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bstract

Phytoestrogens are currently the subject of intense study owing to their potential protective effects against a number of complex diseases.
owever, in order to investigate the interactions between phytoestrogens and disease state effectively, it is necessary to have analytical methods
hich are sensitive, reproducible, and require low sample volumes. We report an assay for three isoflavones (daidzein, genistein, and glycitein), two
etabolites of daidzein (equol and O-desmethylangolensin), three lignans (secoisolariciresinol, enterodiol, and enterolactone), and one flavanone

naringenin) in human urine and serum. A high throughput of samples has been achieved via the use of 96-well plate sample extraction and liquid

hromatography/tandem mass spectrometry (LC–MS/MS) analysis incorporating column switching, thus making the assay suitable for use on large
ample numbers, such as those found in epidemiological studies. The robustness of the assay was proven via the comparison of data generated on
wo different LC–MS/MS systems, with and without column switching.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Phytoestrogens are diphenolic compounds that naturally
ccur in a variety of plants, some of which subsequently enter
he human food chain. They can be further divided into several
ub-groups, the most studied of which are the isoflavones and
ignans. Isoflavones occur in high concentrations in soy foods,
here they exist mainly as glycosides, whereas lignans are rather
ore widespread, occurring in a variety of grains and seeds, and

n particularly high concentrations in linseed. Phytoestrogens are
tructurally similar to 17�-estradiol and exhibit both estrogenic
nd anti-estrogenic activity in the body.
Interest in these compounds stems from the belief that
hey may offer protective effects against a number of complex
iseases, such as certain types of cancer [1–7], cardiovas-
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n switching

ular disease [8–10], osteoporosis [11–15], and menopausal
ymptoms [16,17], and can also affect brain function [18]. In
opulations where phytoestrogen consumption is high, such as
apan, the incidence of many of these diseases is much lower
han in the West, where consumption of phytoestrogens is not as
ommon. However, it is known that endogenous sex hormones
re associated with an increased risk of breast cancer in women,
ven at low levels [19], and so the fact that phytoestrogens may
xhibit an estrogenic, and therefore potentially a detrimental,
ffect on human health is also of concern. For example, a recent
tudy of women in the UK found that exposure to isoflavones
as associated with increased breast cancer risk, significantly

o for equol and daidzein, although the number of cases used
as relatively small [20].
In order to probe more efficiently the potential benefits, or
dverse effects, of phytoestrogen consumption, it is necessary
o develop analytical methodologies which are capable of the
ensitive and accurate quantification of a number of analytes in
ow volumes of human biofluids and which are also capable of

mailto:pgrace@hfl.co.uk
dx.doi.org/10.1016/j.jchromb.2007.03.011
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high throughput of samples. A range of analytical techniques
as been used to quantify phytoestrogens in urine, plasma,
nd serum. HPLC, with UV or coulometric array detection,
as the advantages of low cost and ease of use but can suffer
rom poor sensitivity and selectivity [21–25]. A technique that
as been extensively used for large studies is time-resolved
uoroimmunoassay (TR-FIA), with methods developed for the
nalysis of enterolactone [26,27], genistein [28], daidzein [28],
-desmethylangolensin (O-DMA) [29], and equol [30]. TR-
IA has the advantages of high sensitivity and rapid analysis.
owever, the specificity of TR-FIA is lower than that offered by

echniques such as mass spectrometric detection. This reduced
pecificity can lead to measurement errors if compounds with
imilar structures to the analyte of interest are present [30]. A
urther limitation is that, unlike chromatographic assays, only
ne analyte can be measured per assay.

Mass spectrometry, coupled with chromatography, has often
een used as a means to detecting phytoestrogens owing to its
ntrinsic sensitivity and selectivity. Gas chromatography–mass
pectrometry (GC–MS) has been used for some time for the
nalysis of phytoestrogens in biological fluids [31–38]. Major
rawbacks to many GC–MS assays are the fact that large sample
olumes are required, and that sample preparation techniques are
ommonly complex and laborious, often involving multi-stage
urification procedures. A further consideration for GC–MS
nalysis is that phytoestrogens are polar, involatile compounds

nd so they require derivatisation prior to analysis. A proce-
ure has been described to analyse low volumes of human
rine using a simple one-stage sample purification, however,

u
f
u

Fig. 1. Structures of the phy
r. B 853 (2007) 138–146 139

he sensitivity using selected ion monitoring (SIM) was not
ufficient for the analysis of plasma or serum from subjects con-
uming a normal Western diet, which is low in phytoestrogens
32].

