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Abstract

Disinfection-by-products (DBPs) have long been a human health concern and many are known
carcinogens and teratogens. Skin is exposed to DBPs in water through bathing and swimming;
however, dermal uptake of many DBPs has not been characterized. The present studies were
initiated to measure the permeation coefficients (Kp) for haloacetonitriles (HANSs) and chloral
hydrate (CH), important cytotoxic DBPs. The Kp values measured using fully hydrated
dermatomed torso skin at 37 °C for the HANs ranged from 0.099 to 0.167 cm/hr, and was 0.0039
cm/hr for CH. Of the HANS, dibromoacetonitrile had the highest permeability while
chloroacetonitrile had the lowest permeability and a direct relationship was observed between
their Kp and their octanol/water partition coefficients (Kow). The Kps of the HANs were also
approximately 30 times that of CH. The monthly dermal and ingestion doses of HANs and CH of
an average American population were estimated using Monte Carlo simulations. The dermal doses
of HANs ranged from 0.39 to 0.75 times that of their ingestion doses but only approximately 0.02
times their ingestion doses for CH, assuming that the Kp values determined are applicable to
shorter water contact times. However, that ratio can vary markedly with chlorinated swimming
pool exposures; with a range from 0.304 to 2.25 for HANs and 0.192 to 0.245 for CH. Dermal
exposure to HANs and CH seems to be a significant route of exposure and should be considered
when evaluating their total exposure during the routine usage of water for bathing and swimming.

INTRODUCTION

Activities such as showering, bathing and swimming are daily parts of life and can result in
exposure to contaminants in water such as disinfection-by-products (DBPs). DBPs include a
wide range of compounds such as trihalomethanes, haloacetic acids, haloacetonitriles
(HANSs) and haloketones (Krasner, et al., 1989). These compounds are formed by reactions
of disinfectants such as chlorine with humic substances and other organic material
commonly found in water (deLeer, et al., 1985, Kopfler, et al., 1985, Krasner, et al., 1989
and Stevens, et al., 1985).
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Multi-route exposures to chloroform, the DBP with the highest concentration in both
drinking and pool water, have been observed during showering, bathing and swimming
(Aggazzotti et al., 1990, Erdinger et al., 2004, Gordon, et al., 1998, Jo et al., 1990a,b,
Lindstrom, et al., 1997, Weisel et al., 1992, and Weisel and Jo, 1996). It has been estimated
that the daily dermal dose of chloroform from showering is approximately that of the daily
ingestion dose from consuming two liters of tap water (Jo et al., 1990). Brown, et al. (1984)
estimated that an average of 64% of a total dose to lipophilic compounds in drinking water
from showering is accounted for by dermal exposure and the rest from inhalation exposure.
Dermal exposure to water from bathing is expected to be even greater than from showering
(Brown, et al., 1984). Potential dermal exposures to HANs and CH have not been reported.

The present studies focus on the dermal absorption of the DBPs haloacetonitriles and chloral
hydrate (CH). These compounds have been reported to be mutagenic and teratogenic (Bull
etal., 1985, Daniel, et al., 1986, Lin et al., 1986, Nouraldeen and Ahmed, 1996, Smith et al.,
1986, Smith et al., 1989, and Valencia et al., 1985) and thus represent a potential health
concern. They typically reach levels as high as 24 pg /L within drinking water (Bull and
Kopfler, 1991). Much higher concentrations of dichloroacetonitrile (DCAN) (265 pg/L) and
CH (45 pg/L) have been measured in swimming pool water (World Health Organization,
2000).

Absorption of DBPs into the body is a function of their concentrations in bath and/or pool
water, exposure durations, frequency of exposures, area of the skin exposed, and the skin’s
permeation to the contaminants. In the present study the skin’s permeability is estimated
from J/n vitro measurements of the permeability coefficient (Kp).

MATERIALS AND METHODS

Materials

Chloroacetonitrile (99+%) was purchased from Fluka (Milwaukee, MI), and
dichloroacetonitrile (98+%) and trichloroacetonitrile (99%) from TCIl America (Portland,
OR). Bromochloroacetonitrile (90%) was from Fluorochem USA (West Columbia, SC), and
chloral hydrate (CH) (99.7%) from Sigma (Bellefonte, PA). Tritiated water (3H,0, 1 mCi/
ml) was purchased from American Radiolabeled Chemicals (St. Louis, MO).

