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Abstract

Some chemicals commonly used in personal care products, household items, food vessels, cosmetics, and other
consumer products are potentially harmful, and several reviews of epidemiological studies have suggested the
associations between the chemical exposure from consumer products, and respiratory diseases, skin sensitization, and
reproductive problems. Therefore, risk assessment is essential for management of consumer products safety.
Necessarily, the estimation of human exposure is an essential step in risk assessment, and the absorption rate of those
chemicals via the gastrointestinal tract, respiratory tract, and skin are very critical in determining the internal dose of the
exposed chemicals. In this study, parallel artificial membrane permeability assays (PAMPA) for the gastrointestinal tract
and skin were performed to evaluate the permeability of parabens (4-hydroxybenzoic acid, methyl-, propyl-, and butyl
paraben), bisphenols (bisphenol A, bisphenol F, and bisphenol S), isothiazolinones (methyl-, chloromethyl-, benz-,
octyl-, and dichlorooctyl isothiazolinone), and phthalates [diethyl-, dibutyl-, Di-isononyl-, and bis(2-ethylhexyl)
phthalate]. Lipid solubility of test chemicals indicated by log P values was shown as the most critical factor and showed
a positive association with the permeability of parabens, bisphenols, and isothiazolinones in PAMPA assay. However,
phthalate showed a reverse-association between lipophilicity and permeability. The permeability of all the tested
chemicals was higher in the gastrointestinal tract membrane than in the skin membrane. The pH in donor solution did
not show significant effects on the permeability in all the chemicals, except the chemicals with a free hydrophilic moiety
in their chemical structures.
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Introduction

Some chemicals commonly found in personal care products, household items, food vessels, cosmetics, and other
consumer products are potentially harmful either through direct exposure during use or indirectly via subsequent
environmental emissions. Several reviews of epidemiological studies have suggested an association between the exposure
to some consumer products and respiratory diseases, skin sensitization, and reproductive system problems [1,2]. For
example, isothiazolinones which are used as biocides may cause skin irritation and/or eye irritation. Parabens used as
preservatives in cosmetics are absorbed into the skin causing an estrogenic effect. Phthalates used in plastics to give
flexibility and transparency are capable of endocrine disruption leading to disorders such as neurobehavioral disorder [3,4].
However, the exact category of harmful chemicals in consumer products and the routes of exposure remain unclear.
Therefore, a risk assessment is essential for management of consumer products safety. Necessarily, estimation of human
exposure is a key factor in the process of risk assessment, and the absorption rates are very critical in determining the
internal dose of the exposed chemicals. A study on the chemical exposure from consumer products demonstrated that use-
stage exposure may exceed environmentally mediated exposures. This highlights the importance of the usage patterns,
exposure route, and absorption rate in the risk assessment of chemicals in consumer products [5,6].

Internal dose is the amount of a chemical that is absorbed by the body by penetrating an epithelial barrier such as
the gastrointestinal tract, respiratory tract, and skin. The body burden of chemicals in risk assessment is a determinant of
the toxicological threshold and it mainly depends on the absorption rate. However, there is a scarcity of information on
chemical permeability because in vivo studies for pharmacokinetic parameters are done using physiologically based
pharmacokinetic models which are costly and time-consuming [7]. As an easier alternative, in vitro permeability assays are
used to predict chemical permeability. Among them, the parallel artificial membrane permeability assay (PAMPA) is
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prominent owing to its high-throughput screening technique developed to predict passive permeability through a wide
range of biological membranes. It can be used to predict passive absorption of a diverse range of chemicals through the
gastrointestinal tract, blood-brain barrier, and skin layer [8-10]. PAMPA was introduced as a tool for rapid determination
of passive membrane permeability of chemicals. Expectedly, due to its low cost and high throughput performance, it is
widely used in the pharmaceutical and cosmetic industries to determine the gastrointestinal tract and skin absorption rate
in the discovery stage of development. In this study, several chemicals used in consumer products were applied to PAMPA
to screen the absorption rate in gastrointestinal tract and skin.

