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Abstract

A comparison of the analytical performance of atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI) for the
quantitative determination of six urinary phytoestrogens (daidzein, O-desmethylangolensin, equol, enterodiol, enterolactone and genistein) by
high-performance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS) is presented here. Both APCI and ESI were suitable for the
analysis of these compounds; however, ESI did improve measurement imprecision and sensitivity in certain cases. Method imprecision (between-
run coefficients of variation [CVs] from duplicate analysis of three quality control [QC] urine pools across 20 runs) was 5.6—12% for ESI, as
opposed to 5.3-30% for APCI. At low concentrations (3—60 ng/mL, analyte dependent) imprecision was lower with ESI, whereas both techniques
were generally commensurate at high concentrations (200—1000 ng/mL, analyte dependent). Method accuracy (spiked analyte recovery from the
QC pools) was comparable between techniques: 86—114% for ESI; 95-105% for APCI. Limits of detection (LODs) were equivalent or better
with ESI compared to APCI, with the most significant LOD improvement observed for equol (ESI: 0.3 ng/mL; APCI: 2.7 ng/mL). This translated
into a substantial increase in equol detection frequency (% of sample results above LOD) within a random patient sample subset (98% for ESI,
compared to 81% for APCI, n=378). Correlation (Pearson) and agreement (Deming regression, Bland-Altman bias) between ESI and APCI results
in the patient subset was better in cases where imprecision and sensitivity was similar for both techniques (daidzein, enterolactone, genistein:
r=0.993-0.998; slope =0.98-1.03; bias = —4.2 to —0.8%); correlation and/or agreement was poorer for analytes, where APCI imprecision and
sensitivity were inferior (equol, O-desmethylangolensin, enterodiol). Baring significant factors arising from differences in ionization source design,
these observations suggest that ESI is more appropriate for urinary biomonitoring of these compounds by LC-MS/MS.
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1. Introduction rates of such hormone-dependent cancers as breast [2—4] and

prostate [3,4] cancer, with improved bone health [5,6], with

Phytoestrogens are plant-derived polyphenolic compounds,
such as isoflavones, lignans, coumestans and stilbenes that bear
structural similarities to endogenous estrogens and are capa-
ble of estrogen-receptor binding. Their endocrine activity, as
well as their potential influence on other biologic pathways,
has led to considerable interest in phytoestrogens from an epi-
demiological standpoint [1]. The consumption of diets high
in phytoestrogen-rich foods has been associated with lower
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post-menopausal symptoms [4], and with cardiovascular disease
[7]. Whether phytoestrogens are indeed the active components
responsible for these benefits, however, has come under scrutiny
[1,8], and the significance of their purported health benefits has
been challenged [9]. Individual studies and meta analyses have
often resulted in apparently conflicting findings, such as whether
phytoestrogens do [10] or do not [11] significantly reduce the
frequency and intensity of menopausal hot flushes. Potential
toxic effects associated with phytoestrogen exposure have also
been identified [8].

Regardless of possible efficacy and safety concerns, increased
consumer awareness and marketing of the potential health ben-
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efits of phytoestrogens has led to augmented intake in Western
diets of foods and dietary supplements rich in these compounds.
The US Centers for Disease Control and Prevention (CDC) has
included several urinary isoflavones (daidzein, genistein, equol,
O-desmethylangolensin) and lignans (enterodiol, enterolactone)
in the National Health and Nutrition Examination Survey
(NHANES) for the purposes of monitoring phytoestrogen expo-
sure in the US population [12]. A variety of analytical techniques
have been developed for quantifying phytoestrogens in biologic
samples for epidemiological purposes [13], as well as other
matrices and applications [14,15]. Techniques based on high-
performance liquid chromatography (HPLC) with tandem mass
spectrometric (MS/MS) detection have been of particular inter-
est and popularity, primarily because of the inherent selectivity
and sensitivity of MS/MS detection [16]. HPLC-MS/MS analy-
ses are performed most commonly by using either atmospheric
pressure chemical ionization (APCI) [17,18] or electrospray ion-
ization (ESI) [19-22]. The view is generally held that APCI can
be used for relatively non-polar compounds that can undergo
acid—base reactions in the gas phase, whereas ESI is more suit-
able for polar compounds that can be ionized in solution [23].
CDC has historically used APCI for its HPLC-MS/MS analyses
of the above-named urinary phytoestrogens for NHANES [24]
and other biomonitoring studies, but this approach has resulted
in a significant number of non-detects, in some groups upwards
of 35% [25]. The purpose of this study was to evaluate ESI as
an alternative for urinary phytoestrogen biomonitoring.

