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a b s t r a c t

The group of compounds commonly called endocrine disruptors covers a wide range of synthetic and nat-
ural substances able to alter the normal hormone function of wildlife and humans, consequently causing
adverse health effects. Bisphenol A (BPA) and its chlorinated derivatives are some of these compounds.
In this work, we propose a new liquid chromatography–tandem mass spectrometry (LC–MS/MS) method
to determine these compounds in human placental tissue samples. The method involves an extraction
phase of the extracts from the samples using ethyl acetate, followed by a clean-up phase by centrifuga-
tion prior to their quantification by LC–MS/MS using an atmospheric pressure chemical ionization (APCI)
interface in the negative mode. Deuterated Bisphenol A (BPA-d ) was used as internal standard. Found
iquid chromatography–tandem mass

pectrometry (LC–MS/MS)
lacental tissue analysis

16

detection limits (DL) ranged from 0.2 to 0.6 ng g−1 and quantification limits (QL) from 0.5 to 2.0 ng g−1

for Bisphenol A and its chlorinated derivatives, while inter- and intra-day variability was under 8.1%. The
method was validated using standard addition calibration and a spike recovery assay. Recovery rates for
spiked samples ranged from 97% to 105%. This method was satisfactorily applied to the determination of
BPA and its chlorinated derivatives in 49 placental tissue samples collected from women who live in the

in).
province of Granada (Spa

. Introduction

It is well known that about 100 of industrial chemicals have
strogenic activity in addition to their desired chemical properties.
ost of these compounds, commonly called endocrine disrupting

hemicals (EDCs), are organic compounds widely used, which are
biquitous in the environment and in biological samples [1–3]. The
ain effect of these compounds is associated with their capability

o mimic or block the action of natural hormones in living organ-
sms, including humans. Estrogen mimics have been perhaps the

ost studied of all types of EDCs and the ones to capture much
f the public’s attention as a public health issue. Many researchers
ypothesize that exposure to these endocrine disruptors during
ritical periods of development – in utero or early postnatal life –
ould cause morphologic and functional alterations in wildlife and

umans affecting growth, reproduction and development [4–6]. It
as also been postulated that EDCs accumulate in certain human
issues and their effects might pass to the offspring via the placenta
nd/or breast milk [7].
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oi:10.1016/j.jchromb.2010.10.021
© 2010 Elsevier B.V. All rights reserved.

One of the representative compounds of the EDCs group is BPA.
BPA is a compound with high reactivity and is the raw material used
in a large amount of manufactured products, such as polycarbonate
plastics, epoxy resins used to line metal cans, and in many plastic
consumer products including toys, water pipes, drinking contain-
ers, eyeglass lenses, sports safety equipment, dental monomers,
medical equipment and tubing and consumer electronics [8]. BPA
is one of the highest volume chemicals produced worldwide, with
an estimated production of 3.9 million tons in 2006 [10] and over
100 tons released into the atmosphere from its annual production
[9]. When BPA is present in treated waters, it may react with resid-
ual chlorine originally used as a disinfectant, producing chlorinated
BPA derivatives depending on the pH of the medium [11]. Polychlo-
rinated BPA has been recently identified and biodegradation test
using activated sludge revealed that it is not easily biodegraded
[12], in this sense, chlorinated BPA derivatives are more cytotoxic
than BPA [13] and all of them show estrogenic activity [14].

Estrogenic activity of BPA was first reported in 1993 [15]. BPA

affinity for estrogen receptors is 10,000 to 100,000 fold weaker than
that of estradiol, so it has been considered a very weak environmen-
tal estrogen. Recent in vitro studies have shown that BPA effects
are mediated by both genomic and epigenomic estrogen-response
mechanisms, with the disruption of the cell function occurring at

dx.doi.org/10.1016/j.jchromb.2010.10.021
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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3 mato

