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LC-MS analysis of estradiol in human serum and
endometrial tissue: Comparison of electrospray
ionization, atmospheric pressure chemical
ionization and atmospheric pressure
photoionization
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Accurate measurement of estradiol (E2) is important in clinical diagnostics and research. High sensitivity methods are critical for
specimens with E2 concentrations at low picomolar levels, such as serum of men, postmenopausal women and children. Achiev-
ing the required assay performance with LC–MS is challenging due to the non-polar structure and low proton affinity of E2.
Previous studies suggest that ionization has a major role for the performance of E2 measurement, but comparisons of different
ionization techniques for the analysis of clinical samples are not available. In this study, female serum and endometrium tissue
samples were used to compare electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI) and atmospheric
pressure photoionization (APPI) in both polarities. APPI was found to have the most potential for E2 analysis, with a quantifica-
tion limit of 1 fmol on-column. APCI and ESI could be employed in negative polarity, although being slightly less sensitive than
APPI. In the presence of biological background, ESI was found to be highly susceptible to ion suppression, while APCI and APPI
were largely unaffected by the sample matrix. Irrespective of the ionization technique, background interferences were observed
when using the multiple reaction monitoring transitions commonly employed for E2 (m/z 271>159; m/z 255> 145). These
unidentified interferences were most severe in serum samples, varied in intensity between ionization techniques and required
efficient chromatographic separation in order to achieve specificity for E2. Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: estradiol; serum; tissue; mass spectrometry; ionization
* Correspondence to: Pekka Keski-Rahkonen, ANZAC Research Institute, University
of Sydney, Sydney, NSW 2139, Australia. E-mail: pekka.keski-rahkonen@sydney.
edu.au

a ANZAC Research Institute, University of Sydney, Sydney, NSW 2139, Australia

b School of Pharmacy, University of Eastern Finland, 70211 Kuopio, Finland

c Department of Physiology, Institute of Biomedicine, University of Turku, 20520
Turku, Finland

d Department of Obstetrics and Gynecology, Turku University Hospital, 20520
Turku, Finland

e Cawthron Institute, Nelson 7010, New Zealand

f Turku Center for Disease Modeling, University of Turku, 20520 Turku, Finland
Introduction

Measurement of circulating estradiol (E2) is crucial to understand-
ing human biology and health. Various immunoassays have been
used for decades,[1] but due to the growing evidence of non-
specificity and method-specific bias of direct (unextracted), auto-
mated immunoassays,[2–8] there is increasing interest in methods
based on mass spectrometry. In recent years, several LC–MS/MS
assays have been described in the literature.[9–13] However, despite
the improved specificity, it has been difficult with LC–MS tech-
nique to achieve the level of sensitivity required for the analysis
of E2 at low picomolar concentrations. This represents the circulating
E2 level where the LC–MS assays would be most useful (serum from
children, men, postmenopausal women, postmenopausal breast
cancer patients on aromatase inhibitor treatment).[8,14–17] Even if E2
concentrations are higher in the serum of premenopausal adult
females, they are, except at ovulation and in pregnancy, still below
200 pM (55pg/ml),[14,18] which requires considerable assay
sensitivity. In a recently published position statement of the Endo-
crine Society,[19] low levels of E2 in clinical samples were presented
as a major analytical challenge, outlining the need for new methods
capable of accurately and precisely measuring E2 in the range 0.7 to
7 pM (0.2–2pg/ml) in routine clinical specimens.
J. Mass Spectrom. 2013, 48, 1050–1058
To maximize the LC–MS assay sensitivity for E2 analysis,
various approaches have been described. Sample preparation
and LC separation of steroids in biofluids such as serum or
plasma are reasonably well established, but the most efficient
ionization technique for E2 is still to be determined. E2 can be
ionized with all the common commercially available ionization
Copyright © 2013 John Wiley & Sons, Ltd.
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techniques, and there are papers describing the use of
electrospray ionization (ESI) in positive polarity,[13,20,21] negative
polarity,[10,22,23] atmospheric pressure chemical ionization (APCI) in
positive,[24,25] negative[11,26] and atmospheric pressure photoioni-
zation (APPI) in positive[9,27] and negative polarity.[12]

Derivatization of E2 has also been described for improved ion-
ization efficiency in positive polarity, most often using dansyl
chloride.[14,28–31] However, many laboratories see derivatization
as an added complexity and a risk for assay robustness and there-
fore deliberately avoid it.[10,12,18,23] Interestingly, two recent pa-
pers that describe E2 analysis from human serum report
comparable sensitivity with lower limits of quantification (LLOQ)
around 2 pM or 0.5 pg/ml with positive ESI after dansylation,[32]

and negative ESI without derivatization,[23] using an identical
mass spectrometer (AB Sciex TripleQuad 5500). Hence, it appears
that although dansylation can be used to increase the ionization
efficiency of E2, with suitable instrumentation and methods, it
may not be necessary for the majority of routine analyses.