Human cadaver skin tissue sections were purchased from the National Disease Research
Interchange (NDRI) (Philadelphia, PA).

Side-bi-side diffusion cells and drive consoles were purchased from Crown Glass Company,
Inc. (Somerville, NJ).

Skin preparation

Human cadaver skin was frozen prior to use, so no metabolic activity was expected. It was
assumed that any solutes that passed through the skin did so by passive diffusion. Full
thickness human cadaver skin sections from the torso were prepared by the removal of the
subcutaneous tissue, leaving the dermis and epidermis. Some of the skin was dermatomed to
a thickness between 0.25 and 0.28 mm. All skin sections were stored at —20° C, a process
not expected to affect their permeability characteristics (Harrison et al., 1984).

Skin integrity

The physical integrity of a skin section was tested by determining its permeability (Kp) for
tritiated water (Bronaugh et al., 1986). If the Kp was greater than 2.5 x 1073 cm/hr or if
>0.29% of the applied tritiated water penetrated the skin after a 20-min exposure, the skin
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was considered to be damaged and not used. The Kp values were measured using side-bi-
side diffusion cells maintained at 37° C. One hundred and three hundred pl of 10 pCi/ml
tritiated water was used to test the integrity of dermatomed skin and whole skin,
respectively. At the end of each time point, 100 pl of the receptor solutions were pipetted
into 3 ml of Fisher Scientific ScintiVerse scintillation fluid in 5-ml plastic scintillation vials.
The vials were counted for radioactivity using a Packard TRI-CARB 2100TR liquid
scintillation analyzer.

Experimental procedure

The skin was thawed at room temperature in phosphate buffered saline solution and placed
between two DC-100B side-bi-side diffusion cells. Both cells were maintained at 37° C and
completely mixed using Teflon-coated magnetic stirring bars spun at 600 rpm. The area of
skin exposed in the diffusion cells was 0.636 cm?2. The skin was immersed between two
fluid filled solutions, the receptor, a phosphate buffered saline solution at a pH of 7.4 was
selected to have the same ionic strength and pH value present in blood, though it did not
contain organic compounds so did not have the same lipophilic nature as blood, and the
donor water containing the target DBP representing the bath water.

Steady-state experiments were conducted for 12 hr using both dermatomed and whole skin
with donor cell concentrations of 0.8 g/L for HANs and CH. The receptor solution was
sampled and completely replaced with a fresh solution at least every hour for the steady-
state experiments. A 1L bottle was filled and the fluid continually circulated through the
donor diffusion cell in a closed system for the steady-state experiments to ensure a constant
donor concentration. The receptor and donor cells were sealed to minimize the evaporation
of solutes.

Sample analysis

The HANSs and CH in both the donor and receptor solutions were extracted with methyl-tert-
butyl-ether and analyzed using US EPA Method 551.1 with iodoacetonitrile (98%) as an
internal standard (Aldrich, Milwaukee, WI) (US EPA, 1995). The extracts were injected into
an HP5890 gas chromatography fitted with a 60 m Restek Rtx-624 capillary column (0.25
mm i.d., 1.4 ym film thickness) (Bellefonte, PA), and an electron capture detector. Seven
point calibration curves were prepared with standards in 35 ml buffered water solutions (pH
= 4.5 to 5.5) that were extracted in an identical manner to samples. Analysis of the standards
was based on the peak area ratio of the target compound to the internal standard. External
standards were also analyzed to evaluate the stability of the system.

Data analysis

The skin’s permeability was measured /n vitro as the permeability coefficient (Kp) using
Fick’s law assuming steady-state conditions and a proportionality between the measured
flux and water concentration in the donor cell. Fick’s law is valid under steady-state
conditions and reflects an “infinite dose” model that describes skin permeation (Franz, et al.,
1993) provided that the flux and donor concentrations remain constant. The main advantage
of calculating the Kp value is that it remains independent of concentration and time and can
be applied to many exposure conditions (Poet and McDougal, 2002).