d
c
t
b
n
c
f
s
s
e
(
f
5
c
s

b
t
e
A
a
m
u
t
s
a
i

f
d
h
p
a
o
p
p
e
p
t
s
t
n
h
d
t
a
r
w

2

2

W
M
B
M
C

p
t
p

c

364 I. Jiménez-Díaz et al. / J. Chro

oses as low as 1 pM (0.23 ng L−1) [16]. Some reports also indi-
ate the potential of BPA to disrupt thyroid hormone action [17],
o cause proliferation of human prostate cancer cells [18] and to
lock testosterone synthesis [19] at very low doses. This extensive
ew literature concerning low-dose effects of BPA has given rise to
ontroversy about the BPA limit values set by regulatory agencies
or consumer health protection and a new risk assessment has been
trongly recommended [16]. Currently, the Tolerable Daily Intake
et by the European Union (EU) Commission [20] and the refer-
nce dose established by the US Environmental Protection Agency
EPA) [21] is 0.05 mg BPA kg−1 body weight/day. This value derived
rom the accepted overall Non-Observed-Adverse-Effect Level of
mg kg−1. Similarly, a specific migration limit for BPA from food
ontact plastic materials of 600 ng g−1 was set by the EU Commis-
ion in 2004 [22].

Although air, dust or water (including skin contact during
athing and swimming) are possible sources of exposure to BPA,
he most important source is through the diet, BPA in food and bev-
rages accounts for the majority of daily human exposure [23–25].
fter ingestion, the majority of BPA is quickly bound to glucuronic
cid to produce BPA-glucuronide [24]. Glucuronidation makes BPA
ore soluble in water and, therefore, easier to eliminate in the

rine. To a lesser extent, unconjugated BPA (commonly referred
o as “free” BPA) is converted to other metabolites, primarily BPA
ulphate, as well easier to eliminate in the urine. Although free BPA
nd its metabolites can all be measured in humans, only free BPA
s considered to be biologically active.

The aim of this work is to develop a sensitive LC–MS/MS method
or the simultaneous determination of free BPA and its chlorinated
erivatives in placental tissue samples. In the last years, LC–MS/MS
as been quite used for the determination of BPA and related com-
ounds in different environmental matrices [26,27], food samples
s milk or infant formulas [28,29] and biological samples as urine
r serum [30–32]. However, to our knowledge, there is not much
ublished literature on BPA determination in placental tissue sam-
les. The most relevant work is the one proposed by Schönfelder
t al. [33] that involves the extraction of analyte from the sam-
les using ethyl acetate, followed by a derivatization step prior
o the gas chromatography–mass spectrometry (GC–MS) analy-
is. Our proposed method shows some advantages compared to
he Schönfelder method. First, we propose the determination of
ot only BPA but also of its chlorinated derivatives; on the other
and, we leave out the derivatization phase and finally, we intro-
uce MS/MS detection to confirm unequivocally the presence of
he compounds in the analyzed samples. The method was validated
nd satisfactorily applied to the determination of BPA and its chlo-
inated derivatives in 49 placental tissue samples collected from
omen who live in the province of Granada (Spain).

. Experimental

.1. Chemical and reagents

All reagents were analytical grade unless otherwise specified.
ater was purified using a Milli-Q system from Millipore (Bedford,
A, USA). Bisphenol A (BPA), tetrachlorobisphenol A (Cl4-BPA) and

isphenol A-d16 were supplied by Sigma–Aldrich (Madrid, Spain).
onochloro, dichloro and trichloro bisphenol A (Cl-BPA, Cl2-BPA,

l3-BPA) were synthesized in our laboratory [34].
Stock standard solutions (100 mg L−1) for each compound were
repared in methanol and stored at 4 ◦C in the dark. These solu-
ions were stable for at least four months. Working standards were
repared just before use, diluted with methanol.

Methanol and acetonitrile (both HPLC-grade) were pur-
hased from Merck (Darmstadt, Germany) and analytical-grade
gr. B 878 (2010) 3363–3369

ethyl acetate from Riedel-de-Haën (Madrid, Spain). LC–MS
grade methanol, water and ammonia were purchased from
Sigma–Aldrich (Madrid, Spain). Formic acid (98%) and sodium chlo-
ride were supplied by Panreac (Barcelona, Spain).

Before the injection into the LC system, the samples were filtered
through 0.20 �m, 4 mm diameter non sterile regenerated cellulose
filters supplied by Sartorius (Goettingen, Germany).

