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Uptake of chloroform into hairless rat stratum comeum from dilute aqueous solutions was studied 
using tape-stripping to determine amounts deposited in the skin under various environmental ex- 
posure scenarios. The length of exposure of sedated animals to the chloroform-containing medium, 
the frequency and duration of tape-stripping, and the number of tape-strips per location were vaned 
to map the stratum comeum substantivity of chloroform. Eight minutes immersion of the rat within 
a well-stirred solution at 36°C was found to be adequate time for the gradient to be established 
fully across the stratum comeum. Penetration was progressively deeper as the exposure time in- 
creased. substantial evaporative loss of chloroform from the aqueous medium of application seem 
to be responsible for lower cumulative amounts taken up when the same solution was held on the 
rat's skin within a stainless steel template of fixed area. Of the total uptake (29 mg) from a dilute 
stirred solution of chloroform (0.44 mg/ml) at 36"C, about 95% was systematically absorbed after 
a 30 min exposure as determined by residuals (measurement of bath concentrations). 
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1. INTRODUCTION 

Concern has been expressed about the cumulative 
absorption of chemicals from frequent, intermittent, brief 
exposures to contaminated water, as might occur daily 
through bathing$') For the most part, such exposures fall 
short of diffusion lag times for permeation of the skin, 
which range from several minutes for low molecular 
weight compounds to several hours for heavier ones.(*) 
In all cutaneous exposures, the stratum corneum acts as 
a compartment which sorbs a chemical at its outer sur- 
face and, over time, diffisionally conducts the chemical 
to its inner side, where it gains entry to the living tissues 
and diffuses through these into the blood supply. In 
short-duration exposures gradients begin to form, but 
with few molecules reaching the stratum corneum's in- 
ner sidd3) during the exposure itself. A great deal of 
uncertainty exists as to the fate of such surface accu- 
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mulations when exposures are interrupted. Jo et es- 
timated the chloroform body burden in healthy 
individuals taking typical showers. They varied the chlo- 
roform concentration from 5 to 37 p&/L (40°C) while 
holding the showering time at 10 min. Differences in 
chloroform concentrations in exhaled breath during nor- 
mal showering and inhalation-only exposures were used 
to estimate the extent of dermal absorption. Similarly, 
Chinery and Gleas~n(~)  and McKone(@ developed models 
to predict chloroform concentrations in the exhaled 
breath of human subjects exposed dermally and through 
inhalation while showering. In studies very like our own, 
Bogen et al.(') reported dermal uptake of chloroform af- 
ter exposing hairless guinea pigs to dilute aqueous so- 
lutions (10 to 100 p&) of chloroform in a closed 
chamber at 32°C for 70 minutes. The rate of loss of the 
chemical from the chamber with and without a guinea 
pig present was used to estimate the uptake. The method 
was validated by comparing the urinary and fecal levels 
of radioactivity obtained after chamber immersion of an 
animal with that after subcutaneous administration of 
chloroform in corn oil. Neither Bogen's study nor the 
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others mentioned address the fate of chloroform which 
has built up in the skin during exposure. The present 
study is focused on this issue. 

2. MATERIALS AND METHODS 

2.1. Materials and Animals 

Radiolabeled (I") chloroform (specific activity - 5 
mCi/mmol) was purchased from ICN Biomedicals, Inc. 
k i n e ,  California. The neat liquid was diluted with non- 
radioactive HPLC grade chloroform (Mallincrodt, Inc., 
St. Louis, Missouri) and stored at 0 4 ° C  in a screw- 
capped glass vial. Deionized water was used to prepare 
all solutions. Scintillation cocktail (Ecolite') was ob- 
tained from ICN Radiochemicals, Covina, California. 
Tape-stripping was done with 1.9 cm wide polyester 
tape (3M No. 850; 3M, St. Paul, Minnesota). Since the 
animals were anesthetized during the experiments, an 
isothermal pad (Deltaphase", Braintree Scientific, Inc. 
Braintree, Massachusetts) provided warmth for an ani- 
mal while out of the bath. The male hairless rats (CIU: 
CD) used in the experiments were obtained from Charles 
River Laboratories, Raleigh, North Carolina. They were 
12-20 weeks old, weighing between 350 to 550 g. 