Test Statistics

Student’s t-tests were used to determine whether there was a statistical difference between
the Kp values determined at steady-state conditions for full thickness and dermatomed skin
permeability.
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Monte Carlo Simulations of Exposure and Dose

The potential distributions of ingestion and dermal doses from drinking and pool water to
the general population was estimated using Monte Carlo simulations run using Crystal Ball
Pro version 4.0 software (SAS Institute Inc.). The variables included in the dose calculations
were: body size; ingestion rates of drinking water; exposure durations for bathing,
showering and swimming; and drinking water concentrations (Tables 1-3).

Equations that consider non steady-state conditions were used to estimate /7 vivo internal
dermal doses from bath exposures to better reflect real life exposures (Bunge and McDougal
1999). Equation 1 was used when the exposure time is < 2.4 x the lag time.

AXC ’4XRSC/11'XL><K1)XI )
4 Equation 1

Min=
in Wi

Equation 2 was used when the exposure time is = 2.4x the lag time.

AX C(pr t+W+XL)
Wt

Min= Equation 2

Where,

M, = cumulative mass into the stratum corneum (SC) during an exposure period (ug/
kgxday)

A = area of skin exposed for each subject as shown in Table 1 (cm?)
C = the applied concentration of the chemical being examined in water (ug/L)

Kp = the steady-state permeability coefficient of the SC for the chemical within water
(cm/hr) based on steady-state conditions for dermatomed skin

t = duration of an exposure (min/day)

Rsc/w = the equilibrium partition coefficient between the SC and the chemical being
examined within water (0.71 log Kow)

Kow = octanol-water partition coefficient
L = the thickness of the stratum corneum (10 pm)
Wt = weight of the individual (kg)

Estimated monthly dermal doses were compared to estimated monthly ingestion doses in
Monte Carlo simulations using Equation 3, adapted from Jo et al., (1990b):

Aex Cx1
Ingestion dose:( Ke )—( ‘ )

kg x day = Wi Equation 3

Where,

Ae = absorption efficiency of the gastrointestinal tract (assumed to be 100 % to
represent a maximal possible dose)

C = water concentration (ug/L)
| = water ingested/day in Table 1 (L/day)
Wt = weight of the individual (kg)
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Probability distributions from the US EPA's Exposure Factors Handbook were used as
inputs to perform global sensitivity analysis of the exposures for different subpopulations
(qirls, boys, women, and men). Sensitivity analysis was performed using the Fourier
Amplitude Sensitivity Test (FAST) using the Simlab toolbox (http://simlab.jrc.cec.eu.int/).
For each combination of chemical and subpopulation combination, 20,000 samples were
used to estimate the first order sensitivities.

RESULTS AND DISCUSSION

The stratum corneum is the skin’s primary barrier against the environment. Therefore, for
our experiments, the dermis was removed when skin tissue was used for /n vitro permeation
studies. However, full thickness Kp values were also measured and compared with the Kp
values of dermatomed skin. Whole skin studies are useful in situations where dermatoming
or using other methods to separate the epidermis from the dermis is ineffective such as when
course hair leaves holes in the epidermis when separated from the dermis.

Quantification of Kp and lag time

Six 12-hr steady-state experiments (3 dermatomed and 3 whole skin samples) were used to
obtain Kp values and lag times for the HANs and CH. (Table 4). The Kp values for CAN,
DCAN, BCAN and DBCN for dermatomed skin ranged from 0.099 to 0.167 cm/hr, and the
value for whole skin ranged from 0.04 to 0.048 cm/hr. The Kp values for CH were 0.0039
cm/hr for dermatomed skin and 0.0017 cm/hr for whole skin. Only a range of Kp values
could be determined for trichloroacetonitrile (TCAN), from 0.039 to 0.14 cm/hr using
dermatomed skin and 0.0011 to 0.0072 cm/hr using whole skin. One caveat to applying
these Kp values to calculating the dose from dermal contact is even though the procedures
used are the accepted method for measuring skin permeability there may be a difference in
the absolute permeability value between hydrated skin as used in the /in-vitro experiments
and non-hydrated skin that would result from baths and showers of typical durations. It is
expected that rank order of absorption would be similar.