Recent years have seen a sharp increase in the num-
er of assays developed for phytoestrogens using liquid
hromatography–mass spectrometry (LC–MS) [39–46]. Both
lectrospray and atmospheric pressure chemical ionisation
APCI) have been used to ionise analytes in both positive and
egative ion modes and various types of mass spectrometer have
een employed including ion traps, single quadrupole, and triple
uadrupole instruments. The greatest sensitivity and selectivity
s achieved using liquid chromatography/tandem mass spec-
rometry (LC–MS/MS) via the use of triple quadrupole mass
pectrometers in selected reaction monitoring (SRM) mode. An
dvantage of LC–MS/MS is that sample preparation is normally
implified and, unlike GC–MS, sample extracts do not require
erivatisation prior to analysis.

In order to be suitable for the analysis of samples from
arge, epidemiological studies, an assay must have sufficient
ensitivity and work with a low volume of sample. However, in
rder to achieve a suitable throughput, the time taken for sample
xtraction and analysis should also be as rapid as possible. We
ow describe a technique for the analysis of nine phytoestro-
ens (genistein, daidzein, equol, O-DMA, glycitein, enterodiol,
nterolactone, naringenin, and secoisolariciresinol) (Fig. 1)

sing, for the first time, solid-phase extraction in 96-well plate
ormat. Sample analysis time has been significantly reduced
sing a column switching technique without any deterioration

toestrogens analysed.
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n performance. The assay has also been cross-validated on two
ompletely different LC–MS/MS systems, with and without
olumn switching.

. Experimental

.1. Chemicals

Daidzein, O-desmethylangolensin, enterodiol, enterolac-
one, equol, genistein, glycitein, naringenin, and secoisolari-
iresinol were purchased from Plantech UK (Reading, Berk-
hire, UK). [13C3]Daidzein, [13C3]O-desmethylangolensin,
13C3]enterodiol, [13C3]enterolactone, [13C3]equol, [13C3]gen-
stein, and [13C3]glycitein were purchased from Dr. Nigel Bot-
ing (University of St. Andrews, Fife, UK). �-Glucuronidase
rom Helix pomatia, type HP-2, was purchased from Sigma
Poole, Dorset, UK).

.2. Samples

Urine samples were taken from women who had been diag-
osed with invasive breast cancer one year earlier, this was after
heir treatments had finished and they had returned to a more
ormal diet, although frequently adding self-prescribed supple-
ents. Their treatment was simple surgical excision followed

y local radiotherapy. Hormonal treatments were not used as
hese patients had early disease, and phytoestrogen data were
ot used to modify their treatment or dietary advice. Within
n hour of urine collection, 20 mL aliquots of urine were cen-
rifuged at 3000 × g for 30 min in an unrefrigerated centrifuge
o remove cells and debris. Urine samples were then transferred
o polypropylene tubes and stored in a −80 ◦C freezer. Samples
ere shipped between laboratories still frozen on cardice where

hey were stored at −80 ◦C prior to analysis.
Urine samples were collected from healthy male and female

olunteers from the UK (n = 27). Following characterisation of
hese urine samples for their phytoestrogen content, quality con-
rol samples were generated by mixing the urine samples such
hat suitable natural levels of phytoestrogens were present in the
esulting pooled urine samples.

.3. Purification of Helix pomatia digestive juice

�-Glucuronidase from Helix pomatia digestive juice, which
lso contains aryl sulfatase activity, is commonly used to convert
lucuronic acid and sulphate conjugates to the aglycone form.
owever, it has been shown that this enzyme mixture can contain

ppreciable levels of some phytoestrogens [47]. Therefore, the
nzyme was purified to remove phytoestrogen contaminants as
escribed previously [47]. Briefly, a Strata-X solid-phase extrac-
ion cartridge (1 g, 20 mL, Phenomenex, Macclesfield, Cheshire,
K) was conditioned with methanol and sodium acetate buffer
140 mM, pH 5). A 10% (v/v) solution of Helix pomatia diges-
ive juice in sodium acetate buffer (140 mM, pH 5) was then
assed directly through the cartridge and the purified enzyme
olution collected in a clean tube.

a
c
c
g
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.4. Sample preparation

Urine (200 �L) was allowed to thaw to room temperature
efore adding 240 �L of purified �-glucuronidase/aryl sulfa-
ase from Helix pomatia, 10% (v/v) in sodium acetate buffer
140 mM, pH 5), and 10 �L of a mixture of the seven [13C3]-
abelled internal standards in methanol (1 �g/mL). Conjugates
ere allowed to hydrolyse to the aglycones by heating at 37 ◦C
vernight.