Materials and Methods

PAMPA kit and reference chemicals

The assay kits were purchased from Pion Inc. (Billerica, MA, USA). Reference chemicals for gastrointestinal tract
(GIT), ketoprofen, verapamil, carbamazepine, propranolol, metoprolol, antipyrine, and ranitidine, were supplied with the
assay kit; their physico-chemical information is provided in (Table 1). Reference chemicals for skin, chlorpromazine,

verapamil, warfarin, piroxicam, progesterone, niflumic acid, and atenolol, were also supplied with the assay kit; listed in
(Table 2).

Test chemicals

The GIT and skin permeation of parabens (4-hydroxybenzoic acid, methyl paraben, propyl paraben, and butyl
paraben), bisphenols (bisphenol A, bisphenol S, and bisphenol F), isothiazolinones (methylisothiazolinone,
chloromethylisothiazolinone, benzisothiazolinone, octylisothiazolinone, and dichlorooctylisothiazolinone), and Phthalates
[diethyl phathalate, dibutyl phthalate, Di-isononyl phthalate, and bis (2-ethylhexyl) phthalate] were tested in this study.
They are all used as preservatives, food contact applications, plastic raw materials, and biocides in consumer products, and
are potentially absorbed through the oral route or skin. The information on the test chemicals including suppliers and
physico-chemical properties is listed in (Table 3), and the chemical structures are shown in (Figure 1).

Validation of PAMPA

The permeability of seven reference chemicals listed in (Table 1) was tested to evaluate the integrity of GIT
PAMPA, and the seven reference chemicals listed in (Table 2) were tested to evaluate the integrity of skin PAMPA. The
absorption coefficient Pe values obtained from the three separate experiments in this study were compared to the expected
values provided by the PAMPA kit supplier.

PAMPA experiment

The PAMPA kit was purchased from Pion Inc. The stock solutions of the test chemicals and reference chemicals
were prepared at respective concentrations in dimethyl sulfoxide (DMSO) and stored at room temperature before use. On
the day of the test, the stock solution was diluted first with the buffer to achieve a final sample concentration described in
(Table 1-3). The final concentration of DMSO in the test preparations was 0.5%. For the GIT permeation test, the donors of
a 96-well plate were filled with a 200 pL diluted test solution at three different pH conditions, pH5.0, pH6.2, and pH7.4. The
artificial membrane on the acceptor plate was wetted with 5uL 20% w/v phospholipid compound solution in n-dodecane
and the acceptor wells were filled with 200 pL buffer solution. Then, the acceptor plate was assembled with the donor plate
to make a sandwich. The assembled sandwich plate was incubated at 25 °C for 4 h. After reaching the permeation time, the
PAMPA sandwich plate was disassembled and the volume of test chemicals in both donor wells and acceptor wells were
measured by UV spectrum at 250 nm ~ 500 nm using SPARK (Tecan, Zurich, Switzerland). Experiments were performed
using an aqueous buffer solution. The process of the skin permeation test was similar to that of the GIT test but without the
pH of buffer condition (pH 6.5 and pH7.4.) and incubation time (5 h). The artificial membranes that were used for the skin
test were hydrated overnight before the permeation test [11,12].

Software and data analysis

The absorption coefficient Pe data for the test chemicals and reference chemicals were calculated using PAMPA
Explorer Command Software (Ver 3.8) provided by the supplier. Three separate experiments were performed, and the
average and standard deviation of Pe were represented.
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Results

Validation of PAMPA

GIT PAMPA was validated by comparing the expected values suggested by the PAMPA kit supplier and the
measured values obtained in the author’s laboratory for the 7 reference chemicals. They were compared at three different
pH conditions, pH5.0, pH6.2, and pH7.4. Biopharmaceutics classification system (BCS) is a scientific framework for
classifying drug substances according to their aqueous solubility and their intestinal permeability. BCS class 1 means high
permeability and high solubility, and BCS class 2 means high permeability and low solubility, and BCS class 3 means low
permeability and high solubility. As shown in (Table 1), the values obtained in this experiment were in the range of the
expected values. The permeability patterns (increase/decrease) according to the pHs of donor solution were similar to those
of the supplier’s expected values. The BCS 1 chemicals of verapamil, propranolol, and metoprolol showed high permeability
values in a pH dependent manner both in expected values and in measured values. The BCS 2 chemicals of ketoprofen and
carbamazepine also showed comparatively high permeability. The permeability value of ranitidine, chemicals of BCS 3
showed very low permeability in all the test pH ranges. Antipyrine, although it was categorized as BCS class 1 chemical,
showed low permeability in both the expected value and measured value. The reference chemicals selected for the skin
permeability test were chlorpromazine, verapamil, warfarin, piroxicam, progesterone, niflumic acid, and atenolol. Although
the expected values for skin permeability of the seven reference chemicals suggested by the supplier were not provided in
detail compared to those of GIT PAMPA, the measured values obtained in this study were very similar to those of expected
values as shown in (Table 2). It means that the integrity of the GIT and skin PAMPA kits used in these tests was intact and
the conditions of PAMPA experiments in the author’s laboratory were as required.