2. Methods

The sample preparation and analysis performed in this study
were based on methods previously developed and used at CDC
for phytoestrogen biomonitoring [17,18], with modifications.
Because the changes made are quite numerous and they span the
entire sample preparation and analysis procedure, the method we
used in this study is described in its entirety below.

HPLC-grade methanol, ethanol, acetonitrile, and dimethyl-
sulfoxide (Burdick & Jackson, Muskegon, MI, USA) and
0.45 pm filtered distilled deionized water (Aqua Solutions,
Jasper, GA, USA) were used in the preparation of all stan-
dards, samples, and mobile phases. HPLC-grade ammonium
acetate (Sigma, St. Louis, MO) was used to prepare mobile
phases. All other chemicals used were reagent grade or
higher. Individual standard stock solutions of daidzein, genistein
(Indofine Chemical Company, Somerville, NJ, USA), entero-
lactone, enterodiol, equol (Sigma, St. Louis, MO, USA), and
O-desmethylangolensin (laboratory of Dr. Nigel Botting, Uni-
versity of St. Andrews, St. Andrews, Scotland) were prepared by
dissolving 3—5 mg of each solid material in 0.2 mL of dimethyl-
sulfoxide and diluting with ethanol to a final concentration
of 120-200 wg/mL. Nine mixed working standards contain-
ing all six analytes were prepared in ethanol and stored in
50 nL aliquots at —80 °C, from which calibrators were prepared.
The nine calibrators ranged in concentration from 0.3 ng/mL
to 2800ng/mL, depending on the analyte. >Hg-enterodiol,
ZHg-enterolactone, 2Hy-genistein, 2H3-daidzein, 2Hs-equol and
2Hs-0O-desmethylangolensin (Laboratory of Prof. Kristiina

Wihild, University of Helsinki, Helsinki, Finland) were used
for internal standardization of the analyte signals studied. A
mixed standard solution of deuterated compounds was prepared
in water from single-compound stock solutions dissolved in
ethanol and stored in 1 mL aliquots at —80 °C. Internal standard
concentrations in this solution were 100-960 p.g/mL, depending
on the analyte. A 2 mg/mL solution of 3-glucuronidase/sulfatase
from Helix pomatia H1 (Sigma) in 1 mol/L ammonium acetate
buffer (pH 5.0) was prepared daily and used to enzymat-
ically deconjugate the analytes of glucuronide and sulfate
moieties during sample preparation. A deconjugation internal
standard solution containing 24 wg/mL 4-methylumbelliferyl
glucuronide (Sigma) and 20 pg/mL 4-methylumbelliferyl sul-
fate in ethanol for monitoring the extent of the deconjugation
reaction was prepared and stored in 1 mL aliquots at —80 °C.
Patient urine specimens (n=378) for the method comparison
were selected at random from the current 2003—2004 NHANES,
and as such these specimens are not representative of the US
population.