Fig. 1. Bath assembly for immersion experiments with hairless rats. 

2.2. Bath Assembly for Hairless Rats 

A tall, 1000 ml, jacketed glass beaker was used as 
the bath in which the sedated animal was immersed for 
a certain period of time. The beaker supported the re- 
straining collar (made of stainless steel) used to keep the 
animal's head above the water and to isolate the envi- 
ronment around the head from which the animal 
breathed (Fig. 1). The animal's head was enclosed in a 
glass chamber formed from a beaker; the rim of this 
chamber fitted into a cylindrical groove, 66 mm in di- 
ameter, 4 mm wide and about 2 mm deep, notched into 
the collar. Three symmetrically placed notches across 
the groove allowed fresh air entering through an inlet 
directly over the animal's head to flow over the head 
and escape at the level of the neck. In this manner each 
rat was fed a continuous supply of fresh air to. A porous, 
circular, stainless steel support was placed at the bottom 
of the beaker to support the rat and allow a magnetic 
stirrer to be placed at the bottom of the bath to agitate 
the water. The bath water temperature was held constant 
at 36 f 0.2"C (nominally the slun-surface temperature 
of the rat) using a circulating water bath (Lauda Model 

M3-B). The entire apparatus was placed inside a h e  
hood to contain all escaping chloroform. 

2.3. Preparation of the Aqueous Solution of 
Chloroform 

Solutions of chloroform in deionized water at 36°C 
were prepared by adding a calculated volume (0.205 
mL) of chloroform to 450 ml of pre-warmed water in a 
1000 ml separatory h e 1  and then vigorously shaking 
the water for about 2 minutes. Droplets of chloroform 
at the bottom of the funnel disappeared within this time. 
This technique ensured complete solution of the test sub- 
stance and a reproducible initial concentration of 0.44 
mg/ml. This concentration, three orders of magnitude 
higher than the upper limit of the U.S. EPA guideline 
(0.47 pg/ml),C*) produced detectable levels of chloroform 
on the skin surface. 
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2.4. Animal Preparation and Exposure to the Bath 
Water 

A combination of Ketamine hydrochloride (87 
m a g )  and Xylazine hydrochloride (13 mgkg), both 
given intramuscularly, kept the hairless rats in a sedated 
state for about 2 hours. Rarely was a supplementary dose 
required. Small amounts of an emollient ophthalmic 
ointment were applied to the eyes of each rat to prevent 
them from drying out during the experimentation. Sev- 
eral areas, 3.8 cm2 each, of the skin on the back of an 
animal were carefully marked with indelible ink before 
placing the animal in the bath. Upon its removal, each 
animal was dried using paper towels and then laid on its 
belly on absorbent paper covering the heating pad. 

2.5. Use of Templates (for Exposure Times Shorter 
than 4 Minutes) 

Bath immersion was impractical for very short ex- 
posures. Therefore, a rectangular stainless steel template 
was constructed with an inside area of 10 cm2. This was 
held firmly against the dorsal surface of the animal with 
hand pressure and 5 ml of the 0.44 mg/ml solution of 
chloroform at 36°C were placed within the confines of 
the template. This solution was left in contact with the 
skin from 0.5 to 2.0 min. 

2.6. Tape Stripping of the Rat Skin 

2.6.1. Initial Scenario (20 strips per site; 4 5  sec per 
strip; 20 min post-exposure interval) 

After exposure, an animal was taken out of the bath 
or, in case of the template, the chloroform solution was 
aspirated off the back of the rat and collected in a trap. 
The exposed area was patted dry with paper toweling. 
The amount of chloroform in the surface-most tissue was 
determined by firmly and repeatedly pressing separate 
pieces of polyester tape (1.9 cm wide and 2 cm long) 
onto a marked location for several seconds and then 
abruptly pulling them away. In preliminary studies 20 
tape strippings completely delaminated the stratum cor- 
neum as was evident by eventual oozing at the surface. 
Following its removal, each tape strip was quickly 
placed inside a scintillation vial containing 15 ml cock- 
tail to minimize evaporation of chloroform. Stripping 
was begun immediately at one site but delayed 20 min 
and 40 min at subsequent sites. Radioactivity levels were 
barely above background after a 40 min delay. 

