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IN VITRO DERMAL PENETRATION OF 4-CHLORO-3-METHYLPHENOL FROM
COMMERCIAL METAL WORKING FLUID AND AQUEOUS VEHICLES

H. Frederick Frasch, Lun-Yi Zang, Ana M. Barbero, Stacey E. Anderson

Health Effects Laboratory Division, National Institute for Occupational Safety and Health,
Morgantown, West Virginia, USA

The biocide 4-chloro-3-methylphenol (CMP, CAS number 59-50-7) is a common additive to
metal-working fluids (MWF) and building materials. National Institute for Occupational Safety
and Health (NIOSH) researchers previously identified and quantified CMP in a commercial
water-soluble MWF, TRIM VX, and demonstrated irritancy and sensitization potential of both
TRIM VX and CMP alone after dermal exposure in a murine model. In the current study, the in
vitro human epidermal permeability of CMP contained in a working dilution of TRIM VX (20%
in water) was evaluated and, for comparison, permeability from an aqueous buffer was also
assessed. CMP penetration was also measured from transient exposures to 20% TRIM VX.
To address differences in penetration rates from 20% TRIM VX and from buffer, the role of
thermodynamic activity of CMP in the 2 vehicles on dermal penetration was investigated.
Static headspace gas chromatography was used to measure vapor pressures and infer frac-
tional thermodynamic activities of CMP in the mixtures. Permeability coefficient (kp) of CMP
from 20% TRIM VX was (4.1 ± 0.8) × 10−3 cm/h (mean ± SD, n = 5), and CMP was found
at a concentration of 3555 ± 191 µg/ml in this donor. In contrast, kp was 0.18 ± 0.03 cm/h
(n = 5) at a similar concentration (3919 ± 240) from buffer donor. Steady-state fluxes from
20% TRIM VX and buffer were comparable when expressed as functions of thermodynamic
activity of CMP in the donor, rather than as concentrations. Transient (20 or 40 min) expo-
sures of epidermal membranes to 20% TRIM VX (n = 4) resulted in total penetration of 4.2 ±
1.2 and 7.3 ± 0.8 µg/cm2, respectively; these amounts are comparable to amounts predicted
using a simple algebraic equation.

4-Chloro-3-methylphenol (CMP; Table 1)
is a biocide and preservative used in a large
number of commercial products and prepa-
rations such as metal-working fluids (MWF),
construction materials, medicines, and adhe-
sives (Dooms-Goossens et al., 1981; Archer &
MacDonald, 1984; Lewis & Emmett, 1987;
van Faassen et al., 1990; Rajpar et al., 2006).
About 100 million gallons of MWF is produced
annually in the United States and more than 1
million workers are exposed to MWF (NIOSH,
1998; ILMA, 2000). Research has demon-
strated that some MWF exposures cause both
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allergic and irritant contact dermatitis (de Boer
et al., 1989a; 1989b; Sprince et al., 1996).
Because CMP was shown to be a sensitizer
(Archer & MacDonald, 1984; Lewis & Emmett,
1987; Rajpar et al., 2006), it may be the crucial
chemical species responsible for MWF-induced
contact dermatitis. However, no information is
available about CMP dermal penetration result-
ing from exposure to commercial MWF.

TRIM VX is a soluble oil MWF con-
centrate manufactured by Master Chemical
Corporation, Perrysburg, OH. The Material
Safety Data Sheet accompanying our purchase
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DERMAL PENETRATION OF CHLOROCRESOL FROM MWF 1395

TABLE 1. Properties of 4-Chloro-3-methylphenol (CMP)

CAS number Structure MW log Kow MP (◦C) BP (◦C) Sol (mg/ml)

59-50-7 142.6 3.10 67 235 5.45

Note. CAS number: Chemical Abstracts Service Registry Number; MW, molecular weight; log
Kow, base 10 logarithm of octanol–water partition coefficient; MP, melting point; BP, boiling point;
Sol, solubility in buffer, 32◦C (measured here). Information from Hazardous Substances Data Bank
(http://toxnet.nlm.nih.gov/index.html).

