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Abstract

We present here a high-performance liquid chromatography−tandem mass spectrometry (LC-

MS/MS) method for quantifying phytoestrogenic isoflavones (daidzein, equol, genistein, and 

O-desmethylangolensin) and lignans (enterodiol and enterolactone) in urine without the use of 

extraction or the preconcentration techniques inherent in existing methods. The development 

of this concept was made possible by use of atmospheric pressure photoionization (APPI); 

an ionization technique that we found to improve analyte sensitivity relative to electrospray 

ionization and atmospheric pressure chemical ionization for this particular group of compounds. 

The analytical performance of this method was equal to or exceeded that of comparable 

methods. Between-run coefficients of variation (CVs) across three quality control (QC) pool 

levels analyzed in duplicate over 20 days were 3.1–5.8% CV; within-run CVs were 2.3–6.0%. 

Accuracy, as determined by average spike recovery in QC pools, was generally within ±10% of 

being quantitative (100%). Relative limits of detection were 0.04–0.4 ng/mL urine, with absolute 

detection limits as low as 0.1 pg. This method was applied to the analysis of >2,500 urine 

specimens for the 2005–2006 Centers for Disease Control and Prevention’s National Health 

and Nutrition Examination Survey (NHANES). The method was capable of quantifying these 

compounds in 95–100% of study samples. This work is the first ever report of using APPI for the 

LC-MS/MS determination of these compounds in urine. It is also the first method of its kind to do 

so without any need for analyte extraction or preconcentration prior to analysis.
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Introduction

Isoflavones and lignans are two categories of secondary plant metabolites commonly 

encountered in the diet. Foods consisting of or derived from legumes—especially soy 

products—are common sources of dietary isoflavones [1], whereas fiber-rich foods such 

as whole grains and seeds—flaxseed in particular—are characteristic sources of lignans 

[2]. Once absorbed into the body, these substances or their metabolites [1, 3] can act 

as phytoestrogens; a class of compounds that are structurally similar to and that weakly 

function like natural estradiol. The dietary consumption of phytoestrogens is thought to 

reduce the incidence of such hormone-dependent cancers as breast [4, 5] and prostate [6, 7] 

cancer due to antagonistic mechanisms related to hormone receptor binding. In addition to 

their role as phytoestrogens, other health benefits associated with isoflavone and/or lignan 

consumption have been reported, including reduced severity of menopausal symptoms [8, 9], 

modulation of osteoporosis [10], and reduction of the risk of cardiovascular disease [11, 12].

Epidemiological interest in isoflavones and lignans has led to the development of numerous 

methods for measuring the biologic concentrations of these compounds in the context of 

pharmacokinetic studies, exposure biomonitoring, and compliance testing in clinical trials 

[13–15]. Of the methods developed for these purposes, those based on high-performance 

liquid chromatography (HPLC) separation paired with either mass spectrometry (MS) [16, 

17] or tandem mass spectrometry (MS/MS) [18–23] detection have emerged as a leading 

class due to a favorable combination of measurement sensitivity and specificity. The current 

state of the art in LC-MS and LC-MS/MS methods developed for measuring isoflavones 

and lignans in biologic matrices generally relies upon an extraction technique, such as 

liquid−liquid extraction (LLE) [16–19, 22] or solid-phase extraction (SPE) [16, 20, 21, 23]. 

The use of SPE or LLE in these methods typically serves a dual purpose: (1) it functions 

as a means of extracting analytes from potentially interfering matrix components and (2) it 

presents a juncture at which the sample can be reconstituted in a preconcentrated form to 

overcome measurement sensitivity limitations and thereby enhance analyte detection. Most 

SPE- and LLE-based LC-MS and LC-MS/MS methods for measuring these compounds 

employ negative ion mode electrospray ionization (ESI) [17–22], although methods using 

atmospheric pressure chemical ionization (APCI) [16, 20, 23] are sometimes encountered.

Urinary isoflavone and lignan concentrations can serve as biomarkers of dietary intake 

[24]. The urinary concentrations of several phytoestrogenic isoflavones (daidzein, genistein, 

equol, O-desmethylangolensin) and lignans (enterolactone and enterodiol; Fig. 1) have been 

measured since 1999 as part of the National Health and Nutrition Examination Survey 

(NHANES), a program of continuous studies conducted by the U.S. Centers for Disease 

Control and Prevention and designed to assess the health and nutritional status of adults 

and children in the USA [25]. Our laboratory has considerable experience in performing 

these measurements for NHANES by using SPE-based LC-MS/MS, first using negative 

ion mode APCI [23, 26] and later negative ion mode ESI [20]. Our development of a 

negative ion mode ESI method for measuring urinary isoflavones and lignans was driven by 

preliminary experiments that showed improved measurement sensitivity for certain analytes. 

We subsequently performed a thorough comparison of our ESI and APCI methods and 

confirmed the presence of substantial measurement sensitivity improvements when ESI 
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was used. The case was particularly compelling for equol, whereby using ESI resulted 

in a tenfold sensitivity improvement that improved our ability to quantify this analyte in 

NHANES samples from 81% to 98% [20].

