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Abstract

The analytical methods for the determination of phytoestrogenic compounds in edible plants, plant products and biological matrices are
reviewed. The detection, qualitative and quantitative methods based on different chromatographic separations of gas chromatography (GC),
high-performance liquid chromatography (HPLC) and capillary electrophoresis (CE) coupled with various detections by ultraviolet absorption
(UV), electrochemical detection (ED), fluorescence detection, mass spectrometry (MS) and nuclear magnetic resonance spectroscopy (NMR),
as well as non-chromatographic immunoassay are each extensively examined and compared. An overview on phytoestrogen chemistry,
bioactivities and health effects, plant precursors, metabolism and sample preparation is also presented.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ceptord4,17,20,22]Recent investigations also indicated that

many of their potential health benefits may be attributable to

Phytoestrogenic compounds are secondary plant metabometabolic properties instead of involving estrogen receptors,
lites which have estrogen-like properties and have been as-such as their influence on enzymes, protein synthesis, cell
sociated with lesser incidence of steroid-hormone dependentProliferation, calcium transport, NdK* adenosine triphos-
cancers, e.g. those of the breast, prostate and {bidf The phatase, angiogenesis, vascular smooth muscle cells, growth
major classes of phytoestrogenic compounds, which in this factor action, lipid oxidation, and cell differentiati§22—24]
review will be termed phytoestrogens, are phenolic natural AS @ consequence, there have been an increasing number
products of isoflavones and lignans, as well as coumestanesof studies on phytoestrogens over the past 20 years cover-
flavonoids and stilbend8—15]. As postmenopausal estrogen ing a wide scientific range of disciples including plant ori-
treatment is associated with a lower cardiovascular diseasedins, chemistry, bioactivity, preclinical and clinical study. The
risk, but may lead to a higher risk of endometrial cancer, number of scientific published papers on phytoestrogens rose
breast cancer and venous thrombosis, consumption of phy-from 15 in 1980 to nearly 600 in 200Fig. 1). Therefore,
toestrogens as a rep]acement hormone therapy has been t@e ablllty to characterize and quantitate the phytoestrogenic
major area of research since these compounds were reporte@recursors in plants and/or plant derived products and their
to decrease the risk of cardiovascular disease coupled withmetabolites in biological matrices has become a serious area
a lower risk of several types of candd6—20] Epidemio- of research inquiry. As this same time period was associated
logical studies also revealed that the incidence of breast can-With a dramatic development of newer analytical techniques,
cer for Japanese and Chinese women is lower than that forthere have been a wide array of assays employed using dif-
women in the Wegf7], and the prevailing contribution to this ~ ferent chromatographic separations combined with a wide
difference has been attributed to the diet. One of the most im- variety of detectors. Wang et 48] presented a comprehen-
portant staple foods in the Asian diet is soy and soy derived Sive review on phytoestrogen determination though 2001, but
products, which contain abundant isoflavone phytoestrogensthey focused primarily on isoflavones, while other reviews on
including genistein, daidzein, glycitein and their glycoside Phytoestrogen lignans only gave a brief overview on the ana-
derivatives. Furthermore, a clinical study also indicated that lytical methodd4,9,25] While a large number of analytical
the concentration of daidzein (one of the major isoflavones Mmethods have been published, in this paper we seek to re-
in soy) in 24-h urinary excretion from Japanese women was view the analyses of phytoestrogenic isoflavones from 2001
about 10 times higher than that from recent Asian women and extensively examine the analytical methods used for the
immigrants to Hawaii, and their breast cancer rates are alsodetermination of phytoestrogen lignans in plant, plant derived
greatef[1,2]. Rye bread enriched in lignans is another prin- Products and biological matrices. Our goal is therefore to re-
ciple phytoestrogen sources. The women in the east of Fin-View the literature and present a comparative discussion on
|and' known for their h|gh Consumption of Wh0|e-grain rye the multitude of analytical methods now available and where
bread as dietary biomarker, show a lower incidence of breastfuture work appears to be moving.
cancer either than those in Western Europe and [JS21].

Phytoestrogens and their metabolites have been detected ii.1. Chemistry of phytoestrogenic compounds and

various human and animal biological fluids. Based on the natural sources

structural similarity to the endogenous estrogens, e.g. 17-

B-estradiol, phytoestrogens with 2-phenylnaphthalene-type Isoflavones as one of the major classes of phytoestrogens
chemical structures have been found to bind to estrogen re-are widely distributed in plant kingdom, but accumulate pre-
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Fig. 2. Chemical structures of isoflavone phytoestrogenic compounds in
both soy and red clover, two primary rich plant sources of isoflavones.
Daidzein, genistein and their glycoside derivatives are the major isoflavones
in soy, while formononetin, biochanin A and their malonyl derivatives are
predominant isoflavones in red clover.

leguminous plants containing isoflavones incliRigeraria
spp. (kudzu)[36,37], Glycyrrhizaspp. (licorice)[38], As-
tragalusspp. (milkvetch)39], Sophora japonicgJapanese
pagodatree}40], Sophora flavescer(fightyellow sophora)
[41], Baptisiaspp.[42], Millettia spp.[43], Dalbergiaspp.
[44], Lupinusspp.[45], Ateleiaspp.[46], Desmodium unci-
natum[47] andDerris spp.[48], together with other species
distributed in other taxons, such Henriettella fascicularis

Fig. 1. Number of published papers per year related to phytoestrogens from (Melastomatacead49], Iris germanica(lridaceae]50] and
1980 (data from SciFinder Scholar, July 2004, search keyword phytoestro- Maclura pomifera(MoraceaeISl]

gen).

Phytoestrogenic lignans are also present in a wide variety
dominantly in plants of the Leguminosae family. The best- of plants with many oilseeds, vegetables and fruits known to
known sources of phytoestrogenic isoflavones are soy andcontain lignan precursors. Flaxse&ihum usitatissimuiyxis

soy derived products, which have been a traditional food among the richest known source of these compounds, but the
for eastern Asian populations for thousands years. Daidzein,consumption of flaxseed products in human diets is relatively
genistein and their glycoside conjugates represent the majorow. As a consequence, it is the cereal and whole-grain prod-
soy isoflavones, along with small amounts of glycitein and ucts, particularly rye and barley that provide the most impor-
its glycoside derivatives. These compounds are also presentant dietary source of lignan precurs§@25,52,53] Many

in significant concentrations in various beans and sproutsoilseeds, vegetables and fruits have been also found to contain
[1,7,26—30] Red clover Trifolium pratensgis a rich source  lignan precursors. Previous reports have summarized their
of isoflavones and red clover based products are commer-availability and contents in different plants and food sources
cially available as dietary supplements in the US and Euro- [9,17,22,54] Lignan, first named by Harworth in 19445],

pean markets for women suffering menopausal complaints. Inis a dimeric natural product derived by the combination of
red clover, the majority of isoflavones include formononetin, two phenylpropanoid C6—C3 units gtcarbon atoms. En-
biochanin A and their glycoside malonates, with smaller con- terodiol (L1) and enterolactonel®) are the two most com-
centrations of daidzein, genistein and glycitein derivatives mon mammalian lignans and have been described as the ma-
known as the principle phytoestrogens in $8¢—35] The jor lignans present in serum, urine, bile and seminal fluids
isoflavone precursors detected in soy and red clover are il-of humans and animals, as well ashydroxyentrolactone
lustrated inFig. 2 The glucosyl, occasionally the galactosyl (13) and enterofuranld) identified more recently in hu-
groupis generally substituted on 7 dpésition of isoflavone  man urine[56-61] In humans and animals, two of the

aglycone skeleton, and the malonyl group linked top6- most common lignan precursors known to form enterodiol
sition of sugar moiety. As isoflavone plant precursors, these (11) and enterolactonel ) upon bacterial fermentation are
compounds are generally present g&B-glucosides and'6 secoisolariciresinol16) and matairesinoll), respectively

O-malonylglucosides because these conjugated forms can bg4,9,25,62,63] Enterolactonel2) can be also converted by
utilized to store the less soluble isoflavone aglycones. Otherenterodiol (1). Glycoside derivatives of matairesind5)
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Fig. 4. Chemical structures of endogenous estrogef-&gtrodiol, com-

Fig. 3. Chemical structures of mammalian lignahs-L4) and examplesof ~ Mon naturally occurring phytoestrogenic compounds and important metabo-
common plant lignan precursors5-25). lites showing a marked similarity to estrogen. Equa@7)( and O-
desmethylangolensir28) are important metabolites of isoflavone precur-
sors. The mammalian lignans enterolactoh#) @nd enterodiol 12) are

and secoisolariciresinollg), such as matairesinosid§g], formed from lignan precursors by internal bacteria.

9, 9-0-B-p-diglucosylsecoisolariciresinoll) and 40O-3-

p-glucosylsecoisolariciresind() are the major components  compounds, such as daidzei),(genistein 2), matairesinol

of flaxseed and possibly the lignan precursors of entero- (15) and secoisolariciresinol6) are then directly absorbed
diol (11) and enterolactonel®). These glycoside deriva-  or further metabolized into a wide range of metabolites
tives are easily hydrolyzed and metabolized by colonic mi- [22 31 63,64] The chemical structures of the common nat-
croflora to the mammalian lignaf®,62,64,65] In addition,  yrally occurring phytoestrogenic compounds and their im-

7'-hydroxymatairesinoli(7), pinoresinol 23), syringaresinol  portant metabolites show a striking similarity to endogenous
(24) and lariciresinol 25) have also been recently identified  estrogen of 1-estrodiol Eig. 4).

as precursors of mammalian lignans, and the last three com- Soy and red clover are the richest natural sources of

pounds have been found in cereals, particularly in whole- jsoflavone phytoestrogens. In these plants, isoflavones are
grain rye derived produc{21,25,66] The dibenzylteterahy-  predominantly present as the glycoside and glycoside mal-

drofuran lignans shonanir2{) and burseran2@) found in  gnate conjugates, such a?p-p-glucoside and 60-mal-
flax have been also considered as lignan precufs6r§7] onylglucose of daidzein and genistein in soy, an@-B-b-
The structures of mammalian lignarisl¢14) and examples  glycoside and '60-malonylglucose of formononetin and
of common plant precursor$%-25) are illustrated irFig. 3 biochanin A in red clovef31]. These conjugates are of
Other phenolic phytoestrogens include flavanoids, such as 8+jg|ogical interest in plants and can be utilized to store
prenylnaringenin0) and related flavonoids in hopddmu-  the |ess soluble isoflavone aglycones. Upon ingestion,
lus lupulug and beef68,69] coumestrans of coumestral) they are first hydrolyzed by intestinal bacteria to release
in alfalfa (Medicago sativp[12,13,70] andtrans-resveratral aglycones, which are then metabolized furtf@t,72]
(31) enriched in grape and grape wifiet, 15] Formononetin §) and biochanin A 4), 4-methyl ether
derivatives, are demethylated to daidzelh 4nd genistein
1.2. Metabolism of phytoestrogenic compounds (2) in humans and animals, respectively?2]. Daidzein () is

then reduced to equa{) andO-desmethylangolensi28),
Glycoside derivatives of isoflavone and lignan, the two while genistein 2) to 6-hydroxy©O-desmethylangolensin,
major forms of phytoestrogen precursors in plants are con- 2-(4-hydroxyphenyl)propanoic acid and tri-hydroxybenzene
verted to hormone-like aglycones by intestinal bacteria (par- [4,20,22,26,73—75] The major biotransformations in
ent compounds) in both humans and animals. The parentmetabolism of isoflavone phytoestrogens in humans and an-
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tri-hydroxybenzene are among the most important metabolites. HO

Glycoside derivatives of matairesinol and
secoisolariciresinol
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0CH,

imals are illustrated irig. 5. The isoflavone aglycones and
their metabolites are absorbed in the intestine, where they are-ig. 6. Metabolic pathways of the lignan type phytoestrogens. Enterolactone
mostly conjugated into glucuronides and/or sulphates prior to (1) and enterodiol12) are the major mammalian lignans.
release into the blood, and transported to the liver. Few exitas
free aglyconef26,74] Apart from reductive and conjugative  lites in plants, plant derived products and biological ma-
metabolism, the oxidative biotransformation of isoflavones trices have been reported. When classified upon separation
has been also reported in rats and hunj@fs 78] methodology, the analytical methods can be categorized into
Enterolactone X1) and enterodiol 12) as the most im-  chromatographic and non-chromatographic. Included within
portant mammalian lignans were first found in human urine the chromatographic methods are gas chromatography (GC),
[79,80] as well as newly identified enterofuraf4j and high-performance liquid chromatography (HPLC) and cap-
7 -hydroxymatairesinol {7) [60]. Glycoside derivatives of illary electrophoresis (CE) coupled with various detections
matairesinol {5) and secoisolariciresinol 6), such as mat- by ultraviolet absorption (UV), electrochemical detection
airesinoside 18), 9,9-O-B-p-diglucosylsecoisolariciresinol ~ (ED), fluorescence detection, mass spectrometry (MS) and
(19) and 40O-B-p-glucosylsecoisolariciresinol 20) are nuclear magnetic resonance spectroscopy (NMR). Included
the major plant lignans detected in flaxseed. In humans within the non-chromatographic methods are matrix-assisted
and animals, they are first hydrolyzed to their aglygones laser desorption ionization/time-of-flight mass spectrometry
matairesinol {5) and secoisolariciresinol16) as two (MALDI-TOF-MS) and immunoassay.
primary plant precursors of mammalian lignans by the
B-glycosidase, which is widespread in intestinal microor- 5 1 Gag chromatography—mass spectrometry
ganisms. Matairesinol16) and secoisolariciresinol16)
are then converted to enterolactontl)( and enterodiol Prior to the application of LC-MS, GC-MS had been the
(12 by Fhe activity of the gut microflora, respectively, and y,ost commonly used technique for the analysis of phytoe-
enterodiol (2) could be subsequently converted to entero- gyogenic compounds and their metabolites in biological fluid
lactone (1) [9,62,64,65] The plant lignans pinoresinol e 1o its marked potential of high resolution, selectivity and
(23), syringaresinol 24) and lariciresinol 25) are recently  gengitivity. Even now, for routine analysis of volatile organ-
found to be new lignan precursors for mammalian lignans jc5 high-resolution GC directly combined with now the wide
enterolactone 1) and enterodiol 12) after human fecal 446 of low-cost bench-top MS instruments remain a most
incubation[21,66} Until recently, enterolactonelf) and attractive technique. In 1959, Gohlke first described the di-
enterodiol (2) as the most common mammalian lignans rect introduction of GC effluent into a time-of-flight (TOF)
have been detected in a yanety of biological matrices of 1,555 spectrometer equipped with an oscillosd8gg and
human plasma, prostate fluids, urine and fecal. Small amountyy 4 few years latter, analyses of different volatile organic
of unchanged parent lignans, such as matairesihg), ( compounds using this new technique were repdi8&B4}.
secoisola_riciresinol](G)_ and lariciresinol 25) have_ beenalso  oyer time, direct coupling of a GC unit with various capil-
detected in human urir@5,56,81] The metabolic pathway |5y columns to different MS analyzers, i.e. magnetic sectors,
of main lignan phytoestrogens is illustratecHig. 6 linear quadrupoles, ion traps and TOF analyzers have been
successfully employed, and several ionization techniques in-
cluding electron ionization (EI) and chemical ionization (Cl)
have also been employed.
In the last two decades, many analytical methods for de-  The choice of MS analyzer to employ directly relates to
tection and quantitation of phytoestrogens and their metabo-user’s need for mass range, mass resolution, sensitivity, spec-

