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 A sensitive method was developed to detect free BPA in human breast milk.
 Free BPA was detected in 62% of the milk samples (range 6 0.22–10.8 ng mL

1

).

 Caucasian women had signiﬁcantly higher levels of free BPA in their breast milk.
 This is the ﬁrst study to ﬁnd that BPA levels in breast milk may vary with race.
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a b s t r a c t
Bisphenol A (BPA) is a synthetic, endocrine-disrupting compound. Free BPA has been detected in human
samples indicating that humans are internally exposed to estrogenically active BPA. The purpose of this
study was to develop a sensitive method to detect free BPA in human breast milk. BPA was isolated from
the milk of 21 nursing mothers in the U.S. by solid-phase extraction. It was then derivatized to improve
sensitivity and subsequently analyzed by ultra high performance liquid chromatography–tandem mass
spectrometry. Free BPA was detected in 62% of the milk samples (60.22–10.8 ng mL 1, median
0.68 ng mL 1, mean 3.13 ng mL 1). No statistical difference in BPA concentrations was observed between
women with a low or high Body Mass Index (BMI) (<30 (n = 11) and > 30 (n = 10), respectively). However,
there was a signiﬁcant association between BPA concentration and race. Caucasian women had signiﬁcantly higher levels of free BPA in their breast milk than non-Caucasian women (mean = 4.44 (n = 14)
and 0.52 (n = 7), respectively; p < 0.05). The difference between races could be attributed to variations
in exposure, lifestyle or metabolism and suggests that certain populations should take extra precautions
to limit BPA exposure, particularly during pregnancy and lactation.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Bisphenol A (BPA) is a synthetic compound with structural similarities to the hormone 17b-estradiol. BPA is a major component of
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plastic and epoxy resins, which are used in the production of plastic food and beverage containers, metal can linings, dental sealants,
thermal receipt paper and household paper products (Chapin et al.,
2008; Liao and Kannan, 2011). Concern about BPA arises because
incomplete polymerization as well as exposure to high temperatures and acidic or basic conditions causes BPA monomers to leach
from food-related commercial products into their surrounding
environment (Vandenberg et al., 2010). Therefore, the main exposure route of BPA is thought to be oral (Chapin et al., 2008). However, secondary exposure routes include inhalation and dermal
absorption (Geens et al., 2012). Because BPA is such a widely used
chemical, many people are exposed to BPA on a daily basis.
Quantiﬁable amounts of BPA have been measured in a variety of
biological samples including human urine, blood, saliva, amniotic
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ﬂuid, placental tissue, colostrum and breast milk (Kuruto-Niwa
et al., 2007; Vandenberg et al., 2010; Cao et al., 2012).
BPA binds to the estrogen receptor and has been reported to
disrupt normal estrogenic endocrine function (Nagel et al., 1997;
Gould et al., 1998). However, as reviewed in Vandenberg et al.
(2009), controversy exists over whether environmental exposures
to BPA are harmful. The U.S. Environmental Protection Agency
(EPA) has established a BPA reference dose (RfD) of 50 lg kg 1 d 1
based on the lowest-observable-adverse-effect level (Vandenberg
et al., 2009). Despite the established RfD, animal studies have
indicated that adverse effects, including changes in brain structure
and function, behavior, male and female reproductive tracts,
metabolism, hormone signaling, and the immune system occur in
response to BPA levels below the RfD (reviewed in (Richter et al.,
2007)).
Initially, BPA was thought to be metabolized via glucuronidation or sulfonation, forming conjugates that are rapidly excreted
from the body (Völkel et al., 2002). However, as recently reviewed,
unconjugated BPA (free BPA) has been detected in a variety of human samples indicating that humans are exposed internally to
estrogenically active BPA (Vandenberg et al., 2010). This is not surprising considering that deconjugation of BPA can occur by b-glucuronidase (reviewed in (Ginsberg and Rice, 2009)), an enzyme
present in human liver, spleen, kidney, intestine, lung, muscle
and serum (Sperker et al., 1997). The length of time that free BPA
remains in the body and the extent to which it accumulates in
tissues, such as the breast, is unknown.
Developmental exposure to BPA is particularly important because of the increased susceptibility of the brain and other organs
to estrogens during this time (Vandenberg et al., 2009). Furthermore, it has been suggested that infants may be exposed to
elevated levels of BPA due to their lack of metabolic enzymes capable of conjugating BPA (Mykkänen et al., 1997; Taylor et al., 2008;
Vandenberg et al., 2010). Breastfeeding mothers who have been
exposed to BPA may be unknowingly exposing their children to
harmful levels of BPA. Therefore, it is imperative to monitor the
amount of BPA in breast milk. In this study, free BPA was extracted
from breast milk samples from 21 nursing women in the U.S. by a
solid-phase extraction (SPE) method, derivatized and subsequently
analyzed by ultra high performance liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS). The inﬂuence of the
demographic parameters, Body Mass Index (BMI) and ethnicity,
on free BPA concentrations was also investigated.

