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Measurement of human exposure to the endocrine disruptor bisphe-
nol-A (BPA) is hampered by the ubiquitous but transient exposure for
most individuals, coupled with a short metabolic half-life which leads
to high inter- and intra-individual variability. We investigated the pos-
sibility of measuring multiday exposure to BPA in human sweat
among volunteer participants with the goal of identifying an exposure
assessment method less affected by temporal variability. We recruit-
ed 50 participants to wear a sweat collection patch (PharmChek®) for
7 days with concurrent collection of daily first-morning urine. Urines
and sweat patch extracts were analyzed with quantitative LC—MS-
MS using a method we previously validated. In addition, a human vol-
unteer consumed one can of commercially available soup (16 oz,
473 cm?) daily for 3 days and collected urine. Sweat patches (n =
2, 1 per arm) were worn for the 3 days of the study. BPA was detected
in quality control specimens prepared by fortification of BPA to sweat
patches, but was only detected at 5 x above average background on
three participant patches. Although the highest measured urine BPA
concentration was 195 ng/mL for an individual with deliberate expo-
sure, no BPA was detected above background in the corresponding
sweat patches. In this preliminary investigation, the use of sweat
patches primarily worn on the upper-outer arm did not detect BPA
exposures that were documented by urine monitoring. The absence
of BPA in sweat patches may be due to several factors, including in-
sufficient quantity of specimen per patch, or extremely low concen-
trations of BPA in naturally occurring sweat, among others.

Introduction

Exposure to endocrine disrupting chemicals such as bisphenol-A
(BPA) via plastics is ubiquitous and subject to great concern
among scientists and the public. BPA exposure in humans has
been associated with impaired health outcomes including im-
mune dysfunction (1), implantation failure in women undergo-
ing in vitro fertilization (2), male sexual dysfunction (3) and
altered hormone levels and reduced sperm quality in males un-
dergoing infertility evaluation (4, 5). Experimental animal evi-
dence suggests a relationship between exposure to endocrine
disrupting chemicals including BPA and reproductive endpoints
including lactation, but the relationship in humans has been less
explored (6). The rapid metabolism of BPA (half-life ~6 h) (7)
means that it is reasonable to expect daily variation in measures
of urinary exposure (8—11). In humans, between 84—97% of BPA
is eliminated in urine 5-7 h after exposure and can increase to
100% after 24 h (7, 12).

An innovative study at Harvard University recruited partici-
pants for a cross-over study in which they were randomly as-
signed to eat either fresh or canned soup (blinded) for lunch
daily for 5 days, and urinary BPA was measured in the afternoons

of the fifth and sixth days (13). The measured BPA levels were
over 1,000% higher during the canned soup ingestion week com-
pared with the same individual’s fresh soup consumption week,
demonstrating the impact of transient BPA exposures on levels
measured in human subjects.

Exposure to BPA is typically measured in human studies via
analysis of urine specimens. The type of urine specimen has var-
ied from decades-old stored samples to prospectively collected
single specimens (most common) to total urine collections for
some period of time, usually 24 h (10). In at least one study, par-
ticipants collected all urine excreted for a 7-day period (9). The
choice of sample type and frequency is determined not only by
appropriateness of the matrix for the analyte of interest, but also
by logistical considerations and what participants are willing or
able to do within the timeline or budget of the study. Urine is rel-
atively easy to collect, non-invasive, and large sample volumes are
generally available, making it an attractive specimen for biomoni-
toring studies.

Given the rapid metabolism of BPA, researchers are concerned
about variability and accurate exposure assessment of BPA in
urine. One study compared 24- and 48-h urine collection with
spot urine collection, and determined that spot measures
could be used to characterize population distribution of intakes,
but did not support spot measures for individual-level exposure
classification (10). A small study had eight adults collect all urine
for a week in order to quantify the between- and within-person
variability, and found that for spot collections, there was consid-
erable within-day variance (9). The authors noted that 24-h urine
collections accurately reflect exposure that day but do not cap-
ture day-to-day variation (9). Measuring BPA in human sweat col-
lected continuously over a period of 7 days could help address
this variability.

Phthalates and BPA have been detected in human sweat (14,
15), when collected in a sauna or during exercise. There is evi-
dence that BPA may bioaccumulate in adipose tissue and has a
lipophilic affinity for fat with a fat:blood coefficient of 3.3
(106). Lipophilic compounds stored in adipose tissue can be ex-
creted through human sebaceous glands into sebum that could
be collected by a sweat patch. We hypothesized that the use of
a sweat collection patch, similar to those used for monitoring
drug exposure, worn for 7 consecutive days, could be used to es-
timate participant exposure to BPA within a cohort of volunteer
participants.

