitrile
Green tea Extraction with hot water, filtration, ~ Hypersil ODS (250 mnmx 0.05% HSO, aqueous—acetonitrile—ethyl Chen et al[201]

washing with chloroform,
extraction of water layer with ethyl
acetate, ethyl acetate layers
combined and evaporated, residue
dissolved in water

4.6 mm, 5um) acetate (86:12:2, v/v/v), isocratic
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Table 3
Some HPLC procedures for determination of anthocyanins and anthocyanidins in selected foods
Food Sample preparation Stationary phase Mobile phase References
Red onions Extraction with MeOH Prodigy ODS2 (250 mnx (A) 10% formic acid in BO (v/v); (B) Gennaro et al.
containing 0.1% HCI, filtration. 4.6 mm, 5.um) MeOH-H,O—formic acid (50:40:10, [202]
v/viv); isocratic: 80% A, 20% B,
0—4 min; linear regression: 20-80% B
in A, 4-26 min
Red wine Dealcoholization of wine under ~ SPLC-18-DB (250 mmnx (A) 5% formic acid in HO; (B) Wang and Sporns
fruit vacuum; dilution of fruit juice 10 mm, 5um) preparative formic acid-HO-MeOH (5:5:90, [94]
juices with water; separation of reverse-phase coupled with vIviv); linear gradient: 5-20% B in A,
anthocyanins using {g preinjection Ggsaturator with 0—1 min; 20-25% B in A, 1-12 min;
Sep-Pak silica-based packing (75 mm 25-32% B in A, 12-32 min; 32-55%
4.5 mm, 12.m) and guard with Bin A, 32-38 min; 55-100% B in A,
Supelco LC-18 reverse-phase 38-44 min; 100% B, 44—46 min;
packing (50 mmx 4.6 mm, 100-5% B in A, 46—47 min
20-40p.m)
Red wine Direct injection Ultrasphere {§} ODS (A) H,O—formic acid (9:1, v/v); (B) Mateus et al[95]
(250 mmx 4.6 mm) CH3CN-H,O—formic acid (3:6:1,
vIviv); gradient: 20—-85% B in A,
0-70min; 85-100% B in A,
70—75 min; isocratic: 100% B,
75-85min
Red Wine Centrifugation, addition of Supelcosik LC-18 (250 mnx (A) 5% formic acid in BO (v/v); (B) Mazza et al[203]
formic acid to 1.5%, filtration 2.1 mm), reverse-phase MeOH; gradient: 5% B in A, 0-5 min;
5-65% B in A, 5-55min; 65—-100% B,
55-58 min; 100-5% B in A,
58-60min; 5% B in A, 60—64 min
Red blood Homogenization with Prodigy ODS3 (150 mnx (A) 0.1% phosphoric acid in $0O; (B) Lee[204]
orange (acetone—EtOH-hexane, 4.6 mm, 5um) 0.1% phosphoric acid in acetonitrile;
juice 25:25:50, viviv), gradient: 10% B in A, 0-2 min;
centrifugation, concentration of 10-50% B in A, 2-32min; 50% B in
acetone—EtOH layer, A, 32-37 min; 50-70% B in A,
separation of anthocyanins 37-57 min
using Gg Sep-Pak
Table 4
Some HPLC procedures for determination of flavones and flavonols in selected foods
Food Sample preparation Stationary phase Mobile phase References
Red onions  Extraction with MeOH Supelcosil LC-18 (250 mnx (A) 0.01 M sodium phosphate adjusted Gennaro et a[202]

stabilized with BHT; dilution
with MeOH

Yellow and  Extraction with chloroformto  LiChrospher 100 RP-18 (250
green remove chlorophyll and x 4, 5pum) coupled with guard
French carotenoids, drying, extraction (4 mm x 4 mm) packed with
beans with 70% MeOH, evaporation the same stationary phase

of MeOH, purification of
phenolics using polyamide
cartridge, filtration
Red beans Extraction with MeOH,
seed separation of tannins using
coats Sephadex LH-20, flavonoid
fraction rechromatographed on
Sephadex LH-20
Extraction with 80% MeOH,
filtration, evaporation,
dissolving in
MeOH-H,O—oxalic acid
(13:36:1, v/viv) filtration