2. Materials and methods
2.1. Sample collection
Twenty-one breast milk samples were selected from an archive
of a larger national study investigating breast cancer risk for which
University of Massachusetts Institutional Review Board Approval
included secondary analysis of environmental contaminants.
Methods of milk collection and storage for the larger study have
been published (Browne et al., 2011). Brieﬂy, milk was collected
in acid-washed glass bottles and shipped on ice along with a detailed questionnaire to the laboratory via overnight express carrier.
One- to ﬁve-mL aliquots of whole milk were stored at 20 °C for
future analyses. The BMI values, calculated from height and weight
provided by the participants at the time they donated the milk,
were used to select ten milk samples from women with a
BMI < 30 (Low BMI), and eleven milk samples from women with
a BMI > 30 (High BMI). The women who donated the 21 samples
lived in 14 different states (CA, CO, FL, GA, IA, IL, MA, MD, MN,
NJ, NY, OH, WA, WI). Fourteen of the women identiﬁed themselves
as Caucasian and seven identiﬁed themselves as non-Caucasian. Of

the non-Caucasian, ﬁve identiﬁed themselves as African American
and two identiﬁed themselves as Hispanic. One 10 mg mL 1 solution of infant formula (NIST SRM 1846 Infant Formula, Gaithersburg, MD, USA) was analyzed along with the 21 milk samples.
2.2. Control of background BPA contamination
All necessary precautions were taken to avoid contamination
with BPA during sample preparation (Ye et al., 2013). Glass SPE
cartridges as well as glass pipettes were used. All glassware used
in the extraction procedure was washed and baked for 8 h at
500 °C. Water was ﬁltered through a Millipore puriﬁcation system in which new cartridges and UV lamp were installed prior
to sample analysis. The concentration of BPA in the organic solvents examined was found to be below the limit of detection.
To evaluate the potential for BPA contamination during the analysis, a large number of procedural water blanks were used in the
study relative to the number of samples analyzed (8 blanks and
21 samples).
2.3. Chemicals
Native and 13C12-ring-labeled BPA standards (100 ng lL 1 dissolved in acetonitrile) were purchased from Cambridge Isotopes
(Andover, MA). Acetonitrile (LC/MS Grade), methanol (Optima
Grade and LC/MS Grade), n-hexane (Optima Grade), methyltert-butyl ether (HPLC Grade), dichloromethane (Optima Grade),
acetic acid (Glacial HPLC) and sodium bicarbonate were purchased from Fisher Scientiﬁc (Pittsburgh, PA). Ammonium
hydroxide was purchased from Acros Organics (Belgium). Pyridine-3-sulfonyl chloride, 97% was purchased from Matrix Scientiﬁc (Columbia, SC).
2.4. Processing of sample batches
Over the course of three consecutive weeks, samples were processed in batches consisting of three milk samples and one water
blank. Samples were processed in groups that included either
one High BMI milk sample and two Low BMI milk samples or
two High and one Low. Milk samples were thawed and vortexed
for 1 min prior to sample processing as described below.
2.5. Hexane/acetonitrile partitioning
A partitioning step (adapted from (Yi et al., 2010)) was utilized
prior to SPE. Either 1 mL of water or milk was transferred to a 15mL glass centrifuge tube and spiked with 6 ng of 13C12-BPA
(1 ng lL 1 in methanol) then vortexed for 30 s. Three milliliters
of acetonitrile were then added to each sample and the sample
was vortexed for 30 s. Then 6 mL of hexane were added and the
samples were inverted by hand for 5 min, vortexed for 30 s and
centrifuged at 5500 rpm, 5 °C for 10 min. The hexane layer was
discarded and the process was repeated with an additional 6 mL
of hexane. After discarding the second hexane layer, as much of
the aqueous layer as possible was transferred to a new centrifuge
tube and evaporated down to approximately 1 mL under N2,
37 °C water bath.
2.6. Solid-phase extraction
The SPE procedure from (Markham et al., 2010), initially
developed for use with urine samples, was followed with a few
adjustments. Glass Oasis™ HLB (5 mL/200 mg) cartridges were
purchased from Waters (Milford, MA) and conditioned with six,
4-mL washes with methyl-tert-butyl-ether (MTBE), 3 mL of methanol, and 5 mL of water. Samples were then diluted with 9 mL of
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1:8 methanol:water and vortexed for 30 s. The samples were then
loaded onto the column without vacuum and the sample vials
were rinsed with 5 mL of water, which was also loaded without
vacuum. The SPE column was then rinsed with 3 mL of 50:50
methanol:water followed by 3 mL of 10:2:88 methanol:ammonium hydroxide:water and dried for 5 s under N2 with medium
vacuum. A gas ﬂow of approximately 8 L min 1 was used during
the drying steps. Medium and high vacuum indicate a manifold
reading of 25 kPa and 50 kPa, respectively. The column was
washed with 5 mL of water and dried for 5 s under N2 with medium vacuum, 3 mL of 50:50 methanol:water and dried again for
5 s under N2 with medium vacuum. The ﬁnal wash consisted of
3 mL of dichloromethane followed by 1 min drying time under
N2 with high vacuum. BPA was eluted from the column with
4 mL of MTBE without vacuum and collected in a 5-mL reacti-vial.
The sample was then derivatized (see procedure below) prior to
analysis.

2.7. Synthesis of pyridine sulfonyl derivative
Upon completion of sample extraction, a BPA-Pyridine sulfonyl
(BPA-PS) derivative was synthesized for improved MS sensitivity
and detection in electrospray ionization positive (ESI+) mode.
The procedure was adapted from Xu (2007). The 4-mL eluent from
SPE was evaporated to dryness under N2, 37 °C water bath. Then
95 lL of 1.13 mg mL 1 pyridine-3-sulfonyl chloride in acetone followed by 100 lL of 0.1 M sodium bicarbonate were added to the
reacti-vial and vortexed for 30 s. The vial was then placed in a
60 °C heating block and allowed to react for 7 min and immediately cooled on ice for 8 min. The solution was allowed to reach
room temperature and two liquid–liquid extractions were performed each with 1 mL of hexane. The organic portion was saved
and transferred to a new vial, evaporated to dryness under N2,
37 °C water bath and reconstituted with 1 mL of 50:50 water:acetonitrile. The sample was vortexed for 30 s and 0.5 mL was analyzed immediately (Round I analysis). The remaining 0.5 mL was
transferred to an autosampler vial and stored at 4 °C, until it was
analyzed upon completion of the last sample batch (Round II
analysis).

