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based on their physicochemical properties, the skin surface temperature, and the wind velocity. In vitro
human skin permeation of two hydrophilic solvents (acetone and ethanol) and two lipophilic solvents (benzene
and 1,2-dichloroethane) was studied in Franz cells placed in a fume hood. Four doses of each '*C-radiolabed
compound were tested — 5, 10, 20, and 40 pL cm ™2, corresponding to specific doses ranging in mass from 5.0
to 63 mg cm 2. The maximum percentage of radiolabel absorbed into the receptor solutions for all test
conditions was 0.3%. Although the absolute absorption of each solvent increased with dose, percentage
absorption decreased. This decrease was consistent with the concept of a stratum corneum deposition region,
which traps small amounts of solvent in the upper skin layers, decreasing the evaporation rate. The diffusion
model satisfactorily described the cumulative absorption of ethanol; however, values for the other VOCs were
underpredicted in a manner related to their ability to disrupt or solubilize skin lipids. In order to more closely
describe the permeation data, significant increases in the stratum corneum/water partition coefficients, K,
and modest changes to the diffusion coefficients, Dy, were required. The analysis provided strong evidence for
both skin swelling and barrier disruption by VOCs, even by the minute amounts absorbed under these in vitro
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test conditions.
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Introduction

The skin is the body's largest organ and first line of defense against
harmful exposure. While pharmaceutical companies have sought to
overcome the skin barrier in order to deliver therapeutic agents, toxicol-
ogists and industrial hygienists have sought to quantify it in order to
estimate risk from dermal exposure. With the wide variety of possible
permeants physicochemical properties (e.g. polarity, volatility, solubili-
ty and molecular weight/volume) and exposure factors (e.g. dose, site
and frequency of application, and occlusion) that need to be considered,
effective and reliable mathematical models are essential. They can save
a great deal of effort compared to experimentally determining absorp-
tion rates for the thousands of relevant compounds.

Our laboratory has developed a detailed diffusion model for skin
disposition of both volatile and nonvolatile organic compounds with
the long-term objective of improving risk assessment for these mate-
rials in occupational, environmental and consumer product settings
(Dancik et al., 2013). Within the model, special consideration is given
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to evaporation of volatile organic compounds (VOCs) from the skin,
using a calibration based on in vitro data (Gajjar et al., 2013). In this
report, the developed relationships are tested by means of finite dose
human skin absorption studies in vitro using two hydrophilic VOCs,
ethanol and acetone, and two lipophilic VOCs, benzene and 1,2-
dicholoethane (1,2-DCE). We conducted the experiments in a fume
hood for safety reasons; however, the associated analysis (Gajjar et al.,
2013) allows one to extrapolate the results to other environmental
conditions by means of a calibrated mathematical relationship.

Both acetone and ethanol are colorless and highly volatile liquids at
room temperature. In cosmetic and personal care products, ethanol is
frequently used in the formulation of fragrance, hair care and skin care
products and acetone is used in nail polish. In the case of drug products,
ethanol functions as an antimicrobial agent and a penetration enhancer.
In vitro and in vivo percutaneous absorption studies of neat acetone
(Williams et al., 1994) and neat ethanol (Scheuplein and Blank, 1973;
Gummer and Maibach, 1986; Pendlington et al., 2001) are rare in the
literature. For the case of ethanol, the primary focus has been its ability
to enhance the penetration of other compounds when co-administered
topically (Berner et al., 1989b).

Benzene has numerous uses, e.g. a constituent in motor fuels; a
solvent for fats, waxes, resins, oils, inks, paints, plastics, and rubber;
and a solvent for extraction of oils from seeds and nuts. In addition,
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benzene is used in the manufacturing of detergents, explosives,
pharmaceuticals, and dyestuffs. The primary uses of 1,2-DCE are as a
raw material for the production of vinyl chloride; as a solvent in closed
systems for various extractions; cleaning purposes in organic synthesis;
a lead scavenger in leaded gasoline; and a dispersant agent for the
purpose of wetting and penetrating in rubber and plastics. It is well
documented in the literature that individuals employed in industries
that manufacture or use benzene maybe exposed to high levels of
benzene, which can result in acute and chronic toxicities. For this
reason, the EPA has classified benzene as a Group A chemical, i.e.
human carcinogen (2009a). However, there is limited epidemiological
evidence that 1,2-DCE is a carcinogen, therefore the EPA has classified
1,2-DCE as a Group B2 chemical, i.e. probable human carcinogen (2009c).

Despite serious side effects and warnings, the accurate effects of
dermal exposure to benzene and 1,2-DCE are inconclusive due to
varying experimental conditions. In vitro and in vivo percutaneous
absorption studies of neat benzene (Laserew et al., 1931; Ceasaro,
1946; Conca and Maltagliati, 1955; Hanke et al., 1961; Maibach and
Anjo, 1981; Tsuruta, 1982; Franz, 1984; Susten et al., 1985; Lodén,
1986; Morgan et al., 1991) are extensive in the literature. This work
and related animal dermal absorption studies have been summarized
and analyzed in an excellent review (Williams et al., 2011). Literature
data for neat 1,2-dichloeothane are more limited (Ceasaro, 1946;
Tsuruta, 1989; Morgan et al., 1991; Frasch et al., 2007); Frasch et al.'s
(2007) results are discussed later in this report.

To the best of our knowledge there is no standardized methodology
for estimating absorption from small doses of liquid VOCs that are
splashed on the skin. The goal of this study is to present one possible
methodology and to determine how effectively the results can be
predicted from physiochemical properties and exposure conditions
using the current skin absorption model (Dancik et al., 2013).