For each patient specimen, 50 pL of the mixed deuterated
internal standards solution, 10 pL of the deconjugation inter-
nal standard solution, and 1 mL of urine were combined in a
16 x 100 mm screw-top glass culture tube and vortex-mixed.
A 500 pL aliquot of the 3-glucuronidase/sulfatase solution was
added to the mixture, and the tube was capped and gently rocked
several times. Samples were incubated for at least 17 h at 37 °C.
Following incubation, analytes were extracted by use of 3 mL
solid phase extraction (SPE) cartridges containing 60 mg of
an m-divinylbenzene/N-vinylpyrrolidone copolymer stationary
phase (Waters Oasis HLB, Waters Corporation, Milford, MA,
USA). The SPE process was performed by use of an automated,
positive-displacement, positive-pressure SPE system (Gilson
215, Gilson Inc. Madison, WI, USA). SPE cartridges were con-
ditioned successively with 2 mL of methanol and 2 mL of water
prior to sample loading. A 1 mL aliquot of water was added
to each patient sample and mixed. The entire contents were
then loaded onto the SPE cartridge. Each cartridge was then
successively washed with 1 mL of water and 2mL of a 1:1
methanol/water solution. Analytes were eluted from the car-
tridges by use of 3 mL of methanol and collected in 12 x 75 mm
glass culture tubes. Samples were then evaporated to dryness for
1.5 h under vacuum at 55 °C (SpeedVac SPD 131DDA, Thermo
Scientific, Milford, MA, USA) and reconstituted in 100 pL
of 15:15:70 methanol/acetonitrile/10 mM ammonium acetate
buffer (pH 6.5). Reconstituted samples were then transferred
to autosampler vials with reduced volume (300 wL) inserts.
Calibrators were prepared by first adding 50 pL of the mixed
deuterated internal standards solution directly to each of the nine
mixed working standard aliquots. Each working standard was
then vortex-mixed and its contents transferred to a 12 x 75 mm
glass culture tube. Calibrators were then evaporated to dryness,
reconstituted, and transferred to autosampler vials, as described
above for patient samples.

Chromatographic separations were performed on an HPLC
system (Agilent 1100, Agilent Technologies, Palo Alto, CA,
USA) consisting of a binary pump and degasser (model
G1312A), autosampler (model G1313A) and thermostatted
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column compartment (model G1316A). Compounds were sep-
arated by use of a 50 x 3 mm, 5 wm particle size Cig column
(Betasil C1g, Thermo Scientific) and a 4 x 2 mm guard column
(SecurityGuard Cg, Phenomenex, Torrance CA, USA). Mobile
phases were 10 mM ammonium acetate buffer, pH 6.5 (solvent
A), and 1:1 methanol/acetonitrile (solvent B). The separation
gradient consisted of the following linear steps (expressed as
% solvent B): Omin, 35%; 2min, 35%; 4 min, 50%; 5 min,
55%; T min, 95%; 7.5 min, 35%. The HPLC system was re-
equilibrated for 1.5 min prior to the next sample injection. For
all samples, a 25 pL injection volume was used. The HPLC
system was interfaced to a triple quadrupole mass spectrom-
eter (API 4000, Applied Biosystems, Foster City, CA, USA)
capable of both EST and APCI (Turbo V Ion Source). All anal-
yses were performed by use of a negative ion mode and unit
mass resolution. Ionization interface temperatures (ESI: 550 °C;
APCI: 500 °C), needle voltages (ESI: —3500V; APCIL: —3V),
and various gas settings were optimized to maximize peak height
signal-to-noise ratio (S/N). A summary of mass spectrometric
conditions used is given in Table 1. All HPLC-MS/MS compo-
nents were controlled, and data analysis was performed by use of
Analyst software (version 1.3.1, Applied Biosystems). Analytes
were quantified interpolating peak area ratios for the MS/MS
transitions against a calibration curve obtained from aqueous
calibrators (1/x weighting).