2.8. Instrumental analysis
Identiﬁcation and quantiﬁcation of BPA were performed, each
with a Micromass Quattro PremierXE electrospray triple quadrupole mass spectrometer (ESI + MS/MS, Waters, Milford, MA) coupled with an Aquity UHPLC system (2996 PDA Detector) (Waters,
Milford, MA). Chromatographic separation of the 10 lL sample
injection was achieved with a BEH C18 chromatographic column
(21  100 mm, 1.7 lm; Waters, Milford, MA). A ﬂow rate of
0.433 mL min 1 was used with the mobile phase initially consisting of 30% acetonitrile and 70% 0.1% acetic acid held for 0.5 min,
then increased linearly to 61% acetonitrile from 0.5 min to
6.5 min, held there for 2.5 min and ﬁnally reversed to 30% acetonitrile over 1 min, with a three-min hold between injections. BPA-PS
derivative was detected with the MS operating in the ESI+ multiple
reaction monitoring (MRM) mode. The parameters used for detection are described in Supplementary Table S1. The transitions of
native- and 13C12-BPA-PS derivative monitored were 511–354
and 523–366 m/z, respectively. Argon was used as the collision
gas and nitrogen was used as the nebulizer, desolvation and cone
gas. Using a ﬂow injection system, the MS/MS parameters were
optimized by infusing the native and labeled compounds. Triplicate injections were made for all sample extracts and standard
solutions.
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2.9. Data analysis
Demographic data were organized and analyzed using the
statistical software analysis program, STATA 10: Data Analysis &
Statistical Software (Statacorp, LP, College Station, TX). The ﬁgures
and corresponding statistical analyses were conducted in GraphPad (GraphPad Software Inc., La Jolla, CA).
The limit of detection (LOD) was determined by the procedure
of the International Union of Pure and Applied Chemistry (IUPAC)
(see Section 3.2). For statistical analyses BPA concentrations below
the LOD were assigned values equal to the LOD divided by the
square root of two (Hornung and Reed, 1990).
3. Results and discussion
3.1. Method development
Due to the complex matrix of breast milk, several established
methods for the extraction of BPA from other biological samples
were tested and modiﬁed for efﬁciency prior to sample analysis.
As described by Kang and Kondo, a hexane partitioning step was
utilized to remove non-polar lipids from a mixture of acetonitrile
and milk (Kang and Kondo, 2003). Additionally, the multiple steps
in the Oasis HLB SPE procedure developed by Markham et al.
(2010) provided the best sample cleanup compared to the other
SPE methods that were tested. Upon using negative ion UHPLC/
MS/MS, we discovered that the ionization efﬁciency was too low
for analysis of BPA in our breast milk samples. Therefore, we
utilized a derivatization reaction, which added basic pyridine-3sulfonyl (PS) groups to BPA allowing our samples to be analyzed
using ESI+ conditions with high efﬁciency. The related 5-(dimethylamino) naphthalene sulfonyl (dansyl) derivative has been used to
measure multiple classes of phenolic compounds such as BPA and
estrogens in wildlife blood plasma samples (Chang et al., 2010) and
to analyze BPA in human urine samples (Fox et al., 2011). In this
study, a PS derivative was prepared instead of a dansyl derivative
to ensure a complete reaction with both hydroxyl groups of BPA
(Xu, 2007). The BPA-PS derivative also ensures speciﬁcity, as a
BPA-speciﬁc ion is formed as the major product ion in the collision-induced dissociation of BPA-PS whereas dansyl moieties are
the major product ions formed from dansyl-BPA (Xu and Spink,
2008). Monitoring an MS/MS transition involving an analyte-speciﬁc product ion rather than a reagent-speciﬁc product ion is beneﬁcial in terms of both qualitative and quantitative analysis. The PS
derivatization procedure was adapted from work on detecting BPA
in aquatic samples (Xu, 2007) and on the analysis of estrogen in
charcoal-stripped fetal-bovine serum (Xu and Spink, 2008). The
reaction conditions used were similar to those used to analyze free
estrogens in the presence of conjugated estrogens (Xu et al., 2007).
Additionally, a study using a similar SPE method during the cleanup of BPA from urine samples found no breakdown of conjugated
BPA over the course of their experiment (Markham et al., 2010).
3.2. Quality assurance and quality control
Calibration standards were prepared from mixtures of equal
concentrations of the native and 13C12-BPA standards. The overall
native/13C12 relative response factor (RRF) was 0.97. This was
determined by calculating the ratio of the slope of the native calibration curve to the slope of the 13C12 calibration curve (graphed in
Excel). The range of daily RRF values from Round I analysis was
0.89–1.04. In general when a labeled internal standard is used in
mass spectrometric analysis, calibration is carried out by using a
range of native standards to encompass the range of concentrations expected in the sample set. Each native standard would also
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contain a ﬁxed concentration of labeled standard equivalent to the
ﬁxed concentration added to each sample prior to analysis. In our
case, based on method development experiments, we expected
that we would have variable recoveries of labeled internal standard throughout the analytical process. For this reason we considered it prudent to determine the RRF value by comparing the
slopes of the curves for a series of native and labeled standards.
The curves had a slightly negative y-intercept indicating that there
was no background BPA contamination in the native or the labeled
internal standard solutions. Forcing the curves through zero had no
effect on the calculated RRF.
A procedural blank was processed with each batch of three
samples. The free BPA concentration in the eight blanks analyzed
during the complete study was determined to be
0.10 ± 0.04 ng mL 1 (mean ± SD). Prior to replacing the UV lamp
and the cartridges in the Milli-Q water puriﬁcation system, the
average BPA concentration in laboratory blanks was approximately
0.4 ng mL 1. Therefore the purity of the laboratory water supply
was an essential element in maintaining a low background BPA
concentration. Based on the blank results, the LOD was determined
to be 0.1 + (3  0.04) = 0.22 ng mL 1. Using this IUPAC criterion
there is <1% chance of having a false positive result (Long, 1983).
Precision was determined by analyzing three aliquots of the same
milk sample, S1–S3. Mean BPA concentration in this sample was
determined to be 2.10 ± 0.07 ng mL 1, which is in close agreement
with the seven previous method development replicate measurements of the same sample (1.96 ± 0.24 ng mL 1).
To evaluate instrument sensitivity and stability over the time
course of this study, each sample was divided into two fractions
upon completion of sample processing as described in Section 2.
The ﬁrst fraction was analyzed as each batch was processed
(Round I analysis) and the second was analyzed after the completion of all sample processing (Round II analysis). The concentrations of BPA determined from Round I and II analyses were
nearly identical (R2 = 0.9897 for procedural blanks, R2 = 0.9996
for milk samples). These correlations demonstrate that consistent
results were obtained over the three-week period of sample processing and analysis.
After the samples were subjected to the Round I and Round II
analyses, the samples were spiked with 6 ng native BPA-PS derivative in order to determine the recovery of 13C12-BPA. The native
BPA-PS signals from the original extract analyses were subtracted
from the native BPA-PS signals of the spiked samples and the
resulting data were used to determine the 13C12 recoveries. Recoveries from Round I and Round II analyses ranged from 20% to 58%
(49 ± 9%) and 17% to 54% (40 ± 8%), respectively. Due to the complexity of the sample preparation process variable BPA recoveries
among samples would be expected. As a consequence of this variability, the recovery data from Rounds I and II were not as strongly
correlated (R2 = 0.6435 for procedural blanks, R2 = 0.6837 for milk
samples) as the concentration data discussed above. However,
the recoveries were used only as a measure of the efﬁciency of
sample preparation and have no effect on the isotope dilution
calculations of BPA concentrations.
3.3. BPA concentrations in breast milk
One infant formula and 21 breast milk samples collected from
women across the U.S. were analyzed by the extraction and analysis method developed in the present study. Background information on the study participants is presented in Section 2and their
demographics are summarized in Table 1. The mother’s age, baby’s
age and number of children were similar for women with Low
(<30) and High (>30) BMI and for Caucasians and non-Caucasians.
The summary statistics for free BPA found in our study and
comparative data from other studies are shown in Tables 2 and