Building on our experience with ESI vs. APCI, we sought to explore the use of other 

ionization techniques as a means of further improving measurement sensitivity and 

selectivity in the hopes of eliminating the need for analyte extraction and preconcentration 

entirely. Atmospheric pressure photoionization (APPI) is an ionization technique in which 

UV radiation is used to cause the formation of molecular radical ions in the gas phase 

[27, 28]. To overcome the low statistical probability of direct analyte ionization, the 

process introduces an excess of an easily ionizable substance (i.e., dopant) into the APPI 

source to initiate a series of direct or solvent/oxygen-mediated proton transfer, charge 

exchange, electron capture, and/or substitution reactions that eventually ionize the analyte 

[27]. Although originally intended as an ionization source for compounds not amenable to 

either ESI or APCI, APPI has been applied for a wide variety of compounds with reports of 

enhanced selectivity, expanded linear dynamic ranges, and reduced ion suppression [28]. On 

the basis of the chemical structures of isoflavones and lignans, we hypothesized that APPI 

held the potential to facilitate developing an LC-MS/MS method for urinary isoflavones and 

lignans with improved analyte selectivity and sensitivity and that these enhancements would 

permit the development of a sample preparation protocol that eliminates the need for SPE or 

LLE.

In this work, we present the development, validation, and analytical performance of a 

negative ion mode APPI-based LC-MS/MS method for measuring selected isoflavones and 

lignans in urine. We demonstrate its application to population biomonitoring. We provide a 

direct performance comparison of our new method to our existing SPE-based ESI method 

on the same instrument, and we also present the adaptation of our new APPI method to 

a second instrument. To the best of our knowledge, our method represents two significant 

firsts in isoflavone and lignan measurement science: (1) it is the first ever report of using 

APPI for the LC-MS/MS determination of these compounds in urine and (2) is the first 

LC-MS/MS method for urinary phytoestrogens to feature sample preparation without any 

need for analyte extraction or preconcentration.

Materials and methods

Specimens, standards, and reagents

Reverse osmosis deionized water, HPLC grade solvents, and high-purity reagents were 

used throughout. Individual standard stock solutions of daidzein, equol, genistein (Indofine, 

Hillsborough, NJ, USA), enterodiol, enterolactone (Sigma-Aldrich, St. Louis, MO, USA), 

and O-desmethylangolensin (laboratory of Dr. Nigel Botting, University of St. Andrews, St. 

Andrews, Scotland) were prepared by dissolving 3–5 mg of each solid material in 0.2 mL 

of dimethylsulfoxide and diluting with ethanol to a final concentration of 87–193 μg/mL. 

Nine mixed working standards containing all six analytes were prepared in 50:50 ethanol/

water and stored in 100 μL aliquots at −80 °C, from which calibrators were prepared daily. 

The nine calibrators ranged in concentration from 0.3 to 3,300 ng/mL, depending on the 

analyte (Table 1). 13C3-daidzein, 13C3-O-desmethylangolensin, 13C3-equol, 13C3-enterodiol, 
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13C3-enterolactone, and 13C3-genistein (laboratory of Dr. Nigel Botting, University of St. 

Andrews) were used for internal standardization of the analyte signals studied. Individual 

stock solutions of each internal standard were prepared by dissolving 1 mg of each 

solid material in ethanol and diluting to a final concentration of 40–60 μg/mL. A mixed 

internal standard solution was prepared in water from single-compound stock solutions and 

stored in 1 mL aliquots at −80 °C. The internal standard concentrations in this solution 

were from 400 to 1,200 ng/mL, depending on the compound. A 60-mg/mL solution of 

β-glucuronidase/sulfatase from Helix pomatia, type H-1 (Sigma), dissolved in water was 

prepared daily and used to enzymatically deconjugate the analytes of glucuronide and sulfate 

moieties during sample preparation. A deconjugation internal standard solution containing 

24 μg/mL 4-methylumbelliferyl glucuronide (Sigma) and 20 μg/mL 4-methylumbelliferyl 

sulfate (Sigma) in ethanol for monitoring the extent of the deconjugation reaction was 

prepared and stored in 1 mL aliquots at −80 °C. Urine samples used for generating quality 

control (QC) pools were collected from anonymous donors in accordance with applicable 

IRB protocols and stored at −80 °C prior to use. Synthetic urine was prepared according to 

an established protocol [29].

Sample preparation

A 200-μL aliquot of each urine sample (patient specimens and QC pools) was transferred 

to a 1-mL, 96-well conical bottom plate (Nalge Nunc International, Rochester, NY, USA). 

Each aliquot was then amended in order with 50 μL of a 5× water dilution of the stable 

isotope-labeled internal standard solution, 10 μL of 20× water dilution of the deconjugation 

internal standard solution, 20 μL of ammonium acetate buffer (2.5 mol/L, pH 5.0), and 

10 μL (120 U) of β-glucuronidase/sulfatase. Calibrators, blanks, and double blanks were 

prepared in solutions of synthetic urine and processed in an identical manner. The plate was 

covered with a pre-slit silicone plate seal (Thermo-Fisher Scientific, Fair Lawn, NJ, USA); 

mixed by use of a gentle rocking motion; and all specimens, standards, and blanks were 

incubated overnight (≥12 h) at 45 °C. After incubation, 100 μL of methanol was added to 

each specimen, calibrator, blank, and double blank and mixed. Finally, the contents of each 

well were transferred to a 96-well, 10-kDa size exclusion filter (Millipore, Billerica, MA, 

USA) and filtered by centrifugation for at least 1 h at 3,000×g, with the contents collected 

into a 1-mL, 96-well conical bottom plate. The well plate was then sealed with a pre-slit 

silicone plate seal and the contents were ready for LC-MS/MS analysis.

