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Abstract

Background—A high-throughput, sensitive, specific, mass spectrometry-based method for
quantitating estrone (E1), estradiol (E2), and testosterone (T) in postmenopausal human serum has
been developed for clinical research. The method consumes 100 ul human serum for each
measurement (triplicates consume 300 ul) and does not require derivatization. We adapted a
commercially available 96-well plate for sample preparation, extraction, and introduction into the
mass spectrometer on a single platform.

Methods—Steroid extraction from serum samples and mass spectrometer operational parameters
were optimized for analysis of estradiol and subsequently applied to other analytes. In addition to
determining the limit of detection (LOD) and limit of quantitation (LOQ) from standard curves, a
serum LOQ (sLOQ) was determined by addition of known steroid quantities to serum samples.
Mass spectrometric method quantitative data were compared to results using a state-of-the-art
ELISA (enzyme-linked immunosorbent assay) using stored serum samples from menopausal
women.

Results—The LOD, LOQ, sLOQ was (0.1 pg, 0.3 pg, 1 pg/ml) for estrone, (0.3 pg, 1 pg, 3
pg/ml) for estradiol, and (0.3 pg, 1 pg, 30pg/ml) for testosterone, respectively. Mass spectrometry
accurately determined concentrations of E2 that could not be quantified by immunochemical
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methods. E1 concentrations measured by mass spectrometry were in all cases significantly lower
than the ELISA measurements, suggesting immunoreactive contaminants in serum may interfere
with ELISA. The testosterone measurements broadly agreed with each other in that both
techniques could differentiate between low, medium and high serum levels.

Conclusions—We have developed and validated a scalable, sensitive assay for trace
quantitation of E1, E2 and T in human serum samples in a single assay using sample preparation
method and stable isotope dilution mass spectrometry.
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Introduction

The estrogens (estrone E1, estradiol E2, and estriol E3), testosterone (T), and progesterone
(P4) are steroid hormones with numerous, characterized functions in adults, where the
steroid concentrations are relatively abundant and can be routinely measured [1] . The
biology of steroids at lower concentrations is less understood, primarily because the methods
to quantitate steroids in low abundance are insufficiently accurate, specific, sensitive, or
reproducible [2, 3] . Peri- or postmenopausal women and geriatric men constitute two
growing populations whose quality of life can likely be improved by assessment of levels of
the estrogens, testosterone and perhaps progesterone, below current reliable detection limits
[4]. The menopausal transition can negatively impact women’s lives both psychologically
(irritability, anxiety, insomnia, mood imbalance, and depression [4, 5] and physically (hot
flashes, metabolic syndrome and osteoporosis [4, 6] . Elderly men also experience a decline
in their physical stature and cognitive function, which are thought to be caused by an age-
related decrease in testosterone production [7] . Similar issues related to accurate sex steroid
measurement complicate pediatric diagnosis and therapy for abnormalities of pubertal
maturation, because the cardinal sex steroids are often at or below currently available
detection limits in these individuals [2].

For hormone measurement at relatively low circulating concentrations, traditional
immunoassays such as ELISAs (enzyme-linked immunosorbent assay) suffer from
nonspecific antibody interactions, inconsistent reproducibility, inadequate sensitivity, and
require separate assays for each compound of interest [8]. Alternately, a stable isotope
dilution mass spectrometry based method directly analyzes the steroid of interest for
unambiguous identification and quantitation of multiple hormones in a single sample. The
stable isotope standard normalizes for sample loss during preparative steps, indicates an
elution time to compensate for any chromatographic drift and can highlight the presence of
isobaric contaminants with identical mass transitions by comparing the ratio of several mass
transitions [9]. Furthermore, this method is compatible with time-course studies with
frequent, small volume, blood sampling and with studies that address the low steroid
concentration biology.