Overall, measuring E2 from clinical samples requires very high
assay sensitivity, particularly for the samples with low E2 levels.
Sensitivity is largely related to the mass spectrometer in use,
but based on the published methods, it appears that the ioniza-
tion technique and ion polarity both contribute significantly
through the differences in ionization efficiency and susceptibility
to matrix effects (MEs). For laboratories developing methods for
E2 analysis, achieving the required assay performance, most
preferably without derivatization, is of great interest. However,
based on the published methods, it is difficult to compare the
merits of the different ionization techniques available for bench-
top mass spectrometers. Much of the published work is related to
waste water and other environmental analyses, and the few
comparisons between LC–MS ionization techniques for E2 have
been performed using standard solutions.[11,33–38]

The objective of this study was to compare ESI, APCI and
APPI in both polarities for the analysis of underivatized E2 in
extracts of human serum and endometrial tissue with regard
to sensitivity of measurement and matrix interferences. By
using a conventional LC–MS setup consisting of a reversed
phase column and a high-sensitivity triple quadrupole MS, all
the ionization modes were optimized, and their performance
evaluated using E2 standard solutions, female serum and endo-
metrium homogenate. Emphasis was laid on quantification of
the MEs, comparing the susceptibility of the ionization tech-
niques to background interferences, and evaluating the speci-
ficity of the multiple reaction monitoring (MRM) transitions.
Of particular interest was the performance of APPI against
more common ESI and APCI.
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Experimental

Materials, reagents and equipment

17β-estradiol (E2) was from Steraloids (Newport, RI) and the
internal standard (IS) d4-estradiol (17β-estradiol-2,4,16,16-d4)
from Cambridge Isotope Laboratories (Andover, MA). HPLC grade
methanol, toluene, acetonitrile and A.R grade methyl tert-butyl
ether (MTBE) were from RCI LabScan (Bangkok, Thailand). LC–MS
grade formic acid, 5M ammonium hydroxide solution, ammo-
nium formate and ammonium acetatewere from Sigma (Sigma–Al-
drich, St. Louis, MO). Phosphate buffered saline (PBS; NaCl 8 g/l, KCl
0.2 g/l, Na2HPO4 1.44 g/l, KH2PO4 0.24 g/l, pH7.4 with HCl) was pre-
pared in-house. Water was purified using a Milli-Q Academic/
J. Mass Spectrom. 2013, 48, 1050–1058 Copyright © 2013 John
Quantum EX system (Millipore, Milford, MA). A Mettler AE163
analytical balance was used for the E2 standard and tissue
sample weighing (Mettler-Toledo, Greifensee, Switzerland).
Tissue samples were homogenized using a Polytron PT2100
dispenser with a 12mm tip (Kinematica AG, Luzern, Switzerland).
Liquid–liquid extractions were performed in 2ml glass
autosampler vials using caps with PTFE lined silicone septa
(Agilent Technologies, Palo Alto, CA) and an SMI multitube
vortexer (American Dade, American hospital supply corp. Miami,
FL). All subsequent sample preparation steps were performed in
1.5ml conical-bottomed glass vials (Agilent Technologies).

LC instrumentation and conditions

A Shimadzu Prominence HPLC system was used and consisted
of a DGU-20A5 degasser, three LC-20 AD pumps, a SIL-20AT HC
autosampler and a CTO-20A column oven (Shimadzu Scientific
Instruments, Kyoto, Japan). The column was an Agilent
Poroshell 120 SB-C18 (2.1 × 50mm; 2.7μm) with 0.3μm in-line
filter (Agilent Technologies). For the determination of LLOQs
with standard solutions, column temperature was 40 °C,
injection volume 20μl, and mobile phase of 70% methanol/wa-
ter, containing 0.1% (v/v) of formic acid for positive ESI and
2.5mM ammonium hydroxide for negative ESI. APCI and APPI
were used without mobile phase additions. For serum and tis-
sue samples, a following gradient was employed (A: water, B:
methanol): 0–1min: 20% B, 1–8min: 20> 70% B, 8–10min:
70% B, 10–12min: 100% B, 12–16min: 20% B. Flow rate was
0.3ml/min, injection volume 40μl and same mobile phase
additions were used as for the isocratic separations. A flow-line
selection valve was used to divert the eluent to waste during
0–7min and 11–16min. For all experiments with APPI,
toluene was used as a dopant solvent, delivered with an LC-
20 AD pump with a flow rate 10% of that of the mobile phase.

