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Abstract

Bisphenol A (BPA) is an endocrine disrupting environmental contaminant used in a wide variety of products, and BPA
metabolites are found in almost everyone’s urine, suggesting widespread exposure from multiple sources. Regulatory
agencies estimate that virtually all BPA exposure is from food and beverage packaging. However, free BPA is applied to the
outer layer of thermal receipt paper present in very high (,20 mg BPA/g paper) quantities as a print developer. Not taken
into account when considering thermal paper as a source of BPA exposure is that some commonly used hand sanitizers, as
well as other skin care products, contain mixtures of dermal penetration enhancing chemicals that can increase by up to 100
fold the dermal absorption of lipophilic compounds such as BPA. We found that when men and women held thermal
receipt paper immediately after using a hand sanitizer with penetration enhancing chemicals, significant free BPA was
transferred to their hands and then to French fries that were eaten, and the combination of dermal and oral BPA absorption
led to a rapid and dramatic average maximum increase (Cmax) in unconjugated (bioactive) BPA of ,7 ng/mL in serum and
,20 mg total BPA/g creatinine in urine within 90 min. The default method used by regulatory agencies to test for hazards
posed by chemicals is intra-gastric gavage. For BPA this approach results in less than 1% of the administered dose being
bioavailable in blood. It also ignores dermal absorption as well as sublingual absorption in the mouth that both bypass first-
pass liver metabolism. The elevated levels of BPA that we observed due to holding thermal paper after using a product
containing dermal penetration enhancing chemicals have been related to an increased risk for a wide range of
developmental abnormalities as well as diseases in adults.
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Introduction

Bisphenol A [BPA; bis(4-hydroxyphenyl)propane; CAS#80-05-

7] is one of the highest volume chemicals in commerce with 15-

billion pounds produced per year [1], and based on the presence

of BPA metabolites in urine, it can be concluded that virtually

everyone is exposed [2,3]. BPA has estrogenic and other endocrine

disrupting activities [4,5]. BPA molecules are polymerized to make

polycarbonate plastic used for food and beverage containers,

epoxy resins used to line cans, and dental composites and sealants,

but free (unpolymerized) BPA is also used as an additive

(plasticizer), such as in polyvinyl chloride (PVC) products. Our

interest is in the use of BPA in thermal paper, which is used for

airline ticket, gas, ATM, cash register and other types of receipts

(Figure 1). The print surface of thermal paper is coated with

milligrams of free BPA per gram paper as a heat-activated print

developer [6], and it appears that free BPA is readily transferred to

other materials that the thermal paper contacts [7].

While small lipophilic compounds such as BPA (logP=3.4;

molecular weight 228 Da) can pass through skin [8,9], regulatory

agencies have assumed that this route of human BPA exposure

should not be significant in spite of the lack of data and

acknowledged ‘‘significant uncertainties’’ around the issue of

human exposure to BPA from thermal paper [10]. However, a

factor that has not been considered in estimating transdermal

exposure to BPA from thermal paper is that hand sanitizers are

now commonly used, particularly in fast-food restaurants where

people may handle thermal receipts before eating or ordering

food. Hand sanitizer and other skin care products may also be

used by cashiers while working. Exposure to BPA from thermal

paper goes beyond just transdermal exposure and consumption of

food that is picked up and eaten with a BPA-contaminated hand.
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The transfer of a chemical directly from hand-to-mouth (mouthing

behavior) has been proposed to be an important variable for

estimating total chemical exposure in humans [11], particularly in

young children [12].

The use of hand sanitizers and other skin-care products,

including soaps, lotions and sunscreens, is significant because some

contain mixtures of chemicals that are also used as dermal

penetration enhancers to increase the transdermal delivery of

drugs. Drugs and chemicals that are suitable for transdermal

delivery and are impacted by dermal penetration enhancers have a

LogP.1.5 and a molecular weight ,500 Da [9]. There are many

factors that impact the ability of compounds to pass through skin

in addition to molecular weight and lipophilicity, including

differences arising from the location of skin on the body, gender

and age [13]. Mixtures of dermal penetration enhancing chemicals

can act synergistically to increase by up to 100 fold the dermal

penetration of small lipophilic molecules such as estradiol [8,9],

with which BPA shares physical-chemical and biological properties

[4]. For example, Purell hand sanitizer (Gojo Industries), which we

used in the current study, contains a number of dermal

penetration enhancers, such as isopropyl myristate and propylene

glycol, and is (63% w/w) ethanol. The use of hand sanitizers has

increased in recent years and is now about a 200 million dollar a

year industry just in the USA [14]. The impact of the use of

personal care products such as moisturizing lotions that contain

dermal penetration enhancing chemicals on exposure to environ-

mental chemicals has been identified as a concern [15].

To assess the relevance of this research to real-world behavior,

we conducted a preliminary observational study in fast-food

restaurants, food courts and shopping malls in Columbia Missouri.

Receipt contact time varied widely, but was sometimes substantial.

In one restaurant, we found that receipt contact time ranged up to

65 sec for people purchasing food that was eaten in the restaurant;

the 75th percentile for time holding the receipt was .12 sec, and

the 90th percentile .32 sec. In a fast-food restaurant that is part

of an international chain, take-out food was placed into a bag and

the top of the bag was folded, then the thermal receipt was stapled

to the top of the bag; the result was that the print surface of the

receipt (coated with BPA) was grabbed when the bag was picked

up. The contact time between the hand and thermal receipt was

thus considerably longer than would be the case for food eaten in

the restaurant. In a food court we observed that some fast-food

restaurants had hand sanitizer dispensers available for use by

customers next to the cash register, and customers were observed

using the hand sanitizer before handling the thermal receipt. The

estimate is that 50 million people eat in a fast-food establishment

every day in the USA [16]. Finally, our experiments here are also

relevant to occupational exposures, because we observed in a

national chain big-box store that all cash registers had a hand

sanitizer dispenser next to them for use by the cashiers.

Our objectives were to examine the impact of having dry hands

vs. wet hands due to using a popular hand sanitizer that contains

dermal penetration enhancing chemicals on extraction of BPA

from the surface of thermal receipt paper coated with BPA. We

also measured (using a LC/MSMS assay) unconjugated, bioactive

BPA (uBPA) and its conjugated metabolites, BPA-glucuronide

(BPA-G) and BPA-monosulfate (BPA-S), in serum and urine in

adult male and female subjects after holding a thermal receipt. To

determine the proportion of thermal receipts that contained BPA,

we examined receipt papers for the presence and amount of BPA.

We also examined receipts for the most commonly used BPA

replacement chemical, bisphenol S [bis(4-hydroxyphenyl)sulfone;

BPS; CAS #80-09-1].

Methods

Ethics statement
The University of Missouri School of Medicine Institutional

Review Board approved all procedures involving human subjects,

and sample collection was conducted by licensed personnel in the

Clinical Research Center (CRC) within the University of Missouri

School of Medicine. Subjects were informed of the procedures,

and provided written consent. The signed consent forms were

retained. The University IRB approved the consent procedure.

Subjects
Participants for the different experiments in this study were

recruited through a weekly University of Missouri campus-wide

email newsletter. Candidates (men and women) were pre-screened

by age, height, weight, and health status. Participants selected

were 20–40 years old (average 27.0 yrs), and an attempt was made

to select those with average height, weight and normal-range

body-mass index. Participants selected were not taking any

prescription or non-prescription medication other than oral

contraceptives; the type of oral contraceptive used was recorded.

To ensure that pregnant women were excluded from the study, all

women were administered a pregnancy test when they arrived at

the CRC.