We sought to develop a mass spectrometry-based method to quantitate the sex steroids E1,
E2, E3, P4 and T primarily for postmenopausal clinical studies and secondarily for elderly
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men and children. The elderly populations have low concentrations of the above mentioned
sex steroids while the sample volume drawn from children is small. A volume and
sensitivity constraint of 100 pl and 1 pg/ml for each steroid was established as a goal for
method development. We chose a non-derivatized approach because derivatization
introduces an additional source of variation, increases sample preparation time and cost, and
requires multiple chemical derivatives if the compounds of interest have different functional
groups. Moreover, it has been documented that derivatization conditions can hydrolyze
some estrogens resulting in erroneous measurements [8, 10]. We also sought to implement a
reproducible sample preparation method amenable to the considerable number of samples
utilized in clinical studies.

While there are a number of excellent mass spectrometry based assays, none were sufficient
to overcome the constraints listed above. A sampling of the literature for current E2 mass
spectrometry based quantitative methods reveals current methods are quite sensitive but
require chemical derivatization [11, 12] , larger sample volume requirement [13-15], or
sample preparation methods not amenable to the number of samples in clinical studies.

We present herein the development of a readily scalable sample preparation technique along
with a sensitive and reproducible stable isotope dilution tandem mass spectrometry based
method to quantitate E2, E1, E3, and T in postmenopausal serum without the use of
derivatization reagents. In addition to the four steroids listed above, we also analyzed P4 but
excluded it from our final assay because of an unidentified, isobaric contaminant with
identical mass transitions to those used for quantitating P4. Our assay consumes little serum
(100 pl per measurement) and utilizes a commercially available 96-well plate.

Materials and Methods

Reagents and Solvents

LC-MS/MS

Estrone, 17-B-estradiol, estriol, progesterone, testosterone, methanol, acetonitrile, isopropyl
alcohol, and sodium hydroxide were of the highest grade commercially available from
Sigma-Aldrich (St. Louis, MO). The following stable isotopes were purchased from
Cambridge Isotope Laboratories (Andover, MA): [D4]-estradiol (2,4,16,16, 95-97 atom%
[D4]), [D4]-estriol (2,4,16,17, 98 atom% [D4]), [D4]-estrone (2,4,16,16, 97 atom% [D4]),
and [Dg]-progesterone (2,2,4,6,6,17A,21,21,21, 98 atom% [Dg]). [13C3]-Testosterone (2, 3,
4 99 atom% [13C3]) was purchased from Cerilliant (Round Rock, TX). Stable isotope
structures listed in Supplementary Table 1.

Two Shimadzu UFLCXR 50326 LC-20AD pumps (Kyoto, Japan) and a Leap Technologies
PAL HTC-xt Sample Handler (Carrboro, North Carolina) were coupled to an AB Sciex
Triple Quad QTRAP 5500 ESI-LC-MS/MS mass spectrometer (Framingham, MA) for all
experiments. The mobile phase consisted of (A) water and (B) methanol at a flow rate of
200 pl/min; 10% NH4OH in acetonitrile was added post-column via 25 ml syringe pump at a
flow-rate of 6 ul/min. Post column addition of the ammonium hydroxide ionizing solution
(pH 13) was used to preserve the column’s functionality per manufacturer’s
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recommendations for pH range (pH 1.5-8.5 under gradient conditions). LC parameters were
as follows: 0-1 min 60% B, 1.10-5 min 70-75% B, 5.10-10 min 85% B, 10.10-14 min 95%
B, 14.10-17.10 min 60% B. The stationary phase employed was a C18 column
(Phenomenex Kinetex 2.6p1 C18 100A pore size, 100x3.0mm) protected by a C18 guard
cartridge (Phenomenex).