of this product listed two components:
petroleum oil 30–40% and triethanolamine
1–10%. TRIM VX is claimed to be nonirri-
tating and not a sensitizer. Recently, NIOSH
researchers identified, quantified and fraction-
ated CMP in TRIM VX (Brown & Robinson,
2008). In an in vivo murine model, TRIM VX
was identified as both a contact sensitizer and
an irritant when tested in a combined local
lymph node assay (Anderson et al., 2009).
TRIM VX was determined to be the most potent
sensitizer of the nine MWF tested in that study
based on lymphocyte proliferation. Anderson
et al., (2009) also found significant lympho-
cyte proliferation following dermal exposure to
CMP alone. It is therefore important to better
characterize the dermal penetration potential
of this compound from MWF.

Previously, Vijay et al. (2009) measured
penetration of CMP through pig skin from
generic metal working fluid formulations and
from two commercial fluids in which CMP
was added (Vijay et al., 2007). The main pur-
pose of the present studies was to evaluate
human epidermal penetration of CMP follow-
ing exposure to an in-use formulation of a
commercial MWF. The presence and quantity
of CMP in TRIM VX were determined. The
steady-state in vitro human epidermal perme-
ability of CMP was assessed from a recom-
mended working dilution of TRIM VX and,
for comparison, from an aqueous buffer vehi-
cle. Results of CMP penetration from transient
exposures of skin to TRIM VX are also pre-
sented. A secondary goal was to investigate

the role of thermodynamic activity of CMP in
the respective vehicles on penetration rates.
In order to address differences in penetration
rates from TRIM VX and from buffer vehicles,
static headspace gas chromatographic analysis
of CMP/buffer and CMP/TRIM VX mixtures
was performed to assess fractional thermody-
namic activity of CMP as a function of con-
centration in these two vehicles, and the skin
permeability was also measured from TRIM VX
fortified with additional CMP.

METHODS

Chemicals
Acetonitrile, phosphoric acid, sodium

bicarbonate, HEPES, 4-chloro-3-methylphenol
(99%), and 2-methyl-4,6-dinotrophenol were
all analytical grade and purchased from Sigma-
Aldrich (St. Louis, MO). Hanks balanced salt
solution (HBSS) was purchased from Gibo-
Invitrogen Corporation (Carlsbad, CA). TRIM
VX (batch number 071607H) was purchased
from Rite Way Tool Company (Pittsburgh, PA).

Buffer
Buffer consisted of HEPES-buffered HBSS

(pH 7.4 at 37◦C): 5.96 g HEPES was stirred
into 1000 ml HBSS. Then 0.32 g NaHCO3 and
0.05 g gentamicin sulfate were added. Buffer
was filtered (Nalgene, 0.2 μm pore size) and
degassed prior to use by warming to 40◦C and
stirring under lab vacuum.
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1396 H. F. FRASCH ET AL.

Skin
Caucasian female (age range 16–46 yr) skin

samples were obtained fresh from breast reduc-
tion (8 donors) or panniculectomy (1 donor)
surgrical procedures from the West Virginia
University Skin Bank. The Skin Bank maintains
Human Subjects Review Board approval for all
collections, but the specific use of this tissue
in our experiments was deemed “not human
subject research” and therefore not subject
to approval. Skin was frozen (–85◦C) on the
same day as surgery and used within 154 d of
storage.

Heat-separated epidermal membranes
were used. The thawed skin was submersed in
60◦C buffer for 45–60 s, and epidermis was
teased from the dermis using cotton swabs.
Skin disks were cut using a 5/8-inch-diameter
stainless-steel punch. Visual inspection of each
disk under dissecting microscope (20× power)
was performed to eliminate any samples with
obvious defects (holes).

Donor Solutions
TRIM VX was mixed with water to a 20%

dilution (v/v). This is the highest concentra-
tion for in-use formulation recommended by
the manufacturer. This dilution, herein referred
to as 20% TRIM VX, was used for all studies
described here. For comparisons, penetration
studies were performed with CMP dissolved in
buffer, and with 20% TRIM VX that was supple-
mented with additional CMP. The CMP donor
concentrations are given in Table 2.