2.2. Instrumentation and software

Analyses were performed using an Agilent 1200 series (Agi-
lent Technologies Inc., Palo Alto, CA, USA) high-performance
liquid chromatograph equipped with an binary pump, a vacuum
membrane degasser, a thermostated column compartment, an
automatic autosampler, an automatic injector and connected “on
line” to an API 2000 (Applied Biosystems, Foster City, CA, USA)
triple quadrupole mass spectrometer system that can use either
atmospheric pressure chemical ionization (APCI) or electrospray
ionization (ESI) interfaces. Analyst software version 1.4.2 was used
for instrument control and for data acquisition and analysis.

All pH measurements were made with a Crison (Crison Instru-
ments S.A, Barcelona, Spain) combined glass-Ag/AgCl (KCl 3 M)
electrode using a previously calibrated Crison 2000 digital pH-
meter. A Branson digital sonifier (Danbury, CT, USA), a Hettich
Universal 32 centrifuge (Tuttlingen, Germany) and a vortex-mixer
(Yellow line, Wilmington, NC, USA) were also used.

Statgraphics Centurion XV, version 15.1.02 software package
[35] was used for statistical and regression analysis (linear mode).

2.3. Sample collection and storage

Placenta samples were collected during the different deliveries
in the Maternity Unit of San Cecilio University Hospital of Granada
(Spain). Each placenta was accurately examined and weighed, then
a triangular portion, that included maternal and fetal sides as well
as central and peripheral parts, was taken. Each portion was frag-
mented, beaten and placed in a container. Then, the samples were
homogenized using an ultrasonic spindle. The container was placed
in a glass full of ice in order to avoid sample heating and the spin-
dle was directly introduced in the placental tissue. The ultrasound
setting consisted in short pulses of 30 s on and then 30 s off, with
5 min of effective radiation. The process was repeated and we had
to add more ice into the glass. Once homogenized, samples were
frozen at −86 ◦C and stored confidentially and anonymously until
the analysis in our laboratory.

2.4. Preparation of spiked samples

Fifteen grams of placenta tissue samples were accurately
weighed and placed in beakers. Spiked samples were prepared by
adding 120 �L of methanol, every 1.5 g of placental tissue, con-
taining the analytes (BPA and its chlorinated derivatives) at the
different concentration levels. The mixtures were accurately mixed
and in order to remove the added methanol, the samples were
stirred and slightly heated until they recovered original weight.
Then, we weighted aliquots of 1.5 g of spiked placental tissue in
8 mL glass vials. The spiked samples were then ready for the exper-
iments.

2.5. Basic procedure
2.5.1. Sample treatment
An aliquot (1.5 g) of placental tissue was placed into an 8 mL

glass vial and homogenized with 1.5 mL of water shaking on a vor-
tex for 1 min. The homogenate was extracted by adding 3 mL of
ethyl acetate and shaking again for 10 min and then the mixture
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Table 1
Selected MRM transitions selected and optimized potentials: declustering potential (DP), focusing potential (FP), entrance potential (EP); collision energy (CE) and collision
cell exit potential (CXP).

Parameters BPA Cl-BPA Cl2-BPA Cl3-BPA Cl4-BPA BPA-d16

Transitions 227.2 → 212.2a 261.2 → 182.1a 295.1 → 244.1a 329.1 → 250.1a 365.0 → 314.2a 241.2 → 142.0a

227.2 → 132.9b 261.2 → 246.0b 295.1 → 215.9b 329.1 → 278.0b 365.0 → 286.1b 241.2 → 223.0b

Dwell (ms) 200 200 200 200 200 200
DP (V) −41 −45 −42 −46 −50 −43
FP (V) −255 −170 −240 −150 −260 −160
EP (V) −10 −10 −9 −10 −10 −11
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CE (V) −30 −40 −30
CXP (V) −30 −18 −25

a MRM transition used for quantification.
b MRM transition for confirmation.

as centrifuged for 10 min at 5000 rpm (4050 × g). The underlying
rganic layer was transferred to a clean glass vial and evaporated to
ryness at room temperature under a nitrogen stream. The residue
as dissolved in a mixture of 100 �L of 0.1% (v/v) ammonia in
ethanol, containing 50 ng g−1 of BPA-d16 as internal standard, and

00 �L of 0.1% (v/v) ammoniacal aqueous solution and shaking vig-
rously. The extract was placed in a 1.5 mL Eppendorf tube and
entrifuged for 35 min at 16,500 rpm (24,960 × g) and finally, prior
o its injection into the LC system, the extract was filtered through
0.20 �m and 4 mm of diameter non sterile regenerated cellulose
lter.