Aglycones were extracted from the hydrosylate via solid-
hase extraction (SPE) on 96-well Strata-X plates (30 mg,
henomenex) using a Multiprobe II HT EX (Perkin Elmer,
oston, MA, USA) robotic liquid handling system. Prior to SPE,
ethanol was added to each sample (200 �L). Plates were con-

itioned with methanol (700 �L) and 30% methanol (700 �L)
efore loading the samples on to the plate. The plate was then
ashed with 40% methanol (600 �L) before elution of the agly-

ones in 1:1 acetonitrile/methanol (600 �L). The eluates were
ried under nitrogen at 40 ◦C and reconstituted in 40% methanol
100 �L).

.5. LC–MS/MS

Two different instruments were used for LC–MS/MS anal-
sis. The first was a Quattro Premier triple quadrupole mass
pectrometer (Waters, Manchester, UK), fitted with an electro-
pray probe. This instrument was interfaced to a 1525� HPLC
ump and 2777 autosampler (Waters). A Rheos 2000 HPLC
ump (Flux Instruments, Basel, Switzerland) was used as an
uxiliary pump for column switching applications. The second
ystem was a Sciex 4000 QTrap (Applied Biosystems, Warring-
on, UK), fitted with a TurboIonSpray probe. The instrument
as interfaced to a LC-10ADVP� HPLC pump and a SIL-HT

utosampler (Shimadzu, Milton Keynes, UK).

.5.1. Quattro Premier LC–MS/MS operating conditions
A binary solvent system was used consisting of 60% of

.1% ammonium acetate in water (pH 4.8) plus 40% methanol
s solvent A, and methanol as solvent B. Targa C18 columns
ere used for the analysis (2.1 mm × 150 mm, 3 �m; Higgins
nalytical, CA, USA). A gradient program was used, at
00 �L/min, as follows: solvent B was increased from 0 to 25%
ver 1 min and then from 25 to 60% over the next 7 min. The
ow rate was then increased to 250 �L/min and the column
ushed with 100% solvent B for 1 min. The flow rate was then
eturned to 200 �L/min and the solvent composition changed
o 100% solvent A for 1 min (total run time 10 min). During
he 10 min gradient, an auxiliary pump was equilibrating a
econd, identical HPLC column by pumping 100% solvent

at 200 �L/min through the column, via an electronically
perated model E36 10-port switching valve (Valco Instruments
ompany Inc., Houston, TX, USA). At 9.8 min into the run,

he position of the 10-port switching valve was switched via

signal from the 1525� pump, programmed through the

ontrolling software, MassLynx 4.0 (Waters). This allowed one
olumn to be re-equilibrated whilst a sample was analysed via
radient chromatography on the second column (see Fig. 2).
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Fig. 2. Schematic representation of the column switching process, show

he flow from the column running the gradient program was
ed directly into the electrospray probe of the Quattro Premier.

All analyses were carried out in negative ion electrospray
ode, with the capillary voltage at 2.5 kV. The source tempera-

ure was maintained at 120 ◦C and the desolvation temperature
t 350 ◦C. Nitrogen was used as both desolvation and cone
as at 500 and 25 L/h, respectively. Cone voltages and col-
ision energies were optimised for each analyte individually
nd the most abundant product ion chosen for the selected
eaction monitoring (SRM) transition. Argon was used as colli-
ion gas at a pressure of 2.5 × 10−3 mbar. The instrument was
onitored in SRM mode, with the following transitions moni-

ored for each analyte: m/z 253 → 224 for daidzein, 256 → 227
or [13C3]daidzein, 257 → 109 for O-DMA, 260 → 137 for
13C3]O-DMA, 301 → 253 for enterodiol, 304 → 255 for
13C3]enterodiol, 297 → 253 for enterolactone, 300 → 255
or [13C3]enterolactone, 241 → 121 for equol, 244 → 123
or [13C3]equol, 269 → 133 for genistein, 272 → 183 for
13C3] genistein, 283 → 268 for glycitein, 286 → 271 for
13C3]glycitein, 271 → 119 for naringenin, and 361 → 165 for
ecoisolariciresinol. The dwell time was 50 ms for each transi-
ion. The system was controlled using MassLynx 4.0 software
Waters).