LC-MS/MS conditions

Methods were developed for two different triple quadrupole mass spectrometers (API 4000 

and API 5000, AB Sciex, Foster City, CA, USA) equipped with the same APPI source. In 

both cases, chromatographic separation was achieved using the same 600-bar, 1260 HPLC 

system (Agilent, Santa Clara, CA, USA) consisting of a binary pump and degasser (model 

G1312A), an autosampler (G1367D) and autosampler thermostat module (model G1330B), 

and a thermostatted column compartment (model G1316B). Compounds were separated by 

use of a solidcore C18 analytical column (Kinetex C18, 50×2.1-mm ID, 2.6-μm particle 

diameter; Phenomenex, Torrance, CA, USA) with an in-line filter (Krud Katcher Ultra, 

0.5-μm porosity, 102-μm ID; Phenomenex). A gradient consisting of water (solvent A) and 

methanol (solvent B) with a constant flow rate of 0.6 mL/min was used. The solvent gradient 
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was as follows (expressed as percent solvent B): 0 min, 35%; 0.5 min, 35%; 2.5 min, 95%, 

4.5 min, 95%; 5 min, 35%; 7 min, 35%. Injection volumes of 5 μL (API 5000) and 20 μL 

(API 4000) were used throughout. An automated six-port switching valve was used to direct 

eluent flow. From 0.75 min to completion of the gradient program, the eluent flow was 

directed to the mass spectrometer to capture analyte elution; from 0 to 0.75 min, the eluent 

flow was diverted to waste.

A summary of LC-MS/MS conditions for both instruments is shown in Table 1. Potential 

analyte and internal standard MS/MS transitions were first identified and optimized by 

manual tuning. Candidate MS/MS transitions were then incorporated into a preliminary 

LC-MS/MS method used to analyze a random subset of human urine samples. The analyte 

transition that was found to yield a chromatographic signal with the most favorable 

analyte sensitivity and signal-to-noise characteristics, accompanied by the least amount of 

background and concomitant peak contributions, was selected as the primary “quantitation” 

transition from which the concentration data would be reported; the second most favorable 

transition was used as a “confirmation” transition. The same approach was used in 

identifying the transition to be used for internal standardization, selecting whenever possible 

the same transition used for quantitation when the 13C3 labeling is taken into account. 

Toluene (0.2 mL/min flow) was introduced into the APPI source as a dopant by use 

of an isocratic pump (Agilent, model G1310A). Ionization interface potential (−875 V), 

temperature (450 °C), and gas flow rates [nebulizing gas, 50 psi (API 4000), 80 psi (API 

5000); lamp gas, 60 psi (API 4000), 80 psi (API 5000)] were optimized to maximize 

chromatographic peak height signal-to-noise ratio. Nitrogen was used as the interface 

gas (nebulizing gas, lamp gas) as well as the curtain and collision gas. All LC-MS/MS 

components were controlled and data analysis was performed by use of Analyst software 

(version 1.4.2, AB/Sciex). Analytes were quantified by interpolation of peak area ratios for 

MS/MS transitions against a nine-point calibration curve (1/x weighting).

Validation

QC pools were prepared at three distinct concentrations levels approximating the 25th 

(“low” QC), 50th (“medium” QC), and 75th (“high” QC) percentiles observed previously in 

the US population. Pools were prepared using varying amounts of the specimens collected 

from anonymous volunteers. Specimens were screened by use of the LC-MS/MS method 

and pooled based on their endogenous concentrations to meet target concentrations. No 

direct analyte spiking was required. All QC pools were run at the beginning and end of each 

analysis batch. Data from the first 20 independent runs (days) were used to establish the QC 

limits as part of a multirule procedure for determining whether instrument runs were in or 

out of control [30]. These QC pools were also used for specific validation tests, as indicated. 

The within-run and between-run coefficients of variation from the 20-day duplicate analysis 

of the three QC pools were also used to assess within-run and between-run imprecision, 

respectively.

Method accuracy was assessed by analyte spike recovery and comparative analysis of 

quantitation results by use of different MS/MS transitions (“quantitation” vs. “confirmation” 

transitions), different instruments (API 4000 vs. API 5000), and different methods (APPI vs. 
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ESI). Analyte spike recovery was performed by use of the “low” and “medium” QC pools. 

Each pool was amended in triplicate with analyte additions approximating 50%, 100%, and 

200% of its endogenous concentration. The spike recovery was calculated as the measured 

concentration difference between the spiked and unspiked pools divided by the nominal 

concentration of the analyte spike. The average spike recovery was calculated across all 

QC pools, spiking levels, and replicates. Comparative analysis of the quantitation results 

was performed across several days using randomly selected unknown patient samples. For 

each analyte, the correlation (Pearson r), the error in variables regression (Deming), and 

the relative bias (Bland−Altman) were calculated, employing significance testing at the 

95% confidence interval. The number of samples and days of analysis were as follows: 

225 samples over 3 days for the comparison of different MS/MS transitions and different 

instruments and 328 samples over 5 days for the comparison of different methods.