3, respectively (Otaka et al., 2003; Sun et al., 2004; Ye et al.,
2006b, 2008; Kuruto-Niwa et al., 2007; Yi et al., 2010; Mendonca
et al., 2014). The median concentrations found in two Japanese
studies and two studies conducted in the U.S. ranged from 0.40
to 0.65 ng mL 1, values that are comparable to the median concentration of 0.68 ng mL 1 found in our study (Otaka et al., 2003; Sun
et al., 2004; Ye et al., 2006b, 2008). However, a median free BPA
concentration of 6LOD was found in a recent U.S. study (Mendonca
et al., 2014). While the median free BPA concentration was
6.6 ng mL 1 in a Korean study (Yi et al., 2010). There are also
noticeable differences in the range of free BPA concentrations
found in the different studies. In a small Japanese study (3 samples) the range of free BPA concentrations was 6LOD – 0.7 ng mL 1
(Otaka et al., 2003) whereas in a larger Korean study the range was
0.65–29.9 ng mL 1 (Yi et al., 2010). In our study the range was
6LOD – 10.8 ng mL 1. The detection frequency in our study was
62%, which can be compared to a detection frequency of
20–100% in the other reported studies.
The present study focused on the determination of free BPA,
which is estrogenically active whereas the conjugated form is considered inactive (Matthews et al., 2001). Although other routes of
BPA exposure exist, the main route of human exposure to BPA is
considered to be oral (reviewed in (Völkel et al., 2002; Rubin,
2011)). An earlier study (Völkel et al., 2002) investigating BPA
metabolism concluded that BPA is rapidly metabolized to conjugates and excreted after ingestion. However, there is mounting
evidence that humans are internally exposed to unconjugated
BPA. As reviewed by Vandenberg et al. (2010), free BPA has been
detected in urine, blood/serum, amniotic ﬂuid, placental tissue,
and breast milk (Vandenberg et al., 2010). Additionally, data collected from the National Health and Nutrition Examination Study
(NHANES) suggest that urinary BPA levels do not decrease with
increasing lengths of fasting (Stahlhut et al., 2009); a decrease
would have been expected if rapid BPA metabolism and excretion
occurred. The authors concluded that (1) BPA has a longer half-life
than expected, (2) additional routes of exposure (comparable to
oral) exist, or (3) conjugation/deconjugation cycling occurs. If
BPA-glucuronide (BPA-G) is not removed quickly from the body
and becomes deconjugated by b-glucuronidase prior to excretion,
then high levels of free BPA may be present in breast milk and
other tissues of women with high exposure. In fact by treating
samples with b-glucuronidase concentrations of total BPA
(free + conjugated) were determined in four of the seven studies
referenced in Table 3. For three of these studies median free BPA
concentrations as a percentage of the total median BPA concentrations were 36%, 72% and 63%, respectively (Ye et al., 2006a, 2008;
Yi et al., 2010). The median free BPA value in the fourth study
(Mendonca et al., 2014) was 6LOD but if geometric means of
free/total BPA are compared, the ratio value for this study is 50%.