Table 1. The permeability means values of 7 reference chemicals in GIT PAMPA.

Permeability (10 cm/s)

.
Compound CAS No. :::;“ c}i)’acsi1 pRa li:;;};:;ggeed pH Expecteill\;[ri)ﬁ_s.li/[.)easured
supplier? in this lab?
5.0 41.245.0 615159
Ketoprofen ~ 22071-15-4 50 uM 2 41 <41 6.2 15.8£2.0 15.4+1.9
74 1.7:0.5 1.3:0.1
5.0 47.545.0 60.4+15.8
Verapamil HCl ~ 152-11-4 50 uM 1 9.1 >9.1 6.2 60.5+10.0 66.5:21.8
74 61.3+10.0 67.0+28.7
5.0 41.845.0 44.157.0
Carbamazepine  298-46-4 50 uM 2 14 >14 6.2 36.645.0 429463
7.4 42,9450 40.9+7.7
5.0 442465 49.9+11.0
Propranolol 318989 50 uM 1 9.5 9.5 6.2 66.7+10.3 80.8+25.1
74 63.9+10.1 83.1+30.1
5.0 49:05 41202
M;zg::?l 56392-17-7 50 uM 1 9.6 9.6 6.2 19.143.0 29.1+4.0
7.4 45.745.0 59.0421.6
5.0 2.9:0.3 2.0:0.2
Antipyrine 60-80-0 250 uM 1 14 >14 6.2 2.8+0.3 2.00.2
74 24402 1.9+0.1
5.0 <0.1 0.120.1
Ranitidine  66357-59-3 50 uM 3 é’% >8.3 6.2 <0.1 0.00.0
7.4 0.120.5 0.320.1

1 BCS represents biopharmaceutics classification system that classifies the drugs/chemicals on the basis of their solubility and permeability. 2 The expected
permeability values of reference chemicals were provided by the supplier of PAMPA. 3 The measured permeability values in this study were generated
from three different experiments.
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Table 2. The permeability means values of 7 reference chemicals in Skin PAMPA.

Permeability (106 cm/s)

Compound CAS No. Test conc. pH (Mean+S.D.)
Expected! Measured?
6.5 - 2.5+0.4
Chlorpromazine 69-09-0 50 uM
7.4 10.7 9.5+0.2
6.5 - 0.2+0.2
Verapamil HCl 152-11-4 50 uM
7.4 3.0 2.6+1.2
6.5 1.0 1.2+0.1
Warfarin 81-81-2 50 uM
7.4 - 0.6+0.2
6.5 2.1 3.1+0.5
Piroxicam 36322-90-4 50 pM
7.4 - 1.3+0.3
6.5 12.0 (pH 5.0, 9.0) 9.1£2.0
Progesterone 57-83-0 50 uM
7.4 - 10.7+3.3
) L 6.5 2.2 2.60.6
Niflumic acid 4394-00-7 50 uM
7.4 - 1.1+0.3
6.5 0.1+0.2
Atenolol 29122-68-7 50 uM <1
7.4 0.3+0.4

1 The expected permeability values of reference chemicals were provided by the supplier of PAMPA. 2 The measured permeability values in this study were
generated from three different experiments.