For all studies participants were asked to refrain from touching

thermal paper receipts, consuming food or beverages stored in

polycarbonate or other types of plastic containers as well as canned

food and beverages during the 48 hr prior to participating in the

study, in order to reduce background BPA levels in body fluids as

much as possible. The participants also filled out a questionnaire

concerning their activities during the prior 48 hr (see Section S3 in

File S1 for questionnaire).

For experiments in which there was hand contact with thermal

receipt paper, subjects were required to wash their hands with

soap and water, rinse thoroughly, and then dry using Kimwipes

(Kimberly-Clark, Irving, TX). A number of soaps were screened

for BPA content and/or chromatographic interference prior to the

start of the study, and the soap chosen was Softsoap ‘‘Aquarium

series’’ (Colgate Palmolive Company, Manhattan, NY), which

showed no detectable BPA or chromatographic interference with

the assay of BPA. Standard brown laboratory paper towels were

tested and found to contain BPA at around 6 mg/towel. Because of
this, Kimwipes, which tested negative for BPA, were used

throughout for drying hands. Water from faucets used in the

CRC was tested and found to be below the limit of detection

(LOD) for BPA content (detection limit was 10 pg/mL by HPLC

Figure 1. Schematic diagram of thermal receipt paper identi-
fying the thermal reactive layer that contains BPA as a
developer and a leuco dye, as well as stabilizers and binders
(not shown).
doi:10.1371/journal.pone.0110509.g001
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with CoulArray detection based on C-18 extraction of 250 ml of

water).

Sample analysis
Analysis of BPA in extracted samples occurred within an

accredited facility (Veterinary Medicine Diagnostic Laboratory)

within the College of Veterinary Medicine at the University of

Missouri.

Reagents. Solvents (methanol, acetonitrile) and water were

HPLC grade, and were obtained from Fisher Scientific. BPA,

bisphenol S (BPS), and BPA monosulfate (BPA-S) were obtained

from Sigma-Aldrich (St. Louis MO; purity .99%, 98% and 95%

respectively). C13-BPA was obtained from Cambridge Isotope

Laboratories Inc. (Andover, MA; purity 99%), and both BPA-G

(purity 98%) and BPA D-glucuronide (BPA-DG; purity .99%)

were provided by the National Institute of Environmental Health

Sciences (NIEHS), Research Triangle Park, NC. Ethanol (200

proof) used for hand swipes was obtained from Decon Labs, Inc.

(King of Prussia, PA).

Total receipt BPA and BPS content. Weighed samples of

each receipt (363 cm) were incubated overnight in methanol at

room temperature. The methanol extracts were diluted in

methanol, typically to a final dilution of 1/10,000, and BPA

content was analyzed by HPLC with CoulArray detection (see

Section S1 in File S1 for details). We also analyzed the same

receipt sample extracts for BPS using LC/MSMS (see Section S1

in File S1 for details).

BPA levels in Kimwipe hand swipes. Kimwipe swipes were

incubated in methanol at room temperature overnight, and

aliquots were taken from the methanol extract for analysis. BPA in

the methanol extract was determined by HPLC with CoulArray

detection.

BPA levels in French fries. French fries were incubated

individually in methanol overnight. The fries were then removed,

and the samples centrifuged briefly to separate any solid and/or

oily matter, and a sample of the clear methanol extract was

assayed. Equal volumes from the 10 extracts from the 10 French

fries touched by each participant were pooled, and a single

measurement was made for each participant. Quantitation was

made by HPLC with CoulArray detection.

Serum sample collection and extraction. Multiple-point

blood samples were collected via IV catheter into 10 mL syringes,

and the syringes were emptied into the same uncoated vacutainer

tubes (for details and catalog numbers of collection materials

Section S1 in File S1). Single point blood samples were collected

by venipuncture into uncoated glass vacutainer tubes (Becton

Dickinson, Franklin Lakes, NJ). All blood samples were allowed to

clot at room temperature for 15–30 min and then refrigerated

until centrifugation at 4uC for 15 min. The serum was transferred

with glass Pasteur pipets into 15 mL centrifuge tubes and then

frozen at 220uC. Samples were extracted using C18 SPE as

previously described [17]; see Section S1 in File S1. Procedural

blanks were also run alongside the samples to monitor for reagent

contamination or interference. Serum extracts were analyzed by

LC/MSMS.

Urine sample collection and extraction. All urine samples

were collected directly into Samco polypropylene specimen cups

(Fisher Scientific, Waltham, MA) and were immediately refriger-

ated (4uC for 2–5 hours) until they could be transferred to the

research laboratory, at which point they were frozen at 220uC.
The total BPA concentration (representing a combined measure of

unconjugated and conjugated BPA) was measured by LC/MSMS

(see Section S1 in File S1).

Assay of creatinine in urine. To calculate creatinine-

corrected urine BPA concentrations, urine creatinine was mea-

sured using an ELISA kit (R&D Systems Inc., Minneapolis, MN),

according to manufacturer’s instructions. Sensitivity of this assay is

0.02 mg/dL.

Field blanks. The possibility of BPA leaching from each

piece of equipment used in the collection or processing of samples

identified above was determined by passing BPA-free water

through all collection equipment, which was then handled and

assayed for BPA as described below for the actual samples. All

equipment and sample handling was determined to not leach

detectable BPA before any sample collections occurred.

Statistical methods and calculation of pharmacokinetic
parameters
For both uBPA and BPA-G, the area under the concentration-

time curve (AUC) up to the last measured serum concentration

above the LOQ, i.e. AUC (0–90 min), was calculated by using the

linear trapezoidal rule. The average AUC (0–90 min) (ng/mL)

was calculated by dividing AUC (0–90 min ng/mL)/90 min.

Time (Tmax) of maximal plasma BPA concentration (Cmax) was

directly obtained from the raw data. Comparisons of men and

women were conducted using the Mann-Whitney U test or

ANOVA. Statistical significance was set a P,0.05, two-tailed test.

All data are presented as mean6SEM.

Experiment 1: Measurement of BPA and BPS in 50 used
thermal receipt papers
The objective of this experiment was to determine the amount

of BPA and BPS in thermal receipt paper and to determine the

proportion of receipts that contained BPA or BPS, which is the

most commonly used BPA replacement chemical. Thermal paper

sales receipts were obtained by purchasing items from 41 different

vendors in Columbia, MO and from a further 9 vendors in

Southern Missouri (50 receipts total). Weighed portions of each

paper were extracted and assayed for BPA by HPLC with

CoulArray detection and for BPS by LC/MSMS. After screening,

an unused roll was obtained from a vendor from which a BPA-

positive receipt had been identified. The BPA content of paper

from this roll was confirmed prior to being used for testing with

human subjects in Experiments 2, 3 and 4.

Experiment 2: BPA transferred to a hand with and
without using hand sanitizer due to holding a thermal
receipt for different lengths of time
The objective of this experiment was to determine the amount

of BPA extracted by a hand from a standard piece of thermal

receipt paper immediately after using Purell hand sanitizer

(Experiment 2-A) or with dry hands (Experiment 2-B). Subjects

in both experiments cleaned and dried their hands prior to the

experiment and between each trial. For Experiment 2-A the

subjects (2 men and one woman) each held the thermal paper for

different lengths of time: 2, 15, 30, 45, 60 or 240 sec (in 6 separate

trials for each subject). Both hands were wetted by applying three

‘‘squirts’’ of Purell to each hand, and the hands were then briefly

rubbed together to distribute the hand sanitizer evenly across both

palms and fingers, but the sanitizer was not allowed to dry prior to

holding the receipt paper. In experiment 2-B the subjects (2 men

and 2 women) held the receipt with dry hands for 60 or 240 sec (2

separate trials for each subject). In both experiments an 8612 cm

portion of thermal paper cut from an unused receipt roll that was

obtained from a local merchant (previously identified as containing

27.2 mg BPA/g paper) was placed BPA-coated (print surface) side

Exposure to Bisphenol A from Thermal Receipt Paper
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down into the right hand. The hand was swiped 3 times each with

3 ethanol-soaked Kimwipes, and BPA was extracted from the

Kimwipes with methanol and measured by HPLC with CoulArray

detection.