Buckwheat

4.6 mm, 5um) coupled with a
Spherisorb Supelguard LC-18

Shiseido Capcell Paksg
preparative reverse-phase
(250 mmx 10 mm, 5um)

Capcell Pak @—SG 120
(100 mmx 4.6 mm, 3um)

to pH 2.5 with HsPOy; (B) MeOH;

linear gradient: 87-60% A in B,

0-13.5min; 60-10% A in B,

13.5-39min; 10-0% A in B,

39-42 min; 0-87% A in B, 42—46 min

(A) Acetonitrile; (B) 2% acetic acid in  Hempel and Bohnfi205]
H,0; gradient: 10-30% A in B,

0-35min; 30-45% A in B, 35-37 min;

45% Ain B, 37-42 min; 45-10% A in

B, 42—44 min

Isocratic: acetonitrile—p (30:70,
vIv)

Beninger and Hosfielf206]

(A) MeOH-H,O—-acetic acid (13:36:1, Oomah and Mazzg207]
v/ivlv); (B) MeOH-H,O-acetic acid

(73:25:2, viviv); gradient: 10-50% B

in A, 0-20 min; 50% B in A,

20-25min; 50-10% B in A, 25-30 min
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Table 4 Continued
Food Sample preparation Stationary phase Mobile phase References
Tomatoes Extraction with 1.2 M HCl in Cig sSymmetry (150 mx (A) Acetonitrile; (B) H,O adjustedto  Crozier et al[208]
onions 50% MeOH for 2 h at 90C; 3.9mm, 5um) reversed-phase, pH 2.5 with TFA; gradient: 15-35% A
lettuce extract adjusted to pH 2.5 with  coupled with Gg symmetry in B, 0-20 min
celery TFA, filtration guard
Edible Extraction with 1.2 M HCl in Nova Pak Gg (150 mmx 3.9; Isocratic: MeOH-HO (1:1, v/v) Miean and Mohame{209]
tropical 50% MeOH for 2h at 90C, 4pm) adjusted to pH 2.5 with TFA
plants filtration
Fruits and Refluxing with 62.5% MeOH Nova Pak Gg column (150 mm Isocratic: acetonitrile/phosphate buffer Hertog et al[209b—d]
vegeta- stabilized with TBHQ and x 3.9mm, 4um) coupled with  pH 2.4 (25:75; viv)
bles containing 1.2 M HCl at 90C guard packed with Perisorb

for2h

RP-18 (40 mmx 3.9 mm,

30-40pm)

information with a chemical index, is known as calibration troscopy of phenolic extracts of wine. Subsequently, Brenna
and Pagliarin[151] employed a multivariate analysis for es-

Monedero et a[149] developed a chemometric technique tablishing a correlation between the polyphenolic composi-
for controlling the content of phenolic aldehydes and acids tion and the antioxidant power of red wines.

[148].

during production of wine subjected to accelerated aging.
Edelmann et al[150] developed a rapid method of discrim-

Briadet et al[152] applied PCA to differentiate between
Arabica and Robusta instant coffees based on their FTIR

ination of Austrian red wines based on mid-infrared spec- spectra. The discrimination between different species of cof-