Method selectivity was assessed by preparing synthetic urine samples individually spiked 

with each analyte and internal standard and then analyzing these samples for spurious signal 

contributions across all MS/MS transitions used in the method. The analyte concentrations 

used were equivalent to the upper limit of the calibration range, and internal standard 

concentrations were approximately double what the method protocol calls for.

Method sensitivity was objectively determined by calculating the limit of detection (LOD) 

and the lower limit of quantitation (LLOQ) for each analyte. Serial dilution of the “low” 

QC pool with synthetic urine was performed and the standard deviation at a concentration of 

zero (σ0) was estimated by extrapolating repeat analyte measurements (n=8) made near the 

detection limit in these dilutions [31]. The LOD and LLOQ were defined as 3σ0 and 10σ0, 

respectively. Ion suppression was also used as a means of evaluating the susceptibility of 

the method to matrix-induced sensitivity changes. Post-column analyte and internal standard 

infusion was performed to elevate the baseline of each MS/MS transition to approximately 

1×105 ion counts per second. Synthetic urine blanks, calibrators, and QC samples were 

injected as test specimens. The degree of ion suppression was evaluated as the relative 

deviation of the baseline observed in the elution time window for each analyte and internal 

standard.

Method robustness was evaluated by identifying critical method parameters and evaluating 

the effects of intentionally varying these conditions on the observed concentrations in the 

QC pools. The parameters tested were (method specification, test condition 1, test condition 

2): β-glucuronidase/sulfatase (120, 60, and 240 U); incubation time (12, 4, and 24 h); 

ammonium acetate buffer pH (5.0, 4.5, and 5.5); ammonium acetate buffer concentration 

(2.5, 0.25, and 1.25 M); and time elapsed from complete sample preparation (<1, 3, and 7 

days).

Results and discussion

Method development

The development of an APPI-based LC-MS/MS method for quantifying urinary 

concentrations of phytoestrogenic isoflavones and lignans was a significant departure from 

our past ESI- or APCI-based procedures. We found that optimal ionization conditions were 
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highly dependent upon both dopant flow rates and gas flow rates, with gas flow settings 

requiring more critical optimization in APPI as compared to our experiences with both ESI 

and APCI. Mobile phase composition also had a far more profound effect on ionization. For 

example, we observed that the presence of ammonium acetate buffer in the mobile phase 

selectively and completely inhibited equol ionization—even when the buffer concentration 

was reduced to sub-millimolar levels—whereas the effect on the ionization efficiency of 

other analytes was not nearly as severe. Removing the acetate buffer from the mobile 

phase restored the equol signal to levels proportionate to the other analytes. This type 

of phenomenon is not unheard of in APPI; analyte-dependent suppression of ionization 

efficiency due to the addition of ammonium acetate or other buffers has been reported 

previously [32–34]. Solvent selection is also known to greatly influence APPI efficiency, 

a phenomenon we also observed. For instance, we found that a water/methanol gradient 

yielded better signal intensity than water/acetonitrile.

The adverse effects of mobile phase buffers on APPI efficiency presented a unique challenge 

in terms of chromatographic separation. Mobile phase buffering is a preferred means of 

ensuring consistent chromatographic separation by controlling analyte protonation. Since 

the use of available mobile phase buffers was not practical if we intended to use APPI, 

we performed experiments to see whether the addition of buffer to the sample alone was 

sufficient to reliably control protonation and yield reproducible chromatography. We found 

that a pH 5 acetate buffer at a concentration of approximately 170 mmol/L in the sample was 

sufficient for reproducible chromatography in all urine samples analyzed in our laboratory. 

At lower concentrations (e.g., 50 mmol/L), we occasionally encountered evidence of analyte 

deprotonation in the urine samples in which analyte elution—in particular for daidzein 

and genistein—would occur in the void volume. To minimize sample dilution, we added a 

small (20 μL) aliquot of a relatively concentrated (2.5 M) buffer to the urine sample. The 

only limitation we found with this approach was that the order in which reagent additions 

were performed was critical; addition of the buffer aliquot prior to the addition of the 

β-glucuronidase/sulfatase enzyme was effective, whereas adding the enzyme solution first 

would often result in its denaturation.

Hydrolysis of the glucuronidated forms of urinary isoflavones and lignans by β-

glucuronidase from H. pomatia is well documented in the literature and has been studied 

in depth by Taylor et al. [35]. In the course of our own method development, we tested 

a variety of incubation times (1–24 h) and enzyme concentrations (<100 to >1,000 U) for 

hydrolyzing the glucuronide and sulfate conjugates of the urinary isoflavones and lignans 

studied. In designing our experiments, we sought to limit the amount of enzyme used in 

order to minimize the potential contribution of isoflavones and lignans endogenous to the 

enzyme [35]. Through the use of our QC pools for testing, initial experiments showed that a 