2. Analytical methods
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tral collection speed, and cost of the instrument. TOF-MS as ties that are not naturally present in the sample to be studied
a non-scanning mass analyzer provides very fast acquisition[86].
rates, high mass range, and/or high MS resolution, but this  Adlercreutz and coworker481,85,87-94] over the
device is more expensive than that of the lower-resolution last two decades, have made extensive investigations on
quadrupole or ion trap instruments. Furthermore, the fea- phytoestrogen pharmacokinetics using GC-MS. Adlercreutz
ture of high mass range for TOF-MS is less necessary whenet al.[91] first presented a method based on isotope dilution
used in combination with GC, which is predominately ap- GC-MS (ID-GC-MS) for the quantitation of phytoestro-
plied for analysis of low mass analytes. Magnetic sector MS genic lignans and isoflavones, and their metabolites in
instruments can offer high sensitivity, a relatively wide mass biological matrices under the operation mode of selected
range, quite high scanning speed, and/or high mass resoluion monitoring (SIM). This method or a slightly modified
tion, but the significant higher cost and space needs for themethod has become a routine assay for determination of
instrument limit its application. Alternatively, the ion trap phytoestrogens and their metabolites in both plant/plant
MS detector (IT-MSD) permits the use with the additional derived samples[75,93,95,96] and biological samples
benefits of enhanced selectivity through multiple stage MS [61,66,97-106] Apart from the isoflavone metabolites,
(MS™) with little or no additional capital expense in com- dihydrodaidzein, dihydrogenistein, equais-4-OH-equol,
parison with quadrupole MS instruments. Quadrupole MS O-desmethylangolensin and-@H-O-desmethylangolensin,
has the advantaged of relatively lower cost, compactness, re-and mammalian lignans enterolactone and enterodiol previ-
liability, electronically controlled resolution and simplicity ously reported in biological sampl¢85,87,88] Heinonen
of operation. Additionally, for compound identification, this et al.[94] recently reported the identification of several other
unit is favored as most of the MS library spectra were gener- new isoflavone metabolites from human subjects by GC-MS.
ated by quadrupole MS detectors. The majority of GC-MS In their study, the metabolism of phytoestrogenic isoflavones
applications now utilize bench-top instruments with linear daidzein, genistein and glycitein was examined in human
quadrupoles and electron ionization, and generally under theurine. The sample preparation procedure and GC-MS con-
operation mode of full scan and selected monitoring (SIM). ditions used for this study were modified as described earlier
These different MS analyzers including their design and [85]. Urine samples were first extracted with C-18 cartridges,
feathers will be discussed further in the following LC—-MS then hydrolyzed witl-glucuronidase/sulphatase fraelix
section. pomatia Hydrolyzed matrices were then extracted with
All phytoestrogen precursors as they exit in the plant diethyl ether and treated again with C-18 cartridges. After
and their metabolites in biological matrices contain polar pre-purification, the samples were silylated with QSM
hydroxyl and/or carboxyl groups. Derivatization is there- (Py-HMDS-TMCS, 9:3:1, v/v/v). Isolation and character-
fore needed to increase the volatility of each analyte for ization of the urinary metabolites were carried out using
their analysis by GC-MS, resulting in superior chromato- gas chromatography/electron ionization mass spectrometry
graphic properties, such as improved peak shape. More-(GC/EI-MS), and several new metabolites were identified
over, the formation of derivatives may enhance the ther- by the interpretation of mass spectfag. 7). These new me-
mal stability and the ionization efficiency or selectivity tabolites were 50Me-O-desmethylangolensin,’ ®H-O-
of MS, which would be helpful for the identification and desmethylangolensin, ”30H-O-desmethylangolensin, ’-3
guantitation of target compounds. The common reagentsOMe-equol, 6-OMe-equol, 3V, 7-trihydroxyisoflavan, 34/,
include N,O-bis(trimethylsilyl)-trifluoroacetamide contain-  7-trihydroxyisoflavanone,’#,8-trihydroxyisoflavanone,’ 4
ing 1% trimethylchlorosilane (BSTFA-TMCS) and pro- 6,7-trihydroxyisoflavanone, ’3,7-trihydroxyisoflavone,
duce the derivatives of trimethylsilyl ether (TMS). Sam- 4',7,8-trihydroxyisoflavone,’3,5,7-tetrahydroxyisoflavan-
ples may also be silylated with pyridine—hexamethyldi- one and 46,7-trihydroxyisoflavanone, and were found in
silazane—trimethylchlorosilane (Py—-HMDS-TMCS) (9:3:1, additional to other previously reported metabolites.
v/vlv) to form TMS derivativeg85]. GC—MS analysis gen- Using GC coupling with ion trap MS detector (GC/IT-
erally involves a multi-step sample preparation, such as or- MSD), Sicilia et al[67] presented a comparative study on two
ganic solvent extraction and solid-phase extraction (SPE, types of flaxseedl( usitatissimuni. andL. flavun) known
C-18, shephadex-LH20 or ion-exchange chromatography)to be the richest lignan sources and pumpkin se€lis (
for sample pre-purification; hydrolysis of conjugatd® (  curbita pepoL.) regarding their chemical profile of lignans
glucuronidase and/or sultfatase) and derivatization to in- under enzymatic and acidic hydrolysis, respectively. GC-MS
crease compound volatility. The potential and unknown analysis of the plant extracts revealed secoisolariciresinol as
losses during this processing need to be understood. Thehe major lignan compound, and traces of lariciresinol were
requirement of an internal standard (IS) is critical to cor- also detected for the first time in both flaxseeds and pumpkin
rect for such losses. These standards are usually achieved bgeeds. Artificial products and loss of original lignans under
compounds carrying stable isotopic labels such as deuter-acidic conditions were observed, and stereochemistry of
ated €H) or carbon-13 ¥3C) labeled forms of the corre- flaxseed lignans were analyzed by chiral HPLC showing that
sponding phytoestrogens and their metabolites, or chemi-secoisolariciresinol, matairesinol, and lariciresinol consisted
cal analogous with similar chemical structure and proper- predominantly of one enantiomorph. Finely grounded plant
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Fig. 7. Total ion chromatograms (TIC) of urine sample extracts of so-called equol-producers prior to and following soy supplementation. Titesnetabol
that were identified are’’8DMe-O-desmethylangolensirl); 5-OH-O-desmethylangolensir?); 3’-OH-O-desmethylangolensir8); 3-OMe-equol 4); 6-
OMe-equol b); 3,4, 7-trihydroxyisoflavan®); 3,4, 7-trihydroxyisoflavanoner); 4',7,8-trihydroxyisoflavanonesy; 4',6,7-trihydroxyisoflavanone&yj; 3',4',7-
trihydroxyisoflavone0); 4,7,8-trihydroxyisoflavonel(l); 3,4 ,5,7-tetrahydroxyisoflavanon&2); and 4,6, 7-trihydroxyisoflavanonel@). Da, daidzein; Gen,
genistein; Gly, glycitein; DHD, dihydrodaidzein; DHG, dihydrogenistein; Eq, eqOeadima, O-desmethylangolensin (froif®4], with the permission from
Elsevier Science).

samples were defatted twice withhexane and hydrolyzed by several ion-exchange chromatography prior to silylation
with enzyme or acid. The hydrolyzed samples were extractedfor GC—MS analysis.

with diethyl ethem-hexane (1:1) prior to HPLC separation. A sensitive and reliable GC-MS method for determina-
The HPLC fractions were then treated with BSTFA or tion of bisphenol A and two phytoestrogens daidzein and
dg-BSA (silylation) for GC—MS analysis. genistein in infant formula powders were represented by Kuo

A simple GC-MS method for quantitation of isoflavones and Ding[108]. Prior to SPE (C-18), sample solution was
and lignans in human urine was developed by Grace et al.ultra-centrifuged, and then silylated by adding the silylating
[107], which requires only a small amount of urine and uti- agent BSTFA:TMCS:DTE (1,4-dithioerythritol) (1000:10:2,
lizes only one SPE stage. Triplé€C-labeled internal stan-  viviw).
dards of daidzein, genistein, equol, enterolactone and entero- Setchell et al[109] recently investigated the pharmacoki-
diol for their corresponding analytes, and anthraflavic acid netics of two major soy phytoestrogens daidzein and genis-
for glycitein andO-desmethylangolensin were used. Urine tein using 413C-labeled tracers in premenopausal women.
samples mixed with known amount of internal standards were GC-MS was applied to examine the labeled daidzein and
first hydrolyzed wittg-glucuronidase/sulphatase frétnpo- genistein in human plasma using the isoflavone homologue
matia, the hydrolyzate was then extracted via SPE on Strata dihydrofavone as the internal standard, while urine samples
C18-E cartridges. The resulting extracts were then deriva- were measured by LC-MS. Prior to SPE (C-18), blood sam-
tized with pyridine—-BSTFA and TMCS. ples were centrifuged at 30009 for 10 min at £C and the

Utilizing the isotope deuterated GC-MS method under the serum was removed and known amount of internal standard
selected ion mode (ID-GC-MS-SIM) described previously was added. Extracts were then hydrolyzed withpoma-
[92], Boway et al[102]studied the metabolism of isoflavones tia digestive juice and a mixef-glucuronidase-sulphatase
and lignans in germ-free rats and in human flora associatedpreparation. After hydrolysis, Sephadex-LH20 chromatog-
rats to search for evidence on role that the gut microflora play raphy was applied to further purification of the phenolic
in the absorption and metabolism of these phytoestrogens.isoflavones, and the isoflavones were converted tdette
The conjugates of the phytoestrogen and their metabolitesbutyldimethylsilyl (BDMS) ether derivatives for GC-MS
daidzein, genistein, equaD-desmethylangolensin, entero- analysis.
lactone and enterodiol in vitro biological samples were first ~ The phytoestrogen precursors in lignan enriched diets
hydrolyzed and extracted with ethyl ether and further purified derived from rye and wheat, which were used for the
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metabolism study with catheterized pig, were analyzed by mobile phase modifier of a weak acid, such as HCOOH and
ID-GC-MS[103]. A GC-MS method, as well as the sample AcOH can significantly increase the detected sensitivity by
preparation procedures used for analysis of lignan precur-enhancing positive ion formation. InorganigPO, should be
sors matairesinol, secoisolariciresinol, isolariciresinol, lari- avoided as it can lead to the damage of MS ion source com-
ciresinol, pinoresinol, and syringaresinol in the pig diets, was ponents. TFA contains many electrophille fluorine groups,
modified from the previously published method for analysis so this additive also serves as a proton receptor and leads to
of isoflavonoids and lignans in food samp|68]. ion suppression. Compared to GC, the primary advantage of
A comparative study on concentrations of isoflavone phy- HPLC analysis is the ease of utilization and simple sample
toestrogens daidzein, genistein and their metabolites equolpreparation procedure. The weakness of HPLC separation is
and O-desmethylangolensin in serum from Japanese andin poorer chromatographic resolution. The most commonly

British men and women was conducted by ID-GC—I&5]. used coupling with HPLC has been UV detection. Ultravio-
Serum samples mixed with known amounts of internal stan- let detection is however non-specific, and cannot achieve a
dards £Hg-matairesinol 2Hg-secoisolariciresinol anéHs- good enough sensitivity. These restricting factors have lim-
anhydrosecoisolariciresinol) were first hydrolyzed with ited HPLC application for analysis of phytoestrogens in mul-

glucuronidase/aryl sulphatase enzyme, and the hydrolyzateticomponent plant or biological matrices. Nevertheless, the
was then chromatographed on Sephdex LH-20. The result-combination of MS with HPLC (LC-MS) has successfully
ing extracts were derivatized for GC—MS analysis by reaction overcome these disadvantages due to its dramatic potentials
with BSTFA. of exclusive selectivity and excellent sensitivity. Thus, over

The pharmacokinetic behavior of pure isoflavones in the last decade, HPLC coupling with various MS detectors
healthy humans has been examin&tl0]. Plasma concen-  has become the most commonly used technique for deter-
trations of daidzein, genistein, glycitein, biochanin A, for- mination of phytoestrogens, particularly those in biological
mononetin and equol were quantified by GC-MS ush@y fluids. Thus, HPLC separation combined with variety of de-
daidzein}3C-genistein and 7,4dihydroxyflavone asinternal  tections, e.g. UV, laser-induced fluorescence (LIF), ED, MS
standards, which were added to the plasma prior to its ex-and NMR have been widely applied to analysis of phytoe-
traction and work-up. After extraction (SPE) and enzymatic strogen precursors in plant or plant derived products and their
hydrolysis of the conjugates with a combined sulfatase and metabolites in biological matrices.
glucuronidase enzyme preparation, target compounds sily-
lated withtBDMS were then determined. 2.2.1. Ultraviolet detection