GIT permeation

The general information of the test chemicals and structures is shown in (Table 3) and (Figure 1). 4-
Hydroxybenzoic acid, methyl-, propyl-, and butyl paraben are used as preservatives in food, cosmetics, and other consumer
products. The permeability (x10° cm/s) of 4-hydroxybenzoic acid (4-HBA) was lowest among the parabens, 0.15+0.11 and
those of methyl paraben (MeP), propyl paraben (PrP), and butyl paraben (BuP) were increased to 39.12+2.58, 81.32+4.36, and
95.14+11.31, respectively at pH 7.4. Based on the present study findings, 4-HBA was slightly permeable in pH 5.0 (3.56+0.71)
and almost non-permeable in pH 7.4. This can be attributed to the free carboxylic acid moiety in the 4-HBA chemical
structure that is easily ionized in higher pH consequently decreasing its permeability, while the non-ionized form of 4-HBA
passed the lipid barrier easily in low pH. The permeability of alkyl ester parabens showed dependency on the log P values,
which indicates the lipid solubility of the chemicals. However, the permeability of alkyl ester parabens (MeP, PrP, and BuP)
showed no dependency on pH.

The permeability of bisphenols also seemed to be depended on the log P values. The permeability (x10 cm/s) of
BPA, BPF, and BPS was 85.28+7.45, 68.22+2.63, and 2.26+0.08 at pH 7.4, respectively. The log P value of BPS permeability
(1.65) was significantly lower than that of BPA (3.40). The permeability difference in different pH conditions was not evident,
although a slight decrease was observed with the increase in pH. This pattern was especially observed in BPS.

For isothiazolinones, the permeability of octylisothiazolinone (OIT) and dichlorooctylisothiazolinone (DCOIT)
was higher than that of benzisothiazolinone (BIT), chloromethylisothiazolinone (CMIT), and methylisothiazolione (MIT).
Based on our findings the permeability of isothiazolinones was also dependent on the lop P values. The permeability (x10-¢
cm/s) of OIT (log P; 5.00) was 125.76+10.99 while that of MIT (log P; -0.83) was 0.85+0.11 at pH7.4. The permeability of
phthalates did not show association with log P values, but reversed dependency was observed. The log P value of diisononyl
phthalate (DINP) was the highest (log P; 9.37) among the tested phthalates but its permeability (x10-° cm/s) was the lowest;
almost non-permeable, 0.37 +0.64 at pH7 4. Diethylphthalae (DEP) which has the shortest alkyl chain and lowest log P values
(2.20) among the tested phthalates, showed the highest permeability, 112.78+11.39 at pH?7.4. The test chemicals permeability
results are shown in (Figure 2).
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Molecular
Compound CAS No. weight pKa LogP  Test conc. Supplier
(g/mol)
4-Hydroxybenzoic acid
(4-HBA) 99-96-7 138.1 4.54 1.58 250 uM
Methyl paraben
99-76-3 152.2 8.4, 8.5 1.96 75 uM
(MeP) H SIGMA-
ALDRICH
Propyl paraben 94-13-3 180.2 85 (phenol)  3.04 75 UM
(PrP)
Butyl paraben
4-26- 194.2 47 .57 75 uM
(BuP) 94-26-8 94.23 8 35 5u
Bisphenol S
-09-1 250. 2 1. 125 uM
(BPS) 80-09 50.3 8 65 5u
Bisphenol F SIGMA-
(BPF) 620-92-8 200.2 7.55,10.80 291 250 uM ALDRICH
Bisphenol A
(BPA) 80-05-7 228.3 9.6 3.40 75 uM
Methylisothiazolinone 2682-20-4 1152 - 083  350uM  AK scientific
(MIT)
Chloromethylisothiazolinone
26172-55-4 149.6 - 4 250 uM LGC
(CMIT) 040 On
Benzisothiazolinone SIGMA-
2634-33- 151.2 - .7 1 M
(BIT) 634-33-5 > 076 00 1 ALDRICH
chmoroofg gf;%lmlmone 64359-81-5 2822 - 285 125uM Tokyo
Octylisothiazoli Chemical
ctylisothiazolinone 26530-20-1 2133 - 5.00 125 uM Industry
(OIT)
Diethyl phthalate
(DEP) 84-66-2 222.2 - 2.20 250 uM
Dibutyl phthalate
84-74-2 278.3 - 4.40 250 M
(DBP) " SIGMA-
Bis(2-ethylhexyl) phthalate ALDRICH
(DEHP) 117-81-7 390.6 7.60 250 uM
Di-isononyl phthalate
(DINP) 28553-12-0 418.6 - 9.37 250 uM