Static Headspace Gas Chromatography
of Donor Solutions
It was postulated that differences in CMP

penetration at similar concentrations from
the two vehicles, buffer and 20% TRIM VX
(see Results section), could be explained by
differences in solution thermodynamics. A brief
presentation of the theory appears in the
Appendix.

CMP solutions in both buffer and 20%
TRIM VX solvents were studied. Saturated
CMP–buffer solutions were made by mixing
excess CMP in buffer for 48 h at 32◦C. (This
temperature was selected to duplicate the skin
surface temperature in our diffusion cell exper-
iments.) In addition, a known concentration
(3.90 mg/ml) was mixed to serve as a refer-
ence point. Creation of saturated CMP in 20%
TRIM VX was problematic, as high levels of
CMP led to instability in the TRIM VX/water
emulsion. Greater than approximately 150 mg
CMP added per ml 20% TRIM VX led to
visible separation of the emulsion; therefore,
this level is referred to here as the “satu-
rated” concentration, with the understanding
that true saturation could not be achieved in
this solvent. Saturated solutions were prepared
in triplicate. These were diluted with solvent
(v/v) to achieve 20, 40, 60, and 80% sat-
urated solutions. Pure buffer (0% saturation)
and 20% TRIM VX with no added CMP were
also studied. For the latter, this corresponds to
2.3% saturation (3.6 mg/ml CMP found in 20%
TRIM VX, divided by 153.6 mg/ml). It should
be noted that fortification of TRIM VX with
additional CMP would not be performed in the

TABLE 2. CMP Fractional Thermodynamic Activity in Donor Vehicle (a/as), Skin Permeability (kp), Lag Time (τ ), Steady-State Flux, and
Electrical Impedance (Z)

Donor vehicle n
Donor [CMP]
(μg/ml) a/as kp (cm/h) τ (h)

SS flux
(μg cm−2 h−1) Zpre (k�) Zpost (k�)

Buffer 5 384 ± 19 0.07 0.10 ± 0.03 0.09 ± 0.07 38.1 ± 9.4 25 ± 22 41 ± 40
Buffer 5 3919 ± 240 0.71 0.18 ± 0.03 0.17 ± 0.09 690 ± 109 27 ± 22 44 ± 37
20% TRIM VX 5 3555 ± 191 0.02 (4.1 ± 0.8)e-3 0.38 ± 0.14 14.6 ± 3.0 20 ± 7 30 ± 9
20% TRIM VX + ∗ 4 17,922 ± 3345 0.11 (4.4 ± 1.2)e-3 0.26 ± 0.23 78.3 ± 16.9 — —
20% TRIM VX + ∗ 4 142,876 ± 29,556 0.84 (1.8 ± 0.1)e-2 0.22 ± 0.18 2589 ± 395 — —

Note. Data presented as means ± SD. Asterisk indicates 20% TRIM VX fortified with additional CMP. Zpre, Zpost: 10-Hz impedance
measured before and after experimental exposure.
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DERMAL PENETRATION OF CHLOROCRESOL FROM MWF 1397

industrial setting; it was done here solely to
investigate the role of thermodynamic activity
in skin flux measurements.

Aliquots (0.5 ml) of the 32◦C solutions were
added to prewarmed 10-ml headspace vials.
In addition, 0.5 ml of solid CMP (685 mg)
was added to each of 3 headspace vials to
obtain A0 [Eq. (9) in Appendix]. Sample incu-
bation and injections were automated using
a CombiPal autosampler (CTC Analytics) and
Varian 3800 gas chromatograph (GC) equipped
with a flame ionization detector. Samples were
incubated at 32◦C for 2 h with intermit-
tent agitation. Preliminary studies confirmed
headspace equilibration with this incubation
procedure. A 100-μl sample of headspace
vapor was injected into the GC in splitless
mode. The capillary column phase was tri-
fluoropropylmethyl polysiloxane (RTX 200MS,
Restek). The initial column temperature of
60◦C was held for 1 min and then ramped to
280◦C at 25◦C/min, followed by a 4-min hold.
The retention time for CMP was 7.6 min.