For GC-MS quantitation, an operation mode of selected ~ Determination of phytoestrogen precursors in plant or
ion monitoring has been widely applied to the analysis of phy- Plant derived products is often by HPLC with UV or UV-
toestrogens and their metabolites. Under electron ionizationdiode array detection (DAD) detectors. As phenolic com-
(El) mode, the silylated derivatives generally give intensive Pounds, the structures of all phytoestrogen and their metabo-
peaks of molecular ion oM — Me]*, which can be used lites have at least one aromatic ring with maximum UV ab-
for quantification and identificatiof#,108] Applications of ~ SOrption &max) ranged from 230 to 280 nm. As such, UV or
GC-MS for the determination of phytoestrogens including UV-DAD detection can be very useful.
subjected sample, analyte, internal standard, GC-MS condi- Chemical investigation on isoflavones in red clovér (
tions and validation data in the analysis over recent years arePratens¢ and other three related species was carried out
listed inTable 1 We summarized some earlier reports as well by HPLC/UV/ESI-MS in our group[31]. The separated
[85,92’93] since several latter methods were same as or built isoflavones were |nd|V|dua”y analyzed and identified by their

upon these initiators. molecular ions and characteristic fragment ion peaks using
LC/MSD under MS and MS/MS mode, and in comparison

2.2. High-performance liquid chromatography-based with the standard isoflavones. A total of 31 isoflavones were

methodology detected in red clover, including 9 aglycones, 8 glycoside

and 14 glycoside malonate derivatives. Several isoflavones

HPLC separation of phytoestrogen is generally carried out were also identified for the first time in related specigs,
on reversed-phase (RP) column with the mobile phase ofrepenseL. (white clover), T. hybridumL. (alsike clover)
methanol (MeOH) or acetonitrile (GJEN, ACN) and water ~ and T. campestreSchreber (hop trefoil). The quantitative
containing small amount of acid as modifier. The structure Study involved acidic hydrolysis for sample preparation dur-
of phytoestrogens and their metabolites mostly contains phe-ing solvent extraction. Based on reversed-phase HPLC, all
nolic hydroxyl groups, which exhibit a weak acidic nature. 10 isoflavone aglycones, daidzein, formononetin, genistein,
Thus, applications of acidic modifiers, such as formic acid Pseudobaptigenin, glycitein, calycosin, prunetin, biochanin
(HCOOH), acetic acid (AcOH), trifluoroacidic acid (TFA) A, irilone and pratenseinin hydrolyzed extracts were success-
and phosphoric acid (:HPO4) can make the ana|ytes to be fU”y Separated within 40 min and quantified |nd|V|dua”y by
easily dissociated in a solvent system, thus enhancing theUV and MS detectorsHig. 8). Another analytical approach
Chromatographic Separation, resolution and improvement Offor detection of isoflavones in Edamame and Tofu Soybeans
peak shape. In addition, while MS detector is applied, the has been also achieved by using the slightly modified method



Table 1

Applications of GC-MS for analysis of phytoestrogens

Sample/analyte

Sample preparation

Internal standard

GC condition MS conditions

(column/thermal gradient)

Validation

Human uriné/HD, HG,
6'-OH-O-DMA and
cis-4-OH-EQ

Human urine/ENL, END,
MAT, D, G, EQ and
O-DMA

Plant-derived food/F, C, B-A,

D, G, SECO and MAT

Human uriné/D, G, GL and
metabolites

Human and rats urine/D, G,
EQ,O-DMA, ENL and
END

Plant-derived diets/SECO,
MAT, LAR, PINO and SYR

Human serum/D, G, EQ and
ENL

SPE (C-18), enzymatic
hydrolysis, diethyl ether
extraction,
Sephadex-LH20
chromatography

SPE (C-18),
DEAE-Sephadex (Act)
chromatography,
enzymatic hydrolysis,
SPE (C-18),
QAE-Sephadex (At and
Carb™) chromatography

Enzymatic hydrolysis,
Ether extraction, acidic

hydrolysis (water phase),

chromatography on
DEAE-Sephadex-OH
and QAE-Sephadex-Ac
SPE (C-18), enzymatic
hydrolysis, ether
extraction,
Sephadex-LH20
chromatography
Enzymatic hydrolysis,
ether extraction,
ion-exchange
chromatography
Enzymatic hydrolysis,
diethyl ether extraction,
acidic hydrolysis (water
phase), eby diethyl
ether:ethyl acetate
Enzymatic hydrolysis,
ethyl acetate extraction,
Sephadex-LH20
chromatography

Deuterated standards of
corresponding analytes

Deuterated standards of
corresponding analytes

Deuterated standards of
corresponding analytes

Deuterated standards of
MAT, SECO and
anhydro-SECO

Deuterated standards of
corresponding analytes

BP-1 (SGE) capillary El, full scan
column (12.5 mx
0.22mmii.d., 0.2um),
initial temperature was
150°C, held for 1 min,
heated 50C/min to
220°C, then raised to
260°C at a rate of
2°C/min

BP-1 (SGE) vitreous
silica capillary column
(12.5mx 0.22mm i.d.,
0.25pm), initial
temperature was 10C,
held for 1 min, then raised
to 280°C at a rate of
30°C/min

GC and MS conditions
were the same as
described irf92]

El, SIM

GC and MS conditions
were the same as
described irf95]

GC and MS conditions
were the same as
described irf92]

GC/MS analysis was
slightly optimized from
[92]

SE54 silica capillary El, SIM
column (12mx 0.32mm
i.d.), from 190 to 240C

at a rate of 49.9C/min

Recovery: 96.6-105.5%,
CV (within-assay):
0.8-15.2%j;
(between-assay):
4.1-13.9%

Recovery: 95.5-105.5%,
CV (within-assay):
3.1-9.6%;
(between-assay):
7.0-21.2%

LOQ: 0.1pg/mL

Reference
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Table 1 Continued

Sample/analyte Sample preparation Internal standard GC condition MS conditions Validation Reference
(column/thermal gradient)
Flaxseed and pumpkin Defatted byn-hexane, MDN-5S fused silica El, full scan (ion trap [67]

seeds/lignans

Human urine/D, G, GL, EQ,
O-DMA, ENL and END

Infant formula/bisphenol A,
Dand G

Human plasma/[43C] D and
[4-3C]G

Human plasma/D, G, GL and
EQ

enzymatic or acidic
hydrolysis, extracted by
diethyl ethem-hexane
(1:1), HPLC
chromatography

Enzymatic hydrolysis,
SPE (C-18)

Prior to SPE (C-18),
powder milks were
ultra-centrifuged

Prior to SPE (C-18),
blood samples were
centrifuged at 300 g

for 20 min at £C and the

serum was removed,
enzymatic hydrolysis,
Sephadex-LH20
chromatography

SPE (C-18), enzymatic
hydrolysis, SPE (C-18),
Sephadex-LH20
chromatography

13C-labeled D, G, EQ,
ENL and END,
anthraflavic acid for GL
andO-DMA

Chrysene-gh

Dihydro-flavone

[4-13C] D, [4-13C] G and
7, 4'-dihydroxy-flavone

capillary column (28.7 m
x 0.25mm.d., 0.2%m),
initial temperature was
60°C, held for 1 min,
then raised to 250C at a
rate of 30°C/min, held for
10 min, and then raised to
275°C at a rate of
1°C/min

GC-1, 100%
dimethyl-polysiloxane
column (15mx 0.25mm
i.d., 0.25nm),
160-300°C at a rate of
10°C/min, held for 1 min

MSD)

El, SIM

DB-5MS capillary El, full scan and SIM
column (12.5 mx
0.25mmii.d., 0.2fm),
Initial temperature was
100°C, held for 2 min,
raised to 250C at a rate
of 10°C/min, raised to
300°C at a rate of
5°C/min and then held
for 5min

DB-1 fused silica
capillary column (12.5m
x 0.25mmi.d., 0.2%m),
260-310C at a rate of
10°C/min

El, SIM

GC-MS conditions were
the same as described in
[109]

Recovery: 93.2-104.3%  [107]
(30 ng/mL spike) and
89.6-99.1% (150 ng/mL
spike), CV;
(within-assay): 2.0-6.5%,
(between-assay):
3.2-26.5%, LOQ: 1.2-5.0
ng/mL

Recovery: 79-83%, [108]
R.S.D.: 5% for bisphenol
A; 11% for D; 13% for G,
LOQ: 1 ng/g for
bisphenol A, 10 ng/g for
D and G (0.5 g sample)

CV (within-assay): 0.5%  [109]
for D and 1.0% for G,
(between-assay): 5.0% for

D, 7.0% for G and 10%

for EQ (5-7 ng/mL)

[110]
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Analyte D, daidzein; G, genistein; GL, glycitein; HD, dihydrodaidzein; HG, dihydrogenistein; F, formononetin; C, coumestrol; B-A, biochanin-A; EDdaMé\, O-desmethylangolensin; ENL,
enterolactone; END, elactrodiol; MAT, matairesinol; SECO, secoisolariciresinol, LAR, lariciresinol; PINO, pinoresinol and SYR, syrirlgaresino
* Qualitative identification; El, electron ionization; SIM, selected ion monitoring; SPE, solid-phase extraction; R.S.D., relative standticshgd€htycoefficient variation; LOQ, limit of quantitation.
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1 the concentrations of phytoestrogens were at least 100-fold
4 2 higher in urine than in serum and breast tissue.
| 9 Duke et al[113]studied the effect of herbicides on biosyn-
1 thesis of soy isoflavones. Using HPLC/UV, soybean seeds
‘ 5 6 ‘ 8 'l ﬂ treated with different herbicides were analyzed for daidzein,
I genistein, glycitein and their glucosides, as well as herbi-
Ik JUL___ cide residues. Oven-dried, ground soybeans were directly
extracted with 80% MeOH prior to HPLC analysis. No re-
markable effects of any treatment were observed on the con-
I tents of soy isoflavones. The important of potassium fertil-
‘ ization was also studied on final isoflavone concentrations in
I -1 10 soybean114]. The isoflavone contents of daidzein, genis-
| 5 3 4 6 ' 8 91 tein and glycitein in different soybean varieties cultivated on
"I 5ol A Wl B soils from low to high exchangeable potassium concentra-
A e tions were examined by HPLC-UV. Soy samples were hy-
drolyzed to convert the conjugates to three isoflavone agly-
cones daidzein, genistein and glycitein, which were assumed
Fig. 8. LC-UV,s54 chromatograms of: (A) a standard mixture and (B) hy- to obtained total isoflavone concentrations. Isoflavone con-
dg}'?’sztgf:] red C'f‘;‘t/:;;f;; L%)'(trascefijgg:)dazetiil])(;,(r?ilr)g'tefi;rrf());ngilgggsljr)]' ?3 centrations were found to increase in the soybeans produced
igllone @®); [?r)l;r?etin o) bioc’hgnin A 0.0)p(f?om [3i], with the permiésion on low- to m.edlum_ potassium soils. L .
from Elsevier Science). An analytical method for the determination of isoflavone
phytoestrogens daidzein, genistein, formononetin and
biochanin A in hydrolyzed red clovefl ( pratensgwas de-
as described previously in our laborat¢8i,111] Positive veloped and validated by using RP-HPLC combined with UV
atmospheric pressure interface (API) MS and MS/MS was detectoff115]. This study involved acidic hydrolysis (TFA)
used to provide molecular mass information and led to for sample preparation and 6-methoxyflavone was used as the
the identification of a total 16 isoflavones, including three internal standard. Isoflavone stability in soy products were
aglycones, three glycosides, two glycoside acetates andnvestigated during processing and storftE6]. The loss
eight glycoside malonates. The major isoflavones in soybeanof isoflavones and the formation of decomposition were de-
seeds were daidzein and genistein glycoside and theirtected by HPLC equipped with UV-DAD.
malonate conjugates. Trace levels of daidzein and genistein Thomas et al.[117] developed and validated an
acetyl glycosides were found only in the mature dry soybean HPLC-UV method for quantification of the principle soy
seeds. To facilitate quantitative analysis, acid hydrolysis isoflavones genistein, daidzein and glycitein, and their pri-
during extraction of soy samples was selected to convert mary conjugated metabolites in human plasma and urine with
the various phytoestrogen conjugates into their respective4-HBPH used as the internal standard. For quantitation of free
isoflavone aglycones, allowing accurate quantitation of total isoflavonesin biological fluids, sample preparation simply in-
phytoestrogens as aglycones. Based on HPLC combinedvolved solvent extraction with methidrt-butyl ether. For to-
with UV and MS detector, all three soy isoflavone aglycones, tal isoflavone quantitation in biological fluids, the enzymatic
daidzein, genistein and glycitein in hydrolyzed extracts were hydrolysis with 3-glucuronidase/sulphatase was employed
successfully quantified within 25min with formononetin prior to solvent extraction. This analytical approach has been
used as the internal standard. well validated in close agreement with the US Food and Drug
Maubach et al[112] developed an HPLC/UV method Administration’s (FDA) guidelines for the validation of meth-
for the quantitation of daidzein, equol, and genistein in hu- ods to be used in support of pharmacokinetic studies.
man breast tissue. They conducted a study with two groups A simple HPLC/UV method for quantitation of lignans
of people that ingested either a soy isoflavone preparationin virgin olive oil was also develope[d 18]. Samples were
or a placebo tablet, and compared with the data collectedtreated by using SPE through a diol cartridge, and with both
for urine and serum of the same subjects using standardp-hydroxyphenylacetic ano-coumaric acid used as internal
methods. Biological samples were first hydrolyzed with standards. The major lignan precursor, secoisolariciresinol
glucuronidase/sulphatase. Prior to SPE (C-18), the breast tis-diglucoside was also analyzed in diets containing flaxseed by
sue samples were added a known amount of an internal stanHPLC coupling with UV-PDA detectiofil19]. Applications
dard, 4-hydroxybenzophenone (4-HBPH), and were defattedof HPLC combined with UV or DAD including subjected
by extraction withn-hexane. The blood and urine samples sample, analyte, internal standard, chromatographic condi-
with known amount of internal standard 4-HBPH were di- tions, detection and validation data for analysis of phytoe-
rectly extracted with ethyl acetate for sample pre-purification. strogens reported in recent years are summarizédbie 2
Analytical results revealed that the major daidzein metabolite Several of these studies also used both UV and MS detection
equolwas the predominant phytoestrogenin breasttissue, and31,111,119,125]
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Table 2

Applications of HPLC combined with UV and ED for analysis of phytoestrogens

Sample/analyte/IS Sample preparation

HPLC and conditions

Detection and conditions Validation

Reference

Red clover and related Extracted by aqueous
species/isoflavones (conjugatesMeOH (80%)
and aglycone) (identification), acidc
hydrolysis during
extraction (quantitation)
Defatted sample was
extracted with aqueous
MeOH (80%), acidic