We developed a protocol to recover and analyze total BPA (un-
conjugated BPA plus monoglucuronide conjugate and monosul-
fate conjugate) from the sweat patches, and tested it on patches
fortified with BPA. Participants successfully completed the pro-
tocol, but we detected BPA at 5 x above the average background
on only three (6%) of the participant patches.
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Methods

Participants

Participants were healthy males and females living in the greater
Salt Lake City, Utah area. Recruitment began in July 2013 and
concluded in October 2013. Participants were eligible if they
were >18, able to respond to study questionnaires in English,
and regular consumers of canned or prepackaged foods. The
study was approved by the University of Utah Institutional
Review Board, and participants were required to sign an in-
formed consent document prior to participation.

Exposure assessment
Exposure assessment was performed for a single week, during
which participants collected daily first-morning urine, kept a
daily diary of all food, drink, exercise and medication consumption,
and wore the sweat patch continuously. On Day 1, participants met
with a member of the study staff who explained study procedures,
provided biospecimen collection materials, obtained height and
weight measurements, and applied the sweat patch. A spot urine
sample was collected after enrollment on Day 1, and participants
were instructed to collect first-morning samples for the next 6
days while wearing the patch. Urine was collected in BPA-free
four ounce polyproprylene sample cups, then transferred to
BPA-free 50 mL polypropylene tubes that were placed in the partic-
ipants’ home freezer until the end of the collection period. In cases
where first-morning samples were not collected, participants were
instructed to collect later in the day and mark the sample to indi-
cate that it was not first-morning. On Day 8, a member of the study
staff removed the sweat patch and transported both the urine sam-
ples and the sweat patch to the Center for Human Toxicology at
the University of Utah for analysis. Patches were stored and trans-
ported in sterile, BPA-free, four ounce polyproprylene sample cups.
Sweat patches (PharmChek®, Pharmchem, Inc., Fort Worth, TX,
USA) were applied according to the manufacturers’ recommenda-
tions to skin cleaned with alcohol wipes, on either the upper-outer
arm or the front or back midriff above the waist but below the rib-
cage. Patches feature a polyurethane film with an absorption pad
and were additionally covered with an adhesive overlay to increase
wear-time. PharmChek® patches have been used successfully to
monitor drugs of abuse, neuroimmune biomarkers, nicotine and cal-
cium in previous studies (17—-19). Sweat patches have also been suc-
cessfully worn for periods of 7 days in previous studies (20—22).

Statistical analysis

Statistical analysis was performed using the SAS software (version
9.3; SAS Institute, Inc., Cary, NC, USA). Descriptive statistics and
distributions of urinary BPA concentrations were tabulated. A
total of 46 (12%) urine samples were below the limit of quantifi-
cation (0.75 ng/mL) and were assigned a value of LOQ/./2, or
0.53 ng/mL (23). Because the number of urine samples from
each participant varied and within-person concentrations were
log-normally distributed, geometric means (GMs) with 95% con-
fidence intervals (CIs) are presented and these include clustering
by individual to account for repeated measures.

Urinary BPA analysis
Urine samples were stored at —20°C upon arrival at the labora-
tory and again after processing. Total BPA (unconjugated BPA

Table |
Characteristics of the Study Population

Characteristic All subjects Male (n = 20) Female (n = 30)
(n =50)
Mean + SD, or n Mean =+ SD, or n Mean + SD, or n
(% (%) (%]
Age (years) 322482 309+6.2 33.0+92
BMI (kg/m?) 259465 26.4+59 257 +69
Race
Caucasian 39 (78.0) 15 (75.0) 24 (80.0)
Other/multiracial® 10 (20.0) 5 (25.0) 5(16.7)
Missing 1(2.0) 0 1(3.3)
Hispanic
Yes 5(10.0) 2 (10.0) 3 (10.0)
No 45 (90.0) 18 (90.0) 27 (90.0)
Annual income®
<$19,000 5 (10.0) 1(5.0) 4 (13.3)
$20,000-$39,000 14 (28.0) 5 (25.0) 9 (30.0)
$40,000-$74,999 20 (40.0) 8 (40.0) 12 (40.0)
$75,000—$99,000 8 (16.0) 6 (30.0) 2(6.7)
>$100,000 1(2.0) 0 1(3.3)
Prefer not to answer 2 (4.0) 0 2 (6.7)
Employment
Employed for wages 33 (66.0) 12 (60.0) 21 (70.0)
Self-employed 3 (6.0) 1 (5.0 2 (6.7)
Homemaker 3 (6.0) 0 3 (10.0)
Student 9 (18.0) 6 (30.0) 3(10.0
Unemployed,/other® 2 (4.0) 1 (5.0 1(3.3)
Education
High school 3 (6.0) 2 (10.0) 1(3.3)
Some college (1-3 11 (22.0) 3 (15.0) 8 (26.7)
years)
College (>4 years, 36 (72.0) 15 (75.0) 21 (70.0)
graduate)

SD, standard deviation; BMI, body mass index.