Table 5
Some HPLC procedures for determination of other classes of phenolics in selected foods
Food Phenolics Sample preparation Stationary phase Mobile phase References
Finger Free phenolic Extraction with 70% EtOH,  Shimpak Gg (250 mmx Isocratic: HO-acetic Subra Rao and
millet acids centrifugation, 4.6 mm) reversed-phase acid—MeOH (80:5:15, Muralikrishna[210]
concentration, adjusting pH vIvIv)
to 2-3, extraction with
ethyl acetate, evaporation,
dilution in MeOH
Barley Phenolic acids Extractions: hot®; acid Supelcosil LC-18 (150mm  (A) 0.01 M citrate buffer Vasanthan and
hydrolysis; acid and x 4.6 mm, 5um) pH 5.4 adjusted with 50% Temelli[211]
a-amylase hydrolysis; acid acetic acid; (B) MeOH;
anda-amylase and gradient: 2-4% B in A,
cellulase hydrolysis; 0-12min; 4-13% B in A,
centrifugation 12-20min; 13% B in A,
20-26 min; 13-2% B in A,
26-30min
Citrus Coumarins Extraction with acetone, Hypersil ODS (125 mnx Isocratic: MeOH-HO Ogawa et al[212]
fruits filtration, evaporation 4mm, 5um) (75:25, viv)
dissolving in
MeOH-acetone (1:1, v/v),
filtration
Rice bran v-Oryzanol Solubilization of oil in Microsorb-MV Cig Isocratic: Xu and Golbef213]
oil hexane—ethyl acetone (9:1, (250 mmx 4.6 mm) MeOH-acetonitrile—
v/v), removal of lipids dichloromethane—acetic
using silica column acid (50:44:3:3, viviviv)
(250 mmx 25 mm)
Flaxseed Lignans Extraction with Econosil RP Gg (250 mm (A) 5% Acetonitrile in Johnsson et aj214]
flour, 1,4-dioxane—95%EtOH x 4.6 mm, 5.m) 0.01M phosphate buffer,
defatted (1:1, viv), centrifugation, pH 2.8; (B) acetonitrile;
evaporation, alkaline gradient: 100-70% A in B,
hydrolysis, acidification to 0-30min; 70-30% A in B,
pH 3, removal of salt using 30-32min
Cyg reversed-SPE
Peanuts Resveratrol Extraction with 80% EtOH, Vydac Gg (150 mmx (A) Acetonitrile; (B) 0.1% Sanders et a[215]

centrifugation,
semi-purification A}O3
silica gel 60Rg (1:1)

4.5mm) reversed-phase

TFA,; gradient: 0% A in B,
0—-1min; 0-15% A in B,
1-3min; 15-27% A in B,
3-23min; 27-100% A in
B, 23-28 min
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Table 6
Some HPLC procedures for determination of multiple classes of phenolics in selected foods
Food Phenolics Sample preparation Stationary phase Mobile phase References
Lingoberry, Catechins, Extraction with 1.2M HClin  Inertsil ODS (150 mmx 4 mm; (A) 50 mM Hz3POy pH 2.5; (B) Mattila et al.
cran- flavanones, 50% MeOH for 2 h at 90C; 3m) coupled with Gg guard  acetonitrile;catechins86% A in B, [50]
berry, flavones, filtration isocratic;other flavonoids-gradient:
onions, flavonols 95% A in B, 0-5min; 95-50% A in B,
broccoli 5-55min; 50% A in B, 55-65 min;
50-95% A in B, 65-67 min
Nectarines, Phenolic acids, Extraction with 80% MeOH Nucleosil Gg (150 mmx (A) 5% MeOH in HO; (B) 12% Tomas-
peaches, catechins, containing 2mM NaF; 4.6 mm, 5um) reversed-phase MeOH in H,O; (C) 80% MeOH in Barberan et
plums flavonols, centrifugation, filtration coupled with guard containing H»O; (D) MeOH; gradient: 100% A, al.[176]
procyanidins the same stationary phase 0-5min; 0-100% B in A, 5-10 min;