3. Results and discussion

Method sensitivity was quantitatively assessed by calcula-
tion of limits of detection (LODs) as proposed by Taylor [26]

Table 1
MS/MS analysis parameters

Table 2

Limits of detection

Analyte Limit of detection Detection
(ng/mL)* frequency (%)°
APCI  ESI APCI  ESI

Daidzein 0.3 0.3 99 99

O-Desmethylangolensin ~ 0.05 0.05 87 97

Equol 2.7 0.3 81 98

Enterodiol 0.2 0.06 93 97

Enterolactone 0.3 0.4 98 98

Genistein 0.3 0.06 99 99

2 Calculated according to [27]. See text for details.
b Defined as percentage of results >LOD from patient subset. See text for
details.

for both APCI and ESI, using a zero-concentration standard
deviation estimate (o) obtained by extrapolation from repeat
analysis (n=9) of the “low” urine QC pool and four dilu-
tions thereof (1:1, 1:3, 1:7, and 1:15). In general, LODs (30¢)
for ESI were either commensurate with or showed improve-
ment over their respective APCI counterparts. Improvements
in LOD also resulted in improvements in detection frequency,
defined here as the percentage of results from the patient subset
at or above the calculated LOD (Table 2). With ESI, detec-
tion frequency was >97% for all analytes, with the greatest
improvement observed for equol. The lower detection frequency
observed for equol with APCI in the patient subset is consis-
tent with that observed in past biomonitoring studies [25] where
APCI was also used, and it is assumed that a similar improve-
ment would be observed if ESI were used as an alternative
to biomonitoring. The ability to detect equol is of significant

Analyte Retention time Calibration MRM transitions (m/z) Dwell time Mass spectrometer
(min) range (ms) potentials (V)b
(ng/mL)* Molecular ion Product ion DP EP CE CXP
Daidzein 2.4 1-500 253.1 223.1 50 —110 —10 —47 —15
>500-1400 253.1 117.1 50 —110 -10 —47 —15
IS 256.0 226.0 50 —110 —10 —47 —15
O-Desmethylangolensin 5.6 0.4-55 257.1 108.1 50 -25 —6 —40 =5
>55-250 257.1 148.0 50 -25 —6 —40 =5
IS 261.0 111.0 50 —70 —10 —33 -7
Equol 4.5 0.3-100 241.1 119.1 50 —100 —10 -30 —10
IS 245.0 123.0 50 —70 —10 —24 -5
Enterolactone 5.0 2-750 297.3 107.1 50 —50 —11 —45 -7
>750-2800 297.3 93.0 50 —50 —11 —45 -7
IS 303.0 110.0 50 —70 —10 —60 —15
Enterodiol 3.1 0.3-300 (ESI) 301.3 253.2 50 -10 -9 -35 —6
0.3-300 (APCI) 301.3 241.1 50 —10 -9 —35 —6
IS 304.0 255.7 50 =175 —10 -32 =5
Genistein 45 0.4-150 269.1 133.0 50 —80 —10 —45 —13
>150-600 269.1 224.1 50 —80 —10 —40 —13
IS 273.0 137.0 50 —70 —10 —47 -7
Umbelliferone 1.5 IS 174.7 133.0 50 —46 -3 -35 —20

2 1S, internal standard.

b pp, declustering potential; EP, collision cell entrance potential; CE, collision cell excitation potential; CXP, collision cell exit potential.
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Table 3
Method imprecision

Analyte Urine QC  Concentration ~ Between-run
pool (ng/mL)? coefficient of
variation (CV, %)
APCI ESI
Daidzein Low 21.6 23 6.1
Medium 189 7.6 6.1
High 985 53 6.5
O-Desmethylangolensin ~ Low 2.80 24 8.0
Medium 97.6 75 12
High 183 8.1 7.6
Equol Low 4.78 30 6.4
Medium 134 14 6.4
High 29.5 6.6 59
Enterodiol Low 20.2 28 7.7
Medium 63.3 26 8.9
High 69.77 21 8.9
Enterolactone Low 579 13 9.2
Medium 141 99 11
High 1075 6.4 7.0
Genistein Low 19.8 13 44
Medium 90.7 5.3 7.0
High 540 5.4 5.6

% Mean concentration using ESI.

epidemiological interest; equol is formed by the biotransfor-
mation of daidzin and daidzein by intestinal bacteria, and the
existence of equol “producing” and “non-producing” pheno-
types among various populations has been identified and studied
[27,28]. The ability to detect equol with increased sensitivity
will greatly assist in the ability to identify these specific groups
reliably.