Diffusion Cell Studies
Vertical, static, “Franz-type” diffusion cells

(PermeGear) were used. Receptor compart-
ments (5 ml) were filled with warmed, degassed
buffer. The diameter of exposed skin was
9 mm. The water-jacketed cells were main-
tained at 37◦C via a recirculating water bath,
which maintained 32◦C at the skin surface. At
time 0, approximately 0.5 ml of donor solu-
tion (“infinite” dose) was added to the diffusion
cells, and donor compartments were covered
with parafilm. Receptor fluid samples (0.5 ml)
were taken at time 0 and at set times through-
out the duration of the experiment, and this
volume was replaced with fresh buffer.

Steady-State Exposures Donor solutions
were applied to multiple (two or three) repli-
cates from individual skin donors and were
replaced each hour to maintain infinite dose
conditions. Samples were taken at time 0, 0.5,
and 1 h and at each subsequent hour for the
7-h duration of the experiment for CMP anal-
ysis. For buffer and 20% TRIM VX donors, 5
individual skin donors were used. For 20%

TRIM VX supplemented with additional CMP,
4 individual donors were used.

The total amount of penetrated CMP as a
function of time of exposure was calculated
from the measured receptor concentrations for
each skin disk. The average of the permeabil-
ities and lag times for skin disks from each
skin donor was taken as the value for that
individual. Permeability coefficient (kp) and lag
time (τ ) were calculated as described previ-
ously (Frasch & Barbero, 2005). Steady-state
fluxes were calculated as the product of kp and
donor CMP concentration.

Transient Exposures In order to more
realistically simulate occupational or environ-
mental exposures and to test the predictions of
a simple algebraic equation, epidermal mem-
branes were transiently exposed to 20% TRIM
VX donor. From each of n = 4 individual skin
donors, 2 replicates were exposed (“infinite”
dose) for either 20 or 40 min. At the end of
the exposure period the donor was removed;
skin samples were rapidly rinsed 4× with fresh
buffer and then patted dry with cotton swabs.
Receptor samples were taken at 10-min inter-
vals for the first hour, then at 1.5, 2, 3, and 4 h,
and analyzed for CMP. Thus, the CMP accumu-
lation measured over the course of the exper-
iment included that which penetrated during
the exposure period, plus additional penetra-
tion from the skin reservoir remaining at the
end of the exposure period.

Total mass accumulations measured at 4 h
were compared with amounts predicted using
a simple equation previously validated by us
(Frasch & Barbero, 2008):

m = kpACvtexp (1)

Here A is the area of skin exposed to chemi-
cal of concentration Cv and texp is the exposure
period, here either 20 or 40 min. This equation
predicts the asymptotic total mass accumula-
tion for transient exposures to volatile com-
pounds, and to nonvolatile compounds when
the exposure time exceeds the lag time. The
kp values used for this calculation were derived
from the steady-state exposures.
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1398 H. F. FRASCH ET AL.

Skin Impedance The low-frequency
impedances of epidermal membranes
mounted in diffusion cells were measured
before and after steady-state exposures of
buffer–CMP and 20% TRIM VX donors in
order to evaluate membrane integrity. Before
the exposures, donor cells were filled with
buffer. Ag–AgCl electrodes (World Precision
Instruments) were placed in the donor and
receptor compartments, and the membrane
was placed in series with a 10.37-k� resistor
and sine-wave generator (Sanford Research
Systems DS345) set at a frequency of 10 Hz,
1000 mV peak-to-peak voltage. Voltages were
measured between the donor and receptor
compartments with a Tektronix TDS 360
oscilloscope. Buffer was removed from donor
cells and membranes were patted dry with
cotton swabs prior to donor exposure. After the
exposures, skin and donor compartments were
rinsed with fresh buffer, and the measurements
were repeated.