The donor concentrations used to calculate Kp were the average of the values measured
immediately before and after the steady-state exposures. Significant TCAN donor
concentration losses of 45-82% were observed from the initial concentration of 0.47+0.06 g/
L, measured at the start of the experiments (Table 5). The percent difference between the
pre- and post-concentration levels in the donor cells for the remaining compounds were
within expected experimental variations of + 20% (Table 5).

At steady-state conditions, both the flux and donor concentrations should remain constant to
calculate Kp. If the donor concentration decreases, then a decreasing flux is expected. This
is seen in Figure 1 for TCAN. Therefore, only a range of possible Kp values could be
calculated using the initial and final donor concentrations (Table 4). A lag time could also
not be determined for TCAN.

The decreases in donor concentrations of TCAN is likely due to a degradation of TCAN
over time as TCAN can be unstable at pH values outside of 4.5-5.5 and the donor solutions
was maintained near neutral to slightly basic pH to reflect typical drinking and pool water
conditions. Losses due to evaporation is unlikely since the same closed system was used for
all HANs and no losses were observed for the other compounds

The minimum time for steady-state conditions to be reached has been suggested to be
between 2.4 and 3 times the lag time (Crank, 1975). For the HANSs for dermatomed skin, the
mean lag times were between 6 and 7 min implying that the upper end estimate where
steady-state can be reached is between approximately 14 min (2.4 x (6 min- the lag)) and 21
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min (3 x(7 min- the lag)). The mean lag time calculated for CH for the dermatomed skin
was not different from zero, but the standard deviation was +12 min suggesting that the
maximum time required to reach steady-state for CH is no greater than 36 min. All
compounds measured reached steady-state for the dermatomed skin within an hour.
Therefore, the data points from 1 to 12 hours were used to calculate Kp. The permeation rate
of whole skin is much lower than dermatomed skin. Thus it takes longer for the compounds
to reach steady-state. The lag times were much longer in whole skin with the mean lag times
ranging from 90 to 157 minutes for HANs and 208 minutes for CH. The time it takes to
reach steady-state for HANs was between 216 and 471 minutes and 500 minutes for CH for
whole skin.

When all the data points were used for steady-state linear regression of cumulative dose
(mg/cm?) vs. time, slight variations near the end of the experiments can drastically change
the calculated lag times. This is the probable reason why the percent standard deviations in
the whole skin were near 25% rather than the less than 10% calculated for the dermatomed
skin. Very high variability may also be common when the lag times are very short as with
CH in dermatomed skin. Data points from 0.167 to 1 hour were used to calculate the lag
times from the dermatomed steady-state experiments as opposed to the 1 to 12 hour data
points used for whole skin.

The stratum corneum (only about 10 to 40 um thick) represents the most efficient barrier
against hydrophilic compounds and the viable epidermis (about 100 um thick), and the
dermis underneath (about 10 to 40 um thick) provides a barrier to lipophilic compounds
(U.S. EPA, 1992). It is therefore not surprising that whole skin with the epidermis and
dermis intact has lower Kp values and longer lag time values for the moderately lipophilic
compounds HANs and CH compared to Kp values from dermatomed skin (Table 4). This
decrease in Kp is more noticeable in the more lipophilic haloacetonitriles than with chloral
hydrate, which is the least lipophilic of the compounds studied. Most absorbed compounds
are quickly taken up into the bloodstream through a capillary network above the dermis.
Thus, using dermatomed skin, where the dermis layer was cut away, provides a better
estimate of the dermal absorption in viable skin than using whole skin since /in vivo
compounds do not need to transverse the dermis to enter the bloodstream.