2.6.2. Second Scenario (5 tape strips per site; -1 0 sec 
per strip; 5 min post-exposure interval) 

It became clear that reduction of the total stripping 
time was necessary to compress the time for assessing 
clearance of chloroform from the skin. The interval of 
stripping between two successive sites was thus short- 
ened from 20 min to 5 min. Using only 10 seconds per 
tape to establish good adherence and only five strippings 
per site reduced the total stripping time at a site from 
about 19 min to about 1 min. Complete delamination of 
the stratum corneum was not obtained for, the animal 
surface was not moist and glistening at the end of five 
strippings. 

2.6.3. Third Scenario (5 tape strips per site; 4 sec per 
strip; 2 min post-exposure interval) 

Chloroform’s clearance from the surface of the rat 
after an exposure was still too rapid to get a handle on 
using the compressed stripping cycle, necessitating fix- 
ther reduction in the stripping time. The interval from 
the end of exposure to the beginning of stripping (and 
that between two successive sites) was shortened from 
5 rnin to 2 rnin and only 4 sec was allowed for adherence 
of a given strip. 

2.7. Evaporation of Chloroform from the Bath 
Water 

Chloroform has a high thermodynamic activity in 
the aqueous test solution and, therefore, appreciable 
evaporative losses of this solvent from the bath during 
the course of an experiment was anticipated. To estimate 
its rate of loss by evaporation and by concurrent uptake 
into the rat, 250 pL aliquots of the bath water were pe- 
riodically withdrawn and assayed. With a rat inside the 
beaker, sampling was done for 2 hours. To isolate the 
evaporative loss only, a screw-capped glass (Type I) bot- 
tle roughly comparable in volume and with a neck sim- 
ilar in size to that of the rat was used and, in this case, 
sampling was done for 6 hours. A 300 ml volume of the 
test solution gave the same water level as when a rat 
was inside the beaker. Since the surface area available 
for evaporation was kept the same in both cases, the 
difference in the bath chloroform concentrations, after 
adjusting for the volume difference, was the result of 
uptake into the rat. 
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Fig. 2. Amount of chloroform taken up by the stratum comeum as 
detected by tape stripping (20 strips/site, -55 sec/strip) after exposing 
hairless rats to contaminated water at 36°C for 30 minutes. 

2.8. Statistical Analysis 

One-way Analysis of Variance (a = 0.05) and the 
Student-Newman Keuls (SNK) test (at an experiment 
wise error rate, ci = 0.05) using the General Linear 
Models Procedure were used to sort out differences in 
the cumulative uptake of chloroform by stratum cor- 
neum as a function of time.(g) Student’s t-test (one-tailed, 
a = 0.05) was carried out using the TTEST procedure 
in situations where the test was deemed applicable. 

3. RESULTS AND DISCUSSION 

3.1. Tape Stripping of the Rat Skin 

3.1.1. Initial Scenario (20 strips per site; -5.5 sec per 
strip; 20 min post-exposure interval) 

Figure 2 shows the profiles of chloroform within 
the layers of the rat stratum corneum after immersing a 
rat in chloroform-containing water for 30 min with strip- 
ping begun immediately and with delays of 20 and 40 
min, respectively. It is evident from the data obtained 
immediately upon drying the animal that the accumu- 
lated amount declines rapidly as the deeper regimes of 
stratum corneum are harvested. Twenty min following 
removal of the animal from the bath, little chloroform 
could be detected in the stratum corneum. Even less 
chloroform was detectable at 40 min. As the time of 
exposure was decreased from 15 to 8 min and then to 4 
min, similar profiles were observed upon stripping the 
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Fig. 3. Cumulative amount of chloroform taken up by the hairless rat’s 
stratum corneum as detected by tape stripping (20 stripdsite, -55 
sec/strip) after exposing the animals to contaminated water at 36°C for 
various times. 