CMP Analytical Method
A high-performance liquid chromatography

(HPLC) method was developed for CMP quan-
tification in receptor fluid and is described
elsewhere (Zang et al., 2010). Briefly, the HPLC
system was an Agilent 1100 series instrument
with diode array detector and autosampler. The
column was an Onyx C18, 3.5 μm particle size,
100 mm × 4.6 mm (Phenomenex, Inc.). The
mobile phase was 50% acetonitrile and 50%
H2O containing 0.1% H3PO4. 2-Methyl-4,
6-dinitrophenol was used as an internal stan-
dard. Quantification of CMP in diffusion-cell
samples was done using internal standard
(50 μl of 25 μg/ml), added to 450 μl of appro-
priately diluted sample. The responses of CMP
and internal standard were measured in dupli-
cate at their individual peak retention times,
5.56 and 6.67 min, respectively. Peak ratios
were calculated and the amount of CMP was
determined using calibration curves generated
for each experiment at five different concen-
trations that spanned the range of measured
concentrations.

RESULTS

Figure 1 shows measured fractional ther-
modynamic activity of CMP in both buffer and
20% TRIM VX (n = 3 each). Data are shown as
functions of percent saturation in the respec-
tive vehicles. For CMP in buffer, the data are
linear and signify that Henry’s law holds for this
solvent; that is, the partial pressure of CMP in
buffer is directly proportional to its concentra-
tion in buffer. The activity measured from the
known concentration of 3.90 mg/ml CMP in
buffer corresponds, via linear interpolation, to a
71.5% saturated solution. Extrapolation of this
to 100% saturation leads to a calculated solu-
bility of CMP in buffer at 32◦C of 5.45 mg/ml.
For CMP in 20% TRIM VX, there is devia-
tion from linearity at higher than approximately
60% saturation. This can be explained by the
fact that true saturation was not achieved for
CMP in 20% TRIM VX. As discussed in the
Methods section, phase separation occurred at
high CMP concentrations. For the CMP + 20%
TRIM VX formulation labeled 100% saturation,
this represents the point where visible separa-
tion of the emulsion occurred. The formula-
tion phase separates before attaining maximum
thermodynamic activity of CMP.

Estimation of fractional thermodynamic
activities of donor CMP in the skin penetration
experiments was performed by interpolation
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FIGURE 1. Fractional thermodynamic activity of CMP in buffer
and in 20% TRIM VX. Known concentration of 3.90 mg/ml
CMP in buffer provides a reference point and corresponds to
71.5% saturation. Data represent means and standard deviations
of three independent measurements.
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between measured values, and these are
reported in Table 2.

Table 2 summarizes CMP penetration data
from both buffer and 20% TRIM VX donor
vehicles. Comparing the results from row 2
versus row 3, large differences in flux and
hence kp were observed despite similar CMP
concentrations in the two vehicles (3.9 vs. 3.6
mg/ml). Flux from buffer was 47× that from
20% TRIM VX at these concentrations.

CMP in buffer at about 0.1× the higher
concentration (0.38 vs. 3.9 mg/ml; row 1 vs.
row 2) resulted in permeability of about 0.6
that from the higher concentration (0.10 vs.
0.18 cm/h), indicating the possibility of per-
meation enhancement or barrier degradation
resulting from the high concentration of CMP
in buffer.

In order to address differences in penetra-
tion rates at similar concentrations from 20%
TRIM VX compared with buffer vehicle, stud-
ies were performed in which 20% TRIM VX
was fortified with additional CMP. Comparing
rows 3 and 4, similar kp values were measured
with a 5× increase in CMP donor concentra-
tion (17.9 vs. 3.6 mg/ml). Thus, flux increased
directly with donor (CMP), but flux was still
substantially less than from aqueous buffer with
only approximately 20% of the donor concen-
tration (row 4 vs. 2). When CMP was added to
approach the saturation value for 20% TRIM VX
vehicle (row 5), flux increased disproportion-
ately, with kp approximately 4× greater. Flux
from this donor was nearly 4× greater than
that from the highest concentration of CMP in
buffer donor.