Flaxseed/lignan

hydrolysis
In vitro biological sample/ENL,  Extracted with diethyl
END, MAT, SECO, PINO, ether

SYR, ARC, 7-OH-MAT, ISOL
and LAR

Soybean/isoflavones (conjugates Sample preparation was
and aglycone)/F as described if31]

Human breast tissue, urine and Enzymatic hydrolysis,
serum/D, EQ and G/4-HBPH  defatted byn-hexane,
SPE (C-18) (breast
tissue); extracted by ethyl
acetate (fluids)

Extracted with aqueous
MeOH (80%)

Soybean/isoflavones

Soybean/D, G and GL Acidc hydrolysis during

extraction

Phenomenex prodisyl ODS)(column

(150 mmx 3.2mmi.d., 5um), A: 0.1%
HCOOH/H;O; B: 0.1% HCOOH/ACN,;
gradient: 20—40% B, 0—-40 min; flow rate:
1 mL/min and 1/4 was split into MSD
RP-Gg column (250 mmx 10 mmi.d.,
5pm), A: 0.2% AcOH/HO; B: ACN;
gradient: 30-50% B, 0-55 min; 50-30% B,
55-60 min; flow rate: 0.6 mL/min

Not indicated

Same column af81], A: 0.1%
HCOOH/H;O; B: 0.1% HCOOH/ACN,;
gradient I: 15-35% B, 0—40 min; flow rate:
0.8 mL/min and 1/4 was split into MSD
(identification); gradient II: 20— 35% B,
0-30 min; flow rate: 1 mL/min and 1/4 was
split into MSD (quantitation)

XTerra™ MS Cyg column (250 mmx

4.6 mm i.d., 5um), isocratic, 40% solvent B
(ACN/MeOH, 20:80) in solvent A (0.05%
HCOOH/H,0); flow rate: 1.5 mL/min

Zorbax SB-Aq Gg reversed-phase column
(150 mmx 4.6 mm i.d., 5um), A: 0.05%
AcOH/H,0; B: 0.05% AcOH/ACN;
gradient: 20% B, 0-2 min; 20-40% B,
2-18 min; 40-100% B, 18-23 min; held
100% B for 3 min; 100-20% B, 26—27 min
and then held 20% B for 7 min; flow rate:
0.6 mL/min

Nova Pak Gg column (150 mmx 3.9 mm
i.d., 5pm), A: 4% AcOH/H,0O; B: MeOH,;

UV-DAD: 254 nm, ion trap MS:  Accuracy: <15%, R.S.D.:
ESlin positive ion mode; MS and <15%, LOD:~24 ng/mL (UV);
MS/MS mode for identification, ~6ng/mL (MS)

MRM for quantitation

UV-DAD: 200-400 nm

ED-CEAD: 575mV for ENL,
END and 7-OH-ENL and
420 mV for other analytes
(detection potential)
UV-DAD: 254 nm, ion trap MS:  R.S.D.: <10% (UV); <15%
ESl in positive ion mode; MS and (MS), LOD:
MS/MS mode for identification; 11.72-15.38 ng/mL (UV);
MRM for quantitation 2.93-3.85ng/mL (MS)

UV-PDA: 249 nm for D, 230nm  Recovery: 70t 5.6% (breast
for G and 261 nm for EQ tissue); 100t 14.1% (fluids),

R.S.D.: 0.1-1.4% (intra-assay);

9.3-19.0% (inter-assay), CV:
11.1-16.4%, accuracy:

81.8-86.0%, LOD: 24.7 nmol/l

for D; 28.4 nmol/l for G and

148.0 nmol/l for EQ, LOQ:

62.5 nmol/l for D and G, and

125.0 nmol/l for EQ
UV-PDA: 260 nm

UV-PDA: 200-300 nm

gradient: 30-35% B, 0-12.5 min; 35-50% B,

12.5-13 min; 50-70% B, 13-15min;
70-75% B, 15-22.5 min; 75-30%B,
22.5-23 min; flow rate: 1.5 mL/min

(31]

[96]

(66]

[111]

[112]

[113]

[114]
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Red clover/D, G, F and
B-A/6-methoxy-flavone

Acidc hydrolysis during
extraction (TFA)

Mixed with MeOH and
centrifuged

Soy milk/D, G and the glycosides

Human plasma and urine/D, G
and GL/4-HBPH

Enzymatic hydrolysis,
extracted by methyl
tert-butyl

Virgin olive oil/PINO and SPE
1-acetoxy-PINQ3-OH-PA and

o-CA

Food/SDG Defatted sample was

extracted with agueous

MeOH (70%), base

hydrolysis

Soybean cultivars/D, G, GL and Extracted with ACN/HCI,

their glucosides and malonates filtrate was dried and

redissolved in aqueous
MeOH (80%)

Soy food and soy protein
isolate/isoflavones/equilenin

Extracted with aqueous
MeOH (80%)

Pure D and G Dissolved in MeOH or
DMSO
Soy-based food/isoflavone Prior to SPE

(poly-amide), samples
were extracted with
aqueous MeOH (80%)

Hypersil BDS-Gg column (250 mmx UV-PDA: 254 nm
4.0mm i.d., um), A: sulfuric acid/BO

(PH 2.7); B: ACN; gradient: 20-37% B,
0-35min; 37-100% B, 35-45 min; held

100% B for 5 min; 100-20% B, 50-51 min;
and then held 20% B for 10 min; flow rate:
1.0 mL/min
SupelcoSil Gg reversed-phase column
(250 mmx 4.6 mm i.d.), A: 25%
MeOH/H,O; citrate solution (PH 3.5);
gradient: 0-50% B, 0—20 min; isocratic
eluant to 38 min
A Luna phenyl-hexyl column (150 mm
4.6 mm i.d., Sum)/Zorbax Eclipse
XDB-phenyl column (75 mnx 4.6 mmi.d.,
3.5pm) with guard column, A: 0.05M
ammonium format (PH 4.0); B: MeOH/ACN
(50:50) or 100% MeOH (isocratic or linear
gradient)

Lichrospher 100RP-18 column (250 nxm
4.0mm i.d., um), A: 3% AcOH/H,0; B:
MeOH/ACN (50:50); gradient: 5-30% B,
0-25 min; 30-35% B, 25-35 min; 35—-40%
B, 35-40 min; 40-70% B, 40-50 min;
70-100% B, 50-55 min and then held 100%
B for 5 min; flow rate: 1.0 mL/min
Symmetry Gg column (250 mmx 4.6 mm UV-PDA: 280 nm, MS: ESl in
i.d., 5um), A: 1% AcOH/H,O; B: MeOH; negative ion mode; MS/MS
gradient: 5-60% B, 0—44 min; held 60% B mode for identification
for 4 min; 60-5% B, 48-55 min
YMC AM-303 ODS column (250 mnx
4.6mm i.d.), A: 0.1% AcOH/HO; B: 0.1%
AcOH/ACN; gradient: 15-35% B, 0-50 min
and held 35% B for 10 min; flow rate:

1 mL/min
Cig reversed-phase column (250 mm
4.6 mm i.d., 5um), A: 90% ACN/H,O; B:
AcONH,/TFA buffer; gradient: 0% B,

0-2 min; 0-50% B, 2—24 min and held 50%
B for 5 min; flow rate: 1 mL/min
HPLC and conditions were the same as
described af116]

Nova Pak Gg column (300 mmx 4.6 mm
i.d.), mobile phase as described[d24]
consisting A: 0.1% AcOH/HO and B: 0.1%
AcOH/ACN in gradient

UV-DAD: 262 nm

UV: 259 nm

UV-PDA: 240, 280 and 335nm

UV: 256 nm

UV-DAD: 260 nm

UV-DAD: 262 and 254 nm

UV-DAD

Recovery: 99.2% (B-A); 98.2% [115]

(F), R.S.D.: 2.54-5.06%, LOD:
0.6-3.7ng, LOQ: 2.0-10.0ng
(on column)

Recovery: 92-108% (urine);
37-55% (plasma), R.S.D.:
2.5-8.4%, accuracy: 93—-107%,
LOQ: 1.76-2.55 ng/mL
(plasma); 22.3-22.7 ng/mL
(urine)

Recovery: >90%, R.S.D.:
<6.5%

Recovery: 73-75%

R.S.D.:5.6%

Recovery: 99-103% (D) and
96-103% (G)

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]
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Table 2 Continued

Sample/analyte/IS

Sample preparation

HPLC and conditions Detection and conditions Validation

Reference

Soybean and soybean
products/D, G, F, B-Aand C

Acidc hydrolysis during
extraction

Soy based supplement/isoflavoneEnzymatic and acidic

D, G, GL and their glucosyl,
acetyl and malonyl derivatives

Human urine/ENL, END, SECO,
MAT, LAR, PINO, SYR and
ISOL

Flaxseed/MAT/bisphnol A

Human blood/D, G and EQ

hydrolysis, extracted with

diethyl ether (for
aglycone quantitation),
extracted with 80%
aqueous EtOH (for
identification)

Enzymatic and acidic
hydrolysis, Ether
extraction,
chromatography on
QAE-Sephadex-At

Defatted witi-hexane,
acidic hydrolysis during
extraction

Enzymatic hydrolysis,
extracted with
MeOH/ACOH (100:5)

UV-PDA: 259.2, 248.6 and Recovery: 89-104%, CV:
343.1 nm, triple-quadrupole MS: 2.4-6.8%

APCI in positive ion mode;

tendem MS mode for

identification

ED-CEAD: 8 channels, detection R.S.D.: 1.1-7.6% (intra-assay); [137]
6.3-12.0% (inter-assay), LOD:
38.0-98.3 fmol (on column)

Phenyl Nova Pak column (150 mm [125]
3.9mmi.d., 4u.m), mobile phase as
described afl26], isocratic system of

ACN/H,0 (33:67); flow rate: 1.0 mL/min

Inertsil ODS-3 column (150 mnx 3mm
i.d., 3um), A: 0.5 mM sodium acetate buffer potentials: 510 mV (D and G)
(pH 5.0):MeOH (80:20); B: 0.5 mM sodium and 590 mV (other analytes)
acetate buffer (pH 5.0):MeOH:ACN

(40:40:20); gradient: held 30% B for 15 min;

30-50% B, 15-25min; 50-75% B,

25-35min; 75-100% B, 35—-40 min; held

100% B for 5min; 100-30% B, 45—-47 min;

held 30% B for 13 min; flow rate:

0.3mL/min

HPLC column, mobile phase component an&ED-CEAD: 8 channels, detection Recovery: 81.8-102%, CV: [138]
gradient elution are same as described in  potentials: 640 mV (ENL and 2.1-8.72%, LOD:
[137] (in gradient); flow rate: 0.3 mL/min END), 300 mV (SECO and SYR) 0.61-1.41ng/mL, LOQ:

and 420 mV (LAR, PINO, MAT  3.05-7.05ng/mL

and ISOL)
Lichrospher 60 RP-Select B column ED-CEAD: 8 channels, detection Recovery: 93.1 2.8% (MAT)  [139]
(250 mmx 4 mm i.d., 5um), A: sodium potentials: 250 mV (MAT) and  and 96.8+ 1.3% (bisphenol A),
acetate buffer (PH 3.0) B:ACN (3:1); flow 600 mV (bisphenol A) CV: 2.2% (MAT), LOQ: 5n.0/g
rate: 0.8 mL/min
TSK-gel ODS-80TS QA column (150 mm  ED: 950 mV (detection potential) LOD: 0.Qdg/mL [140]

4.6 mm i.d., um), mobile phase:
water/MeOH/AcOH (57:41:2) containing 50
mmol lithium acetate; flow rate: 0.9 mL/min

The ratio of mobile phase components is expressed as v/v. IS, internal standard; ESI, electrospray ionization; SIM, selected ion monitorindfipd&kaction monitoring; DAD, diode array
detection; PDA, photodiode array detector; CEAD, coulometric electrode array detector; SPE, solid-phase extraction; R.S.D., relativeesiaatdard @V, coefficient variation; LOQ, limit
of quantitation; LOD, limit of detection; TFA, trifluoroacidic acidnalyte D, daidzein; G, genistein; GL, glycitein; F, formononetin; C, coumestrol; B-A, biochanin-A; EQ, eGudMA, O-

desmethylangolensin; ENL, enterolactone; END, elactrodiol; MAT, matairesinol; SECO, secoisolariciresinol; SDG, secoisolariciresiosib@igluR, lariciresinol; ISOL, isolariciresinol; PINO,
pinoresinol, SYR, syringaresinol; PA, phenylacetic and CA, coumaric acids; ARC, arctigenin; 4-HBPH, 4-hydroxybenzophenone.
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2.2.2. Electrochemical detection ’

Phenolic compounds, including the phytoestrogen
isoflavones, lignans and their metabolites are easily oxidized
and thus, generally electroactive. Electrochemical detection
is particularly useful therefore in the detection of phytoestro-
gens, and the sensitivity is generally better than that of UV
or DAD for HPLC applicationg127-131] A multichannel
electrochemical detector, so called coulometric electrode ar- 20+
ray detector (CEAD) has been widely used for determination
of phytoestrogens as it can provide good selectivity and per-
mit resolution of co-eluting analytes based on differences in WY W) Al ] o
their oxidation or reduction behavift32-136] This detec- ( o C T TR T
tor is designed based on the use of multiple electrode pairs, Retention time (minutes)
which are maintained at different potentials. Phenolic phy- _ _ _
toestrogens are oxidized and the oxidation potential rangesF'g' 9. HPLC-CEAD (eight channels) chromatogram of a human urine

. . sample illustrating six lignan precursors and two mammalian lignans (from

from 0 to +1000 mV. In general, maximum potentials are kept [13g), with the permission from Elsevier Science).
close to or under + 700 mY137]. Due to the properties of
sensitivity, selectivity and resolution, this technique expands equol in the subjected blood sample. Plasma was first hy-
the analytical capabilities for multiple component analysis drolyzed with 3-glucuronidase/sulfatase preparation to re-
and can minimize sample pretreatment especially for com- lease the free forms of isoflavones from the glucuronide
plex biological fluids. and sulfate conjugates. Genistein and daidzein were then ex-