MS instrumentation and conditions

An API 5000 triple quadrupole MSwas used with Turbo V (ESI, APCI)
and PhotoSpray (APPI) ion sources (AB Sciex, Toronto, Canada). The
APPI lamp was a DC-driven 10.0 eV krypton discharge lamp model
PKS100 from Heraeus (Hanau, Germany). Nitrogen was employed
as ion source, curtain and collision gas (Peak NM20ZL, Peak Scien-
tific, Inchinnan, UK). For the precursor ion selection and optimiza-
tion of the MS parameters, 5μM solution of E2 in methanol was
infused post-column into the mobile phase (70% methanol/water).
The E2 infusion flow rate was kept at 5% of the mobile phase flow.
Precursor and product ion selection was based on ion intensity.
After establishing the MRM conditions, further optimization of
the ion source parameters and the mobile phase flow rate was
made with on-column injections, which enabled signal-to-noise
(S/N) calculations. MS parameters not related to ionization were
optimized and kept identical for each MRM transition. Both
quadrupoles were set at unit resolution, cycle time was 250ms
and no signal thresholding was applied. Data acquisition and
processing were performed with AB Sciex Analyst 1.5.2 software.
The MRM transitions and more detailed instrument settings are
described in Table 1.

Standard solutions and samples

A stock solution of E2 (5mM) was prepared in methanol and
further diluted to 5μM, from which a series of standard solutions
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms

1



Table 1. Optimized mass spectrometric conditions for estradiol analysis

+ESI �ESI +APCI �APCI +APPI �APPI

Precursor ion [M+H]+ [M � H]� [M+H � H2O]
+ [M � H]� [M+H � H2O]

+ [M � H]�

MRM E2 273.2> 107.0 271.2> 145.1 255.3> 159.2 271.2> 145.1 255.3> 159.2 271.2> 145.1

MRM d4-E2 277.2> 108.0 275.2> 147.1 259.3> 161.2 275.2> 147.1 259.3> 161.2 275.2> 147.1

X/Y-positiona 6/5mm 6/5mm 13/5mm 13/5mm 10/3.5 mmb 10/3.5 mmb

Curtain Gas flow 20 15 20 20 16 15

Ion Source Gas 1 35 35 30 25 40 36

Ion Source Gas 2 35 35 na na 35 35

Ion Spray 4500 V �4500 V na na 620 V �670 V

Temperature 450 °C 450 °C 450 °C 450 °C 400 °C 400 °C

Nebulizer Current na na 2 �5 na na

CAD Gas 5 5 5 5 5 5

Declustering Potential 85 �110 70 �110 70 �110

Entrance Potential 9 �9 9 �9 9 �9

Collision Energy 37 �55 25 �55 25 �55

Collision Cell Exit Potential 22 �15 26 �15 26 �15

aPosition of the ion source nebulizer/vaporizer adjustment screws; X = height, Y = sideways movement
bAPPI lamp at its highest position

na = not applicable

Figure 1. Structures and monoisotopic masses of estradiol and the
internal standard d4-estradiol.
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with concentrations of 0.025, 0.05, 0.10, 0.20, 0.50, 2.5, 5.0, 10.0
and 50.0 nM were made by diluting with 50% (v/v) methanol.
The IS solution was prepared similarly and diluted with 50%
methanol to a final concentration of 9 nM.
Serum and tissue samples were from a clinical study