The sources of physico-chemical properties of test chemicals were materials safety data sheet (MSDS) and PubChem of National Library of Medicine.
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Figure 1. Chemical structures of 16 test chemicals.
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Figure 2. The permeability means values of 16 test chemicals in GIT PAMPA. GIT PAMPA was performed under three
different pH conditions and mean +S5.D was obtained from three different experiments. The y-axis represents the
permeability unit (x 10 cm/s).
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Skin permeation

In this study, the chemicals used in GIT PAMPA were the same as those used in skin PAMPA. The relationship
between the parabens permeability and log P values was similar to that of GIT PAMPA, while the absolute permeability
rate was significantly lower than in the GIT test (Figure 3). The permeability increased as the carbon number of parabens
alkyl ester increased, similar to the GIT test. The permeability (x10° cm/s) of 4-HBA was 0.18+0.04, and the permeability of
MeP, PrP, and BuP were 6.55+0.56, 13.83+1.01 and 18.64+1.13, respectively, at pH 7.4. The permeability of BuP was
approximately 1,000 fold higher than that of 4-HBA. Based on our findings, the permeability of parabens was log P values
dependent. For skin PAMPA, the tests were done under two pH conditions (pH 6.5 and pH 7.4), and all the tested chemicals
showed no permeability difference between the two pH conditions (Figure 3). The permeability of bisphenols was also the
log P value dependent. The permeability (x10 cm/s) of BPA was 4.91+0.62, while that of BPS was 0.13+0.04. The permeability
(x10° cm/s) of BPA in GIT was 85.28 +7.45 at pH 7.4, but in the skin, it was only approximately 5.8% that of GIT, 4.91+0.62.
For isothiazolinones, the permeability rates of OIT and DCOIT were higher than that of BIT, CMIT, and MIT as shown in
the GIT. The isothiazolinones skin and GIT permeability rates were log P value dependent, however, the magnitude of skin
permeability was comparatively very low. OIT permeability was 20.59+1.99 while that of MIT was 1.41+0.48 at pH7.4. The
skin permeability of phthalates did not follow the positive but the reverse relationship between log P and membrane
permeability.

A B
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Permeabulity wt (= 109 cm/s)

BPF BPA
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Figure 3. The permeability means values of 16 test chemicals in Skin PAMPA. Skin PAMPA was performed in two
different pH conditions and mean +5.D was obtained from three different experiments. The y-axis represents the
permeability unit (x 10 cm/s).

Discussion

The alkyl esters of p-hydroxybenzoic acid are extensively used as preservatives in consumer products. According
to the surveys of consumer products, methyl parabens were most widely found in the major cosmetics for body care, and
the most common chemical detected in human samples of breast tissue, urine, and serum [13]. In this study, parabens
showed a positive relationship between log P values and apparent permeability in GIT and skin. In vitro tests using artificial
membranes, pig ear, and human skin, showed that the permeation of parabens increased as the length of the ester carbon
chain increased [14,15]. Whitworth and Jun investigated the absorption of parabens in frogs and showed that the greater
the lipid solubility of the parabens, the higher the rate of absorption [16]. However, inconsistent results were also published
by other studies; Paraben permeability test performed using biomimetic artificial membrane showed that the low log P
compound (4-HBA) and high log P compounds (heptyl- and octyl parabens) had a low permeability, while intermediate log
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P compound (ethyl paraben) showed a maximal permeability. The results showed a parabolic curve. The artificial
membranes used in the test were constructed by impregnating a lipid solution on a hydrophobic filter [17]. In another study
of skin PAMPA which used artificial membrane constructed using free fatty acid, cholesterol, and synthetic ceramide
analogs to mimic the stratum cornea, permeation order of the parabens was: methyl paraben > ethyl paraben > propyl
parabens, and the permeation was reversely related with the log P values [18]. Evaluation of the transdermal permeation of
different parabens through a pig ear skin model also showed a reverse relationship [19].

