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ORIGINAL ARTICLE

Decontamination efficacy of soapy water and water washing following exposure
of toxic chemicals on human skin

Emma Forsberg�, Linda €Oberg�, Elisabet Artursson, Elisabeth Wigenstam, Anders Bucht and Lina Thors

Division of CBRN Defence and Security, Swedish Defence Research Agency, Umeå, Sweden

ABSTRACT
Aim of the study: Following exposure to toxic chemicals, skin uptake is a potential route of intoxica-
tion. Therefore, efficient methods for rapid skin decontamination to mitigate systemic effects are of
utmost importance. In operational guidelines, skin decontamination is recommended to be performed
by dry absorption and washing with water or soapy water. In the present study, evaluation of decon-
tamination efficacy using water or soapy water was performed for five chemicals, three toxic industrial
chemicals and two simulants for chemical warfare agents.
Materials and methods: Decontamination was initiated at time points 5, 15, 45 and 120 min after
exposure in order to evaluate the time window for efficient decontamination. Experiments were con-
ducted utilizing an in vitro skin penetration model to allow exposure of toxic chemicals on
human skin.
Results: For all test substances, it was clearly demonstrated that decontamination had greater efficacy
when initiated at the earliest time-point while decontamination after 120 min was less efficient. Adding
soap to the water showed no significant improvement for any of the tested substances.
Conclusion: These results are of reledvance for the development of efficient operational decontamin-
ation procedures.
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1. Introduction

Skin decontamination is the primary intervention to immedi-
ately remove toxic chemicals from the skin following expos-
ure. On a practical basis, the most commonly operated wet
decontamination procedures are washing with soap and
water or water only.

The need for skin decontamination to mitigate systemic
effects is related to the ability for dermal penetration of the
chemical. For assessment of skin decontamination procedures
in terms of life-saving measures, it is also mandatory to con-
sider toxicity of the compound. Examples of hazardous com-
pounds with well-known skin penetration properties are
organophosphorus pesticides, chemical warfare nerve agents
and certain toxic industrial chemicals. Dermal penetration is
dependent on many different factors such as physicochemi-
cal properties of the chemical, substance concentration,
involvement of a vehicle or carrier, possible occlusion, expos-
ure pattern, environment factors and skin condition1,2. The
epidermal membrane on top of human skin, including the
corneal outer layer stratum corneum, serves as a protective
barrier against foreign materials3. Skin absorption through
the epidermal barrier occurs via diffusion and the stratum
corneum protects the lower layers of the skin by limiting the
dermal absorption rate4. Due to the hydrophobic nature of

the stratum corneum, lipophilic molecules generally pene-
trate skin more readily than hydrophilic compounds5.
Another major determinant for chemical penetration is the
size of the molecule; the molecular weight should be below
500 Dalton to allow for skin absorption6. Volatility of chemi-
cals is an additional parameter influencing dermal absorption
and subsequently the need for decontamination7–9. As
opposed to volatile compounds, non-volatile chemicals will
remain on the surface for longer periods of time and conse-
quently are more likely to penetrate the skin.

In response to exposures to toxic chemicals, disrobing will
remove the majority of contamination from the casualties10.
However, when exposed to liquid or solid compounds,
decontamination is normally required to remove the toxic
chemical from skin, hair and eyes11,12. In guidelines for imme-
diate operational decontamination, procedures generally con-
sist of disrobing and wet decontamination by showering,
washing with soap and water or water only12. Lately, dry
decontamination has been recommended for promptly initi-
ated response following exposures for all non-corrosive liquid
contaminants10,13 Dry decontamination can be performed
using any available absorbing material and has been empha-
sized to increase decontamination efficacy and minimize the
risk of enhanced dermal penetration by wash-in effects.
Evaluation of wet decontamination following exposure to

CONTACT Lina Thors lina.thors@foi.se Division of CBRN Defence and Security, Swedish Defence Research Agency, Cementv€agen 20, SE-901 82
Umeå, Sweden�These authors contributed equally to this work.
� 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

CUTANEOUS AND OCULAR TOXICOLOGY
2020, VOL. 39, NO. 2, 134–142
https://doi.org/10.1080/15569527.2020.1748046

http://crossmark.crossref.org/dialog/?doi=10.1080/15569527.2020.1748046&domain=pdf&date_stamp=2021-03-22
http://orcid.org/0000-0002-4948-6676
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com


industrial chemical have shown that differences in dermal
absorption between chemicals and the choice of detergent
may have an impact on the decontamination efficacy14,15.