Time (mis) Post-Aspiration I Out of the Bath 

Fig. 4. Cumulative amount of chloroform taken up by the hairless rat’s 
stratum corneum as detected by tape stripping (20 stripdsite, -55 
sec/strip) after exposing the animals to contaminated water at 36°C for 
various times (0.5 to 2 minutes-with template; 4 to 30 minutes- 
inside bath). 

animals immediately upon their removal from the bath 
(data not shown) with the exception that progressively 
smaller amounts of chloroform were found in the deeper 
layers of the stratum corneum. Figure 3 depicts the cu- 
mulative amounts of chloroform per site picked up by 
tape stripping at various exposure durations. From the 
data on stripping begun immediately, it appears that 8 
min of exposure is adequate to establish the gradient of 
chloroform across the skin, and perhaps less, for the cu- 
mulative amount collected at 4 min did not differ statis- 
tically from the collections at 8, 15, and 30 min. In Fig. 
4 the cumulative amounts recovered after exposing only 
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Fig. 5. Amount of chloroform taken up by the stratum corneum as 
detected by tape stripping (5 stripdsite, -10 sec/ship) after exposing 
hairless rats to contaminated water (with template) at 36°C for 15 
minutes. 

10 cm2 area of a rat for either 0.5, 1, or 2 min are placed 
alongside the immersion data. Use of the template with 
quick removal of the solution by aspiration afforded pre- 
cise control of the shorter exposure times. The cumula- 
tive amounts collected (0 minute post-aspiratiodout of 
the bath) for 0.5, 1, and 2 min exposures were statisti- 
cally less than each of those at 8, 15, and 30 rnin ex- 
posures (SNK test). The amount recovered at 4 min, 
although not appreciably different from the amounts re- 
covered at 8, 15, 30 nor the amounts recovered at 1 and 
2 min exposures, was significantly greater than the 
amount recovered at 0.5 rnin (SNK test). However, no 
statistically supported difference existed among amounts 
recovered at 0.5, 1, and 2 min exposures (SNK test). 
Student’s t-test revealed that the average of the slopes 
of the straight lines obtained by plotting the cumulative 
amounts collected from 0.5 to 8 rnin (as in Fig. 5) is 
significantly greater than 0 (p = 0.019). Despite the lack 
of statistically supportable differences between some of 
the times, there is clearly an incremental build up of 
chloroform in the skin over the first 4 or so minutes. 
Again, it appears to take from 4 to 8 rnin to build up 
chloroform’s gradient. 

3.1.2. Second Scenario (5 tape strips per site; -10 sec 
per strip; 5 min post-exposure interval) 

Figure 5 shows profiles of the amounts adsorbed in 
increasingly deeper layers of the stratum comeum upon 
exposing a 10 cm2 area of the rat skin to 5 ml of the 
test solution held stagnant against the animal surface and 

0 

Time (min) Post-Aspiration 

Fig. 6. Cumulative amount of chlorofonn taken up by the hairless rat’s 
stratum corneum as detected by tape shipping (5 stripdsite, -10 
sedstrip) after exposing the animals to contaminated water (with tem- 
plate) at 36°C for various times. 

