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A Tape-Stripping Method for Measuring Dermal
Exposure to Multifunctional Acrylates
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Current methods for measuring dermal exposure to skin irritants and allergens, such as
acrylates, have significant drawbacks for exposure assessment. A noninvasive sampling
method has been developed and tested for measuring dermal exposure to a multifunctional
acrylate employing a tape stripping of the nonviable epidermis (stratum corneum). Samples
were subsequently extracted and a gas chromatographic method was employed for quantitat-
ive analysis of tripropylene glycol diacrylate (TPGDA). This method was tested in 10 human
volunteers exposed to an a priori determined amount of TPGDA or a UV-radiation curable
acrylate coating containing TPGDA (UV-resin) at different sites on hands and arms. On the
average, the first tape stripping removed 94% (coefficient of variation 16%) of the theoretical
quantity of deposited TPGDA and 89% (coefficient of variation 15%) of the theoretical quan-
tity of deposited TPGDA in UV-resin 30 min after exposure. Quantities of TPGDA recovered
from two consecutive tape strippings accounted for all of the test agent, demonstrating both
the efficiency of the method to measure dermal exposure and the potential to determine the
rate of absorption with successive samples over time. In general, the amount removed by the
first stripping was greater for TPGDA than for UV-resin while the second stripping removed
approximately 6 and 21% of TPGDA and UV-resin, respectively. However, when the
amounts removed with the first tape stripping for TPGDA or UV-resin from the five different
individual sites were compared, no significant differences were observed @0.111 and 0.893,
respectively). No significant difference was observed in recovery between TPGDA and UV-
resin for the first tape stripping when calculated as a percentage of the theoretical amount
(P =0.262). The results indicate that this tape-stripping technique can be used to quantify
dermal exposure to multifunctional acrylates.0 2000 British Occupational Hygiene Society.
Published by Elsevier Science Ltd. All rights reserved
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INTRODUCTION exposure in various occupations has been reported
(Jolankiet al., 1994; Koppuleet al., 1995; Kanerva
in ultraviolet radiation curable acrylate coatings (UV—et ?l" 1996). To our know!edge, only two |nvest.|-
. . - tions of dermal effects in wood surface coating
curable coatings) and their use has increased steacﬁ% .
ustry workers have been published (Voog and

by an average rate of 15% per annum during the Iagl

. - “Jansson, 1992; Fischet al, 1994). Fischert al
égnyesgiigvgflzft all'éégsi’g‘]gosr;geonﬁglﬁ atl'h’eliifi’ve(lgw) reported that 28% of the workers exposed to

components in UV-curable acrylate coatings, tripro JV-curable coatings had eczema or a history of

ylene glycol diacrylate (TPGDA), is an irritant and-cZema at the time of the study. Recently, TPGDA

allergen to the skin (Bjdner, 1984). Skin irritation and two other methacrylate compounds (ethylene gly
. - col dimethacrylate and 2-hexyl propylene

and allergic contact dermatitis due to TPGDA - . o

methacrylate) have been classified as skin sensitizing

agents in Finland (The Finnish Scientific Committee

Multifunctional acrylates (MuFAs) are widely used
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tial risk for dermal exposure (Fischet al, 1994; setting to determine the utility of the method for mea-
Nylander-Frenclet al., 1994a). A method for measur-suring dermal exposure under field conditions.

ing exposure to airborne MuFAs in the wood surface

coating industry has been published (Nylander-
Frenchet al., 1994b) but no method for assessing der-

mal exposure to MuFAs has been developed. Chemicals

Although assessment of dermal exposure to poten-Tripropylene glycol diacrylate (TPGDA, CAS No.
tially hazardous chemicals in the workplace i912978-66-5, technical grade) was obtained from Akzo
important, relatively little research has focused oNobel Industrial Coatings AB, MalioSweden. A
methods to measure dermal exposures. Primarilfpmmercially available UV-resin was obtained from
investigations have focused on exposures to pestigecker Acroma Klintens AB, Msta, Sweden. The
ides (Anonymous, 1986), polycyclic aromatic hydropurity of the TPGDA was 84.3% and the amount of
carbons (Wolffet al, 1982; Jongeneelest al, 1988; TPGDA in the UV-resin was 29.5% [determined by
van Rooijet al,, 1992, 1993), and toxic metals (Nessa gas chromatographic analysis using a 90.3% pure
1994) using various sampling methods. TPGDA (Aldrich, Milwaukee, WI) as a reference].