.5.2. Chromatographic conditions
Chromatographic separation of compounds was performed

sing a Gemini C18 column (100 mm × 2 mm i.d., 3 �m particle
ize) from Phenomenex (Torrance, CA, USA). The standards and
amples were separated using a gradient mobile phase consisting
f 0.1% (v/v) ammoniacal aqueous solution (solvent A) and 0.1%
v/v) ammonia in methanol (solvent B). Gradient conditions were:
.0–3.5 min, 60% B; 3.5–4.0 min, 60–100% B; 4.0–6.5 min, 100% B
nd return to 60% in 0.5 min. Flow rate was 0.25 mL min−1, injec-
ion volume 40 �L and the column temperature was maintained
t 40 ◦C. Total run time was 7.0 min and the post-delay time for
econditioning the column with 60% B was 3.5 min.

.5.3. Mass spectrometric conditions
APCI ionization was performed in the negative ion mode. The

andem mass spectrometer was operated in the multiple reaction
onitoring mode (MRM) and Q1 and Q3 quadrupoles were set

t unit mass resolution. The mass spectrometric conditions were
ptimized for each compound by continuously infusing standard
olutions (1 mg L−1). The ion source temperature was maintained
t 350 ◦C. The IonSpray voltage was set at −3 kV. Nitrogen was
sed as both the curtain gas at 30 psi and ion source gas 1
nd 2 at 50 and 30 psi respectively; collision gas was helium at
0 psi. Other adjustments like entrance potential (EP), declustering
otential (DP), collision energy (CE) and collision cell exit poten-
ial (CXP) were optimized for each analyte. The dwell time of
ach compound was set to 200 ms. The optimized parameters for
ach compound are listed together with the mass transitions in
able 1.

. Results and discussion

.1. Liquid chromatographic separation
We tested both a Gemini C18 liquid chromatography column
100 mm × 2 mm i.d., 3 �m particle size) from Phenomenex (Tor-
ance, CA, USA) and an Acquity UPLC liquid chromatography
olumn (100 mm × 2.1 mm i.d., 1.7 �m particle size) from Waters
Mildford, MA, USA). Although both columns offered similar res-
−47 −41 −32
−31 −31 −20

olution for all the analytes investigated, Acquity UPLC column
generated pressures close to the maximum allowed by the chro-
matographic system. Consequently the Gemini C18 column was the
one we selected for our study.

Chromatographic separation is based on the procedure pro-
posed by Shao et al. [36]. The main goal was to obtain an
improvement in sensitivity, selectivity and peak shapes using
shorter chromatographic times. We performed some modifications
in the initial mobile phase which consisted in a gradient mixture of
an ammoniacal aqueous solution (0.1%; v/v) as solvent A and pure
methanol as solvent B. First, we analyzed the effect of substitut-
ing methanol for acetonitrile but no improvements were observed
neither in peak shapes nor resolution, so methanol was selected for
further experiments. Second, the pH of the mobile phase was also
studied and formic acid and ammonia were tested as additives. We
checked that the addition of ammonia to methanol improved the
sensitivity and the peak shapes because of the best ionization of the
compounds. The best separation, peak shapes and ionization of the
compounds were obtained with a mixture of 0.1% (v/v) ammoniacal
aqueous solution as solvent A and 0.1% (v/v) ammonia in methanol
as solvent B. A linear gradient, as described in the previous section,
was used.

Lastly, we also performed a study to improve the detection
limits of the method evaluating the possibility of increasing the
injection volume. A range from 5 to 40 �L (maximum allowed by
the chromatographic system) was analyzed and we observed no
extra broadening of the peaks even at maximum value. Accordingly,
40 �L was chosen as injection volume.