Time courses of in vitro epidermal pene-
tration of CMP from 20% TRIM VX are shown
in Figure 2. Figure 2A displays mass accu-
mulation from unadulterated 20% TRIM VX,
i.e., with no added CMP. Figures 2B and 2C
show accumulation from 20% TRIM VX with
added CMP.

Figure 3 shows the penetration time
courses of CMP from aqueous buffer at two
different donor concentrations.

The steady-state flux data are displayed in
Figure 4. Figure 4A displays flux from both vehi-
cles as a function of donor CMP concentration.
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FIGURE 2. CMP mass accumulation from 20% TRIM VX donor.
Displayed are means ± SDs, n = 5 (A) or 4 (B and C). (A)
Unadulterated donor, mean [CMP] = 3555 μg/ml. (B) Donor +
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Figure 4B shows the same results, but expressed
as a function of fractional thermodynamic
activity of CMP in the two vehicles. The large
disparity in penetration rates in Figure 4A
is substantially reduced when activity, rather
than concentration, is the metric for chemical
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FIGURE 3. CMP mass accumulation from aqueous (buffer)
donor. Displayed are means ± SDs, n = 5. (A) Mean donor [CMP]
= 384 μg/ml. (B) Mean donor [CMP] = 3919 μg/ml.

driving force. This result is considered further
in the Discussion section.

Data on CMP penetration from transient
exposures to 20% TRIM VX are presented in
Table 3 and Figure 5. Figure 5 demonstrates
that penetration of CMP continues to occur
well after the exposure period, even though
skin surfaces were thoroughly rinsed after the
exposures. This is understood on the basis that
CMP in the skin at the end of the exposure
period is still available for penetration; this
“skin reservoir” supplies additional CMP after
the exposure ceases, and needs to be consid-
ered in dermal risk assessments of occupational
and environmental exposures to this chemical.
The measured values of total penetration from
transient exposures were not statistically signif-
icantly different from the amounts predicted
using Eq. (1) (Table 3).
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FIGURE 4. Steady-state CMP fluxes from two vehicles, buffer
and 20% TRIM VX. (A) Flux as function of donor CMP concen-
tration. (B) Flux as function of fractional thermodynamic activity
of CMP in the respective donor vehicles.

DISCUSSION

In these investigations the compound
4-chloro-3-methylphenol was identified and
quantified in a commercial metal-working
fluid, TRIM VX. A 20% mixture of TRIM VX

TABLE 3. Mass Accumulation From Transient Exposure to 20%
TRIM VX

texp (min) Measured (μg/cm2) Predicted (μg/cm2)

20 4.2 ± 1.2 4.9 ± 1.2
40 7.3 ± 0.8 9.7 ± 2.4

Note. Data presented are means ± SD, n = 4; p > .1 (not
significant) for measured vs. predicted comparisons (unpaired
t-test). texp: Exposure time. Measured: Total CMP accumu-
lation at 4 h. Predicted: Predicted total mass accumulation
using Eq. (1), with kp and Cv obtained from the steady-state
experiments (Table 2).
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FIGURE 5. CMP mass accumulation from 20% TRIM VX applied
as transient exposures; n = 4 each.

in water, the highest working concentration
recommended by the manufacturer, contains
CMP at a concentration of 3.6 mg/ml. At this
dilution, penetration of CMP through human
epidermal membranes was observed with a
permeability coefficient of 4.1 × 10−3 cm/h
and a lag time of 0.38 h.

An equivalent concentration of CMP in
buffer yielded a substantially greater kp of 0.18
cm/h. Stated differently, steady-state flux from
buffer was much greater than that from 20%
TRIM VX for a given concentration (Figure 4A).
These results are consistent with those of Vijay
et al. (2007, 2009), who also found lower
penetration rates for biocides (including CMP)
in generic MWF formulations compared with
water. This may seem odd at first, especially
considering that MWF typically contain sol-
vents, detergents, surfactants, and emulsifiers
that could potentially serve as penetration
enhancers. Specifically, TRIM VX was shown to
contain oleic acid and α-terpineol (Anderson
et al., 2009), both of which are potent penetra-
tion enhancers (Green et al., 1988; Williams &
Barry, 1992; Sapra et al., 2008).