A novel approach to investigate physical, chemicaffhe determined purity for the TPGDA is consistent
or structural properties of the stratum corneum as wellith previously published studies where TPGDA was
as the penetration of the stratum corneum (absorptiofiged in dermal patch testing and determined to be 81—

by chemical compounds employed physical remov@19% pure (Henricks-Eckerman, 1997; Kanerva,
of the surface cell layers by tape stripping (Porter anggg7).

Schuster, 1967; Jenkins and Tresise, 1969; Rougier
et al, 1983, 1985, 1986; Dupuist al, 1984, 1986;
Serup et al, 1989; Serup and Jemec, 1995). The
experimental procedure required a single application
of a chemical followed by immediate washing of the
application site with a suitable solvent after 30 min.
The upper layers of the stratum corneum (nonliving
keratinized layers) were then removed by six success-
ive strippings using adhesive tape. The concentration
of a substance in the cells attached to the adhesive
strip from each layer of epidermis was then correlated
to the total amount of substance absorbed. These stud-
ies offer a starting point for development of tech-
niques and methods useful for measuring dermal
exposure in occupational field studies. However,
these studies did not allow for investigation of dermal
exposureper sesince the contaminant was washed
from the skin prior to the application of the tape.
Thus, the total amount of the contaminant that was
in contact with the skin at that time was not determ-
ined. Since the purpose of the current investigation
was to measure dermal exposure rather than (or in
addition to) absorption, we omitted skin washing
from our sampling protocol.

Although promising, tape stripping of the stratum
corneum for estimation of dermal exposure has been
used only with a few compounds of limited interest
for occupational health. Cullandeet al. (1997)
described a tape-stripping method for the analysis of
metals in the skin. However, to our knowledge, the
method was not used for characterization of dermal
exposure to hazardous metals in occupational or
environmental settings.

The goal of this study was to apply tape stripping
of the nonviable epidermis for measuring dermdftig. 1. Tape-stripping sites on the volunteer’s palms and the
exposure to a multifunctional acrylate in human voll‘?t"égrvyr?é?; rg%{?ggtﬁ; ?’rg]égxrglr)g\sl %e—gnc\?\fgisg’g”gs}toeéhe
unteers. Preliminary data were obtained from 10 VOE‘rior 0 tape Stipping: £1 fingertip, #2 upper palm. P lower
unteers exposed to TPGDA and a reference UV-CUfaim, #4 lower arm, #5 upper arm. Tape strip from the site #0
able acrylate coating (UV-resin) in a laboratory served as an unexposed control site (field blank).

MATERIALS AND METHODS
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Tape stripping cedure. After extraction, the samples were stored at
Fixomull” tape (Beiersdorf AG, Germany), precut—18°C until analysis by gas chromatography.
to size 2.5 cm4.0 cm, was tested on 10 human vol- A modification of a previously published gas chro-
unteers for its capacity to remove the deposited acryaatographic (GC) method for analysis of airborne
late material from the skin. Predefined areas on suMuFAs (Nylander-French et al, 1994b) was
ject’s fingertip (one site), palm (two sites), and voladeveloped for the quantitative analysis of TPGDA
region of the lower arm (two sites) were exposed térom the samples. A HP 5890A Series Il (Hewlett-
either TPGDA (left hand and arm) or UV-resin (rightPackard, Waldbronn, Germany) equipped with a HP
hand and arm) (Fig. 1). Also, an unexposed contr@673 GC/SFC injector and a DB-5 column (30 m,
sample (field blank) was obtained from each arm (Fig.32 mm inside diameter, 1im phase thickness of
1). TPGDA or UV-resin (2.5l on each site) was 95% dimethyl-, 5% diphenylpolysiloxane; J&W
applied neat to the skin using a sterile micropipett8cientific, Inc., CA) was used. The injector and the
tip. Since both TPGDA and UV-resin are viscoudlame-ionization detector temperatures were 250 and
liquids, residue outside the pipette tip was carefull00°C, respectively. The initial oven temperature was
removed by a lint free lens tissue before applicatioheld at 50C for 1 min and increased at 20 min~?
in order to deliver a constant amount of the materiato 230°C where it was held for 6 min. After analysis,
In order to provide an even exposure, the applied dofige oven temperature was increased to °23@or
was spread with the side of the pipette tip to cove8 min to remove late-eluting compounds. Injections
an area of about 1 cinThe exposed site was leftwere made in the split/splitless mode using helium as
uncovered for 30 min before the Fixontilltape a carrier gas. The retention time for TPGDA peaks
(10 cn? area) was applied over the 1 &maxposed was 11 min.
area. Prior to application, Fixomdtll tape was - .
inspected for any defects and the spreading pattern ofStorage _stat_)llle. Eight sets of tape s_amples were
the applied material was inspected to see WhetherREEparEd (in tr|p||gate) by spiking the Fixomultape
was larger than the area of the adhesive. After t}"@'s crm4.0 cm) with z'ml.Of.TP.GDA.' The sample;
first tape was applied to the skin, the site was mark re placed into 20 ml scintillation vials, sealed with