Simulated Internal Dose Estimates for Haloacetonitriles and Chloral Hydrate

The monthly mean, median and range of ingestion doses across gender and for adults and
children for the HANs and for CH based on the Monte Carlo Simulations are given in Table
6. Since a definitive Kp could not determined for TCAN it was not included in the
simulations. It was assumed that all of the consumed drinking water was unfiltered tap water
to provide an estimate of the maximum ingestion dose. The variation across compounds is a
function of the different drinking water concentrations typically found for each compound in
the distribution system. The potential mean, median and range of dermal doses for HANs
and CH from the subset of the population that takes baths over a monthly period is given in
Table 7. The variation in dermal dose across compounds is a function of both the water
concentration and the lipophilic property of each compound. These calculations have the
caveat that the Kp values calculated using the hydrated skin are applicable to exposures
encountered during showering, bathing and swimming when the skin may not become fully
hydrated. A sensitivity analysis of the Monte Carlo indicated that the most important input
variables were the same across gender and age and for all compounds, which could be a
function of using the actual concentration in the water delivered rather than changes in water
concentration during use which would vary with volatility of the compounds. For ingestion,
the key input variables were drinking water concentration followed by ingestion rate with a
minor contribution by body weight. For bathing, the key variables were duration of bath and
drinking water concentration. For swimming, the key variable was duration of swim with
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lag-time through the skin also important for chloral hydrate. It is likely that pool water
concentration was not included since few concentrations were available in pool water so the
actual range used under-represented the true range and for chloral hydrate and
dichloroacetonitrile were single values, thus those could not be evaluated in the sensitivity
analyses.

The dermal doses are 0.39 to 0.747 times the monthly ingestion doses for the HANs and
0.0160 to 0.0195 times the ingestion dose for CH. The additional dermal dose for the subset
of the population that swims in pools over a monthly period from pool water is given in
Table 8. Data on pool water concentration was available for only DCAN, DBAN and CH.
The DCAN and DBAN mean pool derived dermal doses are 0.304 to 2.25 times the monthly
ingestion doses and for CH 0.192 to 0.245 times the monthly ingestion dose. Since the
dermal doses are a function of the drinking water concentrations and the Kp of each DBP,
the higher water concentration of CH, when compared to the HANS, does not result in a high
dermal dose for CH due to its low Kp value (0.0039 (cm/hour)).

The dermal bath and pool water exposures for the children were higher than that of the
adults on a per weight basis. This is due to children having a higher surface area per
kilogram body mass than adults. A smaller individual will have a higher dose of DBPs per
kilogram. This is also the reason for higher dermal doses per body mass of women
compared to men and higher doses per body mass for boys compared to girls since girls 5—
11 years of age are on average larger than boys of the same age.

The dermal doses are a significant fraction of the ingestion doses for the HANSs. For a
population that routinely swims in chlorinated swimming pools, the dermal dose during
swimming is an important contributor to the total dose of these DBPs because of the order of
magnitude higher pool water concentrations compared to drinking water levels. For DCAN,
the dermal dose while swimming is greater than the dose received from other dermal
contributions or ingestion of chlorinated drinking water. Therefore, estimating dermal
absorption of HANs and CH from water is important since dermal contact is a potentially
significant route of exposure due to their high Kp values. In addition, Kp /n vitro data is
essential in estimating potential internal doses of /n vivo dermal exposures.
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FIG. 1.

The decreasing flux over time through the skin for TCAN from a representative steady-state
experiment using dermatomed skin.
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TABLE 4

Permeability coefficients (cm/hr) and lag times of DBPs determined at steady-state conditions.

Compounds Dermatomed skin Whole skin
Kp (cm/hr)@ Lag time (min)P Kp (cm/hr)@ Lag time (min)&
CAN 0.0990+ 0.00840 6.14+ 0.500 0.0440+ 0.000970 90.0+ 18.6
DCAN 0.146+ 0.00780 6.15+ 0.470 0.0400+ 0.00190 113.+25.
TCAN € 0.0390-0.140 0.00110-0.00720
BCAN 0.155+ 0.0100 6.43+ 0.370 0.0440+ 0.00370 129+30.6
DBAN 0.167+ 0.0130 6.84+ 0.450 0.0480 0.00440 157.+43,
CH 0.00390+ 0.000470 ~ -1.72+119  0.00170+ 0.0000960 208.452.

aObtained from the slope of data from 1 to 12 hr with both diffusion cells at 37+1° C (n=3).

bObtained from the slope of data from 0.167 to 1 hr with both diffusion cells at 37+1° C (n=3).

Page 14

DThe Kp for TCAN is reported as a range, and the lag times are not reported because of donor concentration changes (shown in Table 2) causing

deviations in steady-state conditions.
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