Initial MS experiments were used to optimize solvent and instrument conditions for
abundant precursor ions. MS/MS experiments were used to determine the mass transitions
used for quantitative MRM (multiple reaction monitoring) experiments; we utilized both
ESI™ (testosterone and progesterone) and ESI™ (estradiol, estrone and estriol) (Table 1).
Polarity switching allowed for the detection of both positive and negative ions in the same
analytical experiment. The variables that contributed to the greatest gains in sensitivity were
nebulizer gas flow rate (35 psi), turbo drying gas temperature and flow rate for solvent
evaporation (400 °C, 45 psi), and collision energy (25 and —55 V). Other instrument
parameters that were optimized included: electrospray ion source (4500 V and —4500 V),
declustering potential (40 and —100 V), entrance potential (10 and —10 V), collision gas
(medium), collision cell exit potential (13 and - 18 V), quadrupole resolution (Q1 high, Q3
high), and settling time (50.0 milliseconds).

Standards Preparation

The standard curve calibrants were carefully prepared by initially weighing the steroids and
dissolving them in MeOH. The concentration of these standards were double checked by
utilizing the unique extinction coefficients of each steroid; we utilized a spectrophotometer
(HP 8452A Diode Array Spectrophotometer, Palo Alto, CA) and the extinction coefficients
of E2 (280 nm & 10328), E1 (280 nm & 103-49), T (239 nm & 10423), P (240 nm & 1025) [16]
and E3 (280 nm £ 1034) [17] . The standard curves all have a R? greater than 0.999
(Supplementary Figure 3). Standards were prepared and then stored at —20°C.

To determine the purity of each stable isotope standard, atom percent excess MS
experiments were performed and resulted in no detectable [Do] or [12C] peaks for any of the
analytes (data not shown). To account for the potential isobaric interference of estrone
isotopes (m/z 269) with estradiol (m/z 271), we utilized the combination of liquid-
chromatography retention time (7.1 min for E1, 7.3 min for E2) and mass transition ratio
(m/z271—183 and m/z 271—145 are nearly identical in area) to monitor for interference of
estrone with estradiol (Supplementary Figure 2). We did not detect any discernible
difference in the mass transition ratio of an estradiol standard and estradiol in serum (Figure
1).

Sample Preparation and Extraction

Blood samples were collected from human subjects, stored at 4 °C overnight, and
centrifuged at 4 °C (22,000 RCF). Serum was pipetted into cryo-tubes and stored at —80 °C.
All of the postmenopausal samples used in this report were taken from women aged 45-57
in good general health, with a BMI of less than 35 kg/m2, who were nonsmokers not taking
any exogenous hormones. All had had at least 6 months and no more than 3 years of
amenorrhea, consistent with menopause. They were being screened for enrollment into the
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Kronos Early Estrogen Prevention Study (KEEPS) [18] and, at the time of screening,
donated an extra tube of blood for future research. This use of the blood specimens was
considered exempt research and was registered with the University of Colorado’s IRB
(COMIRB).

Human serum (100 pl), labeled standards (100 pg in 25 pl methanol) and 5% isopropyl
alcohol in water (175 pul) were pipetted into wells of a 2 ml, 96 square-well plate (Biotage,
Uppsala, Sweden), covered with a 96-square silicone sealing mat (Phenomenex Torrance,
CA), vortexed, placed into a sonication bath with a lead weight on top such that the plate sits
on the bottom of the bath with water up to approximately half the height of the plate, and
then sonicated for 10 min. Preconditioned samples from each well were transferred into a
96-well SLE+ plate (Supported Liquid Extraction, Biotage Isolute SLE+ 400 pl) and
allowed to absorb into the matrix for approximately 5 minutes after a pulse of vacuum to
help penetrate the top frit. The steroids were eluted with 4x400 pl aliquots of
dichloromethane under gravity; following the last addition, a vacuum manifold (Biotage
VacMaster 96) was used for the final elution. The combined eluent was dried down in the
96-well collection plate, resuspended in 100 pl of 40% methanol in water, and injected (90
ul) directly from the 96-well plate for mass spectrometry analysis.