Method imprecision was assessed by replicate measurement
of the three QC urine pools in duplicate across 20 runs con-
ducted over a period of 2 months, using both APCI and ESI
(Table 3). With the exception of the use of APCI for entero-
diol, between-run coefficients of variation (CVs) observed for
the high QC pool were comparable in both techniques for all
six analytes, covering a collective range of 5.3-8.9%. The CVs
observed at intermediate and low concentrations were markedly
better with ESI than with APCI in all cases. For example, the
CVs observed with ESI across all analytes for the low QC pool

Table 4
Correlation and agreement statistics®

were 4.4-9.2%, as compared to 13—-30% with APCI. The great-
est overall improvements in between-run CVs were observed
for O-desmethylangolensin, equol, and enterodiol, analytes that
coincidentally demonstrated sensitivity (i.e., LOD) and detec-
tion frequency enhancements when ESI was used, as opposed
to APCL

Method accuracy was evaluated by amending each of the
three urine QC pools with each of the analytes in concentrations
approximately equal to their endogenous concentrations and by
calculating the recovery of the added amount from replicate
determinations (n = 3). Analyte recoveries were very similar for
both techniques, ranging from 95% to 105%, with a mean recov-
ery (95% confidence limits) of 99% (95%, 103%) for APCI, and
with a range from 86% to 114% with a mean recovery of 100%
(92%, 108%) for ESI. For enterodiol, the recovery obtained with
the 301.3/253.2 (m/z) transition by use of APCI was negative,
and it varied greatly between pools. This suggested the pres-
ence of an interference in this transition and necessitated the
use of 301.3/241.1 (m/z) as an alternative transition (Table 1).
The 301.3/253.2 transition, however, was suitable for ESI, with
a recovery of 96% (88%, 104%).

Correlation and agreement between APCI and ESI were
assessed by analysis of a random subset of urine samples
(n=378), using both techniques. The results from this subset
showed concentrations that spanned three to four orders of mag-
nitude, with the distribution of these results being right-skewed.
Alogjo transformation of the data corrected for the skewness and
resulted in values that were more normally distributed; conse-
quentially, a logjo-transformed dataset was used in all statistical
comparisons, except for regression analysis. Regression analy-
sis was performed on untransformed data, so that the calculated
slopes and intercepts could be used as indicators of proportional
and absolute bias, respectively.

Pearson correlation tests showed a high degree of corre-
lation between results obtained with ESI and APCI for all
analytes (Table 4). The highest degree of correlation was
observed for daidzein, O-desmethylangolensin, enterolactone
and genistein (r=0.986-0.998), whereas correlation coefficients
for equol (0.897) and enterodiol (0.867) were lower. Deming
regression was used for testing agreement between the two
techniques. Deming regression slopes (y=ESI, x=APCI) for
daidzein, enterolactone, and genistein for the random sample

Analyte Pearson correlation (r)  Deming regression Bland-Altman bias analysis (%)
Slope Intercept Bias Limits of agreement
Lower 95% Upper 95%
Daidzein 0.9983 (0.9979, 0.9986) 1.004 (0.991, 1.016) —0.857 (—4.952, 3.237) —0.8(—1.6,0.1) —15.2(—16.4, —14.0) 16.1 (14.5,17.8)