3.2. Mass spectrometric analysis

MS/MS detection method was optimized by direct individual
infusion of each compound in order to optimize the response of
the precursor ion. ESI and APCI interfaces in positive and nega-
tive modes were evaluated for all the compounds analyzed. APCI
negative mode was selected because of its higher sensitivity for
all the compounds. [M−H]− 227.2, 261.2, 295.1, 329.1 and 365.0
m/z were the selected precursor ions for BPA, mono-, di-, tri- and
tetrachloro-BPA respectively. Bisphenol A-d16 was used as inter-
nal standard, the one with 241.2 m/z. Fig. 1 shows the MRM mode
chromatogram of a standard mixture of the target compounds in a
spiked placental tissue sample (10.0 �g kg−1of each compound) in
SCAN-APCI negative mode.

Two product ions (two reactions) were monitored, one for quan-
tification and the other for confirmation. For the quantification the
most abundant transition was selected to obtain the maximum

sensitivity. The parameters optimized for the precursor ions were:
declustering potential (DP), focusing potential (FP) and entrance
potential (EP); for product ions the optimized parameters were:
collision energy (CE) and collision cell exit potential (CXP). Regard-
ing sensitivity, the most influential parameters were DP and CE.



3366 I. Jiménez-Díaz et al. / J. Chromatogr. B 878 (2010) 3363–3369

Fig. 1. MRM mode chromatogram of a standard mixture of the target compounds
in a spiked placental tissue sample in MRM mode (10.0 ng g−1of each compound).
Peak identification: (IS) Internal Standard (1) Cl4-BPA; (2) Cl3-BPA; (3) Cl2-BPA; (4)
C
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Fig. 2. MRM mode chromatograms of three women natural placental tissue sam-
ples. (A) Not contaminated; (B) Contaminated with Cl3-BPA, Cl2-BPA and Cl-BPA;
(C) Contaminated with Bisphenol A.
l-BPA; (5) BPA.

Fig. 2 shows an example of chromatogram of a placental tissue
ample.

.3. Extraction procedure

We tested an ultrasonic probe using a Branson digital sonifier
nd a vortex-mixer as extraction techniques. 1.5 g of placental tis-
ue were placed in an 8 mL glass vial and homogenized with 1.5 mL
f water shaking for 1 min on a vortex. Then, 3 mL of ethyl acetate
ere added in order to carry out both the extractions: shaking on

ortex for 10 min or applying ultrasonic radiation for 10 min at 70%
mplitude. Recoveries obtained under these conditions were sim-
lar for both procedures (from 55 to 78% for vortex extraction and
rom 52 to 80% for ultrasound extraction) so we chose the simplest
rocedure, vortex extraction.

We tested different organic solvents during the extraction: ethyl
cetate, methanol, ethanol and acetonitrile. Ethyl acetate appeared
o be the most effective solvent to extract the analytes. 50:50 (v/v)

ixtures of ethyl acetate and the above mentioned solvents were
lso tested but not improvements were found.

The effect of different pH values on extraction yield was ana-
yzed. Different amounts of formic acid or ammonia (0.01, 0.05, 0.1,
.5, 1 and 10%; v/v) were added to the sample prior to extraction.
e observed that the recoveries did not improve with the lower

ercentages and decreased drastically with percentages above
.1%. Finally, we determined the possibility of using a saturated
queous solution of sodium chloride to generate a salting-out effect,

ut negligible differences were found compared to using pure
ater. So placenta samples were homogenized with pure water.
3.4. Analytical performance

For calibration purposes, seven concentration levels were pre-
pared. A seven concentration level calibration curve was built. The
calibration standards were prepared adding 120 �L of methanol
containing the analytes every 1.5 g of placental tissue. Each level
of concentration was made in triplicate so for each concentration
we weighted 6.0 g of placental tissue in a glass and added 480 �L
of methanol containing the appropriated concentration of the ana-
lytes. The samples were stirred until they recovered original weight
to remove the added methanol. Then we weighted 1.5 g of placental
tissue in triplicate in 8 mL glass vials to apply the extraction proce-
dure previously explained. Each calibration sample was analyzed
twice.