Materials and methods
Chemicals

14C-Ethanol at specific activity 2.8 mCi/mmol and '“C-benzene at
specific activity 15.6 mCi/mmol were purchased from Sigma-Aldrich
(St. Louis, MO). 'C-Acetone at specific activity 20 mCi/mmol and
14C-1,2-DCE at specific activity 5.0 mCi/mmol were purchased from
American Radiolabled Chemicals (St. Louis, MO). Radiochemical purities
as stated by both suppliers were 100%, 99.3%, 100% and 99.0%, respec-
tively. Unlabeled neat ethanol was purchased from Aaper (Shelbyville,
KY) and unlabeled neat acetone was purchased from ].T. Baker
(Phillipsburg, NJ). Unlabeled neat benzene, 1,2-DCE and calcium-free
Dulbecco's phosphate-buffered saline were purchased from Sigma-
Aldrich (St. Louis, MO). Ultima Gold® Scintillation fluid and Soluene-
350™ were purchased from PerkinElmer Biosciences. Sodium azide
was purchased from Fisher Scientific (Pittsburgh, PA). All other
chemicals used were reagent grade.

Finite dose solvent absorption

Tissue preparation and handling have been previously described
(Kasting and Bowman, 1990; Kasting et al., 1994). Dermatomed split
thickness human cadaver skin (~0.3 mm), either from the back, abdo-
men or thigh, treated with 10% glycerol solution and stored in the foil
packs at —80 °C was obtained from U.S. Tissue and Cell or the New
York Fire Fighter Skin Bank (New York, NY). Prior to conducting an
in vitro percutaneous absorption study, the skin was gently thawed in
35-40 °C distilled water and then rinsed with either distilled water or
Dulbecco's phosphate-buffered saline, pH 7.4, preserved with 0.02%
sodium azide (PBS) to remove any glycerol used in the preservation
process. The skin was cut into ~1.5 cm x 1.5 cm squares using a 22
blade scalpel and mounted onto modified Franz diffusion cells
(0.79 cm?) with the stratum corneum facing the donor compartment

and the dermis contacting the receptor compartment. Non-occluded
glass tops, which were open to the atmosphere and extended 4 mm
above the skin surface, were placed on top of the cells and firmly
clamped in place. The receptor compartments were filled with PBS,
taking care to remove any air bubbles trapped between the skin and
receptor solution. The cells were then placed into aluminum blocks,
which were placed in a Pierce Reacti-Therm 18900 Heating and Stirring
Module (Rockford, IL). Micromagnetic stir bars were placed into the
receptor compartments of the cells to ensure stirring throughout the
experiment. The aluminum blocks were maintained at 37 + 2 °C,
resulting in a stratum corneum temperature of 32 4+ 2 °C. In order to
keep radiochemicals out of the laboratory atmosphere, the modules
were placed in a fume hood with the sash height at 18 in. This arrange-
ment mimicked outdoor wind conditions (Ray Chaudhuri et al., 2009).

After equilibrating the mounted skin for 2 h in the diffusion cell, a tis-
sue integrity test was performed using >H,0. The specifics of the test are
described in detail elsewhere (Franz and Lehman, 1990; Kasting et al.,
1994); briefly, the procedure was as follows. The tissue was screened
by exposing each mounted 0.79 cm? skin piece to 150 pL of tritiated
water (0.4 pCi/mL) for 5 min, followed by gentle removal the dose
using one cotton tip applicator. At 60 min post dose, the receptor fluid
was collected in 12 mL of Ultima® Gold Scintillation Fluid (PerkinElmer
Inc., Wellesley, MA) and analyzed by Beckman LS 6500 TM scintillation
counter (Beckman Coulter Inc., Fullerton, CA). Based on H,0 perme-
ation results, samples with water permeation values greater than
1.2 uL/cm? were discarded. The remaining samples were then random-
ized over treatments. Following the test, the receptor solution was ex-
changed twice to ensure complete removal of residual radioactivity. The
skin samples were then allowed to equilibrate overnight.

The doses of “C-ethanol were 5, 10, 20 and 40 pL per 0.79 cm? cell
with specific activity of 0.35 uCi/uL, yielding a dose of 5.0, 10.0, 20.0
and 40.0 mg cm ™2, respectively, and the doses of “C-acetone were 5,
10, 20 and 40 pL per 0.79 cm? cell with specific activity of 0.05 pCi/uL,
yielding a dose of 5.0, 9.9, 19.9 and 39.7 mg cm ™2, respectively. The
doses of “C-benzene were 5, 10, 20 and 40 L per 0.79 cm? with specific
activity of 0.05 uCi/uL, yielding a dose of 5.5, 11.1, 22.2 and 44.4 mg cm 2
and the doses of '4C-1,2-DCE were 5, 10, 20 and 40 L per 0.79 cm? cell,
with specific activity of 0.05 pCi/pL, yielding a dose of 7.9, 15.8, 31.5 and
63.1 mg cm™?, respectively. The receptor solutions were collected and
refilled at predetermined time points: 5, 10, 15, 20, 40 min and 1, 2, 4,
8, 24 h post-dose. To minimize the loss of the permeant from the receptor
solution, the collected receptor solution was poured immediately into a
scintillation vials prefilled with 12 mL of scintillation fluid. Within 1 h of
collecting the receptor solution, the vials were measured for radioactivity
by liquid scintillation counting (LSC). Following the last receptor collec-
tion, the skin samples were removed from the diffusion cells, dissolved
in 2 mL of Soluene overnight at room temperature, and analyzed by
LSC. Permeation was measured on the skin from three donors, with
n = 2-7 per donor per dose. Most conditions were tested with 4-5
replicates x 3 donors, yielding a total n value of 12-15 per dose condition.
All data were first averaged by dose for each donor and then averaged
across donors to obtain the reported results.

Data analysis
Physical properties

Physical properties of ethanol, acetone, benzene and 1,2-DCE
relevant to skin absorption were obtained from the EpiSuite program
available from the U.S. Environmental Protection Agency (US_EPA,
2009b) unless otherwise noted (Table 1).