O-Desmethyl- 0.9860 (0.9826, 0.988)  1.114 (1.092, 1.136)

angolensin
Equol 0.8973 (0.8726, 0.9174)  0.797 (0.749, 0.846)
Enterodiol 0.8637 (0.8328, 0.8892) 1.089 (1.030, 1.148)

Enterolactone  0.9932 (0.9916, 0.9945)  0.982 (0.959, 1.005)
Genistein 0.9966 (0.9958, 0.9972)  1.030 (1.015, 1.045)

0.514, (—0.565, 1.594)

—0.728 (—1.989, 0.533)
5.046 (0.173,9.918)
—8.676 (—28.583, 11.230) —4.2(-5.9, -2.5)
—1.538 (—=3.679, 0.603)

26.1(21.8, 30.6) —32.2(-36.1, —28.0)  134.5120.9, 148.9)
—25.7(=29.2, —=22.0)

26.3 (18.4,34.6)

—67.6 (=70.2, —64.9)
—59.6 (—63.8, —54.9)
—30.9 (—32.9, —28.8)
—19.1 (=20.5, —17.6)

70.7 (57.2, 85.4)
294.5 (253.7, 340.0)
32.6 (28.7, 36.7)

—1.3(-23,-0.2) 20.4 (18.3, 22.6)

2 95% confidence limits appear in parentheses.
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Fig. 1. Deming regression plots of ESI and APCI results for a random patient urine sample subset (n=378).

subset ranged from 0.98 to 1.03, demonstrating good agree-

ment between th

e two techniques (Table 4 and Fig. 1). In

contrast, the regression slopes for equol (0.80), enterodiol
(1.09) and O-desmethylangolensin (1.11) all deviated from an

ideal value of unity for the same set of samples (Table 4
and Fig. 1). Bland-Altman tests for bias were also performed,
using the log-transformed ESI and APCI data to compen-
sate for concentration-dependent differences [29,30]. When this
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approach was used for the Bland-Altman bias analysis (y =ESI,
x=APCI), no significant bias (95% CI) was observed for ESI
measurements of daidzein, and only a marginal bias of —1.3%
was observed for genistein (Table 4). A negative bias of —4.2%
was observed for enterolactone measurements by ESI, whereas
equol, enterodiol and O-desmethylangolensin measurements by
ESI had apparent biases that were larger (Table 4).

The apparent discordance between the ESI and APCI results
for equol, enterodiol, and O-desmethylangolensin raises the
issue of whether the observed differences are true method-
ological biases or measurement artifacts related to imprecision.
From the data presented earlier (Table 3), it is clear that
the APCI measurements are considerably less precise than
the ESI measurements for equol and enterodiol. As for O-
desmethylangolensin, even though only the low QC pool showed
a relatively high CV with APCI (24%), stratification of these
results revealed that approximately 35% of the subset samples
(n=131)had O-desmethylangolensin concentrations at or below
the concentration found in the low QC pool. Method accuracy is
inevitably linked to method precision [31], and we hypothesize
that the relatively high imprecision observed in the APCI mea-
surements for equol, enterodiol, and O-desmethylangolensin is
in part influencing the observed bias when measurements are
made with ESI.

In summary, we have shown that the quantitative determi-
nation of selected urinary phytoestrogens by LC-MS/MS is
amenable to both ESI and APCI. Method imprecision with
ESI was typically superior to that obtained by APCI, and good
agreement was found between results obtained by both methods
for the analysis of a subset of random patient urine samples
when method imprecision and sensitivity were not an over-
whelming factor. Analyte sensitivity was either equivalent or
better with ESI. The most significant sensitivity improvement
was observed for equol, for which detection frequency has
been a challenge in the past. On the basis of these observa-
tions, and in the absence of any significant influences arising
from differences in ionization source designs encountered in
other LC-MS/MS systems, it is our recommendation that
ESI be considered for the biomonitoring of urinary daidzein,
O-desmethylangolensin, equol, enterodiol, enterolactone, and
genistein.
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