To understand these results, it is useful
to consider the driving force for diffusion.
Generally this is thought of as the chemical
concentration gradient, but when comparing
different vehicles, it is more appropriate to con-
sider instead the gradient in chemical potential
(Higuchi, 1960; Barry et al., 1985a, 1985b).

For the steady state, it can be shown (Appendix)
that flux is proportional to thermodynamic
activity. Steady-state flux of a chemical from
different solvents will be equal at equivalent
activities, assuming there are no interactions of
either solvent or solute with the membrane.
Although the data (Figure 4) here are somewhat
sparse, they support the use of thermodynamic
activity as the metric for comparison of flux
data from different vehicles. In Figure 4B, it
is apparent that thermodynamic activity does
not entirely explain the flux data: Flux from
20% TRIM VX is significantly greater than that
from buffer at CMP activity approaching 1. It
appears that 20% TRIM VX plus CMP leads to
an increase in permeability under this extreme
tested condition.

These data serve as a reminder that
permeability coefficients are vehicle specific
(Theeuwes et al., 1976). It is incorrect to use
the kp of a compound measured from one vehi-
cle to estimate penetration of that compound
from a different vehicle. Instead, the two kp
values can be related through the relative sol-
ubility of the compound. Because maximal
activity occurs at the solubility limit of the solute
in its respective solvent, the following relation-
ship may be useful as a first approximation in
estimating relative kp values:

kp,2 = kp,1
S1

S2
(2)

Penetration rates are frequently reported from
aqueous donor, and numerous models exist
that can predict permeability coefficients from
aqueous donor (NIOSH, 2010). The present
data suggests that penetration of CMP from a
complex mixture such as metal-working fluid
can be predicted from these simple systems.
As an example of the use of Eq. (2), taking our
kp measured from an aqueous vehicle (∼0.14
cm/h), along with solubility of 5.45 mg/ml,
leads to a predicted kp from 20% TRIM VX
of 5 × 10−3 cm/h, reasonably close to our
measured kp of 4.1 × 10−3 cm/h.

This equation holds in cases where the
skin membrane is not modified by the pres-
ence of the vehicle or by the solute–vehicle
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system. The higher permeability coefficient
measured from 20% TRIM VX fortified with
high concentration of CMP (Table 2) indicates
permeation enhancement or barrier disruption;
consequently, use of Eq. (2) would not be
accurate without the inclusion of some sort of
“damage factor.” If Eq. (2) were valid over the
entire concentration ranges studied here, the
two curves in Figure 4B would directly overlap.

Others reported on the dermal penetra-
tion of CMP. Vijay et al. (2009) measured
kp of 0.030 cm/h for CMP in water in der-
matomed pig skin, and much lower values,
comparable to ours, for CMP added to generic
MWF donor vehicles (range 2.9 × 10−3–
5.8 × 10−3 cm/h, depending on the for-
mulation). The aqueous permeability results
reported here are two- to threefold greater
than the value 0.055 cm/h found by Roberts
et al. (1977), also using human epidermis. Their
measured lag time of 0.28 h compares favor-
ably with those measured here (Table 2). While
these authors reported no damage to skin at
any concentration up to saturation, our data
showed some evidence for damage, with kp
increasing 1.8× from low to high concentra-
tion. Membrane degradation, however, is not
supported by the impedance measurements
reported here. There are clear trends toward
increasing impedance following exposures for
both buffer and 20% TRIM VX vehicles; how-
ever, the differences listed in Table 2 are not
significant and therefore no conclusive state-
ments can be drawn from these data. Overall,
the differences in skin penetration here com-
pared with other studies and other species
are in accord with what one typically finds in
studies in vitro (Barbero & Frasch, 2009).