within the template for 15 minutes. Here, the number of 
strips per 3.8 cm2 site was set at 5,  the interval between 
stripping different sites at 5 min and the time spent per 
stripping at a site at 10 sec. These changes were made 
to compress the period between stripping of different 
sites. Clearly there is little substantivity to chloroform. 
By simply waiting 5 rnin after aspiration and towel-dry- 
ing, the amount of adsorbed chloroform in the first tape 
strip dropped to a negligible level; after 15 minutes, it 
was all but imperceptible. Profiles at all other exposure 
times (not shown) exhibited the same general pattern. 
Figure 6 depicts the cumulative amount of chloroform 
taken up by the skin immediately following aspiration 
and drying at six different short exposure times. The 
collections at 0.5, 1, and 2 min exposures, while gen- 
erally lower, do not vary appreciably from the corre- 
sponding ones shown in Fig. 4 done using longer times 
to establish tape adherence and more tape strippings per 
site. Again we learn that the penetration of chloroform 
into the upper layers of the stratum corneum is rapid, 
and it only takes a few minutes for the build-up of the 
gradient. Figure 6 indicates the cumulative amounts 
taken up actually decreased at exposure times greater 
than 2 min. Moreover, the accumulations at 4, 8, and 15 
min exposures are significantly lower (Student’s t-test; 
p = 0.017, 0.002 and 0.001, respectively) than the cor- 
responding amounts when the rat was immersed inside 
the bath with a continuously agitated aqueous solution 
(Fig. 4). The evaporation of chloroform from the open- 
surfaced, high area-to-volume applications within the 
template seems the likely reason for the fall off. Statis- 
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Fig. 7. Amount of chloroform taken up by the stratum corneum as 
detected by tape stripping (5 strips/site, -4 sec/strip) after exposing 
hairless rats to contaminated water (inside bath) at 36°C for 15 
minutes. 

Time ( d o )  Pwt-Aspiration I Out of the Bath 

Fig. 8. Cumulative amount of chloroform taken up by the hairless rat’s 
stratum corneum as detected by tape stripping (5  stripskite, -4 
seclstrip) after exposing the animals to contaminated water at 36°C for 
various times (0.5 and 2 minutes-with template; 4 and 15 minutes- 
inside bath). 

tically, the cumulative amount recovered at 2 rnin stood 
out from the rest (p = 0.0001, ANOVA, and SNK test). 

3.1.3. Third Scenario (5 tape strips per site; 4 sec per 
strip; 2 min post-exposure interval) 

The stripping interval and the duration of each 
stripping were further shortened in an attempt to better 
describe the evaporative loss of chloroform from the 
stratum corneum in the fist  moments after exposure. 
Figure 7 depicts the profiles of the amount of chloroform 

collected in five tape strippings after immersing a rat in 
the bath for 15 minutes. Here 4 sec were used to apply 
the tape to the skin; the interval between stripping of 
adjacent sites (3.8 cm2) was set at 2 min and the process 
was continued up to 6 min. Relative to the zero-time 
measurements, measurable amounts of chloroform had 
disappeared from the skin in only 2 min. Evaporation of 
chloroform back into the atmosphere is almost certainly 
the predominant factor in this loss, although a degree of 
systemic absorption too is possible. In this case, very 
little chloroform was recoverable from the skin if strip- 
ping was delayed for only 6 min. At shorter exposure 
times, 4 min inside the bath and 0.5 and 2.0 min within 
the template, similar patterns of recovery were observed 
(not shown), although the distinction(s) between recov- 
eries of chloroform upon delaying stripping more than 
2 rnin were not very sharp. Figure 8 gives the composite 
picture of the cumulative amount of chloroform taken 
up by the slun at different exposure times when stripping 
was begun immediately. The collections at 0.5 and 2 rnin 
exposures are obviously indistinguishable from one an- 
other. The same is true for the collections at 4 and 15 
rnin exposures. However, these pairs, 0.5 and 2 min and 
4 and 15 min, are significantly different from one an- 
other (SNK test). These findings suggest that the build- 
up of the gradient of adsorbed chloroform within the first 
few (about five) layers of the stratum corneum may be 
complete as early as in 4 min when the exposure is to 
a well-agitated solution of the test substance. Based on 
the data presented earlier, 4 min exposure may not be 
quite long enough to establish the equilibrium gradient 
across the deeper layers of the stratrum corneum. 