sing a dermal marker. After 2 min, the tape a8 uminum-lined screw caps, and stored in the dark at
using I pe W om temperature for 2, 6, 18, 30, 42, 66, 90, or

d carefully by pulling at le of 45 ded®
oV ooy By Puiing at an ang'e o eim h. At the end of the storage period, the samples

(Prall, 1966) using clean forceps (rinsed in aceto 4 with 10 ml of q
between each stripping). A second tape was careful re extracted wit m! of acetone and extracts
ere stored at—18C until analysis by GC as

applied to the same site immediately after the fir ibed iousl d for | f TPG
tape was removed and retained on the skin for 2 miff€S¢ribed previously. No trend for loss of TPGDA

After sampling, the tapes were placed into Iabelegom the Fixomulf tape nor significant differences
20 ml scintillation vials (Wheaton, Millville, NJ) and etween the storage periods were observed (one-way

the vials were filled with 10 ml of acetone (Merck,ANOVA’ P =0.07).

Darmstadt, Germany) containing 300 ppm n-nonane Analytical limit of detection. The analytical limit
(Merck, Darmstadt, Germany) as an internal standagg detection (ALOD), determined as a signal-to-noise
and closed with aluminum-lined screw caps. Since @tio of 3:1, for TPGDA was 1.6fg per sample,
residue of UV-resin was observed on the skin aftghich corresponds to a surface concentration of
the first tape stripping of the first three volunteers, thegs ng cn2 for the sampling area of 10 &mFor the
tape-stripping procedure was modified to include tw@y/-resin used in this study the respective ALOD cor-

consecutive strippings from each site from the seve@sponds to an amount of 0.0pbdistributed evenly
remaining volunteers. Thus, the two consecutivgyer a skin area of 10 ¢