Calibration curves were constructed using analyte/internal
standard peak area ratio versus concentration of analyte. Calibration
graphs were made using MRM mode. Bisphenol A-d16 (at 50 ng g−1)
was used as internal standard.

In order to estimate the presence/absence of matrix effect, two
calibration curves were obtained for each compound: one in solvent
(initial mobile phase) and the other in the matrix. The t-Student
test was applied in order to compare the calibration curves. First,
we had to compare the variances estimated as S2

y/x by means of an
F-Snedecor test. The t-Student test showed statistical differences
among slope values for the calibration curves in all cases and con-
sequently, the use of matrix-matched calibration was necessary.
Table 2 shows the analytical parameters obtained.
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Table 2
Analytical and statistical parameters.

Parametera BPA Cl-BPA Cl2-BPA Cl3-BPA Cl4-BPA

n 42 42 42 42 42
a −0.010 0.037 0.073 0.001 0.010
sa 0.005 0.013 0.006 0.008 0.005
b (g ng−1) 0.151 0.099 0.072 0.056 0.019
sb (g ng−1) 2 × 10−4 6 × 10−4 3 × 10−4 3 × 10−4 2 × 10−4

R2 (%) 99.98 99.97 99.98 99.96 99.90
sy/x 0.021 0.048 0.022 0.024 0.011
DL (ng g−1) 0.2 0.3 0.3 0.4 0.6
QL (ng g−1) 0.5 1.0 1.0 1.4 2.0
LDR (ng g−1) 0.5–50.0 1.0–50.0 1.0–50.0 1.4–50.0 2.0–50.0
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a n, points of calibration; a, intercept; sa, intercept standard deviation; b, slope;
b, slope standard deviation; R2, determination coefficient; sy/x, regression standard
eviation; DL, detection limit; QL, quantification limit; LDR, linear dynamic range.

.5. Method validation

Validation in terms of linearity, precision, accuracy, sensitivity,
nd selectivity, was performed according to the US Food and Drugs
dministration (FDA) guideline for bioanalytical assay validation

37].

.5.1. Linearity
A concentration range from the minimal quantified amount up

o two higher orders of magnitude (QL to 50 ng g−1) was selected.
inearity of the calibration graphs was tested using the correlation
oefficients (R2) and the P values of the lack-of-fit test (Plof %) [38].
2 values ranged from 99.90 to 99.99% and Plof values were higher
han 5% in all cases; these facts indicate a good linearity within
he stated ranges. As well, in our application, no levels higher than
0 ng g−1 were detected.

.5.2. Selectivity
The specificity of the method was determined by compar-

ng the chromatograms of blank with the corresponding spiked
lacental tissue. No interferences from endogenous substances

ere observed at the retention time of the analytes. A good

eparation was obtained under the described conditions and
PA and chlorinated derivatives eluted at 1.06 min, 1.33 min,
.36 min, 3.06 min, and 4.69 min respectively. Internal standard
ppears at 4.50 min. These findings suggest that the spectro-

able 3
ecovery assay, precision (repeatability) and accuracy of target compounds in pla-
ental tissue.

Compound Spiked (ng g−1) Found ± SD (%, RSD)a Rec. (%) tcalc P (%)

BPA 5.0 4.9 ± 0.3 (4.9) 99 1.22 23.8
15.0 14.9 ± 0.5 (3.4) 98 0.35 73.1
30.0 29.9 ± 0.7 (2.5) 99 0.85 40.8

Cl-
BPA

5.0 4.8 ± 0.4 (8.1) 97 1.74 10.0
15.0 15.1 ± 0.5 (3.2) 97 1.02 32.3
30.0 30.0 ± 0.6 (2.2) 100 0.32 75.3

Cl2-
BPA

5.0 4.9 ± 0.2 (4.5) 98 1.70 10.7
15.0 14.9 ± 0.5 (3.2) 100 0.69 49.9
30.0 29.9 ± 0.5 (1.8) 99 0.29 77.3