Experiment 3: Serum and urine BPA in men and women
before and after transdermal and oral exposure to BPA
from thermal receipt paper after using hand sanitizer
The objective of this experiment was to measure the transfer of

BPA from thermal paper receipts to hands, and the amount of

BPA remaining on the surface of a hand 90-min later, after using

Purell hand sanitizer (as described in the prior experiment) in 5

male and 5 female subjects. In addition, we measured the amount

of BPA transferred from a BPA-contaminated hand to 10 French

fries, and measured blood and urine concentrations of uBPA,

BPA-G and BPA-S before and after ingestion of the French fries

and BPA absorption through skin. The design of the study is

shown in Figure 2.

The background level of BPA on the dominant hand was

determined when the subjects first arrived at the CRC. The

dominant hand was swiped 3 times with 3 separate Kimwipes

soaked with ethanol, from which we extracted BPA for analysis by

HPLC with CoulArray detection, and the hands were then

cleaned. The subjects’ weight and height were determined, after

which they provided a baseline urine specimen, an IV port was

inserted into the cubital vein, and a baseline blood sample was

collected. Purell hand sanitizer was applied to the hands as

described in Experiment 2. An 8612 cm piece of thermal paper

cut from an unused receipt roll (used in Experiment 2) was then

placed BPA-coated side down into each hand with the hands still

wet. The subjects held the receipt papers for 4 min in each hand.

The dominant arm of each subject was determined based on

whether the person was right or left handed, and in this

experiment the non-dominant hand remained contaminated with

BPA for the duration of the experiment. Blood was collected from

the cubital vein in the contaminated arm of one set of subjects

(N= 7) and from the cubital vein in the non-contaminated arm of

other subjects (N= 3). We note that the phlebotomist did not

handle the thermal paper for either Experiment 3 or Experiment

4. The study coordinator who did handle the paper wore gloves to

do so and did not touch the blood tubes of other equipment. A

separate person swiped the subjects’ hands after thermal paper

exposure and wore fresh gloves for each swipe session and

discarded them immediately afterwards.

French fries that had been purchased from a local fast food

restaurant and had been found to not contain detectable BPA

were briefly warmed in a toaster oven. Immediately after holding

the thermal receipts in each hand, the subjects picked up a French

fry in each hand, and held both fries for 10 sec. The fry held in the

dominant hand was placed into a labeled glass tube, and the fry

that was held in the non-dominant hand was eaten. A total of 10

French fries was handled by each hand and either placed in a test

tube or eaten using this same procedure. Approximately 4 min

elapsed between removal of the receipt paper from the hand and

consumption of the last French fry. Thus, it took about 8 min from

the time that the thermal receipt paper was first touched and

consumption of the last French fry.

After the last French fry was consumed, the subject’s dominant

hand was swiped with 3 ethanol-soaked Kimwipes to clean BPA

off the hand and for determination (by extracting BPA from the

Kimwipes) of the amount of BPA remaining on the hand

immediately after holding the 10 French fries that were placed

into test tubes. The non-dominant hand was not cleaned after

holding the receipt paper and eating French fries, and thus was a

continuing source of transdermal BPA exposure over the following

90-min period of blood collection.

Blood samples were collected from the cubital vein from the still

contaminated arm of 7 subjects, 4 males and 3 females, and from

the uncontaminated arm of 3 subjects, one male and 2 females.

The blood collected from the BPA-contaminated arm provided

direct information about BPA absorbed from the hand on which

BPA remained for 90 min, since the cubital vein is one of the

major veins draining the hand; this blood is not subject to first-pass

liver metabolism prior to going to the heart and being transported

in the arterial circulation to tissues. The blood collected from the

uncontaminated arm provided information about BPA in the

systemic (mixed) circulation.

Blood was collected from the IV port before holding the thermal

paper (baseline) and at 15, 30, 60 and 90 min after consumption of

the last French fry. The non-dominant contaminated hand (from

which the French fries were eaten) was not allowed to touch

anything during the 90-min after holding the receipt paper and

then picking up the 10 French fries; this hand was swiped with 3

ethanol-soaked Kimwipes after the final 90-min blood collection at

the end of the study. After these swipes were obtained, both hands

were thoroughly cleaned and a second urine sample was collected.

Experiment 4: Serum and urine BPA in men and women
before and after transdermal exposure to BPA from
thermal receipt paper with dry hands
The objective of this study was to examine the amount of BPA

transferred to a clean dry hand and then present in serum and

urine without using hand sanitizer. In this study we examined 12

adult men and 12 adult women subjects. The subjects washed and

dried their hands and provided a baseline blood and urine sample

as described in Experiment 3. The non-dominant hand was

swiped 3 times each with 3 ethanol-soaked Kimwipes to obtain a

baseline measure of BPA on the hand prior to holding a thermal

receipt. After the hand was dry, subjects held an 8612 cm piece of

thermal receipt paper (from the roll used in Experiment 1) with the

non-dominant dry hand for 4 min. Thirty minutes later a second

blood sample was collected from the contaminated arm, after

which the BPA was swiped from the contaminated hand with

ethanol-soaked Kimwipes as described previously. As above, the

contaminated hand was not allowed to touch anything during the

30-min period prior to the second blood collection. The hands

were washed, and a second urine sample was collected 60 min

after holding the receipt paper.

Results

Experiment 1: Measurement of BPA and BPS in thermal
receipt paper
Thermal receipts were collected at stores, bars and restaurants

in mid-Missouri. Of the 50 receipts, 22 (44%) contained high levels

of BPA (Table 1). High levels of the BPA replacement chemical

BPS were found in 26 (52%) of the receipts, and 2 receipts

contained an unidentified chemical as the print developer [18]; see

Section S2 in File S1 for individual values. These findings suggest

that BPS is now as commonly used as BPA as a developer in

thermal receipt paper. Note that these receipts had been obtained

with purchases, while the receipt paper used in Experiments 2, 3

and 4 came from an unused roll of thermal paper that we

determine contained BPA as the developer.

Exposure to Bisphenol A from Thermal Receipt Paper
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Figure 2. Schematic diagram of the protocol for Experiment 3 in which thermal receipt paper containing BPA was held with a hand
wet from using Purell hand sanitizer, after which the subjects picked up 10 French fries and ate them, resulting in both oral and
transdermal routes of exposure. Of the 5 male and 5 female subjects, 7 subjects had serum collected from the cubital vein in the arm with a
contaminated hand that contained the BPA from holding thermal paper. Three subjects had blood collected from the cubital vein in the unexposed
arm that did not have BPA on the hand throughout the 90-min test period during which blood was collected. Urine samples were obtained before
and at the end of the test period.
doi:10.1371/journal.pone.0110509.g002

Table 1. BPA and BPS concentrations in 50 thermal paper receipt samples.