3.4. BPA concentration and BMI
Based on the literature indicating a possible link between BPA
exposure and BMI, we predicted that women with a high BMI
would have high BPA levels in their breast milk. Indeed, a study
investigating urinary BPA concentration and BMI from the NHANES
2003–2008 data found high BPA concentrations to be associated
with high BMI (Shankar et al., 2012). Elevated urinary levels of
BPA in children and adolescents were also found to be associated
with obesity (Trasande et al., 2012). However, we found no association between BMI and BPA concentration in breast milk (p > 0.05;
see Table 4). BMI may be dependent on a number of other variables
that could affect BPA exposure such as ethnicity, genetics and lifestyle tendencies with respect to exercise, employment or medical
conditions.
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Table 1
Calculated BPA concentrations and potentially relevant demographic factors for each of the 21 participants.

a
b
c

Sample

Calculated BPA Conc. (ng mL

20
18
6
21
16
14
13
7
9
3
19
15
8
11
5
1
17
10
12
2
4

6LOD
6LOD
6LOD
6LOD
6LOD
6LOD
6LOD
<LOD
0.37
0.40
0.68
2.12
2.18
3.37
5.51
6.04
6.11
6.42
9.81
10.7
10.8

LOD = Limit of detection (0.22 ng mL
AA = African American, H = Hispanic.
n/a = not available.

1 a

)

Age

BMI

Raceb

30
35
26
31
31
37
28
37
36
33
31
31
34
32
36
41
36
31
31
36
32

20.5
18.0
31
31.9
18.2
30
18.9
18.6
33.1
18.9
32.6
33.3
27.5
19.9
34.9
38.2
18
31.1
19.4
18.4
33.5

Non-Caucasian
Non-Caucasian
Non-Caucasian
Non-Caucasian
Caucasian
Non-Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Non-Caucasian
Caucasian
Non-Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian

(H)

(AA)
(H)

No. of children

Breast pumpc

356
240
150
270
420
30
240
255
14
180
210
375
30
300
70
780
21
90
180
540
224

2
1
2
1
1
1
2
2
3
1
2
2
1
2
1
3
2
2
4
1
3

n/a
Medela
n/a
Avent
Medela
Medela
Medela
Medela
Medela
Medela
Ameda
Medela
Ameda Elite
Limerick
Medela
Ameda Purely Yours
Medela
Medela
Lansinoh Manual
Evenﬂo
Medela

1

).

Table 2
Percentiles and summary statistics of Bisphenol A concentrations (ng mL
Detection frequency (%)

(AA)
(AA)
(AA)
(AA)

Baby’s Age (days)

1

) in breast milk (n = 21).

Percentiles

62

25th

50th

75th

95th

<LOD

0.68

6.04

10.7

Mean

Geometric mean

3.13

1.00

Table 3
Reported studies of Bisphenol A (BPA) in breast milk.
Study population

Sample size

Detection Frequency (%)

BPA (ng mL
Mean

Japanese
Japanese
U.S.
Japanese (colostrum)a
U.S.
Korean
U.S.
U.S.

3
23
20
101
4
100
23
21

67
100
60
100
100
100
20
62

0.61
1.3
3.4
0.80
1.7
3.13

1

)

References
Median

Range

0.65
0.61
0.40

<LOD – 0.7
0.28–0.97
<LOD – 6.3
1–7
0.41–1.5
0.65–29.9
<LOD – 23.6
<LOD – 10.8

0.62
6.6
<LOD
0.68

Otaka et al. (2003)
Sun et al. (2004)
Ye et al. (2006)
Kuruto-Niwa et al. (2007)
Ye et al. (2008)
Yi et al. (2010)
Mendonca et al. (2014)
The current study

a
The samples were collected within three days of delivery and analyzed by ELISA for both free and conjugated BPA. Result from the other reported studies are for free BPA
and were obtained by LC/MS/MS, GC/MS or HPLC/Fluorescence.