Diffusion model

The disposition of ethanol, acetone, benzene and 1,2-DCE in the
finite dose solvent absorption study was estimated using the current



R.M. Gajjar, G.B. Kasting / Toxicology and Applied Pharmacology 281 (2014) 109-117 111

Table 1

Physical properties of ethanol, acetone, benzene and 1,2-DCE.*
Property Units Value

Ethanol Acetone Benzene 1,2-DCE

MwW g mol™! 46 58 78 99
p° gcm 3 0.78 0.78 0.86 1.23
logKoc” - —0.31 —024 213 1.48
Py torr 84 301 129 110
Sw® gL™! 779 776 1.79 8.6%

2 All properties are estimated at 32 °C values. Properties were obtained from (US_EPA,
2009b) unless otherwise noted and extrapolated to 32 °C as required.

b Density.

€ Octanol/water partition coefficient.

4 Vapor pressure.

€ Water solubility.

f Extrapolated from measured value of 1.79 g/L at 25 °C.

& Extrapolated from measured value of 8.6 g/L at 25 °C.

diffusion/evaporation model (Kasting et al., 2008a; Dancik et al., 2013).
The diffusion/evaporation model is a one-dimensional model including
three skin layers — the stratum corneum (i = sc), viable epidermis
(i = ed) and dermis (i = de). Each layer has a representative thickness
(hy), diffusivity (D;) and partition coefficient with respect to water (K;);
in addition, there is a first-order clearance constant (kge) in the dermis
representing systemic absorption by the skin capillaries. The most recent
description of the model may be found in Dancik et al. (2013), and we
refer the reader to this article for details. The calculation is freely available
from the authors in Excel® spreadsheet form and may furthermore be
accessed on the NIOSH/CDC website as the Finite Dose Skin Permeation
Calculator (Fedorowicz et al., 2011). The studies in this research involve
hydrophilic to moderately lipophilic liquids (logKoctw < 3) for which
the resistance of the viable tissue layers is low compared to SC. Hence,
the primary focus is on SC properties.

In order to compare the a priori calculation to the experimental data,
two calculations were performed. First, to determine the diffusion model
prediction parameters, the physical properties listed in Table 1 for
ethanol, acetone, benzene and 1,2-DCE were used to estimate transport
parameters for the predictive calculation (Kasting et al., 2008a; Dancik
etal,, 2013). The effective air flow velocity in the evaporative mass trans-
fer correlation for hood studies was revised to 0.92 m s~ ! as a result of
volatile organic solvent evaporation studies (Gajjar et al,, 2013).

Second, to determine the fitted model parameters, a calculation was
conducted in which the diffusion and partition coefficients in the
stratum corneum of the volatile organic solvent were modified to fit
the experimental data. The parameters were fitted to the data using a
nonlinear least squares fitting (Santhanam et al., 2005; Miller et al.,
2006) routine adapted from Bevington (Bevington, 1969). The code
was implemented as a Visual Basic® add-in for Microsoft Excel®.
Quality of fit was assessed by comparing the sum of squared residuals,
normalized by degrees of freedom as defined by Bevington

7= 2 iobs) A 1)

where n was the number of observations, p the number of adjustable
parameters, and the y; values were cumulative percents of dose perme-
ated at the specified sampling times. In this scenario the effective
evaporation rate constant key,, was fixed to the experimentally
measured value listed in Table 3.

From this point forward, the parameters associated with the two
calculations will be referred to as “a priori” and “fitted” parameters,
respectively.

Results

The mean cumulative amount radioactivity permeated associated
with '“C-ethanol, "C-acetone, “C-benzene and '*C-1,2-DCE over 24 h

as a function of time and applied dose is shown in Table 2. Representa-
tive plots of the mean percentage of radioactive dose permeated over
24 h as functions of time and applied dose are shown in Fig. 1. It is
evident from these results that the majority of the applied '*C-ethanol,
14C-acetone, '“C-benzene and “C-1,2-DCE dose evaporated from the
skin's surface during the study.

With one exception, a consistent pattern of increasing permeation
with decreasing dose and hence, decreasing percent absorption with
increasing dose for the 40, 20, 10 and 5 mg cm™2 data was seen.
However, the permeation results for the 10 mg cm~2 ethanol dose
were higher than those of 5 mg cm™2. This was a result of the mean
values for the former being skewed by high absorption in a few individ-
ual diffusion cells rather than an overall higher permeation rate. The
10 mg cm ™~ 2 ethanol data were consequently excluded from the dataset
used to fit the diffusion model parameters.

Flux profiles for the lowest dose of each VOC tested are shown in
Fig. 2 along with the two model calculations. The symbols represent
the experimental flux plotted as the midpoint of the collection interval.
Maximum absorption rates were reached within 10-20 min post-dose
for each VOC. The dashed curve represents the diffusion model predic-
tion using the a priori parameter values in Table 3. The solid line repre-
sents the fitted model calculation using the diffusion coefficient (Dsc),
partition coefficient (Ksc) and evaporative mass transfer coefficient
(Kevap) correction factors given in Table 3.

14C_Ethanol

The cumulative percent of dose absorbed over 24 h ranged
from 0.25%(12.6 ug cm~2) for the 5.0 mg cm 2 dose to 0.17%
(66.3 g cm~2) for the 40.0 mg cm ™2 dose (Fig. 1). The amount of radio-
activity remaining in the tissue 24 h after application was less than
0.07% (data not shown).

For the 5.0 mg cm™ 2 applied '*C-ethanol dose, the a priori calcula-
tion overestimated the initial permeation rate through the skin, but
slightly underestimated total permeation (Fig. 2a). The latter was
underpredicted by a factor of 1.3. Improvement to the a priori model
calculations was obtained by adjusting the ethanol diffusion and parti-
tion coefficients in the stratum corneum, as represented by the solid
line in the figure. The multiplicative correction factors for the stratum
corneum diffusion and partition coefficient obtained by simultaneously
fitting the two parameters over all doses were 0.27 for diffusivity and
3.00 for partition coefficient, with an 2 value of 0.97 (Table 3).