Chemical in paper mg/g receipt mg/8612 cm receipt

BPA-positive (44%) 19.661.0 9.060.4

(11.5–26.3) (6.1–11.3)

BPS-positive (52%) 23.560.7 10.860.3

(15.2–30.1) (7.1–13.2)

Two (4%) of 50 papers tested did not contain either BPA or BPS and did not show any estrogenic activity in a MCF-7 breast cancer cell proliferation assay (data not
shown). Values are mean6SEM, with the range of measured values given in parentheses. See Section S2 in File S1 for individual receipt data.
doi:10.1371/journal.pone.0110509.t001
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Experiment 2: BPA transferred to a hand with and
without using hand sanitizer due to holding a thermal
receipt for different lengths of time
The data shown in Figure 3-A reveal that after using Purell

hand sanitizer with the hand still wet, the maximum amount of

BPA swiped from the palm and fingers of the hand (581 mg BPA)

occurred after holding a receipt for 45 sec. After holding a receipt

for 2 sec, 40% (235 mg BPA) of maximum was recovered from the

hand, and within 15 sec 58% (339 mg BPA) of maximum was

recovered from the hand. The decrease in BPA swiped from the

hand between 45 sec and 4 min to 73% of maximum (425 mg
BPA) may have been due to absorption into skin occurring at a

greater rate than transfer to the skin from the thermal receipt.

The data in Figure 3-B show that holding a thermal receipt with

dry hands resulted in dramatically lower amounts of BPA being

extracted from the receipt relative to the amounts extracted

immediately after using hand sanitizer. The ratio of the extracted

BPA swiped from the wet vs. dry hand was higher at 60 sec

(ratio = 185) than at 240 sec (ratio = 51), reflecting the fact that

while the amount of BPA swiped from a wet hand decreased

between 60 and 240 sec, the levels increased over this time when

the hand was dry, likely due to a reduced rate of absorption with

dry relative to wet hands.

Experiment 3: Serum and urine BPA before and after
transdermal and oral exposure to BPA from thermal
receipt paper after using hand sanitizer
We measured the amount of BPA swiped from the dominant

hand after using hand sanitizer, holding a receipt and then eating

10 French fries, which took 8 min. BPA levels were not

significantly different for the 5 males (mean6SEM: 126619 mg)
and the 5 females (mean6SEM: 128610 mg). These levels

measured at about 8-min after first touching the thermal receipt

paper were lower than levels measured at 45 sec and 4 min in

Experiment 2 (Figure 3-A), which likely reflects rapid transdermal

absorption of BPA due to the use of hand sanitizer as well as some

of the BPA having been transferred to the French fries.

Importantly, females transferred significantly more (58619 mg)

BPA from their dominant hand to the 10 French fries than males

(1563 mg; Mann-Whitney U; P,0.05), resulting in females having

a significantly higher oral BPA dose than males between 4–8 min

after applying the hand sanitizer.

Since the participants had been instructed to avoid known

sources of BPA, such as canned products, and instructed not to

touch thermal paper, 9 of the 10 subjects had undetectable BPA

on their dominant hand prior to washing their hands when they

first arrived at the Clinical Research Center; none of the subjects

was a cashier. However, one female had 0.9 mg of BPA extracted

from her hand upon arriving at the CRC, and she was also found

to have a very high background concentration of serum uBPA

(14.3 ng/mL) prior to holding the thermal receipt paper (subject

#3; Figure 4-B). This was the only female subject who was

menstruating and thus using products to control menstrual flow,

and she also indicated use of hand and body lotion 7–9 times in

the prior 48 hr, which was more than any other female or male

subject (see Section S3 in File S1). However, even though female

#3 (Figure 4-B) had very high background serum uBPA, she

showed a dramatic 9.5 ng/mL increase relative to baseline in

serum uBPA after holding the thermal receipt and eating 10

contaminated fries at the 15 min blood collection time (15 min

after consuming the last French fry). The increase relative to

baseline in serum uBPA for female #3 was thus virtually identical

to the maximum increase (relative to baseline) found for the other

2 females who had low baseline serum uBPA levels and that were

tested in the same way (blood was collected from the BPA

contaminated arm; Figure 4-A; Table 1).

Experiment 3-A: Collection of blood from the cubital vein
in the contaminated arm with BPA remaining on the
hand throughout the 90-min test period
The data for female subject #3 are not included in the

pharmacokinetic data (Table 2) calculated for the remaining 6

subjects that had blood collected from their contaminated arm but

who had undetectable baseline levels of BPA on their hands when

they first entered the CRC and also had very low baseline uBPA in

serum (0.2360.15 ng/mL; N=6]. These 6 subjects showed a

dramatic increase in serum uBPA after holding the thermal receipt

Figure 3. Effect of length of time holding an 8612 cm thermal receipt on the amount of BPA (mg) swiped from the hand, when
hands were pre-wetted with hand sanitizer (Panel A) or left dry (Panel B). The hand was swiped with KimWipes wetted with ethanol to
remove the BPA from the surface of the palm and fingers.
doi:10.1371/journal.pone.0110509.g003
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and eating 10 contaminated fries. Females had a greater Cmax

and maximum increase relative to baseline in serum uBPA and

BPA-G than males after holding the thermal paper, while males

reached peak levels of uBPA (Tmax) later than females. The

average uBPA value, based on the area under the concentration-

time curve [AUC (0–90 min)] did not differ between males and

females, while for BPA-G, the AUC (0–90 min) was greater for

females than males. The ratio of BPA-G/uBPA based on the

average AUC (0–90 min) was very low (0.3560.12 for males and

1.8260.30 for females), consistent with routes of absorption of

BPA (dermal and sublingual) that bypass first pass metabolism

[19,20].

Only female #1 (Figure 4-A) showed a marked increase in

serum BPA-S relative to baseline, revealing that while BPA-G is

the major conjugated metabolite of BPA in most men and non-

pregnant women, some individuals do form significant amounts of

BPA-S. Urine total BPA (unconjugated and conjugated) increased

dramatically between baseline and 90 min after handling thermal

paper, although unlike the serum data, there was no difference

between males and females (Table 2).

Experiment 3-B: Collection of blood from the cubital vein
in the uncontaminated arm to measure BPA in mixed
systemic blood throughout the 90-min test period
We also obtained data from 3 subjects who had the same

procedures described above except that they had blood collected

from the cubital vein in the opposite uncontaminated arm that did

not have BPA remaining on the hand during the 90-min period of

blood collection. The 3 subjects consisted of one male and 2

females (age 22.360.9 yrs, BMI 26.060.9). While the baseline

serum uBPA levels were very low (Figure 4-C; Table 3), the

average serum uBPA AUC (0–90 min) for the two female subjects

(Table 3) was similar to the data from the other 7 subjects

discussed in Experiment 3-A (Table 2). Even for the male subject

with low serum uBPA after holding thermal receipt paper, BPA-G

in serum increased between baseline and 90 min (Figure 4-C), and

urine total BPA increased dramatically over the 90-min test,

similar to the increase in total urine BPA in the women (Table 3).

These findings show that high levels of uBPA could be detected in

the systemic circulation of subjects after holding thermal receipt

paper and eating 10 French fries. Levels of total BPA in urine at

Figure 4. Individual serum profiles of BPA, BPA-G and BPA-MS in men and women prior to (B =baseline levels) and after holding
BPA-containing receipt paper for 4 min followed by picking up and eating 10 French fries over about 4 min with a BPA-
contaminated hand. The BPA then remained on the contaminated hand throughout the following 90-min period of blood collection (blood was
collected between 15–90 min after eating the last French fry). Panel A: data for serum BPA collected from the contaminated arm with BPA remaining
on the hand for 4 males and 2 females that had very low baseline serum uBPA. Panel B: serum BPA data collected from the contaminated arm from
Female #3 who had a high baseline serum concentration of uBPA. Panel C: serum BPA data for one male and 2 females who had systemic blood
collected from the uncontaminated arm.
doi:10.1371/journal.pone.0110509.g004
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baseline or 90 min in these 3 subjects (Table 3) were similar to

levels measured in the other 7 subjects (Table 2).