200-μL urine sample treated with 120 U of enzyme at 37 °C appeared to undergo complete 

hydrolysis for all analytes in 4 h on the basis of the appearance of concentration vs. time 

curves. We also found that synthetic urine blanks treated with 120 U of enzyme did not 

show any detectable evidence of background isoflavones or lignan concentrations. However, 

replicate experimentation revealed that concentrations were on average 2–7% higher when 

hydrolysis was allowed to proceed for at least 12 h. In contrast, Taylor et al. [35] reported 

that urine sample hydrolysis was complete in 2 h (37 °C, pH 5). It is worth noting that the 
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amount of enzyme used by Taylor et al. (2,410 U) was 20 times higher than the amount 

used in our experimental design for the same volume of urine (200 μL). It is possible that 

this concentration difference may be a contributing factor to the time difference as well as to 

the methodological differences in how complete hydrolysis was calculated. Additionally, we 

used type H-1 β-glucuronidase from H. pomatia, whereas Taylor et al. [35] used type HP-2, 

and this difference may have also been a contributing factor in the differences observed 

in enzyme performance. Increasing the hydrolysis temperature to 45 °C as a means of 

accelerating the deconjugation step [35] was tested and found to have no negative effect 

on enzyme performance. In the end, we adopted a 45 °C overnight hydrolysis (≥12 h) as a 

judicious approach to ensure the complete conversion of all analyte conjugates to aglycones.

The presence of the β-glucuronidase/sulfatase enzyme in the samples required special 

consideration in the absence of using extractive procedures such as SPE and 

LLE. Particulate filtration media based on glass fiber, nylon, polytetrafluroethylene, 

polyvinyldifluoride, and polypropylene were found to be ineffective at removing the 

β-glucuronidase/sulfatase enzyme from the sample, necessitating the use of a different 

filtration approach. Size exclusion filtration presented the possibility of filtering based on 

a nominal molecular weight cutoff rather than a particle size cutoff. After testing several 

combinations of molecular weight cutoffs and substrates, we decided upon a 10-kDa 

nominal molecular weight cutoff filter based on a regenerated cellulose substrate. The 

10-kDa cutoff represented a highly conservative approach to removing the enzyme from 

the sample (a β-glucuronidase tetramer is 312 kDa) and proved effective for our filtration 

purposes. HPLC column lifetime was found to be >2,000 sample injections with the 

10-kDa size exclusion filter vs. 50–100 sample injections when sub-micrometer particle 

filtration was used. Column failure with particle filtration was almost always due to the 

high operating pressures, which we presumed to be caused by enzyme precipitation initiated 

by the methanol gradient. In the course of testing various size exclusion filters, we also 

noted that the filter substrate itself had a profound influence on analyte recovery. When 

testing the prepared urine samples in which only aqueous reagent additions had been made, 

we observed that regenerated cellulose had the lowest degree of analyte retention, with 

analyte-dependent recoveries ranging from 48% (genistein) to 99% (enterodiol) as compared 

with unfiltered samples. In contrast, polyethersulfone substrates exhibited a high degree of 

analyte retention, with recoveries of <10% for enterodiol and equol and <1% for genistein. 

We tested methanol as a solvent for recovering the analytes retained on the regenerated 

cellulose substrate and found it to be highly successful. Adding 100 μL of methanol to 

the sample prior to filtration effectively resulted in a quantitative (100%) recovery for all 

analytes. In addition to improving analyte recovery, adding methanol to the sample also 

elevated the relative methanol content of the samples to approximately the same level found 

in the LC gradient starting conditions (35%), and it improved the ease with which samples 

could be filtered.

Method performance and validation

Figure 2 shows representative chromatography for the analyte quantitation transitions from 

a urine specimen using the blank, lowest calibrator, and low QC pool as examples. Analyte 

elution occurs over a retention time range of 1.25–2.75 min. Umbelliferone, the aglycone 
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product of the 4-methylumbelliferyl glucuronide and 4-methylumbelliferyl sulfate mixture 

added to the samples as a means of monitoring deconjugation eluted at a retention time of 

1 min. With one exception [18], the total sample run time for this method is among the 

shortest of the published methods for these compounds [14–17, 19–23] at only 7 min from 

injection to injection. Within-run retention time imprecision was typically <1% CV.

Calibrators were prepared in synthetic urine at a total of nine concentration levels for 

each analyte. We tested calibrators prepared in both synthetic urine and aqueous solution 

and found that the different matrices had no discernable effect on the calibration slope or 

intercept. Nonetheless, we elected to use synthetic urine for calibrator preparation in the 

interest of good analytical practice. Calibration curves had correlation coefficients (r values) 

>0.995. We evaluated the accuracy (i.e., the agreement between the nominal and measured 

value) of each calibrator from duplicate analysis over 20 runs (Table 2) and found that 

the measured values of the calibrators were generally within ±5% of their nominal values 

throughout the calibration range. Only in the lowest concentration calibrators did we observe 

inaccuracies beyond ±5%.

QC pools were prepared at three distinct concentration levels (“low,” “medium,” and 

“high”) and were used for judging instrument run control as well as aspects of the method 

validation. The QC pools were prepared by mixing human urine specimens with known 

analyte concentrations. The QC pools were assigned target values and uncertainty limits 

by a characterization process (duplicate analysis over 20 days). The use of QC pools 

prepared from genuine biologic specimens with endogenous analyte concentrations has been 

employed elsewhere [20, 21]. We chose this approach over the practice of preparing QC 

pools by spiking analytes into synthetic or blank biologic matrices because our approach 

facilitated the inclusion of conjugated analyte forms and thus faithfully represented the 

analyte and matrix composition encountered in actual human urine specimens. Although 

spiking with conjugates has been performed in methods where the conjugated forms are 

measured [36, 37], most cases of amended QC pool preparation with blank or synthetic 

matrices entailed the addition of analytes solely as aglycones [16–19, 22] rather than a 

biologically representative mixture of aglycones and conjugates such as glucuoronides and 

sulfates. Because conjugated forms of the isoflavones and lignans predominate in biologic 

specimens, the use of QC pools with no conjugated forms present may not genuinely reflect 

true method performance with actual biologic samples, particularly since most of these 

methods quantified total aglycone concentrations following deconjugation.