?Includes Asian, Black/African American, Pacific Islander and American Indian/Alaskan Native.
®yS Dollars, combined household income.

“Includes out of work, retired and unable to work.

plus monoglucuronide conjugate and monosulfate conjugate)
was measured in the urine samples using ultra high-performance
liquid chromatography—tandem mass spectrometry. Analytical
chemistry methods and quality control procedures have previ-
ously been described (24). Briefly, the method utilized liquid/liq-
uid extraction with 1-chlorobutane and a human urine aliquot
size of 800 pL. Chromatography was performed on an Acquity
UPLC® system with a Kinetex® Phenyl-Hexyl column. Mass spec-
trometric analysis was performed with negative electrospray ion-
ization on a Quattro Premier XE™. The internal standard was
d;¢-bisphenol A. Acceptance criteria for analytical standards
and quality controls were +20% of nominal concentration.
Matrix stability in human urine was validated after 24 h at ambi-
ent temperature, after three freeze/thaw cycles and after frozen
storage at —20°C and —80°C for up to 218 days. Laboratory glass-
ware and consumables, reagent chemicals and biosample collec-
tion materials were verified to be BPA-free prior to use to prevent
contamination.

Sweat patch analysis

Sweat patches were extracted by folding the individual patches
into quarters and placing them into polypropylene test tubes
(16 x 100 mm). Methanol was added (6 mL) as the extraction
solvent, and the tubes were placed on a reciprocal shaker for
20 min. The methanol extracts were transferred to fresh tubes
for solvent evaporation in a Turbovap® at 40°C. The dried
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Table Il

Distribution of Urinary BPA Concentrations (ng/mL) and Intraclass Correlation Coefficients among 20 Males and 30 Females

Subjects n n > 10Q (%) Percentiles GM (95% Cl) ICC (95% Cl)
Min 5th 25th 50th 75th 95th Maximum

Al 386 340 (88.0) <10Q <10Q 1.32 2.58 5.72 14.73 75.20 2.74 (2.23, 3.37) 0.21 (0.13, 0.33)

Male 150 142 (94.7) <10Q <10Q 1.88 332 6.93 16.60 75.20 3.59 (2.63, 4.90) 0.20 (0.10, 0.36)

Female 236 198 (83.9) <10Q <10Q 1.06 214 4.50 14.50 38.90 2.31(1.76, 3.03) 0.19 (0.08, 0.40)

LOQ, limit of quantification; Cl, confidence interval; ICC, intraclass correlation coefficient.

extracts were reconstituted with 100 pL of 50 : 50, 5 mM ammo- Table Il

nium bicarbonate : acetonitrile (mobile phase) and transferred to
conical, polypropylene autosampler vials for analysis. Sweat
patch extracts were analyzed using the published UHPLC—
MS-MS method for urine samples (24). Patches were analyzed
in small batches, which included positive controls (0.5 ng/pad
and 1 ng/pad fortified pads) and negative controls (one pad
blank without internal standard and two pad blanks fortified
with internal standard) in each batch. Pad results were ex-
pressed semi-quantitatively as the measured response ( peak
area of BPA/peak area of d,;s— BPA) in each sample relative
to the average measured response of the two pad blanks with
internal standard.

Results

A total of 50 participants were recruited including 30 females
and 20 males with a mean age of 32.2 + 8.2 years (Table I).
Participants were primarily Caucasian (39, 78.0%) and
non-Hispanic (45, 90.0%). Most participants were college educat-
ed (36, 72.0%), with an annual income ranging from $40,000—
$74,999 (20, 40.0%). The mean body mass index among all partic-
ipants was 25.9 + 6.5 kg/m>. Sweat patches were retrieved from
all 50 participants without any loss to follow-up. The majority of
participants chose to wear the patch on the upper-outer arm (34,
68%), followed by the back midriff (11, 22%) and the front midriff
(5, 10%). Two patches were removed prior to the end of the
7-day collection period because the adhesive had lost integrity
and was no longer properly adhered, but the remainder of patch-
es was intact at the end of the collection period.