Experiment 4: Serum and urine BPA in men and women
before and after transdermal exposure to BPA from
thermal receipt paper with dry hands
We conducted this study with 12 male (age 27.761.6 yrs, BMI

26.960.9) and 12 female (age 25.861.6 yrs, BMI 25.261.5)

subjects. Male and females subjects held a single 8612 cm piece of

thermal receipt paper in the non-dominant hand for 4 min, but

unlike the prior experiment, no hand sanitizer was used prior to

holding the thermal paper with a dry hand. No BPA was detected

on the hands of any subject after washing and drying the hands

prior to holding the thermal receipt paper. We did not determine

the amount of BPA transferred to the hand immediately after

holding the thermal receipt paper, since we had previously

examined this (Figure 3-B). However, 30 min after holding the

thermal paper BPA was swiped from the surface of the hand: for

men (5.561.7 mg; range: 0.8–22.5 mg) and women (6.160.8 mg;
range: 1.3–10.6 mg). There was no difference between males and

females in the urine total BPA concentration at baseline or at

60 min, and there was also no difference between total urine BPA

at baseline vs. 60 min for either males or females (Figure 5-A).

There was a tendency (based on 2-tailed t-tests) for males to have

higher serum uBPA at baseline (P= 0.08) and after 30 min

(P = 0.06) relative to females (Figure 5-B). While there was no sex

difference in conjugated BPA (cBPA), consisting of both BPA-G

and BPA-S, at the baseline blood collection (Figure 5-C), at

30 min after holding the thermal receipt males had significantly

higher serum conjugated BPA than females (ANOVA; P,0.001).

Discussion

Our data provide the first evidence that the use of very large

amounts of free BPA as a developer on the print surface of thermal

paper (,20 mg BPA/g paper) could be an important factor in

accounting for the high levels of bioactive serum uBPA and urine

total excreted BPA reported previously in various human

populations [21]. We conducted this study to mimic aspects of

the behavior of people in a fast-food restaurant where we have

observed people using hand sanitizer and handling a thermal

receipt for variable periods of time prior to picking up and eating

food with their hands. In Figure 3 we show that holding a receipt

for 45 sec immediately after using hand sanitizer containing

dermal penetration enhancing chemicals resulted in the maximum

amount of BPA that was swiped from the palm and fingers (581 mg
BPA). After holding the receipt for 2 sec 40% of maximum was

recovered from the hand, and within 15 sec 58% of maximum was

recovered. Between 45 sec and 4 min, the amount of BPA

recovered from the surface of the hand decreased, which may have

been due to absorption into skin occurring at a greater rate than

transfer to the skin from the thermal receipt. These findings show

that a very large amount of BPA is transferred from thermal paper

to a hand as a result of holding a thermal receipt for only a few

seconds immediately after using a product with dermal penetration

enhancing chemicals. The data in Figure 3-A also suggest that

transdermal BPA absorption is very rapid due to the penetration

enhancing chemicals in the hand sanitizer that we used, and thus

Table 2. Unconjugated BPA (uBPA) and glucuronidated BPA (BPA-G) pharmacokinetic parameters for 4 male and 2 female
subjects who held thermal receipt paper and ate French fries after using hand sanitizer (shown in Figure 5-A).

Analyte Parameter Male Female All

Serum uBPA Baseline (ng/ml) 0.0660.04 0.5760.28 0.2360.15

Cmax (ng/ml) 5.6661.25 10.2460.77 7.1961.26

Maximum increase (ng/ml) 5.6061.24 9.6660.37 6.9561.17

Range of increase (ng/ml) 3.96–9.28 9.29–10.03 3.96–10.03

Tmax (min) 60.00612.25 15.0060.00 45.00612.25

Range of Tmax 30.00–90.00 15.00 15.00–90.00

Average AUC (0–90 min) (ng/ml) 3.9261.08 3.8560.04 3.9060.75

Serum BPA-G Baseline (ng/ml) 0.6060.10 2.9560.91 1.3860.55

Cmax (ng/ml) 1.4960.39 7.7461.75 3.5761.42

Maximum increase (ng/ml) 0.8960.36 4.7960.85 2.1960.88

Range of increase (ng/ml) 0.09–1.58 3.94–5.63 0.09–5.63

Tmax (min) 75.0068.66 75.00615.00 75.0066.71

Range of Tmax 60.00–90.00 60.00–90.00 60.00–90.00

Average AUC (0–90 min) (ng/ml) 1.0560.21 6.4861.93 2.8661.25

BPA-G/uBPA AUC (0–90 min) (ng/mL) 0.3560.12 1.8260.30 0.8460.33

Urine Total BPA Baseline (ng/ml) 0.1560.04 1.1060.58 0.4660.24

Baseline (mg/g creatinine) 0.2060.09 1.2260.24 0.5460.19

90 min (ng/ml) 23.3666.66 10.6263.16 19.1164.32

90 min (mg/g creatinine) 18.2065.33 40.93622.56 25.7768.56

For these subjects blood was collected from the arm draining the hand that remained contaminated with BPA throughout the 90-min period of blood collection. Urine
total BPA at baseline and at 90 min are presented as both actual concentration (ng/ml) and creatinine adjusted (mg BPA/g creatinine) values.
For the one female (Female#3; Figure 5-B) who had very high baseline serum uBPA (data not included in this table), the average serum AUC (0–90) values for uBPA and
BPA-G were 6.05 and 4.49 ng/ml, respectively, and urine total BPA levels at baseline and at 90 min were 0.41 and 41.41-mg/g creatinine, respectively.
doi:10.1371/journal.pone.0110509.t002
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measurement of BPA swiped from the surface of the hand likely

underestimates the actual amount of free BPA transferred from the

print surface of thermal paper. We note that since the thermal

receipt paper is sold in rolls, the non-print surface has BPA

transferred to it from the print surface (Figure 1). By swiping the

two surfaces with ethanol on Kimwipes, the print surface was

found to contain an 8.7-fold greater amount of BPA relative to the

non-print surface of the thermal receipt paper roll used in these

experiments (data not shown).

In both men and women there was a dramatic increase in serum

uBPA after using hand sanitizer with dermal penetration

enhancing chemicals and then holding thermal receipt paper

and eating French fries with the BPA-contaminated hand

(Figure 4-A and 4-B). While the sample size was small, our data

suggest higher maximum serum levels (Cmax) for females and a

greater maximum increase relative to baseline for both uBPA and

BPA-G (the primary conjugated BPA metabolite) for females

relative to males (Table 2). This finding was related to a greater

transfer of BPA from the hand to the French fries and thus a

greater oral dose (by about 4 fold) in females relative to males.

However, we cannot rule out that the skin of females also allows

greater transdermal transport of BPA relative to males due to sex

differences in skin permeability [13]. In fact, our data are

consistent with the hypothesis that a combination of both

transdermal and buccal/sublingual absorption (Figure 2) resulted

in the dramatic increase in both serum uBPA (Figure 4-A and 4-B)

and total BPA excreted in urine (Table 2). The profile of serum

uBPA suggests that females absorbed BPA more rapidly than

Table 3. Unconjugated BPA (uBPA) and glucuronidated BPA (BPA-G) pharmacokinetic parameters for one male and two female
subjects who held thermal receipt paper and ate French fries after using hand sanitizer (shown in Figure 5-C).