strippings represent the total amount of the analyte
recovered and the difference between the two strip-
pings may reflect absorption or penetration of the teStatistical analysis
compound at that point in time. Recovery was calculated based on the theoretical
This study was approved by the Institutionamaximum amount applied of TPGDA in 28 of
Review Board on Research Involving Human Submedia (TPGDA or UV-resin) agmol amount reco-
jects, School of Public Health, The University ofvered from each tape. The calculated theoretical
North Carolina at Chapel Hill. amount of TPGDA in 2.5l of applied TPGDA mix-
ture was 7.31mol or 2.2 mg and in 2.pl of applied
UV-resin it was 2.7umol or 0.8 mg.
Chemical analysis Average recoveries and coefficients of variation
Samples were placed onto a rotation shaker, shakesrre calculated for each site and for all sites pooled.
at 250 rev min? for 30 min and allowed to rest for A one-way analysis of variance was used to investi-
30 min before aliquoting into autosampler vials folgate differences in recovery between the individual
gas-chromatographic analysis. Blank samples (one fsites and between hand, palm, and arm. A two-way
every 20 samples) were prepared using the same pemalysis of variance was used to investigate differ-
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ences between the two test compounds. All statistichifst tape stripping were 10-15% higher and for the
analyses employed the SAS System Software (SA®cond tape stripping 10-15% lower for TPGDA than
Institute, Cary, NC) and all differences were evalufor the UV-resin.
ated at a significance level of 0.05. When the recoveries in the first tape stripping for
TPGDA or UV-resin from the five different individ-
ual sites were compared, no significant differences
were observed R-values for the global tests were
0.111 and 0.893 for TPGDA and UV-resin,
The average recoveries calculated as a percentagspectively).
of the theoreticajimol amount applied (7.gmol for In order to investigate whether there were any dif-
TPGDA and 2.7umol for UV-resin) for the first tape ferences in recoveries between arm and hand, data
stripping and for the total of the first and second tapgom these sites were pooled and comparisons were
stripping are shown in Table 1. On the average, th@ade between the arm (sites 4 and 5) and hand (sites
first tape stripping removed 94% of the theoretical-3) or palm (sites 2 and 3). When comparing the
amount of deposited TPGDA and 89% of the correarm and hand, the recoveries for TPGDA or UV-resin
sponding TPGDA in UV-resin. Two consecutive tapavere not significantly different for the first tape strip-
strippings removed 102 and 113%, respectively. Thgings P-values for the global tests were 0.188 and
coefficient of variation ranged between 5 and 24%€.961, respectively). However, the recovery for
These positive biases in removal efficiencies are moSPGDA was significantly higher from the hand than
likely due to minor variations in the delivery of thefrom the arm when it was calculated as a total of the
test agents. first and second tape stripping3-{alue for the global
Since recoveries were observed to be greater théest was 0.021). When the arm and palm were com-
the theoretical maximum for the total with two tapepared, recoveries were significantly higher from the
strippings, the amountumol) of TPGDA recovered palm than from the arm for the first tape stripping
in each stripping was investigated and compared wi{{? = 0.032) and for the total amount in the first and
the total amount removed by the two consecutiveecond tape stripping (20.006). No significant dif-
strippings (Table 2). This analysis showed that thierences were observed between these sites exposed
average amounts removed with the second tape strip- UV-resin. Furthermore, no significant difference
pings were approximately 6 and 21% for TPGDA anavas observed in recovery between TPGDA and UV-
UV-resin, respectively. In general, recoveries for theesin for the first tape stripping when calculated as a

RESULTS

Table 1. Efficiency of adhesive tape stripping of the nonviable epidermis to remove TPGDA from different sampling
sites exposed to purified TPGDA (84.3% monomer) or UV-resin (29.5% TPGDA monomer). The average recoveries
(percentage calculated from the theoretjgadol amount of TPGDA applied) for the first tape stripping (10 subjects) and

for the total of the first and the second tape stripping (six or seven subjects) are included

TPGDA UV-resin

1st strip Total 1st strip Total
Fingertip (#1) N=10 N=6 N=10 N=7
Average removal efficiency (%) 88 101 89 106
Coefficient of variation (%) 19 14 18 16
Upper palm (#2) N=10 N=6 N=10 N=7
Average removal efficiency (%) 103 111 91 119
Coefficient of variation (%) 8 5 12 6
Lower palm (#3) N=10 N=6 N=10 N=7
Average removal efficiency (%) 96 105 88 108
Coefficient of variation (%) 14 10 22 24
Lower arm (#4) N=9 N=5 N=10 N=7
Average removal efficiency (%) 92 96 92 119
Coefficient of variation (%) 14 11 10 6
Upper arm (#5) N=10 N=6 N=10 N=7
Average removal efficiency (%) 88 96 86 113
Coefficient of variation (%) 21 11 14 11
All areas N=49 N=29 N=50 N=35
Average removal efficiency (%) 94 102 89 113

Coefficient of variation (%) 16 11 15 14
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Table 2. Quantification of TPGDA removed from two consecutive tape-stripping samples of skin from subjects exposed
to purified TPGDA (84.3% monomer) solution or UV-resin (29.5% TPGDA monomer). The average arpount) (
removed by the first and the second tape strippings and the cumulative amount removed are shown