Nurmi et al.[137] reported an HPLC method for quanti- tracted with methanol:acetic acid (100:5, v/v), mixed and
tation of total isoflavones as aglycones in soy-based productssonicated, then centrifuged for 5min. Detection potentials
after hydrolysis, and identification of the different forms of were set on +950 mV for both analytes.
the isoflavone conjugates with CEAD. Samples were firsthy-  Investigation on the in vitro metabolism of plant lignans
drolyzed withB-glucuronidase and then the hydrolyzate was was examined by Heinonen et #6]. In their study, the
extracted with diethyl ether. The sample in the water phase quantitative analyses of lignan precursors and the mammalian
was further hydrolyzed with 2M HCI and extracted again lignans enterolactone and enterodiol were analyzed using
with ether. A multichennel electrochemical detector was ap- HPLC combined with coulometric electrode array detector
plied to determination of isoflavone aglycones and identifica- (CEAD). Prior to HPLC separation, the sample was directly
tion of the conjugated forms at detection potentials + 510 and extracted with diethyl ether. Detection potentials were set
+ 590 mV. A slightly modified HPLC-CEAD method was on +420 and 575 mV for different analytes. Applications of
also developed to measure both plant and mammalian lignansHPLC combined with ED or CEAD for analysis of phytoe-
in human uring136-138] In this study, sample pretreatment strogens including subjected sample, analyte, internal stan-
first involved repeated enzymatic and acidic hydrolysis, and dard, chromatographic conditions, detection and validation
the hydrolyzate was then extracted with diethyl ether. The data reported in recent years are also summarizédbie 2
resulting extracts were treated with QAE-A®n exchange
chromatography prior to HPLC separation. This method was 2.2.3. Fluorescence detection
validated and the results indicated that this technique could Fluorescence detection is generally more sensitive and se-
be applied to normal urine containing low amounts of plant lective than UV absorption. Many classes of analytes are na-
lignans and moderate amounts of mammalian lignans. Thetively fluorescent, but often only upon absorption of short-
HPLC-CEAD chromatograms of a standard mixture and wavelength UV light. This has restricted its applicability.
urine sample under different detection potentials modified However chemical derivatization with a suitable fluorescent
from original report are presentedhig. 9. label such as A" can match the excitation wavelength

Kraushofer and Sontd39] described an HPLC method and this approach has broadened the applicdfidh,142]
coupled with CEAD for the detection of phytoestrogen lig- Richelle et al.[143] more recently investigated the differ-
nan precursor matairesinol in flaxseed using bisphenol A ence of human bioavailability for original and enzymatic hy-
as the internal standard. The defatted samples were hy-drolyzed isoflavone enriched soy preparations. This study in-
drolyzed with concentrated HCI during solvent extraction. volved the utilization of HPLC with fluorescence detection
Optimal potentials were set on +250mV for matairesinol to examine the presence of major soy isoflavones daidzein,
and +600 mV for bisphenol A and validation of this method genistein, glycitein and their metabolites in human plasma
was also present. Zubik and MeyddiO] investigated the  and urine. Plasma and urine samples were first hydrolyzed
bioavailability of the soy isoflavones daidzein and genistein with a combined sulfatase and glucuronidase enzyme prepa-
in American women after ingestion of the aglycone or glu- ration. The hydrolyzates were then chromatographed through
coside form of isoflavones. In this study, HPLC-ED was a Baker SPE column prior to HPLC separation. HPLC was
used to monitor the availability of daidzein, genistein and performed on Nucleosil 120-3;gcolumn using the mobile
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phase consisting solvent A (2 g phosphoric acid in 999.5 g wa- struments, the quadrupole mass filter functions in an entirely
ter) and B (100% ACN) in gradient at flow rate of 0.8 mL/min. different way and offers a variety of advantages. Four pre-
Analytes were simultaneously detected by UV for daidzein, cisely parallel rods or poles are arranged in a square, among
glycitein, genistein, dihydrogenistein and dihydrodaidzein, which each pair of opposite is electrically connected. lons are
and a fluorescence detection at 280 nm excitation and 310 nimpropelled from the ion source to the quadrupole analyzer by

emission for equol. a small accelerating voltage (about 5V, while several thou-
sand volts for magnetic sector instrument). Mass separation is
2.2.4. Mass spectrometry achieved depending on ion transmission through the electric

Combined liquid chromatographic and mass spectromet-fields produced by the electrically connected parallel rods
ric techniques (LC—-MS) have been contributing in a decisive or poles. While field strengths are systematically changing
way to the progress of phytoestrogen analysis, particularly of (scan), at any point in the scan, only ions of one mass can
that in complex biological matrices. Investigation upon the pass through the quadrupole system and reach the detector.
coupling of LC and MS can date back to the early 1970s. lons that are not focused collide with the rods and are de-
In the first two decades, the focus had been towards solvingstroyed. Quadrupole MS filter has a variety of advantages
the interface problems and associated new technglb). over magnetic sector instrument. It is more robust, less ex-
In 1980s and early 1990s, thermospray (TSP) interface waspensive, physically smaller and more ready to interface with
primarily used in many LC-MS analyses. However, because different inlet systems. These have device easy to be con-
of practical limitations of instrumental robustness and ion structed as a bench-top instrument. The main disadvantage
source stability, this interface has now been replaced by theof this technique is that the mass resolution of single quadru-
new atmospheric pressure ionization (APl) methods, which ple is not sufficiently high and that useful ion fragmentation
predominantly comprise electrospray ionization (ESI) and at- cannot be achieved.
mospheric pressure chemical ionization (APB5-149] The power of the MS analyzer can be increased by cou-

Electrospray ionization is a “soft” ionization technique pling the same or different types of mass filters together, so
and produces little fragmentation of analyte. This interface called multiple MS analyzers. Triple quadrupole detector cur-

generally forms protonated/ + H]* or de-protonated\l rently is the most commonly used multiple MS instrument,
— H]~ ions for positive or negative mode MS, respectively. among which the first MS filter is applied to selecting in-
Occasionally simple adduct ionsI[+ NaJ* or [M + NH4]* terested ions with specific mass-to-charge vaiug)( Each

and M + H — H2O]~ could also be occurred. These ion selected ion is allowed, or induced to fragment in the second
forms or their further reduced daughter ions under MS/MS quadrupole, and then the resulting fragment ions are ana-
mode are very useful for analyte identification and quanti- lyzed in the third analyzer. This system allows to producing
tation. Under ESI mode, high molecular molecules such as MS/MS spectrum, and provides more structural information
proteins and peptides may be multiply charged. However, for and highly selective detection for phytoestrogen identifica-
analytes with small molecular weights such as under abouttion and quantitation, respectively. Additionally, the devel-
1000 Da, like phytoestrogens and their metabolites, usually opment of selected ion monitoring or multiple reaction mon-
single charged ions are predominantly produced. All phy- itoring (MRM) achieves a high sensitivity for phytoestrogen
toestrogens and their biological metabolites contain pheno-quantification.
lic hydroxyl group with high polarity. With the development While ion trap instruments do not look like quadrupole-
of ESI with LC-MS, this technique has been proved to be based systems, they are actually an extension of the same
highly sensitive and greater ionization stability, especially technology. The pair of end caps and ring electrodes can
for polar compounds, and very compatible with solvent sys- be considered corresponding to the four electric rods of
tem components, e.g. MeOH and/or ACN and water with quadrupole filter. Due to the capability of performing mul-
a small amount of acid used for RP-HPLC. As such, ESI tiple stage MS (M$), ion trap mass spectrometer (IT-MS)
technique has been presently dominating the field of MS de- has been widely applied, especially in structure determina-
tection for the determination of phytoestrogens. APCI, on the tion. Using a coupling of IT-MS with HPLC, phytoestrogenic
other hand, is mainly used for relative less polar compoundsisoflavones in red clover and related species were recently
than ESI, and can generally produce singly charged ions upexamined31]. The isoflavone structures were individually
to about 1500 Da. This technique has a wider dynamic con- elucidated according to their molecular ions and simply re-
centration range, but is not suitable for thermally unstable duced fragments, e.g. de-malonyl and/or de-glycosylions un-
analytes. Additionally unlike ESI, APCI can produce unex- der MS mode, and specific RDA fragmentions under MS/MS
pected fragmentation. mode for aglycone confirmatiorrig. 10. A slightly mod-

Due to the relatively low cost, physically small size, ideal ified method using IT-MS was also applied for analysis of
mass range and reasonable scanning speed, quadrupole @soflavones in immature fresh and mature soygééd].
triple quadrupole and ion trap MS analyzers equipped with  Single quadrupole, triple quadrupole or ion trap MS ana-
ESI and/or APCI interfaces have dominated the methodol- lyzers cannotyield accurate mass. Over the last few years, ap-
ogy in recent years for phytoestrogen analysis, particularly plications of time-of-flight MS (TOF-MS) have been rapidly
in complex biological fluids. Compared to magnetic sector in- increasing, due to its high resolution improved by the use of
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100 285 [Aglycone] Wang et al. reviewed the application of phytoestrogen anal-
il . ysis by MALDI-TOF-MS|8].
o Fourier-transform ion-cyclotron resonance mass spec-
LT QL. W—— trometry (FT-ICR-MS) is another technique of very high res-
olution, but the instrumentation is large, complex and ex-
pensive. Recently, several reviews focusing on various areas
447 [M"™+H-Molanyl] (A) of technical aspects and applications of the coupling of LC
and MS were presefit44,145,149,156-158])n this section,
only LC-MS applications for phytoestrogen analysis over re-
miz 153 cent years are discussed.
5 — Lagana et al[159] reported a method for assessing the
DA ‘(P: occurrence of trace level estrogenic compounds in sewage
. and surface waters using liquid chromatography coupled with
T tandem mass spectrometry (LC-MS—-MS). In their study,
257 12 representative substances including three phytoestrogens
| s daidzein, genistein and biochanin A were selected for mon-
wo 1o 2':::/1; T 0 300 itoring, as well as endogenous estrogens, alkylphenols, and
) synthetic hormone mycoestrogen and their metabolites using
Fig. 10. MS spectrum of biochanin A®-8-p-glucoside-6-O-malonate zearalanone and flavone as internal standards. Solid-phase
from red clover (A, inset is the structure and its MS fragment pathway), and extraction was performed with OASIS cartridges for sample
MS/MS spectrum.of biochanin A with precursor ionrofz 285 (B,.inset is preparation, and different MS interfaces (ESI and APCI) and
:r:;tﬁtt?;i ;?:zd 2It750'\f|586\’>|/|§ Eagn;ﬂeer}: ‘,)?r:/hz\l\;?; Iicsm “\;)ia:/allg%]izag ion sources (positive and negati_ve)_ were utili_zed for analysis
miz 239 may be [257- H,0] +) (modified from[31], with the permission of appropriate analytes. Quantitative analysis was operated
from Elsevier Science). under multiple reaction monitoring with protonated or de-

protonated ions for individual analytes. Validation of this ap-

proach achieved good recovery of above 80% and precision
anion refection device. This resulting increased resolution al- of below 8% for all analytes, and limit of detection (LOD)
lows to yielding high mass accuracy for small or medium size ranged from 0.1 to 182.0 ng/L in various effluents.
molecules and elucidate the empirical formula. TOF analyzer  An investigation into the pharmacokinetics of two ma-
separates ions by making their different velocities after accel- jor soy phytoestrogens daidzein and genistein usifgG-
eration through a potential, and the time taken for a specific labeled tracers in premenopausal women was conducted by
iontoreachthe detectoris proportional to the square root of its Setchell et al[109]. LC-MS with ESI interface was applied
m/zvalue. Tandam mass (MS/MS) spectrometer of TOF can to determine the labeled daidzein and genistein in human
be achieved by coupling with another mass analyzer, which urine using dihydrofavone as internal standard under positive
is called hybrid instrument. The most widely used hybrid is ion mode, while plasma samples were measured by GC-MS.
presently the coupling of quadrupole with time-of-flight MS  For sample preparation, urine samples were hydrolyzed with
(Q-TOF-MS), which can also provide accurate mass data for H. pomatiadigestive juice and a mixe@-glucuronidase-
fragment ions under MS/MS mode. This could be greatly sulphatase preparation after the addition of internal standard
useful for understanding MS/MS fragmentation. However, priorto SPE (C-18). Validation of this method resulted in the
this instrument cannot be applied under the operation modewithin-day instrument reproducibility of 3% for daidzein and
of selected ion monitoring. 4% for genistein and between-batch reproducibility of 8% for

The coupling of matrix-assisted laser desorption ioniza- daidzein and 10% for genistein€ 12, over 6 months period)

tion is another commonly used time-of-flight based system between 200 and 300 ng/mL. A slightly modified LC-MS
(MALDI-TOF). Except for the achieved high mass resolu- method was also developed for the pharmacokinetic study of
tion, this technique is particularly suitable for analysis of soy isoflavones daidzein, genistein and daidzein metabolite
huge molecular molecules such as proteins and peptides duequol in human urinary excretions with the stable isotopically
to the soft desorption ionization. More recently, the appli- labeled internal standards by this laboratfir§0].
cation of MALDI-TOF-MS has gradually replaced the use A sensitive and high throughput LC-ESI-MS and
of fast atom bombardment mass spectrometry (FAB-MS), LC-ESI-MS/MS method for quantifying isoflavones
which was originally employed for study of high molecular daidzein, genistein and metabolite equol in blood from
mass biological materidll45,150,151] However, MALDI- experimental animal and human studies was developed
TOF at present is not a routinely compatible connection to by Twaddle et al[161]. In this study, sample preparation
liquid chromatographic system, and at this time it is not a involved SPE after enzymatic deconjugation, and deuterated
quantitative approach, rather it is an excellent qualitative tool. standards of each corresponding analytes were added as
Whereas, the quantitative measurements using this approacinternal standard. Resulting samples were injected onto the
were recently attempted by Sporns and colleaflfz-155] LC-ESI-MS or MS/MS system (under positive ion mode)
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for detection using SIM or MRM operation, respectively. ether ether or ethyl acetate. Data was acquired using ESI-MS
Validation of this method was assayed by repetitive analysis detector in negative ion mode under selected reaction mon-
of spiked blank serum. The intra- and inter-day accuracy itoring (SRM). Validation of this method was assessed by
(88-99%) and precision (R.S.D. from 3 to 13%) of mea- determining precision, spiking recovery and limit of quanti-
surement were obtained. The lower limit of quantification tation (LOQ) using plasma and urine specimen.