Analyte Parameter Male Female All

Serum uBPA Baseline (ng/ml) 0.06 0.5360.30 0.3760.24

Cmax (ng/ml) 0.42 5.4460.42 3.7761.69

Maximum increase (ng/ml) 0.37 4.9160.13 3.4061.53

Range of increase (ng/ml) 0.37 4.80–5.03 0.37–5.03

Tmax (min) 60.00 22.5067.50 35.00613.23

Range of Tmax 60.00 15.00–30.00 15.00–60.00

Average AUC (0–90 min) (ng/ml) 0.15 3.4760.06 2.3661.11

Serum BPA-G Baseline (ng/ml) 0.38 1.2260.36 0.9460.35

Cmax (ng/ml) 2.47 2.6960.65 2.6260.39

Maximum increase (ng/ml) 2.09 1.4760.30 1.6860.27

Range of increase (ng/ml) 2.09 1.18–1.77 1.18–2.09

Tmax (min) 90.00 60.00 70.00610.00

Range of Tmax 90.00 60.00 60.00–90.00

Average AUC (0–90 min) (ng/ml) 1.65 1.8760.38 1.8060.23

BPA-G/uBPA AUC (0–90 min) (ng/mL) 11.00 0.5460.12 4.0363.49

Urine Total BPA Baseline (ng/ml) 1.92 0.3860.15 0.8960.52

Baseline (mg/g creatinine) 1.17 0.2160.08 0.5360.40

90 min (ng/ml) 27.86 29.3460.35 28.8560.54

90 min (mg/g creatinine) 27.35 14.1161.16 18.5364.46

For these subjects mixed systemic blood was collected from the uncontaminated arm over the 90 min after BPA exposure. Urine total BPA at baseline and at 90 min are
presented as both actual concentration (ng/ml) and creatinine adjusted (mg/g creatinine) values.
doi:10.1371/journal.pone.0110509.t003

Figure 5. BPA in urine and serum of 12 men and 12 women who held thermal receipt paper with dry hands for 4 min, Panel A: the
total concentration of BPA in urine (expressed relative to creatinine) at baseline and 60-min after holding the thermal receipt. Panel
B: unconjugated BPA (uBPA) in serum at baseline and 30 min after holding the thermal receipt. Panel C: conjugated BPA (BPA-G and BPA-S) in serum
at baseline and 30 min after holding the thermal receipt paper. * = significant difference between males and females (P,0.001).
doi:10.1371/journal.pone.0110509.g005
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males (Figure 4-A), consistent with females having a shorter time

to reach the maximum serum level (Tmax) of uBPA (Table 2).

The later Tmax in men than in women is consistent with men

having a thicker stratum corneum (the outermost layer of the

epidermis) relative to women [22,23]. In addition to skin thickness,

another possible explanation for the sex differences we observed

(Table 2) would be a greater use of skin moisturizers in females

than in males, which could impact both the transfer of BPA to the

hand from the surface of thermal paper as well as transdermal

absorption of BPA. Our finding that males tended to have higher

serum uBPA and had significantly higher serum conjugated BPA

than women at 30 min after holding a receipt with a dry hand

(Figure 5-B and 5-C) requires further study, since the more rapid

absorption of BPA found for women after using hand sanitizer

(Figure 4-A and 4-B) would have been missed at the 30-min blood

collection time.

For the 3 females that had blood collected from the cubital vein

in the same arm with the BPA contaminated hand (Figure 4-A and

4-B; Table 2), the maximum increase in serum uBPA relative to

baseline (,10 ng/mL) was about two-times greater than the

maximum increase found in the other two females whose blood

was collected from the opposite uncontaminated arm (,5 ng/mL;

Table 3; Figure 4-C). This difference between blood collected

from a vein draining the contaminated hand vs. blood from the

opposite uncontaminated arm (reflecting uBPA in the systemic

circulation) suggests that a substantial amount of uBPA in blood

from the contaminated arm was due to the BPA that was

transdermally absorbed before its mixing in the general circula-

tion. Our data from the cubital vein draining the contaminated

hand that had BPA remaining on it for 90 min thus support the

hypothesis of a higher arterial than mixed venous blood BPA

concentration during the dermal absorption phase in the

framework of a physiologically based pharmacokinetic (PBPK)

model [24]. The hypothesis that served as the basis for collecting

blood from the same arm in which BPA was being absorbed is that

a portion of the BPA contaminated blood would be transported

from the contaminated hand through the cubital vein and then to

the heart. Subsequently, the contaminated blood would enter the

arterial circulation and be transported to the tissues in the body,

including endocrine target tissues. This leads to the prediction that

during the dermal absorption of BPA, the BPA concentration in

arterial blood is likely more relevant to consider in terms of

exposure than the BPA concentration in the mixed venous blood,

because blood in a vein draining the contaminated hand is not

subjected to clearance by enzymes in the liver prior to reaching

endocrine target tissues in arterial blood.

When examining all of our data for serum unconjugated and

conjugated BPA, we show significant inter-subject variability in the

absorption and clearance of BPA (Figure 4), which was also

previously found for the estrogenic drug used in oral contracep-

tives, ethinylestradiol [25]. A particular concern is that there are

individuals who have limited capacity to excrete BPA or other

estrogenic compounds; one population at risk is patients with

early-stage or advanced kidney disease [26,27].

The default method of administration of chemicals to animals

by regulatory agencies is by intra-gastric gavage, regardless of how

the chemical is used or whether there are known non-oral routes of

exposure [28]. It is thus not surprising that US and European

regulatory agencies [29,30] have modeled human exposure to

BPA based on results from intra-gastric gavage administration of

BPA to animals, which results in direct transport of BPA to the

liver via the mesenteric vessels and extensive first-pass metabolism

(detoxification) in the liver (Figure 2); the result is less than 1% of

the gavage administered dose being bioavailable in blood [19,31].

However, Gayrard et al. [19] found high absorption and

bioavailability (,70%) of BPA following sublingual administration

that was dramatically different than the much lower bioavailability

(,1%) of BPA following gavage administration in a parallel

experiment. These findings directly challenge predictions that it is

not possible to find the high blood levels of biologically active

uBPA that have actually been measured in numerous human

biomonitoring studies [21,32] but are currently being rejected for

use in risk assessments by the US-Food and Drug Administration

(US-FDA) as not plausible [31].

In contrast to the extremely high ratio of BPA-G to uBPA (.

100:1) predicted by gavage exposure studies due to rapid phase 2

metabolism in the liver, the average ratio of BPA-G to uBPA in

our Experiment 3 was 0.8460.33 based on the average AUC (0–

90 min) for the 6 subjects with blood collected from the arm with

the contaminated hand (Figure 5-A; Table 2); this ratio was also

low for the subjects with systemic blood collected from the

uncontaminated arm (Table 3). These findings indicate that the

primary route of BPA exposure was not via gastrointestinal

absorption after eating the BPA-contaminated French fries, since

this ratio would be predicted to exceed 100:1 [31,33]. One reason

may have been that, in addition to transdermal absorption, the

BPA transferred to the French fries would have been on the

surface of the fries and thus easily absorbed by the highly

vascularized epithelium in the mouth [19].

In the present study we measured total BPA in urine to be able

to relate our findings to a very large epidemiological literature

showing BPA in urine to be correlated with abnormal develop-

ment and diseases in children and adults [5,34]. The geometric

mean for adults in the 95th percentile for total BPA in urine

reported in NHANES 2003/4 was about 11 mg/g creatinine [2]

and the range of values at the 95th percentile include values we

measured here. Periodically, BPA levels exceeding those we found

are reported in studies that measured BPA in urine [21], and it is

possible that those assays are of people who had very recently been

exposed to BPA in a manner similar to our experiment.