3.2. Uptake Measured by Difference in Bath Water 
Concentrations 

To assess the total uptake of chloroform indepen- 
dently, bath concentrations were measured as a function 
of time with and without a rat being present. In each 
case, first-order kinetics was apparent. The average half- 
life of loss of chloroform from the bath water at 36°C 
with a rat inside was found to be 1.29 h ( ? SE = 0.067; 
n = 3), whereas the corresponding value with the bottle 
present was 2.50 h (k SE = 0.484; n = 3 ) .  The latter 
actually is 3.72 h (?SE = 0.688; n = 3) when differ- 
ences in volumes of bath water in the two experiments 
are accounted for. From these values one can estimate 
the amount of chloroform taken up by an animal, a por- 
tion of which has to be systematically absorbed, after 
exposure to a well-stirred aqueous solution of chloro- 
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Table I. Extent of Loss from the Bath Water and Uptake of Chloroform into the Hairless Rat After Exposing 
the Animals to Chloroform-Containing Water at 36°C for Various Time9 

% Left (rat 
% Left replaced 

Exposure (with rat with a 
time (min) inside bath) bottle) 

% 
(Adsorbed + 

absorbed) 
[~01.3 - 

co1.21 

Amount 

(adsorbed + 
absorbed) 

(predicted)b 

(mg) 

4 93.0 96.7 
(97.8) 

8 90.0 94.0 
(96.0) 

15 85.4 92.5 
(95.0) 

30 76.0 86.0 
(90.7) 

3.7 
(4.8) 
4.0 

(6.0) 
7.1 

(9.6) 
10.0 

(14.7) 

3.1 
(4.38) 
6.1 

(8.54) 
10.9 

( 1 5.34) 
19.5 

(28.01) 

~~ 

Amount 
(mg) Amount 

(adsorbed + adsorbed in 
absorbed) the skinc 
(found) (mg) 

7.4 1 .o 
(9.6) 
8.0 1.5 

(12.0) 
14.2 1.4 

19.9 1.4 
(19.2) 

(29.4) 

a Values in parentheses obtained after correcting for bath water volume (300 ml used without rat versus 450 
ml with rat). 

bCalculated using the average first-order rate constants, 0.30 h-’ (SE = k0.058; n=3)  [or 0.20 h-l (SE = 
20.038; n=3) after volume correction], and 0.54 h-t (SE = f0.027; n=3) for the loss of chloroform from 
the bath water with a glass bottle and a real rat inside, respectively. 
Obtained by extrapolating the amount recovered from the stripping area (3.8 cmz) to the entire exposed surface 
area calculated using Equation (1). 

form for any period of time. Table I presents the results 
of such calculations. 

Assuming that 20 tape-strips per site (3.8 cm2 area) 
and about 55 sec per tape strip were adequate to com- 
pletely delaminate the stratum corneum of the hairless 
rat, a reasonable estimate of the total surface accumu- 
lations of chloroform can be made knowing the involved 
surface area of the rat. The area can be estimated using 
the following equation(lO): 

where, S = Whole body surface area (cm’), k = Meeh 
coefficient = 9.1 (for rats), and Mb = body mass (g). 
Since the rat was immersed into the bath water only up 
to its neck, we are assuming that only 90% of a rat 
surface was in contact with the test solution. Taking the 
average mass of the rats (414.4 g; n = 3) used in the 
30 min exposure experiment (20 tape strips per site, -55 
sec per strip), the exposed surface area is estimated to 
be 464.4 cm2. The amount of chloroform accumulated 
in the stratum comeum of a rat, using 3 pg adsorbed per 
cm2 (Fig. 3), is about 1.4 mg. This is only about 0.7% 
of the initial total mass of chloroform in the bath water 
(200 mg in the 450 ml). In contrast, the amount of chlo- 
roform taken up by a rat by measurement of depletion 
of chloroform from the bath after a 30 min exposure is 
29.4 mg (Table I). Only 4.8% of this amount is ac- 
counted for by stratum corneum accumulation. Similar 
low fractions recovered by tape-stripping are obtained in 