14C_Acetone

The cumulative percent of dose absorbed over 24 h ranged from 0.3%
(15.2 pg cm~2) at 4.9 mg cm~2 dose to 0.15% (58.9 pg cm™2) at
39.7 mg cm™ 2 dose (Fig. 1). The amount of radioactivity remaining in
the tissue 24 h after application was less than 0.03% (data not shown).

For the 5.0 mg cm ™2 applied '?C-acetone dose, the a priori calcula-
tion accurately estimated the initial permeation rate, but significantly
underestimated total permeation through the skin by a factor of 4.7
(Fig. 2b). As with ethanol, improvement to the a priori model calcula-
tions was achieved by adjusting the diffusion and partition coefficients
in the stratum corneum, as represented by the solid line in the figure.
Least-squares estimates of the multiplicative correction factors
for these parameters were 0.5 for diffusivity and 5.29 for partition
coefficient, with an 2 value of 0.91 (Table 3).

™C_Benzene

The cumulative percent of dose absorbed over 24 h ranged from
0.5% (3.0 pg cm~2) at the 5.5 mg cm~ 2 dose to 0.04% (9.0 ug cm ™~ 2)
at the 44.4 mg cm™ 2 dose. The amount of radioactivity remaining
in the tissue 24 h after application was less than 0.03% (data
not shown).
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Table 2
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Permeation of VOCs through human skin in vitro (mean + SE of three donors, n = 2-7 cells per donor).

Dose (mg cm™?2)

Cumulative amount permeated (ug cm™?2)

5 min 10 min 15 min 20 min 40 min 60 min 2h 4 h 8h 24 h
14C-Ethanol
5.0 1.2+ 04 2.6 +£ 038 40 + 1.1 53+ 15 84 + 35 10.1 + 48 11.7 + 64 122 £ 6.8 125 +£ 7.0 126 £ 7.0
10.0* 1.7 £ 0.6 6.2 £ 20 115+ 34 156 £ 44 26.8 £+ 6.8 323 +£ 8.1 36.7 £ 9.2 383 £ 9.6 39.0 £+ 9.6 395 + 9.6
20.0 1.2+ 03 41+ 1.0 81+ 1.1 122 £ 15 233 4+ 72 29.7 £ 119 357+ 174 38.3 4+ 20.1 394 + 209 40.1 4+ 21.1
40.0 1.1+ 0.2 43 +£ 1.0 100 + 1.3 17.0 £ 0.8 376 £ 7.5 47.8 + 13.2 57.8 £ 193 61.6 + 21.8 634 + 225 66.3 £+ 22.8
14C-Acetone
5.0 1.2+ 04 32+ 1.1 50+ 1.7 6.7 +£ 24 10.2 + 3.9 119 + 46 134 + 5.1 140 + 5.1 145 + 5.1 152 £ 5.2
9.9 1.8 £ 0.2 43 +£ 1.1 71 + 24 95+ 35 14.6 £+ 6.1 172 £ 7.2 19.2 + 8.0 20.1 £ 8.2 20.8 £+ 8.1 221 £ 8.2
19.9 19+ 03 59+ 1.6 11.0 £ 3 153 + 4.1 248 + 58 288 + 6.7 317+ 73 336 + 76 355 4+ 7.7 38.5 + 8.2
39.7 36 £ 20 104 £ 54 185 + 85 254 4+ 10.7 389 £+ 137 444 4 146 48.6 + 15.2 50.5 &+ 154 529 £+ 153 589 + 16.0
14C-Benzene
55 049 + 0.13 090 4+ 0.08 1.23 +0.11 148 +0.12 2.15 £ 0.14 243 4+ 0.02 2.72 4+ 0.05 2.86 & 0.05 293 £+ 0.07 3.00 4+ 0.10
11.1 045 4+ 0.05 1.17 £0.12 1.83 +0.22 2.31 4+ 0.30 3.53 4+ 041 4.09 4+ 0.42 4.55 + 0.46 4.98 + 0.40 5.12 £ 0.39 527 + 0.38
222 0.64 + 0.20 2.06 + 0.65 3.46 + 0.83 4.65 + 1.03 7.14 £ 0.97 831 £+ 0.84 9.38 + 0.68 9.84 +£ 0.58 10.09 + 0.56 10.39 + 0.46
444 0.85 +£0.28 348 4+ 141 647 +£234 8724290 1332 £3.70 1536 +3.88 1697 £395 17.76 &£ 3.97 1831 £ 397 1898 £ 4.05
14C-1,2-DCE
7.9 29 +£ 04 59+ 09 85+ 15 99 + 2.1 115 £ 25 123 +£ 28 129 + 3.0 13.2 £ 3.1 13.6 £ 3.0 142 £ 29
15.8 55+ 15 12.1 £ 2.0 17.1 £ 3.7 20.2 + 49 235+ 6.3 25.0 + 6.9 264 + 75 273 £ 7.7 28.1 + 7.7 296 + 7.6
315 594+ 038 166 £ 1.0 254 4+ 3.0 311 £ 45 408 & 7.6 4354+ 79 458 + 8.2 473 £ 83 488 4+ 8.2 514 £+ 8.1
63.1 58+ 1.6 219 + 24 372 £33 49.0 + 6.5 62.8 + 9.4 68.6 + 11.1 732 £ 122 764 + 12.2 793 £ 11.9 844 + 114
2 Excluded from analysis as explained in the text.
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Fig. 1. Percentage of radioactive dose associated with (a) “C-ethanol, (b) 'C-acetone, (c) "*C-benzene and (d) '“C-1,2-DCE permeation in the receptor solution following application to

human skin in vitro (mean + SE of three donors, n = 2-7 cells per donor). The numbers on the graph are the applied dose of VOC in mg cm™~.
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Fig. 2. Flux of VOC into the receptor solution following application of VOC to human skin in vitro (mean =+ SE of three donors, n = 2-7 cells per donor) (a) '“C-ethanol; 5.0 mg cm™2,

2

(b) C-acetone; 5.0 mg cm~2, (c) "*C-benzene; 5.5 mg cm ™2 and (d) '“C-1,2-DCE; 7.9 mg cm™ 2. Symbols—experimental flux plotted as the midpoint of the collection interval; dashed
line—a priori flux calculations using the parameters in Table 3; and solid line—fitted flux calculations using the parameters associated with the fit of the model to the displayed dose data only.