Method imprecision was determined from the duplicate analysis of the three QC pools 

over 20 runs. The method imprecision is summarized in Table 2. Between-run imprecision 

was 3.1–5.8% CV and within-run imprecision was 2.3–6.0% CV, depending on the QC 

pool and analyte. Overall imprecision was 3.5–7.1% CV. Within-run repeatability based 

on replicate injections of the same sample was 1.8–4.8% CV. Of particular interest were 

the imprecision characteristics of our method at very low concentrations. The overall 

imprecision observed in the low QC pool was <5% CV, with 3.8% CV seen for 3 ng/mL 

O-desmethylangolensin and 4.3% CV for 6 ng/mL equol. The ability to quantify, especially 

at low concentrations, with a low degree of measurement imprecision is key to increasing 

the statistical power of population biomonitoring studies. This is especially true for the 
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measurement of O-desmethylangolensin and equol, which are gut bacteria biotransformation 

products of daidzein and are often present at very low concentrations [24]. With an average 

overall imprecision of <5% CV across all measured analytes and concentration levels, the 

performance of our new method exceeded that of our previously reported SPE-ESI-based 

method [20] as well as other published LC-MS/MS methods [16–19, 22, 23], including 

those that use stable isotope-labeled analogues as internal standards for all analytes [20, 21].

Method accuracy was first evaluated by performance of spike recovery experiments. In the 

absence of certified reference materials, method accuracy is often evaluated by use of QC 

pools prepared by spiking blank biologic matrices with known amounts of analyte and 

calculating the agreement between the nominal and measured concentrations [16–19, 22, 

23]. Because our QC pools were assigned concentration values through a characterization 

process rather than by spiking with standards, their use in this context would not necessarily 

be a true indicator of method accuracy since their concentrations were not directly ascribable 

to a starting material of known chemical purity. Spike recovery, however, did accomplish 

this since the added concentrations were traceable to compounds of known chemical purity 

and made use of the “low” and “medium” QC pools that had analytes present in both 

aglycone and conjugated forms (the “high” QC pool was not used due to the likelihood 

that spiking would result in measurements exceeding the calibration range of the method). 

The spike recovery, calculated as the average across all pools, spiking levels, and replicates 

performed, was generally within ±10% of being quantitative (100%), with the exception of 

genistein (112%, Table 2). No bias or trending related to the QC pool or spiking amount 

was observed in the recoveries; however, the CVs of the average recoveries in the “low” 

QC pool when spiked with the lowest concentration (8.7–24%) were notably higher than 

the CVs observed in all other QC pools and spiking level combinations (1.8–11.4%). These 

recoveries fall within the 15% accuracy specification generally accepted when QC pools are 

used for determining method accuracy, and they are consistent with or surpassed those of 

existing methods [16–23].

As a means of further evaluating method accuracy, we performed a series of comparative 

analyses entailing the analysis of several hundred samples over multiple days. These 

experiments were designed to assess the agreement between results from several vantage 

points. Within-run results were compared by simultaneously measuring concentrations using 

both “quantitation” and “confirmation” MS/MS transitions (224 samples, 3 days), within-

method results were compared by performing measurements on two different instruments 

(225 samples, 3 days), and between-method results were compared by performing 

measurements using both our new method and our existing SPE-ESI-based method [20] 

(328 samples, 5 days). In each case, the correlation, regression, and relative differences 

among results were examined. For correlation analyses, the Pearson r statistic was calculated 

using log-transformed data. The distributions of urinary isoflavone and lignan concentrations 

in the urine samples used for comparison spanned several orders of magnitude and were 

right-skewed. Log transformation was performed so that the right-skewed distributions of 

these data were transformed to yield data that were more normally distributed and better 

suited for the Pearson test. Regression and difference calculations, however, were done on 

the original data without transformation. This methodology allowed the regression slopes 

and intercepts to be directly representative of proportional and constant biases, respectively, 
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and it allowed differences to be presented on a scale that could be easily interpreted. An 

error-in-variables (Deming) regression was used because it assumes uncertainty in both 

variables and is most appropriate for method comparisons [38]. Bland−Altman difference 

testing was done by use of a relative (in percent) scale since the distribution of differences 

on a relative scale better approximated a normal distribution than did the use of absolute 

differences [39]. Table 3 summarizes the correlation, regression, and difference testing 

findings for the comparative analyses. Pearson correlation tests showed a high degree 

of correlation among results in the three comparisons; Pearson r values were ≥0.994 

and correlations were highly significant (two-tailed p<0.0001) in all three experiments. 