The majority (44, 88%) of participants collected all eight pos-
sible urine samples, with three (6%) participants collecting only
seven, one (2%) collecting only five and two (4%) collecting only
four urine samples. A total of 386 urine samples were collected,
of which 366 (94.8%) were first-morning samples (Table II).
Among male participants, urinary BPA concentrations ranged
from <LOQ to 75.20 ng/mL and the GM was 3.59 ng/mL (95%
CI 2.63, 4.90). Among female participants, urinary BPA concen-
trations ranged from <LOQ to 38.90 ng/mL and the GM was
2.31 ng/mL (95% CI 1.76, 3.03). The GM for all samples com-
bined was 2.74 ng/mL (95% CI 2.23, 3.37) and had an
Intraclass correlation coefficient (ICC) of 0.21 (95% CI 0.13,
0.33), indicating poor reliability of urine samples (25, 26). ICC
is a measure of the reliability of repeated measures over time, de-
fined as the ratio of the between-subject variance and total vari-
ance. ICC ranges from O to 1, with values near O indicating poor
reliability and values near 1 indicating high reliability (26).

Extraction and analysis of the participant sweat patches yield-
ed only three (6%) detections of BPA greater than five times (5 X)
the average background values (5.1, 9.0x and 9.9 x). Each of
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Urinary BPA Concentrations (ng/mL) and Sweat Patch Results for Positive Patches®

GM and 95% Cl Sweat patch result Patch location

Participant 1 3.67 (3.06, 4.27) 5.1 x background Upper-outer arm
Participant 2 1.45 (1.20, 1.70) 9.0x background Front midriff
Participant 3 12.0 (11,5, 12.5) 9.9 background Upper-outer arm

GM, geometric mean; Cl, confidence interval.
“Only patches >5x the average background were considered positive detections.

the three positive patches belonged to female participants, and
none of the individuals had high urinary BPA concentrations rel-
ative to the overall distribution of urinary BPA among all female
participants (Table IIT). Two of the positive detection patches
were worn by the participant on the upper-outer arm and one
was worn on the front midriff. BPA was recovered appropriately
from the quality control patches and positive and negative con-
trols for each analytical run.

To assess BPA sweat patch detectability after a known BPA ex-
posure, a human volunteer consumed one can of commercially
available soup (16 oz, 473 cm?) daily for 3 days and collected
urine 2 h later. Sweat patches (n= 2, 1 per arm) were worn
for the 3 days of the study. Although the highest measured
urine BPA concentration was 195 ng/mL for this individual, no
BPA was detected at 5x above the average background in the
corresponding sweat patches.

Discussion

We sought to develop an innovative method for BPA exposure as-
sessment, which would mitigate the temporal variability inher-
ent in urine collection methods due to population-level
ubiquitous exposure and the short metabolic half-life of BPA.
Collection of sweat is non-invasive, generally available in quanti-
ties sufficient for analysis, and has been used within the con-
trived environment of a sauna to measure BPA (14). We were
able to detect BPA in each urine sample, but were able to detect
BPA above 5 x the average background on only 3 of the 50 sweat
patches worn by participants for 7 days. It may be that the vol-
umes of sweat excreted during activities of daily living are insuf-
ficient to accumulate detectable quantities of BPA. Sweat patch
location may also be a factor. There is evidence that xenobiotics
are stored disproportionately in lipid compartments in the
human body (27, 28); therefore, excretion of toxicants may
also differ depending on location. In our study, two positive
detection patches were worn by the participant on the upper-
outer arm with the third positive detection patch located on
the front midriff. However, the participant with known exposure
and high urinary concentrations also wore the patches on the



upper-outer arm, but neither patch detected BPA. Other sites
with moderate-to-high sebum secretion, such as axilla and
groin, may better capture released BPA and should be studied
in the future. However, sites such as axilla and groin are typically
covered with significant body hair and are located in jointed
areas, which may prevent the polyurethane film of the patch
from forming a seal against the epidermis.

Future studies could examine volumes of sweat collected on
the patch and BPA among individuals with varying occupations,
body compositions, in different climates, and with patches
placed on other sites on the human body. A previous study
which reported detection of BPA in sweat (14) had induced
sweating via confinement in a sauna or vigorous exercise and
then used a metal scraper to collect the sweat. In a stress situa-
tion, perhaps, a greater proportion of BPA is excreted via sweat
than during usual activities of daily living.

The analytic method successfully recovered BPA introduced
onto sweat patches in laboratory research and development,
but these methods need further study. First, a matrix effect
was present on participant sweat patch samples when compared
with the sweat patch controls, based on the internal standard re-
sponses. Second, analysis was limited by the small volumes of
sweat collected by the passive sampling mechanism of the
patch. To detect BPA sufficiently above the background, greater
volumes of sweat are likely required.

Conclusion

Based on analysis of this pilot study, the use of sweat patches for
monitoring exposure to BPA in community-based studies re-
quires further study.
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