described earlier,[39,40] approved by the Joint Ethics Committee
of Turku University and Turku University Hospital, Turku,
Finland. The serum samples were initially stored at �20 °C and
the tissue samples in liquid nitrogen. Samples were transported
between the participating centers in dry ice and stored at �70 °
C until analysis. A serum pool was prepared by mixing samples
from 23 females in secretory phase, proliferative phase or on
hormonal contraception and frozen at �70 °C. For tissue sample
pool, endometrium samples from four females in proliferative
phase were weighed, combined and homogenized in a sterile
polypropylene centrifuge tube using ice cold PBS solution,
based on buffer/tissue ratio of 700 μl/100mg. Samples were
kept cold during the process with a sodium chloride ice bath
and the homogenate was immediately frozen at �70 °C. Con-
centration of E2 in both serum and tissue pools were deter-
mined with a previously described method[12] and were 299
wileyonlinelibrary.com/journal/jms Copyright © 2013 Joh
pM (81 pg/ml) for serum and 580 pM (158 pg/ml) for the endo-
metrium homogenate.

Sample preparation was performed using liquid–liquid
extraction with MTBE as described earlier.[41] In short, 150 μl
of serum or tissue homogenate was added into a 2ml vial
and extracted with 1ml of MTBE. The organic layer was then
transferred into another vial, evaporated to dryness and
reconstituted in the IS solution, which was injected for analy-
sis. Samples without biological background were prepared
similarly, only substituting the biological matrix with PBS
solution that contained 333 pM (91 pg/ml) of E2. A zero sample
was prepared by extracting unspiked PBS.
Performance comparisons

Determination of the LLOQs was adapted from the procedure
described in the FDA guidance for bioanalytical method valida-
tion.[42] Mean response (peak area) of five injections at each
concentration level was used for constructing calibration curves
with linear fit and 1/x weighting. The LLOQ was then defined as
the lowest concentration analyzed with a precision (CV) less than
20%, and accuracy of 80–120% as back-calculated from the
calibration curve. The absence of E2 carry-over was ensured by
analyzing 50% methanol before the standards.

All serum, tissue and PBS samples were prepared in triplicate,
with mean values for peak area, S/N and ME calculated. The S/N
ratios were based on manually selected, representative noise
region of 30–60 s before the analyte peak. A three-point smooth-
ing was applied to all chromatographic data. The MEs
attributable to serum and tissue were determined by comparing
the mean peak areas of the IS in the extracts of biological
samples and PBS, according to the equation ME(%) = (B/A�1) ×
100, where A is the peak area of IS in PBS, and B the peak area
in the biological sample. Zero samples were injected before
serum and tissue samples to ensure the absence of E2 carry-over
or contamination.
n Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1050–1058



Table 2. Performance characteristics of the studied ionization techniques

+ESI �ESI +APCI �APCI +APPI �APPI

LLOQa 50 fmol (2.5 nM) 2 fmol (0.1 nM) 4 fmol (0.2 nM) 2 fmol (0.1 nM) 2 fmol (0.1 nM) 1 fmol (0.05 nM)

Linear range 50–1000 fmol 2–1000 fmol 4–1000 fmol 2–1000 fmol 2–1000 fmol 1–1000 fmol

Slope of the calibration curve 3190x 10 400x 31 500x 8770x 85 300x 16 800x

Intercept �3340 +139 +275 +115 +1650 �83.8

Background noise level 1000 cps 30 cps 5500 cps 100 cps 2000 cps 20 cps

Peak height for 50 fmol of E2b 656 cps 2839 cps 17 525 cps 4679 cps 31 186 cps 6957 cps

Peak S/N for 50 fmol of E2b 10 280 150 375 252 985

LC flow rate 0.2ml/min 0.2ml/min 0.4ml/min 0.4ml/min 0.2ml/min 0.3ml/min

aMolar amount of E2 injected on-column. Concentration of the solution (in 20μl injection volume) is in parentheses.
bMean values of five injections (2.5 nM standard solution, 20μl injection volume).

LLOQ= lower limit of quantification

cps = counts per second

Comparison of ESI, APCI and APPI for E2 analysis
Results and discussion

Optimization of ESI

E2 was well suited for reversed phase chromatography without
any mobile phase additions. However, to enhance its ionization
in positive polarity ESI, the effect of 0.01 to 0.1% (v/v) formic
acid and 1 to 10mM ammonium acetate was studied. A formic
acid concentration of 0.1% resulted in the strongest response
with [M+H]+ (m/z 273) as the selected precursor ion. Ammo-
nium acetate in any concentration decreased the intensity of
the [M+H]+ ion. Methanol and acetonitrile gave similar
response when the amount of solvent in the mobile phase
was adjusted for identical retention times. Loss of water
[M +H � H2O]