Proportional biases in the between-instrument and between-method comparisons were 

extremely low (within ±4% using Deming slope or Bland−Altman), as were constant 

biases (≤0.17 ng/mL using Deming intercept). In many cases, these differences were not 

statistically significant (95% CI). The biases observed within-run when different MS/MS 

transitions were used were marginally higher, but consistent with biases observed between 

instruments and methods (Table 3); the biases we found may be attributable to differences in 

the measurement sensitivity of the two MS/MS transitions used for each analyte. Performing 

a comparison between a new method and an established or reference method is a valuable 

practice, particularly in the absence of certified reference materials, and these comparison 

studies clearly demonstrate that our method is capable of measurements that are internally 

consistent as well as consistent across different instruments and with established methods.

Method selectivity was evaluated by spiking synthetic urine with single-compound standards 

of each analyte and internal standard and looking for unexpected signal contributions in 

the MS/MS transitions used for quantitation, confirmation, and internal standardization. 

We found that all six analytes gave rise to miniscule signal contributions in their 

respective internal standard transitions, amounting to approximately 0.06–0.2% of the 

analyte concentration. Since all internal standards used were 13C3 analogues of their 

corresponding analytes, the signal contribution observed in the internal standard transitions 

(+3 m/z) was consistent with the predicted relative abundances of the analytes based 

on natural isotopic abundance (0.16–0.27%). 13C3-enterolactone, 13C3-equol, and 13C3-

enterodiol caused relative signal contributions of 0.01%, 0.06%, and 0.4%, respectively, 

in their corresponding analyte transitions. No analyte signal contributions were detected 

for 13C3-daidzein, 13C3-O-desmethylangolensin, or 13C3-genistein internal standards. When 

we looked for cases of signal augmentation among analytes, internal standards, and non-

corresponding analyte−internal standard pairings, we found very few occurrences, and those 

that we saw were negligible; of a possible 120 combinations, we encountered only 8 cases 

where a signal contribution could be detected, and in no single case was the relative signal 

contribution >0.1%.

We evaluated method sensitivity by calculating the LODs and LLOQs for each analyte 

(Table 2). Relative LODs in urine ranged from as low as 0.04 ng/mL for enterodiol to 

0.4 ng/mL for daidzein on both LC-MS/MS instruments used in this study. These LODs 

compare favorably with the most sensitive existing LC-MS/MS methods for measuring these 

compounds in urine [16, 19–21, 23]. The measurement sensitivity of our method also proved 

to be satisfactory for its intended purpose of biomonitoring for phytoestrogenic isoflavone 

and lignan exposure. We applied this method to the analysis of >2,500 specimens from the 
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2005–2006 NHANES, a series of continuous, nationally representative surveys designed to 

assess the overall health of the US population, and were able to quantify all analytes in 

>99% of the NHANES specimens analyzed, with the exception of O-desmethylangolensin 

which could be measured in >95% of the specimens. Although the relative sensitivity of our 

method is commensurate with the performance of other SPE- and LLE-based methods, the 

absolute detection power of our method is considerably greater. Absolute LODs were 0.4–4 

pg when the API 4000 LC-MS/MS system was used, and the absolute LODs improved to 

0.1–1 pg with the more sensitive API 5000 LC-MS/MS system. As described earlier, the use 

of APPI in place of ESI resulted in a substantial improvement in measurement sensitivity 

that permitted the development of a sample preparation protocol free of any extraction and 

reconstitution procedures. Consequentially, whereas SPE- and LLE-based methodologies 

often result in a net enrichment of analyte concentration in the sample [16–18, 20–23], 

our procedure results in an approximate twofold dilution. This notable difference in sample 

preparation accounts for the fact that, although the absolute LODs for our method far exceed 

those of other SPE- and LLE-based methods, the relative LODs among methods are quite 

similar. This is further illustrated in Fig. 3 which shows a chromatographic comparison 

for equol in “low” QC pool samples prepared and analyzed using both the present APPI 

procedure and our previous SPE-based ESI method [20]. The same instrument (API 4000) 

was used in both cases. In this example, the peak height signal-to-noise ratio for equol was 

approximately 1.5 times greater in the result obtained with the APPI method than with the 

ESI method; however, this modest improvement in relative measurement sensitivity was 

nearly a 20 times improvement in absolute measurement sensitivity when differences in 

sample preparation were accounted for. The possibility of further improving relative LODs 

for our method, either by reducing the degree of dilution in the sample preparation or by 

increasing the injection volume, was explored, but ultimately abandoned because it would 

not likely result in a substantial improvement in our ability to quantify analyte levels in 

low-concentration biomonitoring samples and would increase the possibility of instrument 

contamination and/or signal saturation at the high end of the calibration range.

We evaluated ion suppression by examining the effect of various sample injections on post-

column analyte infusion. We observed varying degrees of signal suppression for all analytes 

upon void volume elution; however, in all cases, full signal restoration took place prior to 

analyte elution and no notable ion suppression was observed in any of the sample types 

injected (synthetic urine blanks, calibrators, QC pools). In the course of analyzing >2,500 

NHANES specimens, we did encounter rare occurrences where analyte-specific signal 

suppression was evident. This was primarily characterized by an internal standard signal that 

was greatly attenuated relative to the internal standard signals observed for the same analyte 

in other samples analyzed in the same instrument run. Furthermore, the internal standard 

response for other analytes in the affected sample typically showed no evidence of signal 

reduction, indicating an analyte-specific phenomenon. In addition to signal suppression, we 

sometimes observed an elevated baseline in both analyte and internal standard transitions, 

shortened retention times, and peak broadening in these cases. Although the exact cause 

of the signal suppression was not identified, we found that increasing the amount or 

concentration of the buffer had no effect on these samples, eliminating the likelihood that 

analyte deprotonation was the cause. We found that this issue was rectified by simply 
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diluting the specimen prior to sample preparation by a factor of 2–8× or by reducing the 

injection volume by a similar factor. This phenomenon was encountered most frequently for 

equol in approximately 1% of NHANES specimens analyzed.