For the 5.5 mg cm™2 dose, the a priori calculation significantly
underestimated both the initial skin permeation rate of '>C-benzene
and the total permeation (Fig. 1c). The latter was underpredicted by a fac-
tor of 6.5. Considerable improvement to the a priori model calculations
was obtained by adjusting the diffusion and partition coefficients in the

Table 3
Parameters of a priori diffusion model to fitted/experimental values of '“C-ethanol,
14C-acetone, '“C-benzene and 'C-1,2-DCE in the receptor solutions .

Parameters Units Values

Ethanol Acetone Benzene 1,2-DCE
A priori model values®
Dsc x 1010 cm? 57! 6.78 4.60 4.08 1.01
Ksc - 0.39 0.39 17.74 11.17
Kevap x 10° cms! 0.12 0.50 0.19 0.16
Fitted/experimental values expressed as a multiple of a priori value
Dsc” - 0.27 0.50 0.68 3.70
Ksc” - 3.00 5.29 8.06 9.00
Kevap® - 0.98 1.13 1.00 0.98
Statistics
n - 10 10 10 10
s % dose 0.020 0.025 0.007 0.018
2 - 0.97 0.91 0.78 0.88

¢ (Dancik et al,, 2013).
b Least squares values.
¢ Experimental values.

stratum corneum, as represented by the solid line in the figure. The mul-
tiplicative correction factors for these parameters were 0.68 for diffusivity
and 8.00 for partition coefficient, with an r* value of 0.78 (Table 3).

™-1,2-DCE

The cumulative percent of dose absorbed over 24 h ranged from 0.21%
(14.2 pg cm™2) for the 7.9 mg cm ™2 dose to 0.13% (84.4 ug cm ™ 2) for the
63.1 mg cm~2 dose. The amount of radioactivity remaining in the tissue
24 h after application was less than 0.08% (data not shown).

For the 7.9 mg cm™~2 applied '2C-1,2-DCE dose, the a priori calcula-
tion severely underestimated both the initial permeation rate and
the total permeation through the skin (Fig. 2d). The latter was
underpredicted by a factor of 15.9. Improvement to the a priori model
calculations was obtained by adjusting the '2C-1,2-DCE diffusion and
partition coefficients in the stratum corneum, as represented by the
solid line in the figure. The multiplicative correction factors for these
parameters were 3.7 for diffusivity and 9.0 for partition coefficient,
with an 12 value of 0.88 (Table 3).

Discussion
Comparison of present studies with previously published permeation studies

Ethanol is the solvent for three well known transdermal therapeutic
systems: estradiol (Campbell and Chandrasekaran, 1983; Good et al.,
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1985), nitroglycerin (Gale and Berggen, 1987) and fentanyl (Gale
et al., 1984). Three key features of ethanol as a skin penetration
enhancer are the linearity of drug transport with ethanol transport
across skin (Campbell and Chandrasekaran, 1983; Good et al.,
1985), a maximum ethanol flux across skin of 1300 ug cm~2 h~!
(Berner et al., 1989a) and, possibly, a 5-10 fold increases in drug
flux across skin when administered as a co-solvent with water
(Berner et al., 1989b).

An additional advantage of utilizing ethanol for enhancement of
drug flux is the low degree of irreversible barrier disruption. Ethanol
has been shown to moderately disrupt stratum corneum intercellular
lipids, however these changes were reversed within 24 h post exposure
(Bommannan et al,, 1991). Acetone, on the other hand, extracts sizable
amounts of surface lipids (triglycerides, wax, esters, squalene, choles-
terol esters) relative to water, however, it proves to be a poor barrier
disrupter after 12 min of topical exposure (Abrams et al., 1993). It has
been used extensively as a barrier perturbation tool in mouse (Man
et al,, 1993; Denda et al., 1996), yet Fatasch showed no morphological
changes in human skin following 1 and 3 h application of acetone,
only after 5 h of exposure was an enhancement in transepidermal
water loss, visible intercellular disruption, loss of cohesion between
the layers detected (Fatasch, 1997). One could say it is a mild barrier
disrupter.

For ethanol, the maximum flux was reached within 10-20 min
post-dose for all doses tested, with values ranging from 17.5 to
83.5 ug cm~2 h™ !, The cumulative amount permeated through human
cadaver skin ranged from 12.6 ug cm~—2 (0.25%) for the 4.9 mg cm~2
dose to 66.3 pug cm™2 (0.17%) for the 40.0 mg cm™2 dose. These values
are considerably lower than other published values. For example,
Pendlington showed ethanol penetration through pig skin in vitro to
be 0.10 mg cm™ 2 (2.0% of dose) for a 4.9 mg cm™ 2 dose in 24 h
(Pendlington et al., 2001). Likewise, Gummer et al. demonstrated the
total amount of ethanol that permeated guinea-pig skin in vitro over a
period of 19 h was in the order of 1% of the total dose (Gummer and
Maibach, 1986) and Williams et al. showed that 95% of the ethanol
evaporated in the first 2 min after dosing, with less than 3% left after
2 h in IPPSF chamber experiments (Williams et al., 1994). It is important
to note that the cited studies were conducted at ambient conditions
without occlusion. The airflow was thus less than that in our studies,
where the fume hood generated an average wind velocity of
0.92 m s~ ! above the modified Franz diffusion cells (Gajjar et al.,
2013). The increased airflow in the present study resulted in increased
evaporation rate of ethanol and consequently lower permeation.