case of 15 and 8 min exposures to the bath. The amount 
taken up while a rat was in the bath can be estimated 
from the evaporation-adjusted fist-order rate of loss of 
chloroform from the bath. The amount actually taken up 
was also measured at certain times based on bath chlo- 
roform contents at the beginning and at the end of each 
exposure period similarly adjusted for evaporation. It is 
noteworthy that the kinetic prediction badly underesti- 
mates uptakes which were actually measured at shorter 
exposure times (Table I). This finding simply confirms 
the theoretical expectation that the uptake of chloroform 
from the bath water should be faster during the fist few 
minutes as the gradient builds across the skin. Based on 
our results, a truly first-order uptake process was not 
actually established until about 30 minutes into an ex- 
periment. When these data are coupled to our tape-strip- 
ping findings, it is apparent that over 88% of the 
chloroform lost from the bath, after correcting for the 
evaporative loss, at 4 to 8 min exposures goes unac- 
counted for by tape-stripping. Since the loss occurred 
while the animals were actually immersed, we attribute 
the unaccounted for loss to systemic absorption. 

3.3. Risk Assessment 

The data in this paper can now be examined relative 
to the expectations of absorption based on recently de- 
veloped models for risk assessment. Table I1 lists equa- 
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Table LI. Suggested Equations Involved in the Estimation of Amount of Chloroform Dermally Absorbed (Risk Assessment) After Exposure to 
Its Aqueous Solutions" 

EPA (1992)"" McKone and Howd(12) Cleek and Bunge(I3) This paper 

D, = 1.98 X 1O-Io cmz/sec. 
Eqn. used: 

(MW); 1, = 0.002 cm. 
log (DJI,) = -2.72 - 0.0061 

KJ, = 23.93. 
Eqn. used: 
log KJ, = 0.7 log &, 
K, = 2.48 X c d s e c .  
Eqn. used14): 
log K, (c&) = -2.72 + 0.71 
X IogK,, - 0.0061 MW 

T = 56.12 min. 
Eqn. used: 
T = Ix2/6D, 

t* = 134.68 min. 
Eqn. used: 
t* = 2.4 T 

D,, = 1.77 X cm2/sec. 
Eqn. used: 
D,, = MW-06 X [(2.4 X 
+ 3 X 

x &wa8) 

4, = 10.06. 
Eqn. used: 
4, = 0.64 + 0.25(&,)08 

K, = 8.90 x cdsec .  
Eqn. used: 

k;8)/(0.64 + 0.25 

K, = (L D*,3/6,,") 

T = 6.28 min. 
Eqn. used: 
7 = 62,k,d6Dsk,n 

D, = 1.69 X 10-Io cm2/sec. 
Eqn. used: 

6.0(10-3) MW; L, = 0.002 cm 
log (DJL,, c&) = -2.8 - 

K,, = = 15.20. 
Eqn. used: 
log K, = 0.60(k 0.04) log&, 

P,, = 2.43 X c d s e c .  
Eqn. use& 
log P,, (cm/hr) = -2.8( k0.08) 
- 6.0(*0.6) X (IO-')(MW) 
+ 0.74( * 0.07) log&, 

T = t,,,DJL; is the normalized 
exposure time, not the lag time. 

t* = 157.2 min. 
Eqn. used: 
t* = O.4L,2/Dc 

if terp 5 t*. 
M,dA = 2 c,O Y" V"Dctexp)~4, 

D, = 4.38 X cm2/sec 
From the slope of the eqn: 
M, (per unit area) = 2 Kv C,O V(Dt/ 
71) (using tape-stripping data) 

When used the eqn: 
P,, = (Y, DJL,,  the value for P,, 
= P,, = 3.33 X 10-6 cmlsec. (L, = 

0.002 cm, D, is experimental) 

T - 4 min. 4 5 T 5 8 rnin (experi- 
mental) 

t* = 9.6 min. 
Eqn. used: 
t* = 2.4 7 (T being experimental) 

a Diffusion Coefficient in the stratum corneum is symbolized by D,(ll.Th'rPa~r), D,,,"2J and D,")); Stratum Corneum/Water Partition Coefficient is 
symbolized by KJ,(lI), &w(12) and K, (or KV)(l3); Stratum Corneum Thickness is symbolized by 1,'I1J, 6,,(1E) and L>I3'; Permeabiliry Coefficient 
is symbolized by K,(ll,lzJ, Pcw(l3); T is the lag time; t* is the Time to Reach the Steady-State; Mass Absorbed per Unit Area is symbolized by 
D&,,'"1 and M,,/A113), whereas &ate,(12) expresses the ratio of the Absorbed Dose (per Event) per Unit Area to the Exposure Medium Concen- 
tration. 