Method robustness refers to the demonstrated ability of an analytical method to withstand 

intentional variations in method parameters. We identified five methodological factors 

to test on the basis of their perceived critical nature in terms of method performance 

and likelihood of unintentional variation during routine operation. We performed testing 

on the three QC pools and identified two test conditions for each method parameter. 

Variables in the hydrolysis step, namely, the concentration of the β-glucuronidase/sulfatase 

enzyme and time permitted for deconjugation to take place, were two such examples of 

method parameters that were evaluated for robustness because of their direct influence on 

the aglycone concentration observed for each analyte. We observed subtle but important 

changes in method performance when these two parameters were varied. When the 

enzyme concentration was reduced to half the method specification (60 vs. 120 U), the 

concentrations measured for genistein and enterodiol were 5–7% lower than expected, 

with differences being more prominent at higher concentrations (i.e., in the high QC 

pool). Other analytes appeared to be unaffected by reducing the enzyme concentration. 

Analyte concentrations were 2–7% lower when the time for hydrolysis was reduced to 4 

h from the method specification of 12 h. We observed no perceptible changes in analyte 

concentration when either hydrolysis time or enzyme concentration was increased to twice 

the method specification (24 h and 240 U, respectively). The ammonium acetate buffer 

used to modulate sample pH was also identified as a critical parameter in terms of method 

robustness, particularly since no buffers were used in the mobile phase. When the in-sample 

concentration of the buffer was reduced from the method specification of 2.5 to 1.25 M, we 

observed no effect on the analyte concentrations for the QC pools; however, we did observe 

cases with other patient samples in which analyte deprotonation and early elution would 

occur as described earlier, and these effects were exacerbated when the buffer concentration 

was further reduced to 0.25 M. Varying the buffer pH over a range of 4.5–5.5 appeared to 

have no effect on analyte concentration, nor did extended storage of prepared samples at 4 

°C for up to 7 days.

Conclusion

We have developed and validated an LC-MS/MS method for quantifying phytoestrogenic 

isoflavones and lignans in urine which makes use of APPI. By doing so, we eliminated the 

need for the extraction and preconcentration steps inherent in other LC-MS/MS methods 

for these compounds. The merit of our approach is its simplicity; by eliminating the need 

for SPE or LLE, the time, instrument and consumable costs, safety concerns, and analytical 

performance issues associated with these additional procedures are no longer relevant. We 

have also demonstrated that this simplified approach can be used without compromise, as 

substantiated by the analytical performance of our method in terms of accuracy, precision, 

sensitivity, throughput, and robustness. We have shown that our method was fit for its 

intended application in population biomonitoring studies. It had performance characteristics 

similar to those of methods developed for pharmacokinetic studies and compliance testing. 

In fact, we believe that it would also be suitable for these applications. With this, the first 
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ever method of its kind for measuring phytoestrogenic isoflavones and lignans in biologic 

matrices, there exist aspects of its performance that are worthy of further study. The use of 

this method in determining plasma or serum concentrations has not been explored up to this 

point, and it remains to be seen whether these samples would be amenable to our procedure, 

either directly or with some modification (e.g., protein denaturation). Although we were 

successful in using unbuffered mobile phases in our method, we acknowledge that this is not 

an ideal case and that the identification of mobile phase buffers that may be used without 

compromising APPI performance is deserving of further exploration. We observed a notable 

sensitivity enhancement that was directly attributable to APPI, and we demonstrated that this 

improvement was transferable among two MS/MS platforms from the same manufacturer; 

however, there are differences in the design and operation of APPI sources for LC-MS/MS 

systems produced by other manufacturers, and the actual performance in these cases should 

be tested.
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Fig. 1. 
Chemical structures of the urinary isoflavones (daidzein, genistein, equol, O-

desmethylangolensin) and lignans (enterolactone, enterodiol). Positions of the 13C atoms 

in the corresponding internal standard are denoted by an asterisk
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Fig. 2. 
Chromatograms of quantitation MS/MS transitions (m/z of molecular/product ion) for the 

blank, lowest calibrator, and “low” QC urine pool. The blank and the lowest calibrator 

were prepared in synthetic urine. 1 Daidzein (253/117); 2 enterodiol (301/253); 3 equol 

(241/119); 4 enterolactone (297/189); 5 genistein (269/133); 6 O-desmethylangolensin 

(257/136). Peak X observed in the O-desmethylangolensin (257/136) transition at the 

retention time for daidzein is an M+1 contribution from the 13C3-daidzein internal standard. 

This peak is not observed when 13C3-daidzein is not present
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Fig. 3. 
Comparison of APPI and ESI methods. Quantitation MS/MS transition for equol (241/119) 

for the “low” QC urine pool is shown. a Sample prepared and analyzed using APPI-LC-

MS/MS (this work). b Sample prepared and analyzed using ESI-LC-MS/MS [20]. The same 

instrument was used (API 4000) in both cases
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