The acetone data presented herein show that the majority of the
dose evaporated from the skin's surface. Our results do not accord
with the published acetone permeation study Williams et al
(Williams et al. (1994). Using the isolated perfused porcine skin flap
(IPPSF) method, these investigators found that 60% of the dosed acetone
evaporated in the first 2 min, with 33% remaining after 2 h. Our in vitro
human cadaver skin permeation study showed cumulative absorption
values ranging from 15.2 pg cm ™2 (0.3%) for the 4.9 mg cm™2 dose to
58.9 ug cm™—2 (0.15%) for the 39.7 mg cm™2 dose. Maximum flux was
reached within the 15 min post-dose for all doses tested. The values
ranged from 24.0 to 97.6 ug cm~—2 h™!, with little to no flux after
about 2 h. Thus, we found acetone evaporation and permeation to be
rapid, similar to that of ethanol.

Benzene is a common gasoline additive and is also used in the
production of drugs, dyes, detergents, rubbers, and pesticides. Over
the past six decades, many studies have been conducted to assess the
extent of absorption of benzene in animals and humans; this work has
been excellently summarized by Williams et al. (2011). Studies
assessing 1,2-DCE are considerably less frequent (Tsuruta, 1975;
Tsuruta, 1977; Morgan et al., 1991; Frasch et al., 2007). However
1,2-DCE is of similar importance to benzene in terms of exposure
because it is widely used in the production of polyvinyl chloride, the
third most-widely produced polymer.

Our results for benzene show that the majority of the applied dose
evaporated from the skin's surface during the study. This conclusion is
in line with other published results (Williams et al., 2011). However, a
major distinction between our in vitro human cadaver skin permeation
studies and others is that our studies were conducted in the fume hood,
whereas the other studies were conducted under ambient conditions.
We found cumulative absorption values for benzene ranging
from 3.0 pg cm ™2 (0.05%) for the 5.5 mg cm™?2 dose to 9.0 ug cm ™2
(0.04%) for the 44.4 mg cm™2 dose. Maximum flux was reached
within 5-20 min post-dose for all doses tested and ranged from
5.9-35.8 ug cm™2 h™ . It is noteworthy that the specific doses in our
study were lower than several of those listed in Williams et al. (2011)
and the percentages of dose permeated were smaller. This difference
reflects the higher airflow in our study.

The 1,2-DCE data show that the maximum flux was reached within
10 min post-dose for all doses tested, with values ranging from 37 to
193 pg cm~2 h™!. The cumulative absorbed amount ranged from
14.2 pg cm™2 (0.21%) for the 7.9 mg cm™2 dose to 84.4 ug cm ™2
(0.13%) for 63.1 mg cm™ 2 dose. The majority of the applied dose
evaporated from the skin's surface. This conclusion is in line with
other published results; however, our data showed higher evaporation,
consistent with the fume hood environment (Tsuruta, 1975; Tsuruta,
1977; Morgan et al., 1991). Also, the species, site and experimental
method differed significantly from the cited studies.

Comparison of present studies with diffusion/evaporation model

The most important assumption of our computational model
(Kasting et al., 2008b; Nitsche and Kasting, 2008; Dancik et al., 2013),
which is available to toxicologists as the Finite Dose Skin Permeation
Calculator on the NIOSH/CDC website (Fedorowicz et al., 2011), is that
the absorption and evaporation of a volatile organic compound on the
skin can be estimated from the physical properties listed in Table 1
and the environmental factors temperature (T) and wind velocity (u).
In the present studies the latter factors were 32 °C and 0.92 m s~ !,
respectively. However, calibrated relationships for both temperature
(Kasting et al., 2008b) and wind velocity (Gajjar et al., 2013) are incor-
porated into the model, allowing predictions to be made for a variety of
conditions. Absorption parameters, such as, diffusivities (D;) and parti-
tion coefficients (K;) for each skin layer are calculated from the physical
properties listed in Table 1. The K; value for the stratum corneum is
utilized to obtain the saturation concentration of the solvent in this
layer (Csa¢) and the amount of the chemical required to saturate the
deposition region (Ms,). The deposition region, thickness hgep, is the
upper part of the stratum corneum into which topically applied
chemicals rapidly penetrate (Kasting and Miller, 2006). The ratio of
the applied dose (Mp) to M, distinguishes a small dose (Mo/Msa: < 1)
from a large dose (Mo/Msae > 1). Transient disposition on the skin is a
function of this ratio combined with the dimensionless volatility param-
eter (). Higher values of y favor evaporation over absorption. The equa-
tions for the abovementioned transport parameters are given in detail
in Dancik et al. (2013) and derive from a considerable body of research
(cf. references in Dancik et al., 2013). In the case of the four solvents
studied herein, the applied doses led to similar absorption profiles
despite the difference in the doses. This result may be explained by
the fact that the ratios of My/Ms,; were greater than 1; thus all the
doses were large.

The analysis shows discrepancies between the a priori model and
the experimental data (Table 3). Four key parameters — evaporation
rate, deposition region, diffusion and partition coefficients - are
analyzed below in order to better understand the sources of error.

Evaporation rates

For all VOCs the evaporation rate constants, Keyap, calculated using
the predetermined wind velocity of 0.92 m s~ ! (Gajjar et al., 2013)
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matched those determined by least squares fitting to the experimental
data to within 13% (Table 3). These differences were within the root
mean square error of 20% in the original velocity determinations
(Gajjar et al., 2013). Thus the a priori model predictions satisfactorily
described the experimental data and the 95% confidence interval limits
provided no addition evidence to re-evaluate the predetermined wind
velocity.