+ (m/z 255) was abundant and increased with
the ion source temperature. In our earlier experiments with an
Agilent 6410 MS with a conventional ESI source, the m/z 255
was much less abundant, suggesting thermal dissociation of
E2 in the Turbo V source. No adducts or cluster ions were
observed, irrespective to the mobile phase or source conditions.
Recently, Yuan et al. used lithium adducts to improve the ioniza-
tion of 25-hydroxyvitamin D, also a compound with weak pro-
ton affinity with some structural similarity to E2.[43] However,
adding 0.5mM lithium acetate in the mobile phase as described
by Yuan et al. did not result in the formation of lithium adducts
Table 3. Comparison of ionization techniques employed for the analysis o

Serum

Area S/N ME

+ESI 0 0 �25.1%

�ESI 3441 20 �49.6%

+APCI 32 421 16 5.5%

�APCI 8847 35 9.0%

+APPI 56 667 42 4.4%

�APPI 11 673 36 1.4%

Area =Mean area of the chromatographic peak of E2 (n=3)

S/N=Mean signal-to-noise ratio of the chromatographic peak of E2 (n=3)

ME=Matrix effect (mean, n=3). For ME calculations, see Experimental> Pe

J. Mass Spectrom. 2013, 48, 1050–1058 Copyright © 2013 John
of E2. The effect of mobile phase flow rate was also studied and
was optimum at around 0.2ml/min.

In negative ESI, the [M � H]� ion was observed as a base peak
(m/z 271), with reduced ion intensity in the presence of formic
acid or ammonium acetate. Since the pKa value of E2 is 10.7,[44]

adjusting the eluent pH with a volatile base to facilitate the
deprotonation of E2 was studied. Indeed, adding ammonium
hydroxide (1.25–5mM) increased the [M � H]� ion intensity, with
2.5mM being the optimum concentration. This resulted in
fourfold increase in the chromatographic peak height and
doubled the S/N ratio when compared with pure methanol/wa-
ter. The mobile phase flow rate was optimum between 0.2 and
0.4ml/min.
Optimization of APCI

With positive APCI, the main ion attributable to E2 was m/z 255,
suggesting a complete loss of water. Since the IS (Estradiol-
2,4,16,16-d4) was always observed at m/z 259, i.e. all the
deuterium atoms were preserved during the fragmentation,
the reaction most likely proceeds through protonation of the
hydroxyl group at carbon 17 (Fig. 1) and elimination of the
resulting water molecule, which leaves the analyte as a
carbocation. For E2, a less abundant ion m/z 271 was also
f endogenous estradiol in serum and endometrium tissue homogenate

Tissue

Area S/N ME

0 0 �3.1%

6766 65 �22.4%

74 619 63 0.9%

21 456 182 12.7%

70 473 230 �3.7%

18 313 380 4.0%

rformance comparisons

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms

1
0
5
3



Figure 2. Representative ESI MRM chromatograms of estradiol (E2) and internal standard d4-E2 (IS) in extracted buffer solution, female serum
and endometrium tissue homogenate. Analyte peaks highlighted where detectable. E2 concentration in buffer 333 pM (91pg/ml), serum 299 pM
(81pg/ml) and tissue homogenate 580 pM (158pg/ml). IS concentration in all samples 9 nM (2.5ng/ml).

P. Keski-Rahkonen et al.

1
0
5
4

observed, which corresponds to [M � 1]�. This ion has previously
been reported by Kauppila et al.[33] and may be a result of
hydride abstraction or a loss of H2 from [M+H]+. Additional
fragmentation of E2 was also evident, suggested by the
presence of an ionm/z 159, which was later found to be the main
collisional product ion of E2. Infusion experiments showed
increasing signal up to 0.4ml/min mobile phase flow rate.
In negative mode, the principal ion was [M � H]� (m/z 271),

with no evidence of in-source fragmentation. The ion intensity
increased slightly with a mobile phase flow rate up to 0.6ml/
min. However, with injections on-column, better S/N ratio was
realized with a flow rate of 0.4ml/min. To achieve maximum
wileyonlinelibrary.com/journal/jms Copyright © 2013 Joh
analyte response in APCI, careful centering of the rotating
corona needle was needed, and the vertical position of the
ion source probe had to be set higher than with ESI (Table 1).
For APCI, no mobile phase additions were made, and methanol
was selected over acetonitrile due to its better suitability for the
ionization process.[45]