The extraction efficiency was calculated from the recovery of stable isotope standards
before and after the extraction process (Table 1). Our extraction method was constrained by
several important operational parameters: each measurement could not employ more than
100 pl starting serum, applied no derivatization, and the method had to be amenable to high-
throughput conditions. The variables that significantly enhanced our extraction recovery of
estradiol were the use of a supported-liquid-extraction (SLE+, Biotage) step over a liquid-
liquid based approach, the use of a relatively high concentration of internal standard that
also served as a carrier standard, the use of isopropyl alcohol instead of methanol or ethanol
during sample incubation, the use of sonication to increase mixing of the unlabeled and
labeled standards in serum, and the use of multiple dichloromethane solvent elutions instead
of methyl tert-butyl ether, 1:1 ethyl acetate:isooctane, or ethyl acetate. The final extraction
method resulted in sample preparation, extraction, and introduction into the mass
spectrometer all in a 96-well plate format.

Limit of Detection (LOD), Limit of Quantitation (LOQ), and Variability Determination

The LOD for each analyte was determined by measuring the signal to noise (s/n) ratio of our
standards; a s/n of 3 was the minimally accepted value. The limit of quantitation for each
analyte was determined two ways: as a statistical measure from repeated measurements of
the standard curve with less than 20% variability [19], and as a practical determination
spiking known amounts of analytes into serum samples. An increase in signal corresponding
to the added amount of analyte was used to determine this serum limit of quantitation

(sLOQ).

Values for the coefficient of variability were calculated for standards (E3, E1, E2, T, and P4)
at the values used for determination of standard curves (0.1, 0.3, 1.0, 3.0, 10.0, 30.0 and 100
pg/100 pl) with 5 replicate samples prepared for each concentration. The “‘within assay

variability’ was determined as the average of the coefficients of variability at concentrations
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with measured values above the limit of quantitation in this analysis (CoV < 20 %) [19].
These measurements were repeated on three different dates and the ‘between assay
variability’ was determined by averaging measured values for the compounds studied at
each concentration prepared. Coefficients of variability were determined at each
concentration, and these were averaged within the range of values above the limit of
quantitation.

ELISA assays were performed using Siemens and LDN Company (Nordhorn, Germany)
reagents, including standards, on a Siemens Advia Centaur (Erlangen, Germany) per
manufactures’ instructions. The LOQ for the assays are 12-3000 pg/ml (E2, Siemens), 100—
15,000 pg/ml (T, Siemens) and 15-2000 pg/ml (E1, LDN). The inter-assay and intra-assay
coefficients of variation for the ELISA method routinely employed in clinical studies were
as follows: E2 (10.6%, 3.7%), E1 (11.7%, 6.4%), and T (6.2%, 1.6%).

Results and Discussion

We demonstrate the successful development of a high-throughput sample preparation
method coupled to a sensitive mass spectrometry based analytical method. The limit of
detection (LOD) for each compound was determined from the same unlabeled standards
used in our standard curve with a minimum signal-to-noise ratio of 3 on the quantifier mass
transition (Table 1). The limit of quantitation (LOQ) was determined by statistical measures
based on quantities from the standard curve, and by the addition of unlabeled standards to
postmenopausal serum samples with subsequent extraction and quantitation. In this more
realistic determination, the LOQ was determined from detection of the lowest standard
added to serum greater than the standard deviation (data summarized in Table 1). It should
be noted that the negative ion analysis for E1 and E2 had much less chemical/electronic
noise than the positive ion based analysis of T during serum-based LOQ determination
experiments. The LOQ based on statistics from the standard curves for all three is similar
(0.3 pg E1, 1.0 pg E2, 1.0 pg T) when standards are used but differ significantly when serum
is employed for LOQ determination (1 pg/ml E1, 3 pg/ml E2, 30 pg/ml T) . This highlights
the importance of our sSLOQ determination instead of the more commonly utilized charcoal
stripped serum [11, 13] ; matrix can be variable from batch to batch, dramatically affecting
the data acquired, whereas solvent is much more consistent.