In this study, the time course following
transient exposures to 20% TRIM VX was mea-
sured. The total asymptotic mass accumula-
tion resulting from these exposures can be
predicted using a simple algebraic equation
[Eq. (1)]. This equation is not a function of the
membrane lag time; instead, it requires knowl-
edge only of permeability coefficient and expo-
sure duration. Data presented here demon-
strate that Eq. (1) may be useful in predicting
total skin penetration resulting from transient

or short-term exposures. A thorough theoretical
analysis of the transient dermal exposure has
been presented elsewhere (Frasch & Barbero,
2008).

To summarize, the biocide 4-chloro-3-
methylphenol was quantified in a commercial
metal-working fluid, TRIM VX. The in vitro
human epidermal absorption of this compound
was measured from a normal working dilution
(20% in water) of TRIM VX, and for comparison
from an aqueous vehicle. Data demonstrated
that steady-state fluxes from the two donor
vehicles are comparable at similar activities in
the solvent but not at similar concentrations.
Finally, CMP accumulation was measured from
short-term or transient exposures to 20% TRIM
VX and it was found that predictions of a sim-
ple algebraic equation compare favorably with
the total penetrated amounts.
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APPENDIX: THERMODYNAMIC
ACTIVITY AND SKIN PERMEATION

This analysis assumes that there are no
effects of vehicle or solute on the dermal mem-
brane barrier. Under ideal sink conditions, the
steady-state flux (Jss) of a chemical species
through a homogeneous membrane of thick-
ness h is proportional to its concentration in the
donor vehicle (Cv):

Jss = KmvCvD
/

h (3)

where D is effective diffusivity and Kmv is
membrane–vehicle partition coefficient. Fluxes
from different vehicles at the same concen-
tration will in general differ, owing to differ-
ent membrane–vehicle partition coefficients.
When comparing fluxes from different vehicles,
or when using nonideal donor solutions, it is
instructive to keep in mind that the general-
ized driving force for diffusion is the chemical
potential gradient rather than the concentration
gradient (Cussler, 1984; Welty et al., 1984). For
this case, the thermodynamic activity (a) of the
chemical can be related to its concentration C:

a = γ C (4)

where γ is the activity coefficient, assumed
here to be independent of C. The thermody-
namic equilibrium condition requires that a in
the donor solution be equal to a just within the
membrane surface in contact with the donor.
Then

(γ C)|membrane = (γ C)|vehicle (5)

or

Cm

Cv
= γv

γm
= Kmv (6)

Equation (6) and Eq. (4) in Eq. (3) lead to:

Jss = KmvCvD
/

h = γvCvD
/(

γmh
)

= avD
/(

γmh
) (7)

If we assume γ m is constant for a given chemi-
cal species (once the molecules enter the mem-
brane, their behavior is not dependent on the
donor vehicle), it can be seen that steady-state
flux of a chemical is directly proportional to
its thermodynamic activity in the vehicle. This
theory can be tested by comparing fluxes of
a chemical species from different vehicles at
similar thermodynamic activities.

Static headspace gas chromatography
(SHSGC) can be used to measure thermo-
dynamic activities of volatile chemicals in
solutions (Kolb, 1980), and this approach has
been employed by Barry et al. (1985a, 1985b)
in dermal penetration studies. Under equilib-
rium conditions, the thermodynamic activity of
a chemical species in solution is identical to the
activity of the vapor phase above the solution.
Thus, the following relationship holds:

P
P0

= a
as

(8)

Here P is the partial pressure of the species in
the vapor phase, and P0 and as are the vapor
pressure and activity of the pure component.
In SHSGC, the chromatographic peak area (A)
produced by a volatile solute is proportional
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to its partial pressure in the head space vapor.
Thus,

A
A0

= P
P0

= a
as

(9)

where A0 is the area produced by the pure
component. Note that neither a nor as is

directly determined here; instead, the ratio of
the two is measured. This ratio corresponds
here to the activity of the CMP solution relative
to that of pure solid CMP at 32◦C.

The analysis requires identical headspace
and GC conditions for all measurements and
also requires that the injected amount be far
less than the column’s capacity.
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