Optimization of APPI

With positive APPI, in-source fragmentation was again evident in
the form of ions m/z 255 and m/z 159, and was slightly stronger
than with APCI. The main ion attributable to E2 was m/z 255,
n Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1050–1058



Figure 3. Representative APCI MRM chromatograms of estradiol (E2) and internal standard d4-E2 (IS) in extracted buffer solution, female serum and
endometrium tissue homogenate. Analyte peaks highlighted where detectable. E2 concentration in buffer 333 pM (91pg/ml), serum 299 pM (81pg/ml)
and tissue homogenate 580 pM (158pg/ml). IS concentration in all samples 9 nM (2.5ng/ml).
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and similarly to positive APCI, [M � 1]� (m/z 271) was also
observed. Ionization of E2 was achieved without any dopant,
but using toluene resulted in tenfold increase in the intensity
of the ion m/z 255. The percentage of dopant relative to the
mobile phase flow was optimum at 10%, when experimented
between 5 and 15%. Similar results have been reported in
previous studies, and in comparison with other common dop-
ants, namely acetone and anisole, toluene appears to be most
favorable for E2 ionization.[36,38] In positive polarity, highest ion-
ization efficiency was achieved with mobile phase flow rate
between 0.2 and 0.3ml/min.

In negative polarity, the principal ion was [M � H]� (m/z 271).
This ion also could be generated without dopant, but a tenfold
J. Mass Spectrom. 2013, 48, 1050–1058 Copyright © 2013 John
improvement in intensity was again realized when toluene was
added with 10% flow rate. No signs of in-source fragmentation
were observed. The optimummobile phase flow rate for negative
APPI was slightly higher than with positive polarity, between 0.3
and 0.4ml/min. For both polarities, the use of methanol in the
mobile phase resulted in much more efficient ionization as
compared with the use of acetonitrile, also in agreement with
previous studies.[35,36]

Comparison of the ionization techniques

After establishing the optimized MS/MS conditions (Table 1),
quantification limits were determined. Sensitivity was poor with
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Figure 4. Representative APPI MRM chromatograms of estradiol (E2) and internal standard d4-E2 (IS) in extracted buffer solution, female serum and
endometrium tissue homogenate. Analyte peaks highlighted where detectable. E2 concentration in buffer 333 pM (91pg/ml), serum 299 pM (81pg/ml)
and tissue homogenate 580 pM (158pg/ml). IS concentration in all samples 9 nM (2.5ng/ml).
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positive ESI, with an LLOQ of 50 fmol (Table 2). ESI was much
more efficient in negative polarity with remarkably low back-
ground noise and resulted in an LLOQ of 2 fmol. Positive APCI
produced much greater response for E2 than ESI, although with
high background that had an effect on the LLOQ (4 fmol).
Negative APCI resulted in an LLOQ that was comparable with
negative ESI, having slightly higher background noise level, but
greater S/N ratio. APPI in positive polarity resulted in particularly
strong response (Table 2). Yet, due to its high background, the
LLOQ of positive APPI was identical with negative-mode ESI
and APCI. In negative polarity, the response of APPI was notice-
ably weaker, but due to a significantly low background and
strong S/N ratio, it resulted in the LLOQ of 1 fmol.
wileyonlinelibrary.com/journal/jms Copyright © 2013 Joh
It is interesting to note that in some publications that compare
API ion sources for E2 analysis, positive APPI is preferred over
any other technique,[34,36,38] and that in these studies the APPI
is of Syagen PhotoMate type, which differs slightly in design
from the PhotoSpray used in AB Sciex mass spectrometers. In
the present study, however, negative APPI produced highest
sensitivity, although the differences were small between nega-
tive ESI, APCI and APPI. The fact that all the ionization tech-
niques except positive ESI had LLOQs between 1 and 4 fmol
(50–200 pM in 20 μl injection volumes) likely explains the vari-
ety of approaches to E2 ionization described in the literature.

To compare the performance of the ionization techniques in
the presence of biological background, human serum and tissue
n Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1050–1058
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samples were analyzed. Since the fast isocratic conditions used
for the LLOQ experiments were not feasible for the samples
due to the presence of strong ion suppression and background
interferences at the beginning of the run, gradient elution was
employed. The mobile phase composition at the retention time
of E2 was kept identical to that in the LLOQ experiments (70%
methanol) with an isocratic phase of the gradient, and a flow rate
of 0.3ml/min was used. To determine the effect of adjusting the
flow rate from the optimum values found earlier, mean S/N ratios
of E2 were compared. The decrease in the S/N was always less
than 10%, which was considered acceptable.