100% B, 10-13 min; 100-75% B in C,
13-35min; 75-50% B in C,

35-50 min; 50—-0% B in C, 50-52 min;
100% C, 52-57 min; 100% D

57-60 min
Red rasp- Ellagic acids, Extraction with MeOH, Lichrocart 100 RP-18 (250 mm (A) 5% formic acid in BO; (B) Zafrilla et al.
berry flavones filtration, addition of BO, x 4 mm, 5um) reversed-phase MeOH; gradient: 10-15% B in A, [179]
evaporation, semi-purification 0-5min; 15-30% B in A, 5-20 min;
of phenolics using Sep-Pak 30-50% B in A, 20-35 min; 50-90%
Cyg, filtration Bin A, 35-38 min
Propolis Phenolic acids, Dilution with EtOH, alkaline Lichrosorb RP18 (200 mnx (A) H20 adjusted to pH 2.6 with Siess et al.
flavones, hydrolysis, acidification, 3mm, 7um) coupled with Gg  H3PQy; (B) acetonitrile; gradient: [175]
flavonones, extraction of phenolic with guard 0-9% B in A, 0-12min; 9-13% B in
flavonols ethyl acetate, evaporation, A, 12-20min; 13-40% B in A,
dissolving in EtOH 20-40 min; 40-70% B in A,
40-60 min; 70% B in A, 60—85 min
Spinach Flavonols, Extraction with 70% MeOH,  YMC ODS-AQ (250 mmx (A) H20O containing 0.01% TFA; (B) Edenharder
flavanones removal of carotenoids and 4.6, 5um) acetonitrile containing 0.01% TFA; gra-et al.[174]
chlorophyll using ODS-&g dient: 100% A, 0-10min; 100-50%
packing material, A in B, 10-40min; 50-0% A in B,
centrifugation, concentration 40-50 min
Olive oil Phenolic acids, MeOH/H,O (80:20, v/v) Cyg Erbasil column (150 mnx  (A) 2% CH;COOH in H0O; (B) MeOH; Montedoro et
secoiridoids evaporation to syrup 4.6 mm) gradient: 95% A/5% B for 2 min; 25% al. [215b,c]
concentration; addition of Bin Ain 8min; 40% B in A in 10 min;
acetonitrile, washing with 50% BinAin 10 min; 100% Bin 10 min
hexane
Olive oil Phenolic acids, Same as Montedoro et al. Spherisorb ODS-2 (25 cm (A) H20 pH 3.1 adjusted with Brener et
secoiridoids [215b,c] 4.6 mm, 5um) CH3COOH; (B) MeOH; C: gradient:  al[215]
90% A/10% B, for 2min; 30% B in A
in 10 min; 70% A/30% B for 20 min;
40% B in A in 10 min; 60% A/40% B
for 5min; 50% B in A in 5 min; 50%
A/50% B for 5min
Olive oil Phenolic acids, Solid phase—liquid extraction Lichrospher 100 RP-18 (A) H20/CHsCOOH (97:3, vlv); (B) Mateos et al.
secoiridoids, using diol-bonded cartridge; (250 mmx 4 mm, 5u.m) MeOH/acetonitrile (50:50, v/v); gradi- [215¢]
flavones, unwanted substances washed reversed-phase ent: 5-30% B in A, 0-25 min; 35% B in
lignans out with hexane and Ain 10 min; 40% B in Ain 5min, 70%
hexane/ethyl acetate (90:10, B in Ain 10 min; 100% B in 5min

v/v), then phenolics eluted
from column with MeOH
Olive oil Phenolic acids, Same as Mateos et §215¢] Spherisorb S3 ODS2 column  (A) H,O/CH;COOH (95:5, v/v); (B) Gbmez-

secoiridoids, (250 mmx 4.6 mm, 5um) MeOH; (C) acetonitrile; gradient: from Alonso et al.
lignans 95% A/2.5% B/2.5% C to 34% A/33% [215f]
B/33%C in 50 min
Olive Secoiridoids, Extraction 80% MeOH Lichrospher 100 (250 mnx (A) H20 (pH 2.5 adjusted with 0.15M Romero et al.
fruits, flavones containing 100 ppm sodium 4.6 mm, 5um) H3POy); (B) H20; gradient: from 10% [215q]
pomace salt of diethyldithiocarbamic Bin Ato 30% B in Ain 10 min, 30%
acid; extract purified using {g B in A for 20 min; from 40% B in Ain
cartridge. 10 min; 40% B in A for 5min; 60% B

in Ain5min; 70 % B in A in 5min;
100% B in 5min
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fee was based on their different contents of chlorogenic acid trochemical (differential pulse voltammetry and amperomet-
and caffeine. Later, Downey et §l.53] successfully applied  ric biosensor) HPLC/DAD procedures for analysis of pheno-
factorial discriminant analysis and PLS to develop a mathe- lics in natural matrices. Of these, HPLC/DAD technique gave
matical model for varietal authentication of lyophilized sam- the most accurate, while the differential pulse voltamme-
ples of coffee based on near- and mid-infrared spectra. Schulzry technique which employed graphite screen-printed elec-
et al. [154] used a near-infrared reflectance (NIR) spectro- trodes was considered as a good and quick method for screen-
scopic method for prediction of polyphenols in the leaves of ing polyphenols in natural extracts.