The specificity of the mass spectrometry assay derives from directly measuring the analyte
of interest. The isolated precursor ion is collisionally dissociated into diagnostic product ions
in a tandem mass spectrometry experiment. Usually the two most abundant product ions are
used for qualifying and quantifying a compound; sometimes a less abundant product ion is
utilized if the biological matrix has a competing mass transition. The ratio of these two mass
transitions must remain the same between a standard and biological matrix; a difference
indicates the presence of another compound with similar physical properties. The precursor
and product ions of the three steroids quantitated in this assay have been well characterized
[20-26], Supplementary Figure 1). The product ions for progesterone have not been
rigorously pursued but are presumed to be similar to the structures suggested for
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testosterone’s product ions m/z 97 and m/z 109. It should also be noted that the mass
transitions utilized in the mass spectrometry method were also verified in serum to
determine the presence of a competing compound and select an alternate mass transition if
necessary. We determined our LOD and LOQ in serum samples by a standard addition
approach to more accurately reflect serum samples collected for clinical research.

Our method is compatible with measuring estriol and progesterone; however, we
encountered issues with each. The postmenopausal serum samples had no detectable E3
present, consistent with E3 being abundant only during pregnancy [27]. Our method
detected an abundant, serum-specific, unidentified compound with the same elution time
(9.0 minutes) and selected ion transitions chosen for progesterone (nm/z 315.2—97.1 and
109.1). The contaminant was identified because the ratio of the mass transition abundances
observed from the serum samples significantly differed from the mass transitions of the
progesterone standard (Figure 1). Thus, accurate and specific quantitation of progesterone
was not possible. Although we did not further characterize the competing compound, we
were able to make the decision to not quantify endogenous progesterone because the specific
criteria established for this assay were not achieved. This is an important observation
because there are numerous endogenous (e.g. other isobaric steroids and metabolites) and
exogenous small molecules (e.g. prescription drugs and environmental endocrine disruptors)
that could interfere with any assay, whether it is an immunochemical or mass spectrometry
based assay.

Our extraction optimization centered on estradiol and results in high recoveries for the
estrogens and testosterone (96% E2 and E2, 86% E1, 82% T) but was far less efficient with
progesterone (50% P4) (Table 1). Our method was optimized for post-menopausal serum
samples and, of note, did not use charcoal stripped serum; this was done to account for
endogenous contaminants that would not be present in a charcoal stripped serum standard.
We chose a commercially available, single platform, 96-well plate format for sample
preparation, extraction, and instrument injection because it is amenable to automation
facilitating future studies of larger population sizes and/or frequent blood sampling.

We compared our mass spectrometry based method to our in-house state-of-the-art ELISA
assay to demonstrate the validity and capability of our method. We quantitated E1, E2, and
T from previously collected postmenopausal serum samples in quintuplicate (MS) and
duplicate (ELISA) (Table 2). We observed several key differences in quantitation between
the MS and ELISA methods; this discrepancy agrees with previous reports [28]. The mass
spectrometric method was able to detect E2 in all six serum samples but could only
quantitate in three samples above the sLOQ (3 pg/ml). ELISA could only quantitate E2 in
the most abundant sample.

MS and ELISA based methods were able to quantitate E1 in all six samples, however, there
was significant discrepancy in the reported values in that ELISA measurements for Samples
2-5 were at least four times higher than the mass spectrometry values reported.

Some inconsistencies between the MS and ELISA assay were observed for testosterone
measurements. Both assays detected a relatively high level of testosterone in the first
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sample, 423 vs 431 pg/ml. The MS method indicated a similar concentration in serum
samples #2-4 (143 pg/ml, 133 pg/ml, 137 pg/ml) whereas the ELISA method demonstrated
much more variation (100 pg/ml, 130 pg/ml, 218 pg/ml). Serum samples 5 and 6
demonstrated significant discrepancies between the two methods (62 and 63 pg/ml with MS
compared to 18 and 109 pg/ml with ELISA).