(LOQ) for all analytes was approximately 0.00M using Clarke et al[163] developed a method for analysis of the
MS/MS detection, and 0.03M using MS for genistein and  free phytoestrogens and their conjugates in human urine us-
daidzein. ing liquid chromatography—electrospray ionization tandem

Franke et al[162] recently reported a new liquid chro- mass spectrometry (LC-ESI-MS/MS). Various natural phy-
matography coupling with a photodiode array detector and toestrogen isoflavones and their major metabolites, mam-
mass spectrometer (LC-PDA-MS) assay for examining a va- malian lignans and coumestrol were included in this assay
riety of phytoestrogens including isoflavones and metabo- and stable isotopically labeled®Cs] daidzein and 13Cs]
lites, flavones and mammalian lignans in human plasma andgenistein were used as internal standards for isotope dilution
urine. Biological fluids were first hydrolyzed with enzymatic mass spectrometry (ID-MS). Free aglycones and conjugates
preparation and then the hydrolyzates were extracted threeof isoflavones and lignans were observed in naturally incurred
times with ethyl ether after addition of known amount of in- urine samples. For determining free phytoestrogens, urine
ternal standards of taxifolin for quercetin and formononetin was injected directly onto the analytical column, whereas
for other analytes. The unconjugated analytes were analyzecenzymatic hydrolysis was applied for analysis of hydrolyzed
without enzymatic hydrolysis and directly extracted with di- analytes. Validation assay revealed that the limits of detection
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Fig. 11. Extracted ion MRM chromatograms of the lignans in one of the individual hydrolyzed plasma samples: HRM, 7-hydroxymatairesnol; HEL, 7-
hydroxyenterolactone; ENL, enterolactone; END, enterodiol; MR, matairesinol; OMR, 7-oxomatairesinoly@0mdendrin (fronf165], with the permission
from Elsevier Science).
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were generally <50 ng/ml, precision was generally <10% CV and fragmentation, and even molecular formula by using high
for conjugates and accuracy of total hydrolyzed daidzein and resolution mass spectrometry (HRMS), yet by itself is insuf-
genistein were within 12%. ficient to unambiguously assign the molecular structures of
The metabolism of lignan precursors secoisolari- an unknown compound, especially those indistinguishable
ciresinol diglycoside, secoisolariciresinol, matairesinol and isobars and isomers. NMR spectroscopy is well known as
7-hydroxymatairesinol was examined in vivo by Saari- the most powerful spectroscopic technique for obtaining the
nen et al.[164]. High-performance liquid chromatography detailed structural information of molecules, and therefore,
combined with electrospray ionization tandem mass spec-of use to discern the structural differences of compounds of
trometry (LC—ESI-MS/MS) was applied for measuring the the same molecular mass (isobars), or the same molecular
lignan metabolites in animal urine under negative mode formula (isomers), including constitutional, geometrical, and
and flavone was used as internal standard. Urine sam-optical isomers.
ples were first enzymatically hydrolyzed and then treated  Direct on-line coupling of NMR with HPLC was reported
through SPE prior to HPLC injection. Multiple reaction 20 years agg182-184] The application of this technique
monitoring was optimized as operation mode for quanti- had been seriously hampered at first due to the lack of sensi-
tation with the molecular ion as precursor ion. An im- tivity. However, in the recent decade, the employment of high
proved LC-ESI-MS/MS method on determination of hu- field magnets (500 MHz and greater up to 800 MHz), the im-
man plasma lignans was also reported by this laboratory provement of new solvent suppression techniques (traditional
[165]. In that study, plant lignan 7-hydroxymatairesinol presaturation and WET techniqug&B5] and development
and its potential metabolites matairesinol, oxomatairesinol, of probe technology (flow probe) have dramatically enhanced
a-conidendrin, 7-hydroxyenterolactone, enterodiol and en- the sensitivity of NMR detection, and made LC-NMR more
terolactone in human plasma were examined usigg d practical and popular today. Using this modern technique,
enterolactone (for mammalian lignans enterodiol and entero-typical reversed phase HPLC generally involves using the
lactone) and gtmatairesinol (for other analytes) as internal mobile phase of non-deuterated organic solvents, e.g. MeOH
standards Fig. 11). This method showed good chromato- and ACN, and relatively inexpensive deuterated wateQD
graphic linearity, analysis repeatability and SPE recovery. Several reviews regarding various technical aspects and ap-
Grace et al.[166] described an isotope dilution lig- plications of LC-NMR for natural product analysis and drug
uid chromatography/tandem mass spectrometric methoddiscovery have been publishfB86-190]
(ID-LC-MS/MS) for quantification of phytoestrogenic Fritsche et al[191] described the separation and char-
isoflavones and lignans in human serum. Using this estab-acterization of phytoestrogenic lignan precursors secoiso-
lished method, three isoflavones daidzein, genistein, andlariciresinol diglucoside isomers in flaxseed by on-line
glycitein, two daidzein metabolite®-desmethylangolensin  LC-NMR-MS. In this study, HPLC separation was carried
and equol, and two mammalian lignans enterodiol and entero-out on LiChrospher C-18 reversed phase column (250 mm
lactone in human serum were examined usit@s-labeled x 4.6 mm i.d., 5um) with mobile phase consisting GBN
internal standards. MS data was acquired under negative iomand B,O in gradient at a flow rate of 1.0 mL/min. UV chro-
mode with selected reaction monitoring. A simple, highly au- matogram was recorded at 280 nm, and ESI-MS was ap-
tomated sample preparation procedure requires small amounplied to achieve the molecular mass information including
of biological fluids and utilizes only one SPE stage, in ad- the molecular weight of target analytes under both positive
dition to enzymatic hydrolysis. Validation of this method and negative ion modérig. 12. The on-line'H NMR ex-
achieved excellent recoveries varied from 92.5 to 100.7% for periment was conducted using 600 MHz NMR spectrometer
the 1 ng/mL spike and from 92.3 to 97.6% for the 50 ng/mL equipped with an LC inverse gradient probe with detection
spike, and reproducibility of intra-assay CV 2.8-5.6% and volume of 12QuL, and solvent suppression was performed
inter-assay CV 3.0-4.4% for all seven analytes. Limits of using the WET sequencEig. 13gives the on-linéH NMR
detection are in the region of 10 pg/mL for all analytes ex- spectra of the two diastereoisomers of secoisolariciresinol
cept equol, which had a LOD of approximately 100 pg/mL. diglucoside corresponding to peaks 1 and Fig. 12 Ac-
Applications of HPLC combined with various MS detectors cording to the acquired chemical shifts and comparing with
including subjected sample, analyte, internal standard, chro-the previously reported NMR spectral data, the structures of
matographic conditions, MS and MS conditions, and vali- two isomeric forms of secoisolariciresinol diglucoside were
dation data for analysis of phytoestrogens reported in recentsuccessfully elucidated using this approach. The other suc-

years are summarized frable 3 cessful applications of on-line NMR on identification of lig-
nans and isoflavones from plant origins have been demon-
2.2.5. Nuclear magnetic resonance spectroscopy strated192—-194]and summarized by othef$89,190]

The coupling of high-performance liquid chromatography
with nuclear magnetic resonance spectroscopy (LC-NMR) is 2.3. Capillary electrophoresis-based methodology
a further powerful hyphenated technique for the separation
and structural elucidation of unknown components in com-  Because of the inherent advantages of high separation res-
plex matrices. MS detection might achieve molecular weight olution, low sample quantity requirement, and short assay



Table 3

Applications of HPLC combined with MS detection for analysis of phytoestrogens

vve

Sample/analyte

Internal standard

Sample preparation

HPLC and conditions

MS and conditions

Validation

Reference

Sewage and surface wa- Zearalanone and flavone

ter/phytoestrogen (D, G,
B-A, BPA and NP), natural

and synthetic hormones

Human urine/[43C] D and
[4-13C] G

Human urine/D, G and EQ

Human and animal blood/D,

Gand EQ

Human urine and

blood/isoflavones, flavones

and mammalian lignans

Human urine/isoflavones,

coumestrol and mammalian

lignans

Dihydro-flavone

13C-labeled D, G and EQ
Deuterated standards of

corresponding analytes

F and toxifolin

[*3C3] D and G

Extracted with aqueous
MeOH, SPE (OASIS
HLB cartridge)

Enzymatic hydrolysis,
SPE (C-18)

SPE (C-18), enzymatic
hydrolysis

Enzymatic hydrolysis,
SPE

Enzymatic hydrolysis
(omitted for free
analytes), extraction with
ethyl ether

With or without selective
enzymatic hydrolysis

LC-18 packing Alltima column
(250 mmx 4.6 mm i.d., 5um)
and supelguard pre-column
(20mmx 4.6 mmi.d.), A: HO
or H,0/10mM TFA/B: ACN or

ACN/10 mM TFA, different

gradient programs applied; flow

rate: 1 mL/min and 0.2 ml

effluent introduced into MSD

RP-Gg column (250 mmx
4.6mmi.d.), A: 10 mmol

AcONH4/1L H20 (0.1% TFA);

B: ACN; gradient: 0% B for

2min; 0-50% B, 2—24 min; held

50% B for 5 min; flow rate:
1.0 mL/min

HPLC and conditions were same

as described ifiL09]

Ultracarb ODS column (150 mm
x 2.0mm i.d., 3um), A: 0.1%
AcOH/H,0; B: ACN; isocratic

elution of 35% B; flow rate:
0.2mL/min

HydroBond PS C-18 RP-column
(100 mmx 3mm i.d., 5um) and
HydroBond PS C-18 pre-column
(25mmx 3.2mm i.d., um),
MeOH-CAN-HO (containing
0.5% AcOH or not); different
gradient programs applied; flow

rate: 0.25 mL/min

YMC-ODS AM column (250 mm
x 3.2mm i.d., 5um), A: 0.1%

AcOH/H;0; B: 0.1%

AcOH/ACN; gradient: initial B
was 10%, held for 5 min, 10-22%

B, 5—-20 min; 22-30% B,
20-35min; 30-46% B,
35-36 min; 46-80% B,
36-56 min; 80—-85% B,
56-60 min; 85-10% B,
60-65 min; held 10% B for

10 min; flow rate: 0.5 mL/min

PE-Sciex AP1365
TQ-MS, APCI, NI
(synthetic estrogens),
ESI, PI (D, G and B-A),
ESI, NI (estrogens, BPA
and NP), MRM

Micromass Quattro
LCIMS, ESI, PI, SIM

MS and conditions were
same as described in
[109]

Micromass Quattro
Ultima TQ-MS, ESI, PI,
SIM (MS) MRM
(MS-MS)

Thermo Finnigan LCQ
Classic IT-MS, ESI, NI,
SRM, UV-PDA: 280 nm

PE Sciex API
2000LC-MS/MS, ESI,
NI, MRM, UV: 262 nm

Recovery: >80%, R.S.D.:
<8%, LOD:
0.1-182.0 ng/L

R.S.D.: 3% for D and 4%
for G (intra-assay); 8%
for D and 10% for G
(inter-assay)

R.S.D.: 3-13%, accuracy:

88-99%, LOQ:
~0.005uM (MS—-MS),
0.03uM (MS)

Recovery (different spike
level): 60-120% (urine);
77-117% (plasma) CV:
very variant, LOQ:
1-201 pg (urine);

1-148 pg (plasma)

CV: <10%, accuracy:
<12%, LOD: <50 ng/mL

[159]

[109]

[160]

[161]

[162]

[163]
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Animal urine/ENL, END,
SECO and 7-OH-MAT

Human plasma/ENL, END
and lignan precursors

Human/D, G, GLO-DMA,
EQ, ENL and END

Pomegranate fruitluteolin,
guercetin and kaempferol

*Soybean/daidzin, genistin,
glycitin and malonyl
genistin

Flavone

De-ENL and ¢-MAT

[*3C3] D, G, O-DMA,
EQ, ENL and END

2,5-di-OH-benzal-dehyde

Enzymatic hydrolysis,
SPE (C-18)

Enzymatic hydrolysis,
SPE (C-18)

Enzymatic hydrolysis,
SPE

Extraction with water
prior to ethyl acetate
fractionation, or
extraction with aqueous
MeOH, acidic hydrolysis,
SPE (C-18)

Extraction with EtOH,
MeOH or ACN with
several water percentage

Waters symmetry ¢
column (100 mmx
2.1mmi.d., 3.5um)
equipped with Waters
Sentry guard column, A:
MeOH/0.1%
AcOH/isopropanol
(99:9.9:0.1); B: 0.1%
AcOH/isopropanol
(99:1); gradient: 78-27%
B, 0-16 min; 27-5% B,
16-17 min; held 5% B for
2min; 5-78% B,

19-20 min; held 78% B
for 5min; flow rate:
0.2mL/min

HPLC and conditions
were slightly modified
from [164]

Xterra MS Gg column
(150 mmx 2.1 mmi.d.,
3.5um) equipped with
guard column (10 mnx
2.1mmi.d., 3.50m), A:
40% MeOH/0.1%
ACONHy; B: MeOH;
gradient; 0-25% B,

0-1 min; 25-65% B,
1-7 min; flow rate:
0.2-0.25 mL/min
Prodigy ODS (3) column
(100 mmx 3.2mmi.d.,
5wm), mobile phase and
gradient: 20-35%
ACN/2 mM ammonium
acetate in 8 min and
followed by a 7 min post
gradient

RP-18 column
(Lichrospher 100, p.m),
A: 0.1% AcOH/H,0O; B:
0.1% AcOH/ACN;
gradient: 15-30% B,
0—10min; held 30% B for
15 min; 30—-100% B,
25-35 min; flow rate:
0.3mL/min

PE Sciex API3000
TQ-MS, ESI, NI, MRM

MS and conditions were
same as described in
[164]

Micromass Quattro
Ultima TQ-MS, ESI, NI,
SRM

Thermo-Finnigan DECA
tendem MS, APCI, NI

Finnigan LCQ MS, ESI,
PI (for identification),
UV-PDA: 254 nm (for
quantitation)

[164]

Recovery: 65-101%, [165]
R.S.D.: <20%, LOD:

0.13-267 ng/mL

Recovery: 92.5-100.7% [166]
(2 ng/mL spike);