Deposition region

The deposition region, thickness hgep, sometimes expressed as a
fraction of the stratum corneum thickness hsc, i.e. faep = Ndep / hsc
(Kasting and Miller, 2006), plays an important role in the disposition
of small doses of highly volatile compounds. The concept of a deposition
region is based on the hypothesis that when a compound is applied to
the skin surface in a liquid or semisolid formulation, it enters the
desquamating SC layers by convection. These desquamating SC layers
trap the compound and prevent it from rapidly evaporating, which in
turn increases the available dose for permeation. The data in Table 2
and Fig. 1 are consistent with this hypothesis. Although absolute mass
absorbed increases with increasing dose (Table 2), the percentage of
dose absorbed decreases (Fig. 1). This reversal reflects the fact that, for
large doses, much of the applied VOC resides above the SC. This material
evaporates more rapidly than VOC trapped within the deposition
region, although some of it is eventually absorbed as diffusion proceeds
in the SC and lower skin layers. For smaller doses a larger percentage of
the VOC is initially trapped in the deposition region, resulting in less
evaporation and more diffusion into the lower layers of the SC.

It had seemed possible to us that the more aggressive VOCs
(e.g. benzene, 1,2-DCE) might exhibit larger deposition regions than
less aggressive or larger molecular weight permeants. This possibility
is not ruled out by our analysis. However, after considerable variation
of this parameter in the diffusion model (Gajjar, 2010), we concluded
that a value of f4ep, = 0.1 provided the best fit to the VOC data when
all four substances were considered. This finding is consistent with the
original premise that approximately the upper 10% of the SC is undergo-
ing desquamation (Kasting and Miller, 2006). Increasing the value of
faep for benzene and 1,2-DCE led to only small improvement in the fits
to these data. The more important factors were the diffusion and
partition coefficients discussed below.

Stratum corneum diffusion and partition coefficients

It may be seen from Fig. 2 that measured absorption profiles
for all four VOCs tested departed from the a priori model
predictions (dashed lines), with deviations increasing in the
order ethanol < acetone < benzene < 1,2-DCE. This order accords
qualitatively with the capacity of these solvents to dissolve or ex-
tract SC lipids. For ethanol, cumulative absorption (reflected by
the AUC in Fig. 2a) was relatively well predicted, but substantial
underpredictions occurred for the more aggressive solvents. The ini-
tial absorption rate was actually best estimated for acetone, but all
four compounds showed more prolonged absorption profiles than
those predicted from the a priori model. The discrepancies were
improved but not eliminated by fitting the SC diffusion coefficient,
D, and SC/water partition coefficient, Ky, to the cumulative absorp-
tion data (solid lines in Fig. 2). This procedure gave reasonable
matches to the AUCs, but less satisfactory agreement with the
absorption time course. The three more aggressive solvents still
showed more prolonged absorption than can be accommodated by
a Fickian diffusion model. This finding suggests that these com-
pounds alter their own diffusivities and partition coefficients in the
SCin a time-dependent manner. This inference is reinforced by com-
parison with the steady-state VOC absorption data in Frasch et al.
(2007) as discussed below.

Frasch et al. (2007) conducted steady-state skin permeation experi-
ments on three VOCs using large, occluded doses applied to hairless
guinea pig (HGP) skin mounted in Franz diffusion cells. The compounds
were applied neat in two different laboratories and as saturated
aqueous solutions in the Frasch laboratory. We focus here on the results
for 1,2-DCE, which are summarized in Table 4.

The experimental steady state flux for 1,2-DCE was 1000-
6000 pg-cm~2h™!, depending on the laboratory and the dose solution.
The flux estimated by the diffusion model was 25-80 ug-cm™2 h™ ',
depending on the level of skin hydration chosen for the simulation. The
discrepancy between the neat DCE results and the model prediction for
partially hydrated skin was a factor of 150-250. To shed some light on
this striking difference, we repeated the model calculations with the
stratum corneum given the same diffusion and partition coefficients as
the viable epidermis and dermis, and with the total skin thickness set
equal to the value reported by Frasch (317 pum). Effectively, the stratum
corneum was removed by this procedure, since it is much thinner than
the other layers. The steady state flux for neat 1,2-DCE calculated accord-
ing to this procedure was 3530 pg-cm™2 h™', a value very close to the
experimental measurements in Table 4. The inference from this exercise
is that prolonged exposure of HGP skin in vitro to neat 1,2-DCE effective-
ly destroyed the lipid barrier in the stratum corneum, resulting in an
absorption rate that was controlled primarily by the viable epidermis
and dermis.

The finite dose skin permeation experiments in our laboratory
(Figs. 1 and 2) led to much lower absorption rates than those in
Frasch et al. (2007), yet the diffusion model calculations summarized
in Table 3 and Fig. 2 imply that mild barrier disruption occurred even
in these small, transient exposures. This result is important to bear in
mind when conducting dermal risk assessments for aggressive VOCs.

Opportunities for improvement in diffusion model

Our past research has shown the diffusion model can accurately
estimate absorption of small doses of mild, moderately lipophilic com-
pounds like benzyl alcohol (Miller et al., 2006) and DEET (Kasting
et al., 2008a). Difficulties are encountered, however, with large or
concentrated doses of compounds that can impact skin permeability
including the pesticides parathion (Miller and Kasting, 2010) and
tecnazene (Bhatt et al.,, 2008). The model underpredicts absorption in
both of these cases. It is clear from the present study that VOCs are
another chemical class for which accurate predictions are not yet
possible. The comments below reflect our thinking as to where
improvements are most needed.

Evaporation mass transfer model.  The evaporation model employed in
the present analysis was carefully calibrated for the in vitro Franz cell
environment commonly employed in our laboratory (Gajjar et al.,
2013). The fact that adjustments of the a prior value of the evaporation
mass transfer coefficient key,p Of no greater than 13% (Table 3) were
required to optimize the fit to the experimental data for the VOCs

Table 4
Comparison of steady-state flux values for 1,2-DCE in HGP skin (Frasch et al., 2007) to
those calculated using the a priori diffusion model (Dancik et al., 2013).