As can be seen in the Table 3 and Fig. 2, analysis of the biolog-
ical samples revealed the well-known susceptibility of ESI to ion
suppression.[46,47] This was particularly strong for the serum
samples and negative polarity, despite the relatively clean sam-
ple extracts and a long gradient elution. To retain the sensitivity
of negative polarity ESI, further efforts in sample preparation
and chromatography would be needed. Positive ESI was less
prone to ion suppression, but endogenous E2 remained
undetectable in both serum and tissue as already suggested by
the results of the LLOQ experiments. APCI and APPI in both
polarities exhibited better performance than negative ESI. For
serum samples, APPI was superior to APCI in both absolute peak
area and S/N ratio (Table 3), and although APCI resulted in
comparable peak areas for the endogenous E2 in tissue, much
greater S/N was achieved with APPI. Overall, it appears that APPI
is particularly suitable for E2 analysis, being unaffected by the
presence of substances that cause ion suppression for ESI, and
offering the choice of low background or high response in nega-
tive and positive polarity, respectively. Especially with serum, the
lower background level of positive APPI has an advantage over
positive APCI (Figs. 3 and 4).

Irrespective of the ionization technique, however, it was clear
that the commonly used MRM transitions (m/z 255> 159; m/z
271> 145) were not specific for E2. As can be seen in the chro-
matograms in Figs. 2–4, baseline separation of E2 from the late
eluting interfering substances could be achieved, but with the
employed column, this resulted in considerably long run times.
In positive polarity APCI and APPI, the interferences in serum
were apparent and could be used to assist in developing the
chromatographic separation. However, in negative polarity for
serum and positive polarity for tissue homogenate, co-elution
of the interferences could have easily left unnoticed due to their
small size (Figs. 3 and 4).

The effect of the sample matrix on the background of the
chromatograms was also clearly evident. The chromatograms of
tissue samples remained comparable to a standard solution in
buffer (Figs. 2–4), whereas serum samples exhibited elevated, un-
stable backgrounds with all the ionization techniques, requiring
efficient chromatographic separation of E2 to avoid integration
issues. These results underline the importance of developing
and validating the assay with the specific biological matrix,
especially if surrogate standards are used for the calibration.[48]

In summary, the results obtained with both pure E2 standard
and the biological samples suggest that APPI is superior to the
other studied ionization techniques for the analysis of E2. Nega-
tive ESI was capable of efficient ionization of E2, but was strongly
affected by the sample matrix, making APCI and APPI more favor-
able options. In comparison with APCI, APPI exhibited lower
background levels and better S/N characteristics, especially in
positive polarity. With all the ionization techniques, negative
polarity produced lower analyte response, but also minimized
J. Mass Spectrom. 2013, 48, 1050–1058 Copyright © 2013 John
the background and the abundance of the interfering com-
pounds. Moreover, in negative polarity, all the ionization tech-
niques could be operated at higher mobile phase flow rates
without compromising sensitivity, which may be utilized to
compensate the relatively long elution times necessary to obtain
chromatographic specificity for E2.
Conclusions

The feasibility of the common LC–MS ionization techniques ESI,
APCI and APPI was studied for the analysis of E2 in extracts of
female human serum and endometrial tissue. When no biological
background was present, APPI in negative polarity with toluene
as a dopant solvent was found to produce highest sensitivity.
However, all the other techniques, except ESI in positive polarity,
exhibited LLOQs close to the negative APPI. When endogenous
E2 in extracts of serum and tissue homogenate was analyzed,
ESI was found to suffer from severe ion suppression, particularly
in negative polarity, whereas ionization efficiency of APPI and
APCI was largely unaffected by the biological matrix. The greatest
response in both serum and tissue was achieved with APPI. The
results indicate that for the analysis of E2 in the studied clinical
samples, APPI has most potential and can be successful used in
both polarities. An additional important finding of this study
was the identification of the presence of various background
interferences at the commonly used MRM transitions of E2. Par-
ticularly abundant in serum samples, and present with all the
ionization techniques, late eluting interfering sample coextratives
were found to pose a serious threat to the specificity of the E2
assay unless chromatographically resolved from the target analyte.
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