TPGDA UV-resin

1st strip 2nd strip Total 1st strip 2nd strip Total
Fingertip (#1) N=6 N=6 N=6 N=7 N=7 N=7
pmol removed 6.808 0.555 7.363 2.169 0.653 2.882
S.D2 1.09 0.14 1.01 0.38 0.12 0.46
Upper palm (#2) N=6 N=6 N=6 N=7 N=7 N=7
pmol removed 7.735 0.306 8.041 2.501 0.642 3.143
S.D. 0.52 0.26 0.37 0.18 0.14 0.20
Lower palm (#3) N=6 N=6 N=6 N=7 N=7 N=7
pmol removed 7.217 0.394 7.611 2.322 0.539 2.861
S.D. 0.83 0.25 0.75 0.63 0.21 0.67
Lower arm (#4) N=5 N=5 N=5 N=7 N=7 N=7
pmol removed 6.513 0.489 7.002 2.501 0.653 3.155
S.D. 0.99 0.29 0.76 0.18 0.05 0.20
Upper arm (#5) N=6 N=6 N=6 N=7 N=7 N=7
pmol removed 6.354 0.590 6.944 2.398 0.596 2.994
S.D. 0.78 0.14 0.73 0.34 0.10 0.34
All areas N=29 N=29 N=29 N=35 N=35 N=35
pmol removed 6.940 0.466 7.406 2.378 0.617 2.995
S.D. 0.95 0.23 0.81 0.38 0.13 0.41

aS.D=standard deviation.
aS.D=standard deviation.

percentage of the theoretical amouRtalue for the pings they were 10-15% lower for TPGDA applied
global test was 0.262). neat rather than with the UV-resin. Approximately
6% of the amount of TPGDA and 21% of the amount
of UV-resin was removed with the second tape strip-
pings, suggesting absorption of TPGDA into the

Dermal exposure to irritating, allergenic, or carupper levels of the epidermis. This indicates that
cinogenic agents, or substances causing systemic texhen using this method for measuring dermal
icity that may interact directly or indirectly (via elec-exposure in the field at least two or more consecutive
trophilic metabolites) with the skin is poorly tape strippings should be performed at the same site.
understood. A major limitation to our understandindn addition to acquiring more accurate estimations of
and development of this area of research has been the steady-state level of cumulative dermal exposure,
absence of a noninvasive method to determine chentite second stripping may also demonstrate absorption
cal-specific skin exposure. into the skin with little additional investment in

We have developed and tested, under laboratorgsources. UV-resin is a chemical mixture containing
conditions, a noninvasive tape-stripping technigueompounds that may enhance dermal penetration of
coupled  with analytical chemistry (gasTPGDA. Since, the second tape stripping recovered
chromatography) for measuring dermal exposure tmore TPGDA from the sites exposed to UV-resin
TPGDA from the skin. With this method we werethan to neat TPGDA (average 21 and 6%,
able to remove applied TPGDA from the skin ofrespectively) it can be postulated that UV-resin
human volunteers very efficiently with Fixomtll enhances TPGDA penetration through the first layers
tape (Beiersdorf, Germany) 30 min after applicationof the stratum corneum.

No significant differences were observed in the The upper palm areas had the highest recoveries for
recovery of TPGDA in the first tape strippings of thethe first tape stripping and the least variation. These
skin for TPGDA applied neat or in an UV-resin. Thedifferences may be due to (1) the thickness of the skin
average recoveries from the hands and arms for thethis area, which would cause slow penetration and
first tape strippings of TPGDA and UV-resinfacilitate the removal of the compound with tape
exposure were 94% (CV 16%) and 89% (CV 15%)stripping, (2) chemical composition of the UV-resin,
respectively. Recoveries for the first tape strippingand/or (3) pipetting errors.
were 10-15% higher while for the second tape strip- Variation in the amount of TPGDA delivered by

DISCUSSION
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micropipette and minute amounts of TPGDA remain- method to predict the influence of vehicles on in vivo percu-

ing after spreading by the micropipette tip most likely ;%”3’3_02”358 absorptiorBritish Journal of Dermatologyl15

contribut_ed to the positive biases OPSEVV?fiischer, T., Nylander-French, L. A. and RoseG. (1994)
(recoveries >100%). The average removal efficienciespermatological risk to workers in ultraviolet curing wood
of 102 and 113% for two consecutive tape strippings surfa_ce coating industnAmerican Journal of Contact Der-
of TPGDA and UV-resin correspond to excess Matitis5, 201-206.