92.3-97.6% (50 ng/mL

spike), CV: 2.8-5.6%
(intra-assay); 3.0-4.4%
(inter-assay)

[167]

[168]
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Table 3 Continued

Sample/analyte

Internal standard

Sample preparation

HPLC and conditions

MS and conditions

Validation

Refer

Soy cell culture§D, G and
glycoside derivatives

In vitro biological samplé&/D,
dihydro-D, EQ and>-DMA

In vitro biological
sample/fH] and [13C]
genistin

Soy-based food/D, G, Gland [2H4] D

glycoside derivatives

Animal urin€/isoflavones
and conjugates

In vitro biological
sample/B-A, F and
metabolites

Animal urine/deuterated ENL

G

Extracted with aqueous
MeOH (80%)

Extracted with ethyl

acetate

Extracted with ethyl

acetate or SPE (C-18)

Extracted with aqueous
EeOH (80%)

SPE

Extraction with ethyl
ether

Enzymatic hydrolysis,
extraction with ethyl
acetate

Nucleosil 100-Gg column (250 mm

x 2.1mmi.d., 5um), A: 0.5%

AcOH/H0; B: 0.5% AcOH/ACN;
gradient: 10% B for 5 min; 10-90%
B, 5-30 min; held 90% B for 5 min;

flow rate: 0.3 mL/min

Prodigy ODS (3) column (250 mm

2.0mmi.d., 5um), A: H20; B:
ACN; gradient: 20-80% B,

0-40 min; flow rate: 0.2 mL/min
Hypersil Elite Gg column (150 mm

x 2.1mmi.d., 5um), A: 0.1%

AcOH or 15 mM AcONH/H,0; B:

ACN; gradient: 15-45% B,

0—20 min; flow rate: 0.3 mL/min and
50% effluent introduced into MSD
YMC ODSAM 250 AS C-18 column
(250 mmx 3.2mm i.d., 5um) fitted
with a 30 mmx 3.2mm i.d. guard
column, A: 0.5% AcOH/HO; B:
0.5% AcOH/ACN; gradient: 15-22%
B, 0—30 min; 22—-35% B, 30-50 min;
35-45% B, 50-52 min; 45-46% B,
52-53 min; 46-70% B, 53-56 min;
70-80% B, 56—60 min; 80-85% B,
60—62 min; 85-15% B, 62—65 min;

flow rate: 0.5 mL/min

Eclipse XDB-C8 column (150 mm
4.6 mmi.d.), A: 0.1% AcOH/HO;

B: 25% ACN/MeOH; gradient:
8-25% B, 0—-40 min; 25-55% B,
40-70 min; 55-100% B, 70-75 min;

flow rate: 1 mL/min

YMCA AM (50 mm x 4mmi.d.,
3pm) with a 20 mmx 4mm i.d.

guard column, A:

MeOH/ACN/H,O/1 M AcONHy
(1:3:15:1); B: MeOH/ACN/HO/1M
ACONHj, (4:10:5:1); gradient:
0-75% B, 0—25 min; flow rate:

1 mL/min

Hypersil BDS Gg column (150 mm

x 2.1mmi.d., 5um), A: 5%
ACN/0.1% AcOH; B: 40%

ACN/0.1% AcOH; gradient: 0-100%
B, 0—3 min; held 100% B for 12 min;

flow rate: 0.2 mL/min

Micromass
Quattro-LC/MS, ESI, PI

ESI, NI

PE-Sciex API365
TQ-MS, ESI, PI
(hydrolyzed sample),
Finnigan LCQ IT-MS,
APCI, NI (metabolism
sample)

Micromass
MassLynx-MS, APCI, PI,
SIM

Bruker model Esquire-LC
multiple IT-MS, ion
source not indicated, Pl or
NI, UV-DAD: 265 and hm

Micromass Quattro
Ultima TQ-MS, ESI, PI
(identification)
ED-CEAD: 7 chanels
(quantification)

TQ-MS (API2000), ESI,
NI, MRM

[169]

[170]

[171]

[172]

[173]

[174]

[175]
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Bovine milk*/D, G, EQ, F,
B-A, ENL, END and C

Human plasma and urine/D,
G, EQ,0-DMA, ENL,
END, MAT and C

Human urine and serum/D,
G, EQ,O-DMA, C, ENL,
END and MAT

Plant organism/G, quercetin
and kaemferol

In vitro biological
samplé/chloro and nitro
metabolites of isoflavones

Kudzu dietary
supplements/isoflavones

Deuterated standards of
corresponding analytes
and hexestrol for C

Dueterated standards of
corresponding analytes

Fluoresein

Enzymatic hydrolysis,
SPE (C-18), SPE (SiOH)

Enzymatic hydrolysis,
SPE

Enzymatic hydrolysis,
SPE

Extraction with acetone
and acetone:MeOH (1:1)
(for conjugates) acidic
hydrolysis, extraction
with ehtyl acetate (for
aglycones)

Extracted with aqueous
EeOH (80%)

Nucleosil Gg AB column (50 mmx
2.1 mm i.d., 5um) equipped with
guard column (10 mnx 2.1 mm
i.d.), A: MeOH; B: 0.5%
AcOH/H0; gradient: 70-0% B,
0-12 min; held 0% B for 2 min; flow
rate: 0.3 mL/min

Prism RP-column (50 mmx 3 mm
i.d., 5um) equipped with guard
column, mobil phase consisting
AcONH4, MeOH and ACN in
gradient; flow rate: 0.3 mL/min
RP-HPLC column (50 mm Prism
column), mobile phase not indicated

ODS2 RP-column (250 mm

4.6 mmi.d., um), A: 1% HPOy
(UV) or 0.1% AcOH (MS)/H0; B:
ACN; gradient (1): held 5% B for
first 5min, 5-10% B, 5-10 min;
5-15% B, 5-15 min; held 15% B for
5min; 15-17% B, 20-25 min;
17-23% B, 25-30 min; 23-50% B,
30-65 min (for conjugates), gradient
(2): held 27% B for first 5 min,
27-30% B, 5-45 min; 30-100% B,
45-46 min (for aglycones); flow rate:
1.0 mL/min

C-8 RP-column (100 mnx 4.6 mm
i.d.), A: 10mM AcONHy/H20; B:
ACN; gradient: 0-50% B, 0—10 min,
held 50% B for 2 min; 50-90% B,
12-15 min; held 90% for 2 min; flow
rate: 1.0 mL/min

C-8 RP-column (220 mnx 4.6 mm
i.d.) equipped with guard column, A:
10% ACN/0.1% TFA; B: 90%
ACN/0.1% TFA,; gradient: 0-70% B,
0—30 min; flow rate: 1.5 mL/min
(quantitation by UV), C-8
RP-column (150 mnx 4.6 mmi.d.),
A: 10 mM AcONH4/H20; B: 10 mM
AcONH4/ACN; gradient: 0-40% B,
0-30 min; flow rate: 0.1 mL/min

Micromass QuattroLC
TQ-MS, ESI, Pl or NI,
MRM

PE Sciex API Il TQ-MS,
APCI, NI, MRM

PE Sciex API lll tandem
MS, APCI, PI, MRM

Bruker Esquire IT-MS;
ESI, PI

PE Sciex API Il tandem
MS, ESI, NI,

PE Sciex API Il MS,
ESI, NI, micromass
Q-TOF-MS/MS, ESI, PI
or NI, UV-DAD: 262
(quantitation)

Recovery: 80.7-103.7%,
CV: <10%, LOD:
0.1-10.0 ng/mL

[176]

[177]

[178]

[179]

[180]

[181]
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IT-MS, ion trap mass spectrometer; TQ-MS, triple quadrupole mass spectrometer; ESI, electrospray ionization; APCI, atmospheric presduoaidationgd|, positive ion source; NI, negative ion source;
SIM, selected ion monitoring; MRM, multiple reaction monitoring; SRM, selected reaction monitoring; SPE, solid-phase extraction; R.S:®stegldtrd derivation; CV, coefficient variation; LOQ, limit
of quantitation; LOD, limit of detection; TFA, trifluoroacidic acid; CAN, acetonitrdmalyte D, daidzein; G, genistein; GL, glycitein; F, formononetin; C, coumestrol; B-A, biochanin-A; EQ, eQtbNMA,
O-desmethylangolensin; ENL, enterolactone; END, elactrodiol; MAT, matairesinol; SECO, secoisolariciresinol, BPA, bisphenol A; NP, nonylphenol

* Qualitative identification. The ratio of mobile phase components is in v/v.
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Fig. 12. On-line LC-NMR-MS analysis of a flaxseed extract: (A) UV spectrum and chromatogram at 280 nm; UV spectra (240-340 nm) of peaks 1 and 2
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are superimposed. (B) Total ion chromatogram (TIC). (C) Selected ion chromatogram (3#2)684.3. Peaks 1 and 2 indicate the two diastereoisomers of
secoisolariciresinol diglucoside (frofh91], with the permission from Elsevier Science).

time, capillary electrophoresis has been widely applied to niques have been developed including the most commonly
analysis of phytoestrogens in plants, plant products and bi- used capillary zone electrophoresis (CZE) and micellar elec-
ological matrices as an alternative technique over the lasttrokinetic capillary chromatography (MEKC). Since most of

decade. CE separation is based on the differences in elecihe phytoestrogens and their metabolites contain phenolic hy-

trophoretic mobility of charged analytes in an electric field
in small diameter capillaries. Till today, several CE tech-

Peak 2 (RT = 17.9 min) -
1

\
A\

13\":
WJLL LA Jm/
Peak 1 (RT = 16.6 min) 9
1a 1|b Ta 1'b
.

65 60 55 50 45 40 35 30 25 20 15 ppm

Fig. 13. On-line’H NMR (600 MHz) spectra of the two diastereoisomers
of secoisolariciresinol diglucoside (frofii91], with the permission from
Elsevier Science).

droxyl group and shows weak acidic nature, the utilization of

CZE and MEKC methods are generally performed based on
a borate run buffer at alkaline pH to ensure the analytes are
charged for electrophoretic separation. As with HPLC, most

of the detection, e.g. UV, laser-induced fluorescence (LIF),

ED, MS and NMR can be coupled to monitor CE separa-

tion. Previous reviews have summarized the applications of
CE method for analysis of phytoestrogens and other natural
phenolicg8,195,196]

2.3.1. Capillary zone electrophoresis

Capillary zone electrophoresis is the most widely used
type of CE because of its simplicity and versatility. Sep-
aration occurs as charged analytes are propelled through
the capillary at different velocities depending on size and
charge, whereas the neutral species migrate atthe same speed.
CZE is usually performed with electrical potentials of up to
30kV. Separation efficiencies as high as 500,000 theoretical
plates can be obtained for low molecular weight compounds
in 30 min using such potentia[d97,198] Aussenac et al.
[199] presented a CZE method combined with multiwave-
length UV detector (260 nm) for analysis of isoflavones in
soybean matrices extracted at different temperature and with
different solvent components. In that study, the electrokinetic
separation was performed on fused silica capillary column
(67 cmx 50wmi.d.) atthe electrical field strength of 23.5 kV
using the running buffer of either 30 mM NaPFO, (pH
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9.5-10.5) or 50-100 mM BOg3 at pH 10.5. Nine flavonoids
in grape wine including quercetin, kaempferol and apigenin
were quantified by means of CZE coupled with UV detec-
tor (250 nm), as well as HPLC/UV-DAR00]. SPE (C-18

349

position and buffer pH were optimized to ensure the selec-
tivity of analytes in complex plant samples. The addition

of 1,2-hexanediol to SDS electrolyte provided the improved
resolution of adjacent analytes. A MEKC method coupled

cartridge) was used in sample preparation. The optimum sep-with UV-DAD (280 nm) was established for determination

aration condition of CZE was with 35 mM borax (pH 8.9),
and applied 240 V/cm electrical field strength on a fused sil-
lica capillary of 70cm (effective length: 45¢cmy 75um

of flavonoids in the flowers d?Paulomnia tomentoday Jiang
et al.[206]. CE separation was carried out on an untreated
fused sillica capillary of 30 cm effective length (ptn i.d.)

i.d. For all analytes, the achieved recovery ranged from 90.1 at electrical field strength of 15 kV. The effects of primary ex-
to 99.8% and the relative standard deviations (R.S.D.) were perimental conditions were assessed and the optimum factors

under 5.7%. Vaher and KogR01] have investigated the
polyphenols includingransresveratral, quercetin and cat-

of a 20 mM sodium borate buffer (pH 10.0), 10 mM SDS and
5% MeOH were selected as the most suitable electrolytes for

echin in various parts of Japanese knotweed. CZE methodthis separation. MEKC was applied to the analysis of natural
with UV detector (240 nm) was developed for the separation resveratrol and related synthesized glucoside with UV-DAD
of polyphenolic compounds using both water based borate (254 nm) by Brandolini et a[207]. The separation was ob-
buffer and nonaqueous media (nonaqueous CE, NACE). Ex-tained with a fused sillica capillary (75 cs 57 uwmi.d.) us-
periments were conducted using an uncoated capillary (75 cming the running buffer of 20 mM N#,07, 25 mM PEG 400

x 50umi.d.) with electrical field strength of 18 kV. Dabas et
al. reported202]recently on amethod to optimize the separa-
tion conditions of soy isoflavones in the urine of subjects who

(poly ethylene glycol), and 25 mM SDS with addition of 10%
MeOH just before use. The limit of detection of 0.5 ppm was
achieved in wine for resveratrol, thus ensuring the desired

consumed large amounts of soy and soy-derived products byhigh efficiency for this method.