Cl3-
BPA

5.0 5.1 ± 0.3 (5.1) 101 1.10 28.6
15.0 14.7 ± 0.4 (2.9) 100 2.01 6.1
30.0 30.2 ± 0.6 (1.9) 101 1.66 11.5

Cl4-
BPA

5.0 4.8 ± 0.3 (5.1) 97 1.99 6.3
15.0 15.0 ± 0.5 (3.6) 105 0.14 88.7
30.0 30.4 ± 0.7 (2.4) 101 2.02 6.0

D, standard deviation; RSD (%), relative standard deviation.
a Mean value of 18 determinations (ng g−1)
gr. B 878 (2010) 3363–3369 3367

metric conditions ensured a high selectivity of the LC–MS/MS
method.

3.5.3. Precision and accuracy
The precision and accuracy data for the analytical procedures are

shown in Table 3. Intra-day and inter-day precision (% RSD) of the
method were lower than 5% and were within the acceptable limits
to meet the guidelines for bioanalytical method validation which is
considered to be ≤20%. To evaluate the precision of the assay, lab-
oratory reproducibility and repeatability were estimated at three
different concentrations for each compound (5, 15 and 30 ng g−1).
Placental tissue samples were spiked, extracted and analyzed in
triplicate. The procedure was repeated three times on the same day
to evaluate intra-day variability and was repeated on three consec-
utive days to determine inter-day variability. The repeatability and
within-laboratory reproducibility, expressed as relative standard
deviation (RSD), are summarized in Table 3. Precision and accu-
racy data indicated that the methodology to extract the compounds
from placental tissue is highly reproducible and robust.

3.5.4. Sensitivity
A fundamental aspect which needs to be examined in the val-

idation of any analytical method is its limits of detection and
quantification in order to determine if an analyte is present in the
sample. The DL is the minimum amount of analyte detectable in the
sample while the QL is the minimum amount that could be quan-
tified. They are based on the theory of hypothesis testing and the
probabilities of false positives and false negatives [39]. In this work,
these parameters were calculated from the blank standard devia-
tion. In order to estimate the chromatographic blanks, we applied
the methodology proposed by González-Casado et al. [40]. It can
be assumed that the chromatographic peak shape is a Gaussian-
type one, then the estimation of base width (Wb) for 99.73% of the
peak-area is Wb = 6� = 2.548 W0.5h, where W0.5h is the half-width of
the peak. Extrapolation of the graph of W0.5h at different concen-
trations of analyte can give us an adequate statistically significant
idea of the width of the base for “zero concentration”. The blank
signal for each analyte can be determined by integration over the
baseline of the chromatograms taking a width tR ± 0.5Wb0 where
tR is the retention time of the analyte and Wb0 has been evalu-
ated as explained above. It relies on studying the blank standard
deviation in a time interval corresponding to the peak width at its
base, extrapolated to zero concentration. Detection and quantifica-
tion limits which are better adjusted to a statistical evaluation are
implemented in Table 2.

3.5.5. Recovery
Due to the absence of certified materials, we performed a recov-

ery assay in order to validate the method. We use a blank spiked
placenta, previously analyzed in order to ensure that it did not con-
tain the analytes or they were below the limit of detection of the
method. Accuracy was evaluated by determining the recovery of
known amounts of the tested compounds in placental tissue sam-
ples. Samples were analyzed using the proposed method and the
concentration of each compound was determined by interpola-
tion from the standard calibration curve within the linear dynamic
range and compared with the amount of analytes previously added

to the samples. A recovery test (t-Student test) was used. The results
are shown in Table 3. As P-values calculated in all cases were greater
than 0.05 (5%), the null hypothesis appears to be valid, i.e., recov-
eries are close to 100%. The results indicate the high extraction
efficiency of the procedure.
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Table 4
Method application to women placental tissue samples.