.5.2. 4000 QTrap LC–MS/MS operating conditions
The same binary solvent system and HPLC column were used

s described in Section 2.5.1, however, only a single column was
sed in this case. A gradient program was used, at 200 �L/min,
s follows: solvent B was increased from 0 to 25% over 1 min
nd then from 25 to 60% over the next 7 min. The flow rate
as then increased to 250 �L/min and the column flushed with
00% solvent B for 1 min. The column was then re-equilibrated
ith 100% solvent A for 5 min before returning the flow rate

o 200 �L/min (total run time 14 min). The flow from the col-
mn was fed directly into the TurboIonSpray probe of the 4000
Trap.
All analyses were carried out in negative ion electrospray

ode, with a capillary voltage of 4.3 kV. The source temper-
ture was 600 ◦C. Nitrogen was used as both curtain gas (10
rbitrary units) and collision gas (set to “high”). The decluster-
ng potential, collision energy, and collision cell exit potential

ere optimised for each analyte individually. SRM transitions
ere as described in Section 2.5.1. The dwell time was 50 ms

or each transition. The system was controlled using Analyst 1.4
oftware (Applied Biosystems).

s
h

s

e solvent flow paths in the two different positions of the 10-port valve.

.6. Calibration curves

Analytes were quantified by means of calibration curves
ormed from known concentrations of mixtures of analyte stan-
ards, with constant levels of internal standards. These standards
ere spiked in to synthetic urine and subjected to the normal

ample preparation procedures. Nine calibration levels were
sed (0, 0.1, 0.25, 0.5, 1, 10, 100, 500, and 2000 ng/mL). Calibra-
ion standards were injected at the beginning and the end of each
atch and the final calibration curves constructed from both sets
f points. [13C3]-Labelled phytoestrogens were used as internal
tandards for the analogous compounds. [13C3]Genistein was
sed as internal standard for naringenin and [13C3]enterodiol
as used as internal standard for secoisolariciresinol.

. Results and discussion

.1. Extraction of aglycones from the matrix

Following hydrolysis of the phytoestrogen glucuronides and
ulfates to the aglycone forms, it is then necessary to selec-
ively extract these compounds from any interferences that may
e present in the sample matrix. Many published methods for
hytoestrogen extraction from biological fluids involve complex
ample preparation techniques, involving multiple extraction
teps. However, simple, one-step solid-phase extraction pro-
edures have recently been introduced, using C18 cartridges
32,40]. Whilst this has increased the throughput of the sample
reparation technique, using cartridges is still time consuming,
ven with robotic sample processors. In order to develop a faster
ample extraction procedure, the use of SPE in 96-well plate
ormat, using a polymeric sorbent, was investigated.

As all human urine samples tested contained appreciable lev-
ls of at least some of the analytes of interest, recovery studies
ere carried out using synthetic urine spiked with a mixture of
hytoestrogens at three different levels, 10, 50, and 250 ng/mL
n = 3 for each). Anthraflavic acid was added as external stan-
ard during dissolution of samples prior to LC–MS/MS analysis.
elative responses were obtained by dividing the peak areas for

he analytes by the peak area for anthraflavic acid and recover-
es calculated by comparing the relative responses of samples

piked both before and after SPE. The recoveries (Table 1) were
igh for all analytes across all concentrations tested.

To ensure accurate quantification, [13C3]-labelled phytoe-
trogens were used as internal standards for all analytes
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Table 1
Mean recoveries (%) for the SPE procedure ± standard deviation

Daidzein O-DMA Enterodiol Enterolactone Equol Genistein Glycitein Naringenin Secoisolariciresinol
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ng (10 ng/mL) spike 93 ± 3 88 ± 12 99 ± 3 103 ± 6
0 ng (50 ng/mL) spike 93 ± 2 93 ± 3 99 ± 0 98 ± 1
0 ng (250 ng/mL) spike 92 ± 7 97 ± 2 89 ± 5 95 ± 4

xcept naringenin and secoisolariciresinol, for which isotopi-
ally labelled compounds were not available. These internal
tandards take account of any losses during the extraction pro-
edure. However, for high sensitivity analyses, it is important
hat the recoveries are high. [13C3]Genistein was chosen as an
nternal standard for naringenin, and [13C3]enterodiol as internal
tandard for secoisolariciresinol. These internal standards were
hosen owing to the structural similarity between the internal
tandard and analyte, and similar SPE recoveries.