Table 4
Relationship between demographics and levels of Bisphenol A (BPA) in breast milk.
Characteristic

BPA ng mL

BMI < 30
BMI P 30
Non-Caucasian
Caucasian

1

mean (SD)

n

p

3.03 (4.04)
3.24 (3.37)

11
10

>0.05

0.52 (0.76)
4.44 (4.05)

7
14

<0.05

3.5. BPA concentration and race
Although we found no correlation between BMI and BPA levels, we found a signiﬁcant difference in BPA levels by race. Caucasian women had signiﬁcantly higher levels of free BPA in their
breast milk (mean 4.44 ng mL 1, n = 14) than non-Caucasian
women (mean 0.52 ng mL 1, n = 7) (p < 0.05; see Table 4).
Non-Caucasian women included two Hispanic and ﬁve African

American women. Three samples in the Caucasian data set and
ﬁve in the non-Caucasian data set had BPA levels equal to or below the MDL. A recent study found that total (free and conjugated) urinary concentrations of BPA were signiﬁcantly higher
in Caucasians than Asians (Liao and Kannan, 2012). In contrast,
Unal et al. (2012) found 10-fold higher total BPA concentrations
in maternal serum in African American women compared to Caucasian women (median BPA concentration 30.13 compared to
3.14 ng mL 1, respectively). BPA concentrations in maternal serum from the Unal et al. study ranged from 0 to 153.5 ng mL 1.
Their sample size was comparable to our study, 27 women (8
African–American, 8 Caucasian and 11 Hispanic) (Unal et al.,
2012). However, these concentrations are much greater than
what others have measured in blood or serum. As summarized
in a recent review, the majority of studies have found the range
of BPA concentrations in blood or serum to be less than 2 ng mL 1
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(Vandenberg et al., 2010). The highest concentration measured by
Unal et al. (2012) in maternal serum (153.5 ng mL 1) is over 10
times greater than the highest value measured in the present
study in breast milk (10.81 ng mL 1). The apparent discrepancy
between the results of the present study and that conducted by
Unal et al. (2012) may be due to sampling error or the fact that
we measured free BPA and their study measured total BPA (free
and conjugated). The difference in BPA concentrations could also
reﬂect differences in lifestyle and exposure.
The results described in the present study could be partially
explained by an overall greater amount of internally accumulated
free BPA in Caucasians. While the signiﬁcant association between
race and BPA levels observed in the present study could be an
artifact of the limited sample size, it may indicate differences in
metabolism or lifestyle factors between racial groups that lead
to increased exposure. BPA is metabolized primarily in the liver
where it is conjugated to BPA-G by UDP-glucuronosyltransferase
(UGT), which has several different protein isoforms (Hanioka
et al., 2008; Vandenberg et al., 2009). The main isoform responsible for BPA glucuronidation in humans is UGT2B15 (Hanioka
et al., 2008). UGT2B15 has several allelic variants and those
variants that possess the D85Y substitution (UGT2B15.2 and
UGT2B15.5) have decreased enzymatic function compared to
wild type (Hanioka et al., 2011). The D85Y polymorphism has
been found to be more common in Caucasians than Asians
(Lampe et al., 2000). However, it is unclear from the literature
how prevalent this allele is in other populations. The presence
of the D85Y polymorphism may vary with race, resulting in a difference in free BPA and BPA-G concentrations in biological samples. In the future, it will be important to investigate the
relationship between different UGT2B15 genotypes and BPA
levels in breast milk. It would also be of value to examine BPA
levels in breast milk in relation to levels in urine as it would be
expected that women who do not metabolize BPA effectively
would have high levels of BPA in breast milk and low urinary
levels of BPA-G.
4. Conclusions
In summary, using a sensitive LC/MS method, our study found
a wide range of BPA levels in the breast milk of women from the
U.S., ranging from below the detection limit (0. 22 ng mL 1) to
approximately 11 ng mL 1. Using BMI as an approximation of
BPA exposure, we found no signiﬁcant relationship between
BMI and BPA levels. However, we did ﬁnd a signiﬁcant association
between BPA levels and race. Caucasian women (n = 14) had higher levels of free BPA in their breast milk than non-Caucasian
(n = 7) (mean 4.44 ng mL 1 compared to 0.52 ng mL 1, respectively). Although these results are preliminary and the sample
size was small, it will be important in the future to investigate
the manner in which race may affect BPA exposure. This could
be determined, for example, by a more detailed questionnaire
that assesses dietary or other exposures to BPA that may vary
with race. Studies investigating racial disparities in enzyme
metabolism function are also necessary. High levels of BPA in
breast milk may be due to a combination of differences in exposure and lifestyle as well as inefﬁcient metabolism. Decreasing
exposure could offset potential differences in metabolism. Therefore, nursing women could make changes to their diet to reduce
both their exposure as well as their child’s exposure. However,
further studies are necessary to understand how free BPA levels
in breast milk are related to exposure and metabolism. Monitoring other ﬂuids, including maternal serum or urine, for BPA levels
will also prove important as there may be increased sensitivity of
the fetus to BPA during development.

Acknowledgments
The authors thank Waters Corp for helping to make the Acquity
UHPLC and Quattro Premier LC/MS available for use for this study,
Ms. Ashley Silvia for help with laboratory procedures, and Dr. Monique Johnson for providing a sample of the NIST infant formula. Dr.
Patrick O’Keefe thanks Drs. David Spink and Li Xu for helpful discussions on BPA derivitization with PS chloride. The authors also
thank Anonymous Reviewer for providing helpful comments in
an earlier version of this manuscript. This research was supported
by grants from the Avon Foundation for Women and the Rays of
Hope Foundation.

Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chemosphere.
2013.12.085.
References
Browne, E., Punska, E., Lenington, S., Otis, C., Anderton, D., Arcaro, K., 2011.
Increased promoter methylation in exfoliated breast epithelial cells in women
with a previous breast biopsy. Epigenetics 6, 1425–1435.
Cao, X., Zhang, J., Goodyer, C., Hayward, S., Cooke, G., Curran, I.H.A., 2012. Bisphenol
A in human placental and fetal liver tissues collected from Greater Montreal
area (Quebec) during 1998–2008. Chemosphere 89, 505–511.
Chang, H., Wan, Y., Naile, J., Zhang, X., Wiseman, S., Hecker, M., Lam, M.H.W., Giesy,
J., Jones, P., 2010. Simultaneous quantiﬁcation of multiple classes of phenolic
compounds in blood plasma by liquid chromatography–electrospray tandem
mass spectrometry. J. Chromatogr. A 1217, 506–513.
Chapin, R., Adams, J., Boekelheide, K., Gray, L.E., Hayward, S., Lees, P.S.J., McIntyre, B.,
Portier, K., Schnorr, T., Selevan, S., Vandenbergh, J., Woskie, S., 2008. NTP-CERHR
expert panel report on the reproductive and developmental toxicity of
Bisphenol A. Birth defects research. Part B. Dev. Reprod. Toxicol. 83, 157–395.
Fox, S.D., Falk, R.T., Veenstra, T.D., Issaq, H.J., 2011. Quantitation of free and total
bisphenol A in human urine using liquid chromatography–tandem mass
spectrometry. J. Sep. Sci. 34, 1268–1274.
Geens, T., Aerts, D., Berthot, C., Bourguignon, J., Goeyens, L., Lecomte, P., Maghuin
Rogister, G., Pironnet, A., Pussemier, L., Scippo, M., Van Loco, J., Covaci, A., 2012.
A review of dietary and non-dietary exposure to Bisphenol-A. Food Chem.
Toxicol..
Ginsberg, G., Rice, D., 2009. Does rapid metabolism ensure negligible risk from
Bisphenol A? Environ. Health Perspect. 117, 1639–1643.
Gould, J.C., Leonard, L.S., Maness, S.C., Wagner, B.L., Conner, K., Zacharewski, T., Safe,
S., McDonnell, D.P., Gaido, K.W., 1998. Bisphenol A interacts with the estrogen
receptor alpha in a distinct manner from estradiol. Mol. Cell. Endocrinol. 142,
203–214.
Hanioka, N., Naito, T., Narimatsu, S., 2008. Human UDP-glucuronosyltransferase
isoforms involved in Bisphenol A glucuronidation. Chemosphere 74, 33–36.
Hanioka, N., Oka, H., Nagaoka, K., Ikushiro, S., Narimatsu, S., 2011. Effect of UDPglucuronosyltransferase 2B15 polymorphism on Bisphenol A glucuronidation.
Arch. Toxicol. 85, 1373–1381.
Hornung, R.W., Reed, L.D., 1990. Estimation of average concentration in the
presence of nondetectable values. Appl. Occup. Environ. Hyg. 5, 46–51.
Kang, J., Kondo, F., 2003. Determination of Bisphenol A in milk and dairy products by
high-performance liquid chromatography with ﬂuorescence detection. J. Food
Prot. 66, 1439–1443.
Kuruto-Niwa, R., Tateoka, Y., Usuki, Y., Nozawa, R., 2007. Measurement of Bisphenol
A concentrations in human colostrum. Chemosphere 66, 1160–1164.
Lampe, J.W., Bigler, J., Bush, A.C., Potter, J.D., 2000. Prevalence of polymorphisms in
the human UDP-glucuronosyltransferase 2B family: UGT2B4(D458E),
UGT2B7(H268Y), and UGT2B15(D85Y). Cancer Epidemiol. Biomarkers Prevent.
9, 329–333.
Liao, C., Kannan, K., 2011. Widespread occurrence of Bisphenol A in paper and paper
products: implications for human exposure. Environ. Sci. Technol. 45, 9372–
9379.
Liao, C., Kannan, K., 2012. Determination of free and conjugated forms of Bisphenol
A in human urine and serum by liquid chromatography–tandem mass
spectrometry. Environ. Sci. Technol. 46, 5003–5009.
Long, G.W.J.D., 1983. Limit of detection A closer look at the IUPAC deﬁnition. Anal.
Chem. 55, 712A–724A.
Markham, D., Waechter, J., Wimber, M., Rao, N., Connolly, P., Chuang, J., Hentges, S.,
Shiotsuka, R., Dimond, S., Chappelle, A., 2010. Development of a method for the
determination of Bisphenol A at trace concentrations in human blood and urine
and elucidation of factors inﬂuencing method accuracy and sensitivity. J. Anal.
Toxicol. 34, 293–303.