CZE. In their study, biological matrices were treated using

SPE for sample prepurification. Due to the phenolic nature of 2.3.3. Capillary electrochromatography

isoflavones, pHs (8.20-9.90) of running buffer were tested.
Electrochemical detection was also applied to monitoring
the CE separation for phytoestrogen. Gao ef24l3] devel-
oped a CE-ED method for determinatiortr@ins-resveratrol
inwine, Chinese herbal mediciRelygonum cuspidatuand

Capillary electrochromatography (CEC) is a new and ex-
citing hybrid separation technique that couples the high sepa-
ration efficiency of CZE with HPLC, and employs an electric
field rather than hydraulic pressure to propel the mobile phase
through a packed bed. Since there is no back-pressure, it is

herbal preparation. CE separation was performed on a fusedpossible to use small diameter packing and thereby achieve

sillica capillary of 65cmx 25um i.d. using the running
buffer of 100 MM HBO3—N&B4O7 (pH 9.24), and 10kV
electrical field strength was applied. ED was employed to
monitor the analyte at detection potential +850 mV. Limit
of detection was found to be 59.6 ng/mL. A similar CE—-ED
method was also reported for analysis of flavonoidslijo-
pophae rhamnoideby this laboratory[204]. A 75cm x
25um i.d. fused sillica capillary was used for the separation
with the running buffer of 40-60 mM (BOs—NgB407 (pH
9.0) at electrical field strength of 14kV. ED potential was
maintained at +950 mV. For all analytes, limit of detection
ranged from 130 to 590 ng/mL.

2.3.2. Micellar electrokinetic capillary chromatography

In CZE technique, the separation is carried out in free
solution. The chemistry of analytes is not particularly impor-
tant, only their migration properties. Micellar electrokinetic
capillary chromatography (MEKC), in comparison, can cre-

ate a pseudo-stationary phase in the capillary by adding mi-

very high efficiencies. Starkey et §208] described the ap-
plication of CEC with UV-PDA detector for determination of
trace level isoflavone phytoestrogens in blood samples from
human volunteers, whose diet was supplemented by a soy-
derived product. Separation was performed on a developed
Ci12 CEC column (24.5 cm) using the mobile phase of 30%
ACN and 50% MeOH in 2.4 mM ammonium format buffer
(pH 2.4) at electrical field strength of 800 V/cm, and apigenin
was used as the internal standard. With on-column precon-
centration, this method enables to detect low-ppb levels of
analytes in human plasma.

2.4. Immunoassays

Immunoassay has been utilized widely for analysis of
phytoestrogens and metabolites particularly in biological
samples because of its numerous advantages of high
throughput screening purposes, potential of high sensitivity,
specificity and relatively low cost. Immunoassay tests use

celles of surfactants such as sodium dodecyl sulfate (SDS),antibodies that have been specifically developed to bind

allowing for the separation based on the molecular proper-

ties. This is especially useful for the separation of neutral
molecules. Baggett et §205] described the development of
MEKC method with UV-PDA for the analysis of isoflavones
in comparison to HPLC. Different fused sillica capillaries (50
and 75um i.d.) were applied to CE separation. The role of

several factors such as electrical field strength, buffer com-

with a target compound or class of compounds known as
antigens. The binding sites on an antibody attach precisely
and noncovalently to their corresponding target analyte
(antigen). Because binding is based on the antigen’s physical
shape rather than its chemical properties, antibodies will
not respond to substances that have dissimilar structures. In
phytoestrogen immunoassay, the first step is to design and
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synthesize a suitable hapten, a structurally specific derivativeconverts a colorless substrate (chromogen) to a colored
of phytoestrogen, which is used to raise the correspondingproduct, indicating the presence of antigen-antibody binding.
antibody. All the phytoestrogens and metabolites comprise The concentration of the target analyte can be determined
at least one hydroxyl group. This can be used for the intro- by observing the color change by using a photometer or
duction of anO-carboxyalkyl spacer arm to form a suitable spectrophotometer to measure the precise change in the color
hapten. At present, the commonly used immunoassay typesof the reaction. An ELISA can be used to detect either the
for phytoestrogen analyses include radioimmunoassay presence of antigens or antibodies in a sample, depending on
(RIA), enzyme-linked immunosorbent assay (ELISA), how the test is designed. Bennetau-Pelissero ¢280] re-

and time-resolved fluoroimmunoassay (TR-FIA). Previous ported the synthesis of seven carboxylic acid haptens of four
papers have reviewed the immunoassay applications oncommon phytoestrogen isoflavones formononetin, daidzein,

phytoestrogen analysis through 20@33,25] biochanin A and genistein, and daidzein metabolite equol,
with the spacer arm on the oxygen atom at the C7 position for
2.4.1. Radioimmunoassay formononetin, daidzein, equol, biochanin A and genistein,

Radioimmunoassay (RIA) techniques are based on theand at the C8 position for formononetin and daidzein only.
reaction between an antibody and an antigen (target analyte)The different haptens were coupled to BSA and to swine
There are several ways to quantify the antigen concentration,thyroglobulin (Thyr), and ELISAs were then performed
but the most frequently used method is the indirect assay. Inbased on competition between free phytoestrogens and the
this assay, a known quantity of radioactively labeled antigen Thyr-hapten conjugates for specific antibodies. Also the syn-
(iodine-125) is mixed with a dilution series of unlabeled thesis of novel hapten-protein conjugates (hapten-BSA and
antigen. The dilution series is brought to reaction with a heptan-Thyr) for production of highly specific antibodies to
fixed amount of antibody specific against the antigen. Since daidzein, genistein and fomornonetin were reported by this
unlabeled and labeled antigens compete with each otheraboratory[211]. They then applied that ELISA approach
for the antibody binding sites, the greater the quantity of and were able to measure two major soy isoflavones daidzein
unlabeled antigen, the less labeled antigen is bound to theand genistein in food and human fIJRziL2].
antibody and vice versa. After a fixed time, a second antibody
directed against the first antibody is used which leads to 2.4.3. Time-resolved fluoroimmunoassay
the formation of large complexes which upon centrifugation Lanthanide, especially europium (Eu) and samarium
are counted with a radioactive counter. RIA methods are (Sm), can form highly fluorescent chelates, which have very
very sensitive and allow to detecting nano- or picomoles long fluorescence decay times and a large Stokes’ shift.
of molecules. Lapcik et al[209] recently established an Time-resolved fluoroimmunoassay (TR-FIA) is the tech-
RIA system for determining coumestrol in a legume plant nique based on these unique fluorescence properties of the
sample based on the polyclonal antiserum aMPlalabeled lanthanide chelates, in which Eu-labeled antibodies are used
hapten-tyrosine methyl ester conjugate as the radioligand.as the most common application. This approach allows sen-
In that study, the hapten @-carboxymethylcoumestrol was sitive and specific detection of lanthanide chelates by elimi-
prepared by a partial alkylation of coumestrol with ethyl nating or reducing non-specific fluorescence by pulsing ex-
chloroacetate in acetone alkalized with potassium carbonate citation light. Because the lanthanide chelates can be mea-
3-O-Ethoxycarbonylmethylcoumestrol was purified and was sured as sensitively as radioisotopes and are stable and easy
finally hydrolyzed with formic acid, in which 1D and 2D to handle, they are widely used as tracers for analysis of
NMR were applied to structure elucidation. The hapten was phytoestrogen and metabolites in the biological matrices,
then conjugated to bovine serum albumin (BSA) and used particularly for measuring unconjugated phytoestrogens in
for immunization. Plant samples were assessed using bothplasma and tissue samples. The application of this approach
RIA developed and LC-MS (under positive ESI mode). achieves the advantages of reagent stability and lack of ra-
Compared to LC-MS, the coumestrol levels obtained by diation over RIA. Additionally, it can also provide a 10- to

RIA were slightly overestimated (RIA result = 1.18 100-fold increase in sensitivity and assay range compared
HPLC-MS result), and there was good correlatiof £ to ELISA and fluoroimmunoassay (FIA) methods. Lhomme
0.8989) between both methods. et al.[213] presented a TR-FIA method for determinifg
desmethylangolensitttDMA), a metabolite of phytoestro-
2.4.2. Enzyme-linked immunosorbent assays gen daidzein in plasma and urine using a europium chelate as

Because of the requirement to use radioactive substancesa label. Synthesized’40-carboxymethyl©-DMA coupled
RIAs are currently being replaced by other immunologic to BSA was used as the antigen in immunization. Europium
assays. Enzyme-linked immunosorbent assays (ELISA) arechelate tracers were also synthesized using the sdme 4
highly sensitive and more specific compared favorably to O-derivative of the —methyldeoxybenzoin. Sample prepa-
RIAs, and also these techniques have the added advantages @étion involved enzymatic hydrolysis and ether extraction
not needing radioisotopes or a radiation-counting apparatus.prior to TR-FIA. Antisera cross reactivity was tested with
The basic principle of an ELISA is to use an enzyme to the common isoflavone metabolites in human, including an-
detect the binding of antigen and antibody. The enzyme golensin, dihydrogenistein, dihydrodaidzein, equoiQ6i-
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angolensintrans4-OH-equol, 60H-O-DMA, cis-4-OH- each analyte prior to GC-MS analysis. The common reagents
equol and 5-OH-equol. Results from this TR-FIA method are N,O-bis(trimethylsilyl)-trifluoroacetamide containing
were confirmed by GC-MS analysis, and good correlation 1% trimethylchlorosilane (BSTFA-TMCS) and produce the
coefficients were achieved. Experimental conditions were op- derivatives of trimethylsilyl ether (TMS). Sample silylation
timized and methodological parameters, e.g. accuracy, pre-with pyridine-hexamethyldisilazane—trimethylchlorosilane
cision and sensitivity were assayed. This research group wagPy—HMDS-TMCS) (9:3:1, v/v/v) is sometimes employed
latter described a similar TR-FIA approach for analysis of [85].
daidzein metabolite equol in human plasma and U2dd]. Due to the multiple steps in sample preparation, such
Another TR-FIA for the determination of mammalian lignan as organic solvent extraction and solid-phase extraction
enterolactone in animal urine was also reported by this same(SPE, C-18, Shephadex-LH20 or ion-exchange chromatog-
laboratory[95]. raphy) in sample pre-purification, hydrolysis of conjugates
(B-glucuronidase and/or sultfatase) and derivatization to in-
crease the volatility, any unknown losses during the process-
ing are totally uninvited. To adjust any such looses, inter-
Phytoestrogen containing samples can be divided into two nal standards are generally added during sample prepara-
categories: (1) plant origin or derived diets, such as soybean.tion to correct for losses. These standards usually are sta-
flaxseed and their produced products and (2) biological ma- ble isotopic labels such as deuteraté#)( or carbon-13
trices (e.g. human or animal urine, serum, tissue and in vitro (:3C) labeled forms of the corresponding phytoestrogens and
cultures). Sample preparation procedures for this first cate-their metabolites (for MS detection onl{92,93,160,161]
gory is relatively simple, and generally involves direct sol- or chemical analogous with similar chemical structure and
vent extraction with aqueous MeOH/EtOH for glycoside con- properties that are not naturally present in the sample to be
jugate containing sampl¢31,96,111,113,119-121,123,137, studied[109,111,112,115,159,162The sample preparation
167-169,172,181]or with ether and/or ethyl acetate for procedures for the applications of GC-MS and HPLC based
aglycone only containing sampl¢§7,93,103] Enzymatic analysis are summarized Trables 1-3
and/or acidic hydrolysis during extraction is sometimes
employed depending on the study purpose, when only
isoflavone and lignan aglycones are examifigd,67,93,
103,111,114,115,125,137,139,16F]axseed is among the
most lignan enriched plant sources and contains large amount  Phytoestrogenic compounds, predominantly phenolic
of lipids and other non-polar components, which can interfere isoflavones and lignans, have been shown to induce a wide
with the analysis and shorten column life. Thus, partitioning range of hormone-related activities, with effects associ-
with n-hexane prior to extraction is often applied for analysis ated with breast and prostate cancer, cardiovascular disease
of flaxseed and/or its derived produ§$s,96,119,139] and conditions associated with bone health and menopause.
Ingested isoflavones and lignans together with their Driven largely by scientific research on these potential health
metabolites in biological matrices are mostly present as glu- benefits, a variety of analytical methods for analysis of these
curonic acid or sulfate conjugations. Thus, enzymatic hy- phytoestrogens and metabolites in plants and their derived
drolysis of these conjugates using a mixglucuronidase  products and biological matrices have been established using
and sulphatase preparation is generally employed to releas&sC—-MS, HPLC and CE based methodology and immunoas-
the aglycone fornf102,107,109,112,117,138,160,161,166] says. GC combined with MS provides reliable and conclusive
The common source of these enzymes is fréin po- analytical information for the identification and quantitation
matia Complex biological matrices comprise a variety of phytoesrogens and metabolites, particularly in biologi-
of impurities, such as proteins and lipids. Following hy- cal samples. Because of the high chromatographic resolu-
drolysis, preconcentration of the analytes from the aque- tion, specificity and good sensitivity, as well as the achieved

2.5. Sample preparation

3. Conclusions

ous buffered reaction medium involved in either solid-
phase extraction (SPE, usingi14 Sep-Pak cartridges)
[109,110,140,160,161,164-166,177,1 48] solvent extrac-
tion with either diethyl ether or ethyl acetdi§6,162,175]

is performed or a combination of solid-phase and or-
ganic solvent extraction is us¢8é5,92,94,112] Sometimes
SPE treatment is applied prior to enzymatic hydrolysis
[85,92,94,110,160]nd other chromatographic methods us-
ing Sehphadex-LH20 for biological sample pre-purification
are also usefB5,94,109,110,138hs well as ion-exchanged
chromatography92,102,138] As phytoestrogen precursors
and their metabolites contain polar hydroxyl and/or carboxyl

capability of structure elucidation, this technique had pre-
dominated the application of phytoestrogen pharmacokinetic
study prior to the employment of LC—-MS. However, the la-
borious sample preparation procedures, e.g. pre-purification,
fractionation, hydrolysis and derivatisation of samples lim-
ited its application.

HPLC is presently the most widespread chromatographic
technique in the investigation of these compounds, due to
its compatibility to various detections, e.g. UV, ED, fluores-
cence detection, MS and NMR. This approach is easy and
suitable to separate the polar hydroxyl and/or carboxyl group
consisting phytoestrogens on reversed phase column, yet in

groups, derivatization is needed to increase the volatility of general achieves poor chromatographic resolution. All the
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phenolic phytoestrogens have at least one aromatic ring withCenter for Age-Related Diseases. Authors also acknowledge
the maximum UV absorption ranged from 230 to 280 nm, the support of the New Jersey Agricultural Station and Cook
so UV or multiwavelenth UV detector has been found to College, Rutgers University and the New Jersey Farm Bu-
be very useful. However, UV detection has a disadvantagereau, Trenton, NJ.

in low sensitivity and is generally applied to examining the

relatively high concentration phytoestrogens in plant or plant

derived samples. Fluorescence detection and electrochemicaReferences
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