The extraction procedure described for urine has also been
uccessfully applied to serum, with the only addition being that
erum samples are centrifuged after the addition of methanol,
hich takes place after hydrolysis and prior to SPE.

.2. LC–MS/MS analysis

.2.1. Column switching
Whilst the use of 96-well SPE significantly raises throughput

n terms of sample preparation, this is of no benefit unless the
ample analysis time is also rapid. Due to the structural simi-
arity of the analytes, and the possibility of false positives from

atrix interferences if analytes are eluted too quickly, a gradient
PLC method was necessary. The method used was based upon
shallow gradient over 8 min, which allowed separation of the

nalytes of interest. This was then followed by a column flushing
tage which took 1 min and removed any remaining hydropho-
ic material from the HPLC column. Following the flush, the
olumn was re-equilibrated back to the starting mobile phase
onditions over a 5-min period.

In order to reduce the overall analysis time, a column switch-
ng HPLC procedure was introduced which allowed one column
o run a gradient, followed by column flush, whilst a second,
dentical, column was equilibrated using an auxiliary pump.
he procedure is shown schematically in Fig. 2. The column
witching system consisted of one binary gradient HPLC pump,
ne isocratic HPLC pump, one electronically controlled 10-port
witching valve, and two HPLC columns. All components were
onnected via the 10-port valve as shown in Fig. 2. In the first
witching state (Fig. 2A) the gradient pump was connected, via
he injector, to column 1. When the injection was made, the
ample passed through column 1 and was eluted via a solvent
radient as normal. During this time, column 2 was connected to
he auxiliary pump which was pumping 100% solvent A (start-
ng mobile phase conditions) through column 2. After 9.8 min,

signal was sent to the 10-port switching valve, causing the

0-port valve to switch to the second position (Fig. 2B). In this
osition, the flow from the auxiliary pump was then diverted
o column 1, thus allowing column 1 to be re-equilibrated. The
ow from the gradient pump was then diverted to column 2. As

m
c
p
o

96 ± 4 82 ± 8 93 ± 8 87 ± 10 103 ± 10
95 ± 6 90 ± 6 92 ± 5 92 ± 4 95 ± 5
91 ± 2 93 ± 3 92 ± 2 95 ± 5 89 ± 8

olumn 2 had previously been equilibrated during the gradient
nalysis on column 1, an injection could be made immediately,
hereby reducing the overall analysis time from 14 to 10 min.

.2.2. Sensitivity and dynamic range
Both LC–MS/MS systems were found to be capable of quan-

ification at the lowest calibration point of 0.1 ng/mL, which
as set as the target limit of quantification for both systems.
ig. 3 shows the extracted SRM chromatogram for 0.1 ng/mL
nterolactone on both the 4000 QTrap and Quattro Premier. The
ignal-to-noise ratio was found to be two times higher on the
000 QTrap (27:1 versus 13:1) at this level.

As the concentrations of phytoestrogens vary considerably
etween individual subjects, it was important that the assay
erformed over a wide dynamic range. The desired dynamic
ange was from 0.1 to 2000 ng/mL. Both instruments performed
ell over the required range, with coefficients of determina-

ion (R2) > 0.99, however, there were differences in the type of
egression that had to be used for the two instruments.

The Quattro Premier exhibited a linear response for all ana-
ytes over the concentration range 0.1–2000 ng/mL, as shown
n Fig. 4 for O-DMA. The 4000 QTrap required a quadratic
egression for all analytes as indicated in Fig. 5. However, this
egression also produced R2 > 0.99 and exhibited reproducibil-
ty akin to that of the Quattro Premier (see Section 3.3). The
ange up to 2000 ng/mL covered the majority of phytoestrogen
oncentrations found in real urine samples. The analyte which
s most likely to be found above this level is enterolactone. As
oncentrations above 2000 ng/mL started to approach the level
t which the signal would saturate, an additional SRM transi-
ion was included for enterolactone (297 → 119) which gave a
ower response than the primary transition (297 → 253). This
llowed the use of an additional calibration point at 5000 ng/mL
or enterolactone, thus increasing the number of samples that can
e quantified for this analyte without dilution and re-analysis.