The mass spectrometry measurements between serum samples were similar in concentration
for each steroid; estradiol and testosterone measurements from serum sample #1 were higher
than the #2—6 but this was also reflected in the ELISA measurements. In these cases, we
believe the mass spectrometry data to be more accurate because MS directly measures the
analyte of interest and both the quantifier and qualifier transition must be detected in a
specific ratio at the correct HPLC retention times. These simultaneous criteria ensure
specific quantitation of an analyte. None of the postmenopausal women whose serum was
assayed were taking exogenous hormones.

A sampling of current methods reveals a shortcoming in one or more of the requirements we
set forth. Tai et al. [11] developed a NIST (National Institutes of Standards) recognized
method that is very sensitive (0.6 pg), however, it requires derivatization with dansyl
chloride and 3-5 ml of serum. Fiers et al. [13] also developed a sensitive assay (1 pg/ml)
without derivatization but this method consumes 500 pl serum. Ray et al. [20] developed a
sensitive assay to measure free Estradiol but it requires 250 pl serum per measurement, a 22
hour dialysis step and utilizes dansyl chloride derivatization.

The serum samples utilized reflected a small sampling of the postmenopausal population. A
larger number of samples would have provided greater evidence of the repeatability of our
methods and its suitability for high-throughput assessments. The small number of serum
samples nevertheless demonstrates the feasibility of our method. The mass spectrometric
portion of the method is sensitive enough to quantitate E2, E1, and T and generate
meaningful clinical data [2]. The sample preparation method can accommodate up to 96
samples at a time, yielding a preparation method conducive to clinical studies.

The mass spectrometry method proposed was developed centered on the sensitivity and
extraction recovery of estradiol from postmenopausal serum as being paramount to the other
steroids; the low concentrations of estradiol in postmenopausal serum samples necessitated
this approach. The result was a sensitive, reproducible, specific estradiol assay, which is
compatible with estrone, testosterone, and estriol. The exclusion of progesterone, due to the
mass transition ratio discrepancy between the standard and serum sample highlights the
stringent requirements set forth to significantly reduce inaccurate measurements in our mass
spectrometry assay. The use of a 96-well plate greatly expedited sample preparation
compared to other methods considered. The scalable sample preparation method and
sensitive, specific, reproducible mass spectrometry analysis are ideally suited for clinical
research studies requiring quantification of E2, E1 and T in postmenopausal women, aging
men and prepubertal juveniles.
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Abbreviations, in order cited

El estrone

E2 estradiol

T testosterone

pl microliter

LOD limit of detection

LOQ limit of quantitation

sLOQ serum limit of quantitation

ELISA enzyme-linked immunosorbent assay
pg picogram

mi milliliter

E3 estriol

P4 progesterone (pregn-4-ene-3,20-dione)
LC liquid chromatography

MS/MS tandem mass spectrometry

MS mass spectrometry

MRM multiple reaction monitoring

€ extinction coefficient

m/z mass to charge ratio

RCF relative centrifugal force

s/n signal to noise ratio

CoV coefficient of variation

NIST National Institutes of Standards
HPLC high performance liquid chromatography
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Data comparison highlighting the mass spectrometric method’s criteria. A quantifiable
compound (E2) and a compound of interest (P4) with a confounding co-eluting compound
are used as examples to demonstrate the method’s ability to accurately quantitate steroids of
interest. All spectra are from LC-MS/MS MRM of E2 and P4. A Representative spectra
illustrating the two mass transitions for qualifying and quantitating E2 and B the stable
isotope [D4]-E2. C Endogenous E2 in postmenopausal serum at a higher concentration (83
pg/ml) and D at a lower concentration (9 pg/ml). E Representative MRM spectra of mass
transitions used to qualify and quantitate P4 and F [Dg]-P4. G Representative spectra for the

P4 transitions m/z 315—97/109 in serum samples. N

otice the multiple mass transitions that

co-elute with P4 at 9 minutes. The ratio of the two mass transitions was drastically different
than the standards in E and resulted in exclusion of P4 because it could not be differentiated

from the co-eluting compound(s).
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