green teaCamelia sinensifl..) O. Kuntze). High-performance liquid chromatograph coupled with
mass spectrometry (HPLC-MS tandem) has commonly been
4.2. Chromatographic techniques used for structural characterization of phenolics. Electro-

spray ionization mass spectrometry (ESIMS) has been em-

Various gas chromatographic techniques have been em-loyed for structural confirmation of phenolics in plums,
ployed for separation and quantitation of phenolic acids peaches, nectarings/6], grapeseedd.87], soyfoodd188],
(Fig. 2) [43,155] isoflavones[156], capsaicinoidg157], cocoa[189], olive oil [215g] and walnut leave$180,190]
phenolic aldehydefl58] and monomers of condensed tan- and this has demonstrated that complexation of flavonoids
nins [159]. Novel high-temperature gas chromatographic with Cl?* enhances the detection of flavonoids by ESIMS.
columns, electronic pressure controllers and detectors haveMass spectra obtained for metal—flavonoids complexes were
significantly improved the resolution and have also led to more intense and simpler for interpretation than that of cor-
an increase in the upper range of molecular weights of sub-responding flavonoids. Identification of phenolics collected
stances that could be analyzed by GC. Preparation of sam-after HPLC analysis was also carried out using fast atom
ples for GC may include the removal of lipids from the bombardment mass spectrometry (FABM$74,181,191]
extract, liberation of phenolics from ester and glycosidic and electron impact mass spectroméfty4]. On the other

bonds by alkal{43,155] acid[160] and enzymatic hydrol-  hand, matrix-assisted laser desorption/ionization mass spec-
ysis [156] or acid depolymerization of tannins in the pres- trometry (MALDI-MS) has been employed for qualitative
ence of nucleophiles such as phloroglucifid9] or benzyl and quantitative analysis of anthocyanins in fofgdg, while

mercaptar[69,70] Prior to chromatography, phenolics are  MALDI on line with a linear time-of-flight (TOF) mass spec-
usually transformed to more volatile derivatives by methyla- trophotometer was used for identification of theaflavins and
tion[161-163] trifluoroacetylatiorj164,165] conversion to thearubigins from black tefd 92].
trimethylsilyl derivativeg43,155] or derivatization withN-
(tert-butyldimethylsilyl)IN-methyltrifluoroacetamidgl59].

HPLC techniques are now most widely used for both sepa- 5. Conclusions
ration and quantitation of phenolic compounds. Various sup-
ports and mobile phases are available for the analysis of an- Numerous studies suggest that the consumption of plant
thocyanins, procyanidins, flavonones and flavonols, flavan-3-foods containing dietary phenolics may significantly con-
ols, procyanidins, flavones, phenolic acids, and secoiridoidstribute to human health. Hundreds of publications on the anal-
[166,215b—g] Introduction of reversed phase columns has ysis of food phenolics have already appeared over the pasttwo
considerably enhanced HPLC separation of different classesdecades. Nonetheless, there is still no standardize procedure
of phenolic compound§l67]. Several reviews have been for sample preparation and extraction available. Therefore,
published on the application of HPLC methodologies for the there is a need for systematic investigation for sample prepa-
analysis of phenolicpt2b,168-172] ration and for determination of food phenolics. Moreover,

Tables 1-6summarize some modern HPLC procedures methodologies used for analysis of food phenolics have not
employed for the analysis of various classes of food pheno-been standardized. Furthermore, HPLC methods currently
lics. Food phenolics are commonly detected using UV-vis, employed do not determine all health-beneficial phenolics in
photodiode array (DAD), and UV-fluorescence detectors a sample at once. Thus, there is a need to develop more ro-
[48,51,53,56,95,173-180Dther methods used for the de- bust analytical procedures for simultaneous determination of
tection of phenolics include electrochemical coulometric ar- important subclasses of food phenolics.
ray detector (EC)60,181,215h]on-line connected DAD and
electroarray detectdb0], chemical reaction detection tech-
nique[182], and fluorimetric detectdil73,183] A combi- References
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