Our findings thus provide evidence regarding how some people

could be found to have very high urine levels of BPA. Importantly,

the amount of total BPA in urine was ,20 mg BPA/g creatinine

(,20 ng/mL urine uncorrected for creatinine). This high level of

urine total BPA collected 90 min after using hand sanitizer and

holding a thermal receipt (Table 2 and Table 3) has been

associated with a significant increase in the likelihood of

developing cardiovascular disease and type 2 diabetes [35,36].

BPA levels in human urine have also been related to a wide range

of other diseases in over 60 human epidemiological studies [5,34].

Published findings include: reproductive effects in women

(polycystic ovary syndrome, altered ovarian response to hormones,

reduced fertilization success, implantation failure, endometrial

disorders, reduced embryo quality, miscarriage, premature deliv-

ery and breast cancer), reproductive effects in men (reduced libido,

sperm quality, altered sex hormone concentrations and embryo

quality), altered thyroid hormone concentrations, obesity, im-

paired liver function, impaired immune and kidney function,

inflammation, and neurobehavioral deficits such as aggressiveness,

hyperactivity and impaired learning [5,34]. The estimate of the

costs per year of additional cases of just cardiovascular disease in

the USA attributable to BPA is 1.5 billion dollars [37].

In a study that involved handling thermal receipts (without

using hand sanitizer) continuously for 2 hr, which would be

relevant for a cashier, there was a significant increase in urine total

BPA relative to baseline [38]. This finding is consistent with prior

data that cashiers have higher levels of BPA in urine than the

general public [39]. Blood concentrations of BPA were not
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determined in these studies, and they also did not take into

account that perhaps 50% of the receipts handled may have

contained BPS rather than BPA (Table 1). The results of these

studies indicate that with repeated handling of thermal receipts in

an occupational setting, even without the use of hand sanitizer,

there is a significant increase in BPA exposure. Future studies

involving handling of thermal paper need to include analysis of the

thermal paper to determine if the developer used is BPA or some

other chemical. Related to the issue of occupational exposure to

BPA is our observation that at least one big-box store in Columbia,

Missouri provides hand sanitizer dispensers for use by all cashiers,

and our data suggest this can not only markedly increase transfer

of BPA from the thermal paper to hands but also increase

transdermal absorption of BPA.

Our findings that thermal receipt paper is a potential source of

high exposure to BPA are supported by data showing that BPA

readily leaches from thermal receipts and thus likely contaminates

anything that a receipt contacts. Thus, environmental contami-

nation caused by the use of unpolymerized (free) BPA in thermal

paper is widespread [7]. The dermal penetration enhancing

chemicals present in personal care products as well as hand

sanitizers cause a breakdown of the dermal barrier leading to an

increase in transdermal absorption [8,9]. While BPA was reported

to be absorbed through pig and human skin in vitro [40], our data
show after holding a receipt for 60 sec, there was 185-times more

BPA transferred to a wet hand due to holding thermal receipt

paper immediately after using hand sanitizer with penetration

enhancing chemicals as opposed to when the hands were dry

(Figure 3). The specific mixtures of chemicals used in products will

impact transdermal exposure to environmental chemicals such as

BPA [8,9], and additional research is needed to determine the

degree to which alcohols and other chemicals impact exposures.

This is important because when soap and water are not available,

hand sanitizers are recommended to reduce infectious disease

transmission [http://www.cdc.gov/handwashing/when-how-

handwashing.html]. It is also important to determine the length

of time after using skin-care products with dermal penetration

enhancing chemicals that there is an impact on absorption of

environmental contaminants.

The issue of assay performance is obviously very important and

was examined using a round robin validation process in Europe

for a number of chemicals, including BPA, which identified that

some laboratories were able to accurately assay uBPA and other

chemicals without contamination, while other laboratories were

unable to assay uBPA or other chemicals accurately [41].

Importantly, our findings reported here are based on measure-

ment of uBPA with a sensitive, validated, contamination-free LC/

MSMS assay. Specifically, our laboratory is one of three in the

U.S. that recently successfully completed a NIH-sponsored round-

robin measuring uBPA in human serum [17]. In addition, in the

present experiment, the time course of blood uBPA concentrations

after a controlled BPA exposure in our university Clinical

Research Center (Figure 4) is not consistent with any spurious

contamination; this conclusion was also supported by the use of

field blanks. It is thus clear that the prediction that any finding of

uBPA in human serum must be due to sample contamination [31]

is not valid, even though a few investigators report being unable to

control BPA contamination in their assays [42,43]. Supporting our

conclusion is a report from the CDC in which sources of

contamination were identified and systematically eliminated

during the successful development of assays for BPA and three

other chemicals [44]. The issue of the potential for assay

contamination is thus not unique to BPA and simply requires

the use of standard assay procedures and appropriate controls that

should be routinely employed.

Conclusions

Thermal paper requires a chemical in the surface coating as a

print developer. The current preferred developers, BPA and BPS,

have both been shown to have estrogenic activity [45,46]. This is

leading to widespread exposure to both of these endocrine-

disrupting chemicals [7,47], and BPS is more persistent in the

environment relative to BPA and is thus an unacceptable

replacement for BPA [18,48]. A recent EPA report examined 19

alternative chemicals, including BPS, that could potentially replace

BPA as a developer in thermal paper and concluded that ‘‘No

clearly safer alternatives to BPA were identified in this report; most

alternatives have Moderate or High hazard designations for

human health or aquatic toxicity endpoints’’ [18]. The report

identified that ‘‘decision makers may wish to consider alternative

printing systems’’. Two of the papers screened for our current

study employed a developer other than BPA or BPS that was not

estrogenic in a MCF-7 human breast cancer cell proliferation

assay (data not shown), but lack of estrogenic activity does not

imply safety, as indicated in the EPA report.

Thermal paper is a major source of BPA contamination in

recycled paper, and its use results in the widespread contamination

of other products and the environment [49] due to the presence of

large amounts of free, unpolymerized BPA in the surface coating

of thermal paper (Figure 1). Further, our findings are consistent

with other data reporting that BPA can be transferred from the

surface of thermal paper to items it contacts. Because no safe

alternatives to the use of BPA or its primary replacement chemical

BPS in thermal paper have been identified, our findings provide

support for the EPA’s recommendation that thermal paper should

be replaced with other safer technologies [18].

Our study provides the first data that thermal paper may be a

significant factor in accounting for high levels of bioactive BPA in

human serum and total BPA in urine that have been associated

with diseases that are increasing in frequency in human

populations [21,34]. Our findings also suggest that the impact of

the use of dermal penetration enhancing chemicals in skin care

products on transdermal absorption of environmental contami-

nants should be taken into consideration in risk assessments and

should be a priority for future research.

Supporting Information

File S1 Section S1: Sample handling, extraction and assay

methods. Section S2: Table of individual BPA and BPS values for

50 thermal receipt papers. Section S3: List of questions asked each

subject.

(DOCX)

Author Contributions

Conceived and designed the experiments: FVS AMH JAT. Performed the

experiments: AMH JAT CLM. Analyzed the data: JAT PLT RWS MRE

FVS. Contributed reagents/materials/analysis tools: FVS. Contributed to

the writing of the manuscript: FVS AMH CLM JAT SCN WVW PLT

RWS.