Sample Concentration (ng g−1)*

BPA Cl-BPA Cl2-BPA Cl3-BPA Cl4-BPA

S01 15.8 nd nd nd nd
S02 6.4 7.1 21.5 11.5 nd
S03 nd 9.1 20.9 9.9 nd
S04 nd 9.7 21.2 9.4 nd
S05 nd nd nd nd nd
S06 nd nd nd nd nd
S07 9.3 12.0 34.8 14.0 nd
S08 9.5 nd nd nd nd
S09 nd nd nd nd nd
S10 nd 21.4 58.8 31.2 nd
S11 22.2 19.6 40.6 23.8 nd
S12 nd nd nd nd nd
S13 0.9 nd nd nd nd
S14 nd nd nd nd nd
S15 8.0 nd nd nd nd
S16 nd 5.7 15.6 7.9 nd
S17 34.9 nd nd nd nd
S18 nd 11.2 25.9 14.6 nd
S19 nd nd nd nd nd
S20 10.9 nd nd nd nd
S21 nd 5.2 12.7 4.9 nd
S22 nd 6.5 15.6 8.9 nd
S23 nd 9.5 25.0 12.0 nd
S24 nd 5.9 14.5 3.9 nd
S25 nd nd nd nd nd
S26 1.1 nd nd nd nd
S27 nd nd nd nd nd
S28 nd nd nd nd nd
S29 1.3 nd nd nd nd
S30 1.6 10.9 22.4 10.3 nd
S31 nd nd nd nd nd
S32 0.7 nd nd nd nd
S33 nd 6.4 14.5 10.6 nd
S34 nd 9.0 28.5 nd nd
S35 nd 8.3 18.6 8.6 nd
S36 5.7 7.7 18.3 11.1 nd
S37 nd nd nd nd nd
S38 nd 8.7 22.4 10.6 nd
S39 nd nd nd nd nd
S40 nd nd nd nd nd
S41 1.6 nd nd nd nd
S42 nd 7.8 22.4 10.5 nd
S43 nd nd nd nd nd
S44 nd 5.1 14.4 5.6 nd
S45 1.2 11.0 27.7 11.3 nd
S46 nd 12.1 24.1 11.1 nd
S47 6.3 nd nd nd nd
S48 nd 6.2 14.3 5.1 nd

3

n
l
l
s
a

c
n
o
B
1
p
n
i

[

[
[

[

[

[

[
[
[

[

[
[

S49 nd 10.8 25.2 13.4 nd

* Mean of three determinations. nd: not detected (<DL).

.6. Method application

We used the proposed method to determine BPA and its chlori-
ated derivatives in 49 placental tissue samples from women who

ive in the province of Granada (Spain). The samples were ana-
yzed in triplicate. The results obtained are shown in Table 4. Fig. 2
hows an example of chromatograms corresponding to three of the
nalyzed samples.

BPA was detected in 20.4% (n = 10/49) of the samples, in
oncentrations ranging from 5.7 to 22.2 ng g−1. Some of the chlori-
ated derivatives were also detected: Cl3-BPA in 49.0% (n = 24/49)
f the samples in concentrations from 4.0 to 31.2 ng g−1; Cl2-
PA in 51.0% (n = 25/49) of the samples in concentrations from

2.7 to 58.8 ng g−1 and Cl-BPA in 51.0% (n = 25/49) of the sam-
les in concentrations from 5.1 to 21.4 ng g−1 while Cl4-BPA was
ot found in any of the samples. The presence of BPA and/or

ts chlorinated derivatives depends on the exposure to these

[
[

[
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compounds as well as the different metabolism of each com-
pound.

4. Conclusions

Determination and quantification of Bisphenol A and its
chlorinated derivatives using LC–MS/MS in placental tissue
samples was successfully performed on a Gemini C18 col-
umn using 0.1% (v/v) ammonia in methanol and 0.1% (v/v)
ammoniacal aqueous solution as mobile phase. The analytical
performance of this method was validated and the method has
been successfully used for determination of these compounds
in samples collected from women who live in the province
of Granada (Spain). BPA concentration found in placental tis-
sue samples was at ng g−1 levels as it has been previously
reported by Schönfelder et al. [33]. However, we found con-
centrations from 0.7 to 34.9 ng g−1 and them from 1.0 to
104.9 ng g−1.

Studies on human exposure to BPA are needed to address the
question of whether maternal exposure to BPA can lead to adverse
health effects in the offspring. The method we propose here allows
determining levels of free BPA and its chlorinated derivatives and
might be used to perform exposure studies on the human popula-
tions.
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