.3. Quality control and reproducibility

In order to ensure the quality of data over time it was impor-
ant to include quality control (QC) samples within each batch
hat represented the upper, median, and lower concentration
anges for all of the analytes. Ideally these samples should be
atural samples, rather than samples that have been spiked with
hytoestrogen aglycones, as phytoestrogens in the natural sam-
les would be present in conjugated forms. A sample that has

erely been spiked with aglycones would not allow for quality

ontrol of the hydrolysis component of the sample preparation
rocedure. Obtaining natural samples with suitable levels of all
f the analytes is extremely difficult and so, in order to obtain
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ple for naringenin, which is an analyte without a [ C3]-labelled
analogue as internal standard.

Reproducibility and repeatability for the analysis of serum
samples was also investigated. Low, medium, and high concen-
ig. 3. Extracted SRM chromatogram for 0.1 ng/mL enterolactone on: (A) 4000
Trap and (B) Quattro Premier.

uitable quality control samples, a number of urine samples were
ollected from volunteers and the phytoestrogen concentrations
easured. Suitable amounts of various urine samples were then
ixed such that, after extensive characterisation, the resulting

rine mixtures were suitable as low, medium, and high QC sam-
les. Each QC sample was analysed in duplicate in each batch.
or the QC samples to pass, the calculated concentrations of

ach analyte were allowed to differ by no more than 15% from
he target value.

The reproducibility of the assay was assessed by analysing
he 3 quality control samples over 10 batches of samples. The

F
1

ig. 4. Calibration curve for O-DMA on the Quattro Premier (linear regression,
/x weighting).

verage intra-assay coefficients of variation (CVs) for each ana-
yte for the three quality control samples are shown in Table 2
nd the inter-assay CVs shown in Table 3. Results are shown for
oth of the instruments used.

Intra-assay CVs were comparable for both instruments, with a
ean CV of 3.5% across all analytes for the Quattro Premier and

.0% for the 4000 QTrap, indicating a high degree of repeata-
ility. Inter-assay CVs were also very low for the majority of
nalytes and again mean values were comparable for the two
nstruments used, at 6.8% for both the Quattro Premier and the
Trap. The highest inter-assay CV was found in the low QC sam-

13
ig. 5. Calibration curve for O-DMA on the 4000 QTrap (quadratic regression,
/x weighting).
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Table 2
Mean intra-assay CVs for three different QC samples on two different instruments

Low QC Medium QC High QC

Quattro 4000 QTrap Quattro 4000 QTrap Quattro 4000 QTrap

Daidzein 3.3 2.7 1.7 1.1 2.5 2.4
O-DMA 5.3 4.7 2.8 2.2 2.1 1.3
Enterodiol 2.1 2.7 2.7 2.1 2.5 2.3
Enterolactone 1.3 3.0 2.0 2.6 2.6 2.2
Equol 5.4 6.3 5.5 3.4 3.7 1.7
Genistein 4.2 3.9 3.6 3.8 3.0 2.4
Glycitein 7.1 5.2 1.7 2.9 2.6 1.3
Naringenin 5.4 3.6 7.0 4.6 3.9 4.7
Secoisolariciresinol 4.3 3.1 3.6 3.3 3.3 2.0

Table 3
Inter-assay CVs for three different QC samples on two different instruments

Low QC Medium QC High QC

Quattro 4000 QTrap Quattro 4000 QTrap Quattro 4000 QTrap

Daidzein 8.4 7.3 6.4 5.2 5.5 6.6
O-DMA 5.9 7.1 5.8 6.7 4.6 8.1
Enterodiol 6.5 5.0 5.5 6.1 4.2 5.8
Enterolactone 8.9 6.8 5.0 5.5 4.3 6.2
Equol 6.2 6.7 7.8 5.4 4.7 6.6
Genistein 8.2 8.4 6.0 5.6 6.1 6.6
G 4.8
N 8.6
S 9.8
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lycitein 7.6 5.7
aringenin 14.1 13.9
ecoisolariciresinol 9.0 7.0

ration serum QC samples were analysed in duplicate across four
atches of samples on the 4000 QTrap and found to be compara-
le to those found for urine samples. The mean inter-assay CV
cross all analytes was 5.5% (range 0.7–9.8%) and the mean
ntra-assay CV was 3.6% (range 1.2–6.5%).