Parameter Neat Aqueous
Flux (ug'em=2 h™1)

Experimental steady-state flux (HFF)* 6280 + 1380 1076 + 178

Experimental steady-state flux (JNM)? 3842 + 712

Diffusion model maximum flux” 25.2¢ 79.8¢

@ Frasch et al. (2007), Table 3.

b Values calculated using the Excel® spreadsheet version (Dancik et al., 2013). The flux
value presently reported for aqueous solutions by the Web version (Fedorowicz et al.,
2011) has a scaling error.

¢ A priori value calculated for partially hydrated skin.

4" A priori value calculated for fully hydrated skin.
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studied in this report attest to the accuracy of this model. However, the
identification of the appropriate values (or ranges) of wind velocities for
use with common human exposure scenarios has not been adequately
addressed. The investigators wish to point out a recent development
in this area that may be of value to risk assessors. Gong et al. have
conducted a thorough analysis of the air/skin mass transfer coefficient
for the inverse process of VOCs absorbing into the skin from the atmo-
sphere under a variety of in vivo exposure conditions (Gong et al.,
2014). They combined this analysis with an SC permeability model
very similar to our own in order to predict dermal uptake of VOCs
from contaminated air. Because skin evaporation and skin deposition
of VOCs are inherently symmetrical processes, differing only in the
direction of the VOC concentration gradient, it should be possible to
apply Gong et al.'s analysis to evaporation of VOCs from the skin in
the human exposure scenarios considered by these workers. We
recommend this as an extension to the present model.

Partition coefficients. A significant source of error in the a priori model
calculation could be the experimental data utilized to calibrate the
underlying model for the stratum corneum/water partition coefficient.
Experimental partition coefficients are obtained from dilute aqueous
solution experiments that do not always predict the results of concen-
trated solutions applied to the skin. The data collected by Nitsche et al.
(2006) showed a large variability for partition coefficients of highly
lipophilic compounds. In addition, in our laboratory, we have found
that large doses of concentrated pesticide solutions applied to the skin
increase skin permeability relative to that observed at low doses
(Bhatt et al., 2008; Miller and Kasting, 2010). These analyses suggested
that the increase was largely associated with changes associated with
the solute's partition coefficient in SC rather than the diffusion coeffi-
cient. There is evidence that this phenomenon occurs in vivo as well
as in vitro, if the current model is applied to published dermal absorp-
tion data in humans, e.g. (Nolan et al., 1984). This complicates the inter-
pretation of dose relationships for finite dose exposures as discussed
recently by Frasch et al. (2014). It may be suggested that a correction
factor (>10) be applied for model predictions involving transient expo-
sures of partially hydrated skin to neat or concentrated solvents.

Stratum corneum solubility and swelling. It is widely accepted that the
ethanol-water cosolvent system is one of the most effective for produc-
ing substantial increases in permeation for a variety of compounds. In
1989, Berner et al. (1989a) published a thorough study detailing the
uptake of ethanol and water per weight of dry SC from aqueous ethanol
solutions at 32 °C. It is clear from the substantial amounts of both
solvents absorbed that ethanol and water co-swell the skin. Based on
this work, we initially estimated K. for ethanol in partially hydrated
skin to be 0.39 as listed in Table 3 (Gajjar, 2010); this value was subse-
quently adjusted to 0.30 (Ray Chaudhuri et al., 2009). But, due to consis-
tent underpredictions from the diffusion model similar to those
described here, we later relaxed this limit and allowed ethanol and
other organic compounds to partition into SC at even higher levels
(Dancik et al., 2013). Partition coefficients of this magnitude or larger
for water-miscible solutes can only be obtained through physical swell-
ing of the substrate. The present diffusion model is parameterized for
two hydration states corresponding to partial and full hydration of the
SC (Dancik et al., 2013), but it does not allow the skin to transiently
swell. For very soluble compounds like ethanol and acetone, this is a
limitation that must be acknowledged.

More recently, Bunge et al. published thorough results detailing the
permeation of 2-butoxyethanol (BE) and water in rat skin (Bunge et al.,
2012). These workers demonstrated three distinct behavior profiles for
BE flux with increasing weight fraction BE. When the weight fraction of
BE was approximately less than 0.2, BE flux increased proportionally to
its concentration. There was a relatively constant flux of BE at BE weight
fractions of 0.2 to 0.8 and then a dramatic decrease in flux for BE weight

fraction greater than 0.8. They showed that the drastic drop in activity-
normalized BE flux at high BE weight fraction coincided with a decrease
in water activity from 0.9 at BE weight fraction 0.8 to zero for neat BE.
These results demonstrated a reduced BE flux arising from skin
dehydration.

Both abovementioned studies strongly suggest that a transient SC
swelling model is required in order to quantitatively explain skin per-
meation results for concentrated solutions of small, water miscible sol-
vents like ethanol and acetone. For small, lipophilic solvents like
benzene and 1,2-DCE, our results suggest that a swelling model is also
appropriate. We hypothesize that most of the swelling for ethanol in-
volves the corneocyte phase of the SC, whereas that for benzene and
1,2-DCE involves primarily the intercellular lipids. Acetone may be a
mixed case, as it is both water-miscible and a good solvent for SC lipids.

Summary

This work demonstrates the multiple challenges in developing a com-
prehensive computational model for skin absorption, as simultaneous
physical, chemical and biological processes influence absorption kinetics.
Our main goal is to be able to confidently use the model to make predic-
tions for drug delivery or risk assessment in multiple scenarios, such as
splash exposure of a liquid in a factory setting or vapor-phase absorption
in varying environments. As can be seen in this study, the present model
is more accurate when dose amounts are small and disruption to the stra-
tum corneum is less. A correction factor to the a priori model absorption
predictions on the order of 10X is suggested for transient skin exposures
to aggressive chemicals including acetone, benzene and 1,2-DCE. Contin-
ued focus on the mechanism of barrier disruption by VOCs and other or-
ganic chemicals will be useful in making more precise estimates of dermal
exposure under varying conditions.
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