Bisphenol A (BPA) is the most widely used color developer in thermal paper for cashiers receipts, labels, and
tickets. BPA on the paper can be absorbed through the skin during contact. BPA is known to have endocrine disrupting
effects and it is now being replaced by alternatives such as bisphenol S (BPS). As shown in (Table 3), BPS has a lower log P
value than BPA and bisphenol F (BPF) due to its hydrophilic moiety. A study using reconstructed human epidermis to
compare the percutaneous absorption of BPA and BPS revealed that the permeability coefficient of BPS was significantly
lower than that of BPA [20-22]. These findings were similar to the findings of the present study, the log P values of BPA,
BPF, and BPS were 3.40, 2.91, and 1.65, respectively. The permeation order was BPA > BPF > BPS, which showed a close
relationship between the permeability and log P values. Although the skin permeability was lower than GIT, the relationship
was similar in both GIT and skin (Figure 2,3). The information on the relative order of permeability would be useful for the
development of alternative bisphenols with low risk to human health.

Isothiazolinones are the most commonly used biocides in consumer products; CMIT and MIT are used as a
mixture in the ratio of 3:1, and in some cases, MIT are used as a single substance. Other isothiazolinones including BIT, OIT,
and DCOIT are also widely used in consumer products. All the isothiazolinones are classified as skin sensitizers in the
harmonized classification of the Regulation European Commission, and they are known to cause allergic contact dermatitis.
The information on their pharmacokinetics were not inadequate and no data on in vitro permeation tests were found. A
study performed by Garcia-Hidalgo et al estimated individual-based aggregate dermal exposure to four isothiazolinones
by modeling, and the exposure order was suggested as BIT > OIT > MIT > CMIT. Furthermore, their skin permeability
coefficient was similar to that of four isothiazolinones estimated by previous reports. The permeability coefficient through
stratum corneum (cm/h) of OIT was the highest followed by BIT, CMIT, and MIT [23]. The estimated coefficient which was
dependent on log P values supported our results, shown in (Figure 2,3).

Phthalates are used in plastic products, cosmetics, and personal care products. According to a study on phthalates
human exposure, DEP was detected in almost all types of surveyed products with the highest levels of daily exposure of 78
ug/kg bw/d. The human exposure level of the other phthalates including DEHP, DBP, and DMP was much lower compared
to DEP [24]. In vitro absorption of some o-phthalate diesters was investigated by Scott et al [25]. In the study, they used
human abdominal skin obtained from cadavers and rat dorsal skin. The absorption rate was found to be higher in rat skin
than in human skin. The permeability constant (x10° cm/hr) of phthalates were as follows; DMP: 3.32+0.54, DEP 1.14+0.10,
DBP: 0.23+0.06, and DEHP 0.57+0.12 in human skin. The permeability constant order in rat skin was similar to human skin,
although the permeability was more than 10-fold higher in rat skin compared to human skin, and reversely dependent on
the log P values. In the author’s results as shown in (Figure 2), DEP had the highest permeability constant compared to DBP,
DINP, and DEHP. The log P value of DEP was the smallest compared to the other phthalates, but its permeability was
highest among the phthalates tested in this experiment. Although MEP was not tested in the present study, the results of
the relative permeability of the tested phthalates were similar to the results of Scott’s group [25]. Based on the phthalates
results, it seems that log P is not the only factor that determines the permeability of the artificial membrane. Molecular
weight, pKa, structural characteristics are also key factors in the permeability of artificial membranes. The interaction of
chemicals with lipid structure in artificial membrane also plays a key role in chemicals permeability. For example, the low
permeability of DEHP was due to its interaction with the phosphatidyl choline of the membrane. The interaction of
chemicals with a lipid component in the membrane may deter the transport of the chemicals and increase the retention on
the membrane [26,27].

Conclusions

In conclusion, the permeability rates of parabens, bisphenols, and isothiazolinones were log P value dependent
in both the gastrointestinal tract and skin while a reversely related pattern was observed in phthalates. Among the key
factors determining the permeability through the artificial lipid membrane, log P values was demonstrated as the most
important. However, molecular weight, pKa, structural characteristics, and the interaction of chemicals with lipid molecules
also determine the permeability rate of chemicals. The data in this experiment showed that permeability through the
gastrointestinal tract may be higher than the skin.
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