.4. Comparison of data generated on two different systems

In order to assess the robustness of the assay, three quality
ontrol urine samples, of low, medium, and high concentrations,

ere analysed on both the Quattro Premier with column switch-

ng and the 4000 QTrap without column switching. Data were
ollected over ten batches of samples, with two replicates of
ach quality control sample in each batch. The data from both

able 4
-Values from a two-tailed t-test to compare data generated on two different
nstruments

nalyte Low QC Medium QC High QC

aidzein 0.322 0.206 0.930
-DMA 0.398 0.384 0.468
nterodiol 0.341 0.068 0.163
nterolactone 0.341 0.211 3.9 × 10−7

quol 0.058 0.670 0.960
enistein 0.321 0.964 0.847
lycitein 0.369 0.495 0.051
aringenin 0.128 0.053 0.113
ecoisolariciresinol 0.075 0.332 0.415

t
v
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r
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p
b
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3
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b
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5.8 4.4 6.7
8.6 7.3 5.9
8.7 7.9 6.1

nstruments were compared using a t-test to establish whether
here was any statistical difference in the data generated on the
wo instruments. The results are shown in Table 4 for all ana-
ytes in each of the three quality control samples. The data from
oth instruments were considered to be statistically equivalent
f p > 0.05 for a two-tailed t-test. The only p-value found to be
0.05 was for enterolactone in the high QC sample. All other
nalytes gave statistically identical results on both instruments.
lthough the difference in enterolactone concentrations between

nstruments at high concentration was statistically significant,
he difference only amounted to a deviation of 10% in the mean
alues, or a mean inter-instrument CV across ten batches of
.8%.

These data indicate that, whilst it is obviously preferable to
un an entire study on a single instrument, the assay described
s sufficiently robust that data produced on two different instru-

ents, from different manufacturers, and using different HPLC
rocedures (column switching and conventional HPLC) could
e pooled. The data also indicate that there are no disadvantages
n terms of the quality of the data, in using column switching to
ncrease throughput.

.5. Levels of phytoestrogens in urine samples
Table 5 shows the levels of phytoestrogens found in 200 urine
amples from women who had been diagnosed with invasive
reast cancer one year earlier. The range in excretion between
ndividuals was very large, with wide confidence intervals for
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Table 5
Mean, median, standard deviation, range, and 95% confidence intervals for phytoestrogen levels in 200 urine samples (ng/mL)

Equol Daidzein O-DMA Genistein Naringenin Glycitein Enterolactone Enterodiol Secoisolariciresinol

Mean 52 469 72 283 520 45 1691 234 124
Median 5 119 7 50 182 9 1047 62 69
Standard deviation 350 1177 269 815 1008 134 2029 553 273
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[
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[

[
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[

[

[

[

[

[

ange 0–3495 1–8200 0–2521 0–6110
5% confidence interval 4–101 306–632 35–109 170–396

ll analytes. As indicated in the ranges shown, several very high
oncentrations were observed in individual samples for some
nalytes. The effect of several of these high concentration sam-
les was to skew the mean concentration to a higher value.
herefore, median concentrations are also shown in Table 5.

The most abundant phytoestrogen was the lignan enterolac-
one. The sum of the median concentrations for the lignans was
ound to be over six times higher than the sum of the median
oncentrations for the isoflavones, and their metabolites. This
eflects the fact that lignans are much more widespread in the
K diet than isoflavones.
Mean concentrations of equol, daidzein, O-DMA, genistein,

lycitein, enterolactone, and enterodiol were higher than those
reviously found in a study of healthy women taking part in a
rospective study of diet and cancer [32]. However, all samples
re analysed blind and so it is impossible to assess whether the
igher concentrations of phytoestrogens found in this sub-set of
amples can be attributed to differences in the subjects used in
he two studies, or their diets, until the study and further data
nalysis, is completed.

. Conclusions

The LC–MS/MS methodology described here allows the
nalysis of sub-ppb concentrations of nine phytoestrogens in
oth human urine and serum with a very high degree of repro-
ucibility. The fact that sample preparation takes place in 96-well
late format, and that the analysis time per sample can be reduced
o 10 min through the use of column switching, means that
he methodology is well-suited to the analysis of large num-
ers of samples, such as those found in epidemiological studies.
he successful cross-validation of the assay on two different
C–MS/MS systems indicated that the methodology is suffi-
iently robust that data generated on different instruments could
e pooled if necessary.
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