. . Gerritsen, M. J., van Erp, P. E., van Vlijmen-Willems, I. M.,
amounts of 0.05 and 0.44, respectively, delivered Lenders, L. T. and van de Kerkhof, P. (1994) Repeated tape

to the skin. This variation can be explained by the stripping of normal skin: a histological assessment and com-
viscous nature of the test compound that contributedparison with events seen in psoriagischives of Dermatol-

to difficulty in delivery of an exact amount by ogical Researci286 455-461. _
micropipetting. Henricks-Eckerman, M. -L. (1997) Gas chromatographic and

- . . mass spectrometric purity analysis of acrylates and meth-
The tape-stripping technique hz_is_ the potentl_al 10 acrylates used in patch test substanéeserican Journal of
meet the requirements for an efficient and reliable contact Dermatitiss, 20-23.

method to assess dermal exposures (van Hemmen drdkins, H. L. and Tresise, J. A. (1969) An adhesive-tape strip-
Brouwe, 1995). Stripping with an adhesive has been PIng technique for epidermal histologyournal of Society

. . . . _of Cosmetic Chemista0, 451-466.
widely accepted as a dermal sampling technique !ﬂ)lanki, R., Kanerva, L., Estlander, T. and Tarvainen, K. (1994)

dermatology (Pinkus, 1951; Prall, 1966; Porter and concomitant sensitization to triglycidyl isocyanate, diamino-
Schuster, 1967; Jenkins and Tresise, 1969; Setup diphenylmethane, and 2-hydroxyethyl methacrylate from

al., 1989; Gerritseret al., 1994). The primary poten-  silk-screen printing coatings in the manufacture of circuit

. . . - P ; ; boards.Contact Dermatitis30, 12—15.
tial risk associated with tape stripping is mild ery geneelen, F. J., Scheepers, P. T.. Groenendijk, A., van

. o
thema, \_Nhl_ch has been_ observed aft_er 50-60 repeatJe erts, L. A., Anzion, R. B.. Bos, R. P. and Veenstra, S.
tape strippings and which may persist for one to two J. (1988) Airborne concentrations, skin contamination, and
days (yman and Vahlquist, 1994). However, no evi- urinary metabolite excretion of polycyclic aromatic hydro-

dence of erythema was observed in the current study.Carzons among pa"ling Wo_rklel_ris ‘?Xposf\d to coal tasr de”"led
. . road tars American Industrial ygiene ssociation Journal
In order to obtain a better understanding of dermal 49, 600—607.
exposure to .MU.FASy knowledge abO.Ut the capacityanerva, I. (1997) Plastics/acrylics: material safety data sheets
of a tape-stripping method must be integrated with need to be improvedClinics in Dermatologyl5, 533-546.
occupational exposure measurements. Thus furtggnerva, L., Lauerma, A., Estlander, T., Alanko, K., Henriks-
studies are warranted to gain knowledge about theEckeérman, M. -L. and Jolanki, R. (1996) Occupational
| Is of dermal exposure to MUEAS in the wood sur- allgrglc contact d_ermatms caused by photqbond‘ed scqutl_Jred
eve ) ! p = nails and a review on (meth)acrylates in nail cosmetics.
face coating industry. Also, the tape-stripping tech- American Journal of Contact Dermatitig 109-115.
nique should be generally applicable for assessirgpppula, S. V., Fellman, J. H. and Storrs, F. J. (1995) Screen-
exposure to other chemicals, which have low vola- ing allergens for acrylate dermatitis associated with artificial

e . . nails. American Journal of Contact Dermatit 78—85.
tility and do not penetrate quickly through the eplderf\less, S. A. (1994purface and Dermal Monitoring for Toxic

mis. ExposuresVan Nostrand Reinhold, New York.
Nylander-French, L. A., Fischer, T., Hultengren, M., Léwne
M. and Rosa, G. (1994) Assessment of worker exposure in
the processing of ultraviolet radiation cured acrylate lacquer
coated wood product®pplied Occupational and Environ-
mental Hygiened, 962-976.
ylander-French, L. A., Priha, E., Berglund, G. -B. and Rpse
G. (1994) A method for monitoring worker exposure to air-
borne diacrylatesApplied Occupational and Environmental
Hygiene9, 977-983.
hman, H. and Vahlquist, A. (1994) In vivo studies concerning
a pH gradient in human stratum corneum and upper epider-
mis. Acta Dermato-Venereologica4, 375-379.
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