Exposure to Bisphenol A from Thermal Receipt Paper

PLOS ONE | www.plosone.org 11 October 2014 | Volume 9 | Issue 10 | e110509



References

1. GrandViewResearch (2014) Global bisphenol A (BPA) market by appliation

(appliances, automotive, consumer, construction, electrical & electronics)

expected to reach USD 20.03 billion by 2020. http://www.digitaljournal.

com/pr/2009287, Accessed June 24, 2014. http://www.digitaljournal.com/pr/

2009287, Accessed June 24, 2014.

2. Calafat AM, Ye X, Wong LY, Reidy JA, Needham LL (2008) Exposure of the

U.S. population to bisphenol A and 4-tertiary-octylphenol: 2003–2004. Environ

Health Perspect 116: 39–44.

3. Liao C, Kannan K (2012a) 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.

4. Welshons WV, Thayer KA, Judy BM, Taylor JA, Curran EM, et al. (2003)

Large effects from small exposures. I. Mechanisms for endocrine-disrupting

chemicals with estrogenic activity. Environ Health Perspect 111: 994–1006.

5. Vandenberg LN, Ehrlich S, Belcher SM, Ben-Jonathan N, Dolinoy DC, et al.

(2013a) Low Dose Effects of Bisphenol A: An Integrated Review of In Vitro,

Laboratory Animal and Epidemiology Studies. Endocrine Disruption 1: E1–

E20.

6. Mendum T, Stoler E, VanBenschoten H, Warner JC (2011) Concentration of

bisphenol A in thermal paper. Green Chemistry Letters and Reviews 4: 81–86.

7. Liao C, Kannan K (2011) Widespread Occurrence of Bisphenol A in Paper and

Paper Products: Implications for Human Exposure. Environ Sci Technol 45:

9372–9739.

8. Funke AP, Schiller R, Motzkus HW, Gunther C, Muller RH, et al. (2002)

Transdermal delivery of highly lipophilic drugs: in vitro fluxes of antiestrogens,

permeation enhancers, and solvents from liquid formulations. Pharm Res 19:

661–668.

9. Karande P, Mitragotri S (2009) Enhancement of transdermal drug delivery via

synergistic action of chemicals. Biochim Biophys Acta 1788: 2362–2373.

10. EFSA (2013) Draft scientific opinion on the risks to public health related to the

presence of bisphenol A (BPA) in foodstuffs – exposure assessment; EFSA Panel

on Food Contact Materials, Enzymes, Flavourings and Processing Aids;

European Food Safety Authority (EFSA), Parma, Italy, July 1.

11. Xue J, Zartarian V, Moya J, Freeman N, Beamer P, et al. (2007) A meta-analysis

of children’s hand-to-mouth frequency data for estimating nondietary ingestion

exposure. Risk Anal 27: 411–420.

12. Heffernan AL, Aylward LL, Samidurai AJ, Davies PS, Toms LM, et al. (2014)

Short term variability in urinary bisphenol A in Australian children. Environ Int

68C: 139–143.

13. Singh I, Morris AP (2011) Performance of transdermal therapeutic systems:

Effects of biological factors. Int J Pharm Investig 1: 4–9.

14. IBISWorld (2012) Hand sanitizer manufacturing in the US: Market research

report. Feb 2012. http://www.ibisworld.com/industry/hand-sanitizer-

manufacturing.html.

15. Brand RM, Charron AR, Sandler VL, Jendrzejewski JL (2007) Moisturizing

lotions can increase transdermal absorption of the herbicide 2,4-dichlorophe-

noxacetic acid across hairless mouse skin. Cutan Ocul Toxicol 26: 15–23.

16. StatisticsBrain (2014) Fast food statistics, http://www.statisticbrain.com/fast-

food-statistics/, Accessed March 26.Statistic Brain.

17. Vandenberg LN, Gerona RR, Kannan K, Taylor JA, van Breemen RB, et al.

(2014a) A round robin approach to the analysis of bisphenol a (BPA) in human

blood samples. Environ Health 13: 25.

18. EPA (2014) Bisphenol A alternatives in thermal paper. United States

Environmental Protection Agency, Final document, January 2014. http://

www.epa.gov/dfe/pubs/projects/bpa/bpa-report-complete.pdf. Accessed 9/9/

14.

19. Gayrard V, Lacroix MZ, Collet SH, Viguie C, Bousquet-Melou A, et al. (2013)

High bioavailability of bisphenol a from sublingual exposure. Environ Health

Perspect 121: 951–956.

20. vom Saal FS, Vandevoort CA, Taylor JA, Welshons WV, Toutain PL, et al.

(2014) Bisphenol A (BPA) pharmacokinetics with daily oral bolus or continuous

exposure via silastic capsules in pregnant rhesus monkeys: Relevance for human

exposures. Reprod Toxicol 45: 105–116.

21. Vandenberg LN, Chahoud I, Heindel JJ, Padmanabhan V, Paumgartten FJ, et

al. (2010a) Urinary, circulating, and tissue biomonitoring studies indicate

widespread exposure to bisphenol A. Environ Health Perspect 118: 1055–1070.

22. Fitzmaurice S, Maibach HI (2010) Gender differences in skin. In: M.A F, Miller

KM, Maibach HI, editors. Textbook of Aging Skin. New York: Springer. 999–

1017.

23. Polak S, Ghobadi C, Mishra H, Ahamadi M, Patel N, et al. (2012) Prediction of

concentration-time profile and its inter-individual variability following the

dermal drug absorption. J Pharm Sci 101: 2584–2595.

24. Levitt DG (2004) Physiologically based pharmacokinetic modeling of arterial -

antecubital vein concentration difference. BMC Clin Pharmacol 4: 2–7.

25. Goldzieher JW, Stanczyk FZ (2008) Oral contraceptives and individual

variability of circulating levels of ethinyl estradiol and progestins. Contraception
78: 4–9.

26. You L, Zhu X, Shrubsole MJ, Fan H, Chen J, et al. (2011) Renal function,
Bisphenol A, and Alkylphenols: Results from the National Health and Nutrition

Examination Survey (NHANES 2003–2006). Environ Health Perspect 119:

527–533.
27. Krieter DH, Canaud B, Lemke HD, Rodriguez A, Morgenroth A, et al. (2013)

Bisphenol A in chronic kidney disease. Artif Organs 37: 283–290.
28. Vandenberg LN, Welshons WV, Vom Saal FS, Toutain PL, Myers JP (2014b)

Should oral gavage be abandoned in toxicity testing of endocrine disruptors?

Environ Health 13: 46.
29. EFSA (2008) Toxicokinetics of Bisphenol A - Scientific Opinion of the Panel on

Food additives, Flavourings, Processing aids and Materials in Contact with Food
(AFC). European Food Safety Authority July, 2008. http://www.efsa.europa.

eu/EFSA/efsa_locale-1178620753812_1211902017492.htm. Accessed Septem-
ber 2, 2014.

30. FDA (2008a) Food and Drug Administration draft assessment of bisphenol A for

use in Food contact applications, August 14, 2008. http://www.fda.gov/food/
ingredientspackaginglabeling/foodadditivesingredients/ucm166145.htm. wa-

tAccessed August 6, 2014.
31. Patterson TA, Twaddle NC, Roegge CS, Callicott RJ, Fisher JW, et al. (2013)

Concurrent determination of bisphenol A pharmacokinetics in maternal and

fetal rhesus monkeys. Toxicol Appl Pharmacol 267: 41–48.
32. Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV (2007) Human

exposure to bisphenol A (BPA). Reproductive Toxicology 24: 139–177.
33. Gayrard V, Lacroix MA, Collet SH, Viguié C, Bousquet-Melou A, et al. (2013)
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