Author's personal copy

S.M. Zimmers et al. / Chemosphere 104 (2014) 237–243
Matthews, J.B., Twomey, K., Zacharewski, T.R., 2001. In vitro and in vivo interactions
of Bisphenol A and its metabolite, Bisphenol A glucuronide, with estrogen
receptors alpha and beta. Chem. Res. Toxicol. 14, 149–157.
Mendonca, K., Hauser, R., Calafat, A.M., Arbuckle, T.E., Duty, S.M., 2014. Bisphenol A
concentrations in maternal breast milk and infant urine. Int. Arch. Occup.
Environ. Health. 87, 13–20.
Mykkänen, H., Tikka, J., Pitkänen, T., Hänninen, O., 1997. Fecal bacterial enzyme
activities in infants increase with age and adoption of adult-type diet. J. Pediatr.
Gastroenterol. Nutr. 25, 312–316.
Nagel, S.C., vom Saal, F.S., Thayer, K.A., Dhar, M.G., Boechler, M., Welshons, W.V.,
1997. Relative binding afﬁnity-serum modiﬁed access (RBA-SMA) assay
predicts the relative in vivo bioactivity of the xenoestrogens Bisphenol A and
octylphenol. Environ. Health Perspect. 105, 70–76.
Otaka, H., Yasuhara, A., Morita, M., 2003. Determination of Bisphenol A and 4nonylphenol in human milk using alkaline digestion and cleanup by solid-phase
extraction. Anal. Sci. 19, 1663.
Richter, C., Birnbaum, L., Farabollini, F., Newbold, R., Rubin, B., Talsness, C.,
Vandenbergh, J., Walser Kuntz, D., vom Saal, F., 2007. In vivo effects of
Bisphenol A in laboratory rodent studies. Reprod. Toxicol. 24, 199–224.
Rubin, B., 2011. Bisphenol A: an endocrine disruptor with widespread exposure and
multiple effects. J. Steroid Biochem. Mol. Biol. 127, 27–34.
Shankar, A., Teppala, S., Sabanayagam, C., 2012. Urinary Bisphenol A levels and
measures of obesity: results from the national health and nutrition examination
survey 2003–2008. ISRN Endocrinol. 2012, 965243.
Sperker, B., Backman, J.T., Kroemer, H.K., 1997. The role of beta-glucuronidase in
drug disposition and drug targeting in humans. Clin. Pharmacokinet. 33, 18–31.
Stahlhut, R., Welshons, W., Swan, S., 2009. Bisphenol A data in NHANES suggest
longer than expected half-life, substantial nonfood exposure, or both. Environ.
Health Perspect. 117, 784–789.
Sun, Y., Irie, M., Kishikawa, N., Wada, M., Kuroda, N., Nakashima, K., 2004.
Determination of Bisphenol A in human breast milk by HPLC with columnswitching and ﬂuorescence detection. Biomed. Chromatogr. 18, 501.
Taylor, J., Welshons, W., Vom Saal, F., 2008. No effect of route of exposure (oral
subcutaneous injection) on plasma Bisphenol A throughout 24h after
administration in neonatal female mice. Reprod. Toxicol. 25, 169–176.
Trasande, L., Attina, T., Blustein, J., 2012. Association between urinary Bisphenol A
concentration and obesity prevalence in children and adolescents. JAMA
(Chicago, Ill.). 308, 1113–1121.
Unal, E.R., Lynn, T., Neidich, J., Salazar, D., Goetzl, L., Baatz, J.E., Hulsey, T.C., Van
Dolah, R., Guillette, L.J., Newman, R., 2012. Racial disparity in maternal and
fetal-cord Bisphenol A concentrations. J. Perinatol.

243

Vandenberg, L., Mafﬁni, M., Sonnenschein, C., Rubin, B., Soto, A., 2009. Bisphenol-A
and the great divide: a review of controversies in the ﬁeld of endocrine
disruption. Endocr. Rev. 30, 75–95.
Vandenberg, L., Chahoud, I., Heindel, J., Padmanabhan, V., Paumgartten, F.J.R.,
Schoenfelder, G., 2010. Urinary, circulating, and tissue biomonitoring studies
indicate widespread exposure to Bisphenol A. Environ. Health Perspect. 118,
1055–1070.
Völkel, W., Colnot, T., Csanády, G., Filser, J., Dekant, W., 2002. Metabolism and
kinetics of Bisphenol A in humans at low doses following oral administration.
Chem. Res. Toxicol. 15, 1281–1287.
Xu, L., 2007. Mass Spectromic Analysis of Environmentally Relevant Phenolic
Compounds.
Xu, L., Spink, D., 2008. Analysis of steroidal estrogens as pyridine-3-sulfonyl
derivatives by liquid chromatography electrospray tandem mass spectrometry.
Anal. Biochem. 375, 105–114.
Xu, X., Roman, J., Issaq, H., Keefer, L., Veenstra, T., Ziegler, R., 2007. Quantitative
measurement of endogenous estrogens and estrogen metabolites in human
serum by liquid chromatography–tandem mass spectrometry. Anal. Chem. 79,
7813–7821.
Ye, X., Kuklenyik, Z., Needham, L.L., Calafat, A.M., 2006a. Measuring environmental
phenols and chlorinated organic chemicals in breast milk using automated online column-switching-high performance liquid chromatography–isotope
dilution tandem mass spectrometry. J. Chromatogr. B. Analyt Technol.
Biomed. Life. Sci. 831, 110–115.
Ye, X., Kuklenyik, Z., Needham, L., Calafat, A., 2006b. Measuring environmental
phenols and chlorinated organic chemicals in breast milk using automated online column-switching-high performance liquid chromatography–isotope
dilution tandem mass spectrometry. J. Chromatogr. B 831, 110.
Ye, X., Bishop, A., Needham, L., Calafat, A., 2008. Automated on-line columnswitching HPLC-MS/MS method with peak focusing for measuring parabens,
triclosan, and other environmental phenols in human milk. Anal. Chim. Acta
622, 150.
Ye, X., Zhou, X., Hennings, R., Kramer, J., Calafat, A.M., 2013. Potential external
contamination with Bisphenol A and other ubiquitous organic environmental
chemicals during biomonitoring analysis: an elusive laboratory challenge.
Environ. Health Perspect. 121, 283–286.
Yi, B., Kim, C., Yang, M., 2010. Biological monitoring of Bisphenol A with HLPC/FLD
and LC/MS/MS assays. J. Chromatogr. B 878, 2606–2610.