d(Exposure Time) (dsec) 

Fig. 9. Estimation of the diffusion coefficient of chloroform in the 
hairless rat's stratum corneum from the data (up to 8 min) used in Fig. 
4. 

tions forwarded for estimating the amounts of organic 
chemicals dermally absorbed upon exposures to aqueous 

solutions, including ancillary information needed to use 
the equations. The table also compares the application 
of the published equations with the results obtained in 
this study (last column). We discovered that a plot of 
the cumulative amount of chloroform (pg) found by tape 
stripping is proportional to the square root of exposure 
time up to 8 min (Fig. 9). The slope of this plot yields 
an estimate of the diffusion coefficient of chloroform 
within the stratum cornewn of 4.38 X 1O-Io cm'lsec. 
This estimate of the diffusion coefficient falls in the mid- 
dle of the range of values calculated using the published 
methods of estimation (first row, Table 11), considering 
everything a surprisingly tight agreement. Model predic- 
tions of the amounts of chloroform absorbed are not in 
good agreement with our experimental observations, 
however. These estimates are listed side-by-side the ex- 
perimental evaluations in Table 111 for exposure times 
extending to 30 min. It can be seen that the model-based 
estimations, especially that by Cleek and Bunge,(I3' give 
a reasonable accounting of the chloroform found in the 
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Table III. Comparison of the Amount (mg) of Chloroform Dermally Taken up by 
the Hairless Rat (over 464.4 cm*) as Estimated by Using Different Equations 

(Table 11) with the Found Values 

This paper This paper 
Exposure EPA McKone and Cleek and (total uptake (only skin 

time (min) (3992)(I’) Howd(I*) Bunge(I3) foundp uptake) 

4 1.26 2.06 0.71 9.6 1 .o 
8 1.78 2.24 1 .oo 12.0 1.5 

15 2.44 3.01 1.37 19.2 1.4 
30 3.45 4.65 1.93 29.4 1.4 

 values adjusted for differences in bath water volume (450 ml with and 300 ml 
without a rat inside). 

stratum corneum by tape stripping, but all others seri- 
ously underestimate the total uptake. Moreover, those 
equations are based on f, the time needed to reach a 
steady-state, and this was much longer than our experi- 
mental value of less than 10 min except for the 
estimation of method of McKone and Howd>12) Also, 
the equation proposed by Cleek and B ~ n g e “ ~ )  found in 
Table I11 is intended to estimate adsorption into the stra- 
tum corneum as if it were a semi-infinite medium. Our 
data suggest it does this if one discounts the amount 
systemically absorbed. The total uptake found (Table 111) 
in our laboratory indicates a significant amount of chlo- 
roform reaches the viable epidermis and its underlying 
systemic circulation with exposure times as low as 4 
min. Although currently we are unable to quantify the 
amount of such a volatile compound as chloroform in 
the viable epidermis, ongoing pharmacokinetic experi- 
ments in our lab with the same dermal exposure scenar- 
ios will assess the systemic levels of this compound. 

4. CONCLUSIONS 

This work shows the gradients of low molecular 
weight, hydrophobic pollutants are surprisingly rapidly 
established across the skin of a rat. Therefore, the past 
practice of assuming steady-state kinetics for short ex- 
posures may not depart all that far from reality for such 
compounds, at least when the exposure times are meas- 
ured in tens of minutes. It is doubtful that this is also 
true for larger compounds which have low and often 
times immeasurable vapor pressures and it is impossible 
to say, at this time, whether it is true for polar com- 
pounds which also tend to have high molecular cohe- 
siveness and low vapor pressures. From this research it 
is clear that evaporation quickly clears the skin of vol- 
atile compounds like chloroform and thus, for com- 

pounds as this, exposure stops almost as soon as the 
contact with the medium of exposure is ended. 
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