To examine the generalisability of decontamination proce-
dures, five chemicals with skin absorption properties were
included in the present study of which three have been
assessed as risk chemicals for harmful skin penetration. The
choice of toxic industrial chemicals was based on risk assess-
ment for percutaneous toxicity in occupational settings16–18.
Acrylonitrile is used as an intermediate in the production of
acrylic fibres, styrene plastics and adhesives. The chemical is
rapidly absorbed via all routes of exposure and its toxic
effects are ranging from headache and nausea to cardiovas-
cular collapse19. Several chemical accidents with acrylonitrile
have been reported, e.g. Belgium in 2013 and Germany in
200820,21. 2-Butoxyethanol is a high-production-volume glycol
ether widely used within the industry, commonly included as
a solvent in surface coatings in addition to metal and house-
hold cleaners and paints. The chemical is readily absorbed
following inhalation, oral and dermal exposure and causes
headache, vomiting, breathing difficulties and effects on the
blood circulation22. Human exposure has mainly been acci-
dental in occupational settings or through contact with
household products23. Tributylamine is utilized as an inter-
mediate in a variety of chemical processes24. The chemical
has also been used a stabilizer for the nerve agent sarin25.
The main exposure routes are via the respiratory tract and
through skin and following exposure both local effects, such
as membrane irritation and breathing difficulties, in addition
to systemic effects, e.g. convulsions, are observed24. Two sim-
ulants for highly toxic chemical warfare agents were also
included in the study; ethyl lactate and methyl salicylate
which previously been used as simulants for chemical warfare
agents in in vivo decontamination studies on human volun-
teers18. Ethyl lactate is a simulant for the nerve agent sarin
which is highly toxic whether inhaled or via skin uptake26.
Sarin was used in two terrorist attacks in Matsumoto and
Tokyo, Japan, in 1994 and 1995, which led to the death of 19
people and causing thousands to seek medical care27,28.
There was also confirmed use of sarin in the Ghouta attack in
201329. Methyl salicylate is utilized as a simulant for sulphur
mustard, which is a vesicant chemical warfare agent that
upon skin contact causes blistering in the skin and mucous
membranes30,31. It was used extensively in the Iran–Iraq war
during 1980–1988 and most recently in the Syria conflict32.

The aim of the present study was to evaluate the efficacy
of the common wet decontamination procedures following
skin exposure to the selected panel of chemicals. Specifically,
the importance of early initiated wet decontamination was
evaluated as well as the possible beneficial effects of adding
soap to the washing procedure. Washing with soap and
water or water only was initiated at four time points post-
exposure: 5, 15, 45 and 120min. The time points were
selected based on scenarios: (1) an exposure in an environ-
ment with very high preparedness e.g. at a laboratory or an
industrial plant (5min), (2) immediate decontamination in the
field performed by first responders (15min), (3) decontamin-
ation performed by paramedics at a field decontamination
unit or at the hospital emergency department (45min) and

(4) a delayed decontamination in the field or at the hospital
(120min). Experiments were conducted utilizing an in vitro
skin penetration model to allow exposure of human skin to
toxic chemicals. Skin penetration of the chemicals was moni-
tored continuously during 5 h. The decontamination efficacy
was evaluated by calculating a decontamination factor (DF),
i.e. the ratio of the mean total cumulative penetrated amount
without decontamination and the cumulative amount with a
decontamination procedure.

2. Materials and methods

2.1. Chemicals

Acrylonitrile (�99%; CAS no. 107-13-1), methyl salicylate
(�99%; CAS no. 119-36-8), ethyl lactate (�99%; CAS no. 687-
47-8), tributylamine (�98.5%; CAS no. 102-82-9) and 2-butox-
yethanol (�99%; CAS no. 111-76-2) were obtained from Alfa
Aesar (Haverhill, MA). DAX soap was acquired from CCS
Healthcare AB (Borl€ange, Sweden). The soap contained
sodium laureth sulphate (3–5%), sodium chloride (1–3%), pro-
pylene glycol (<1%), citric acid (<1%) and glycerol (1–3%).
The receptor solution contained a mixture of ethanol and
deionized water (1:3).

2.2. Skin preparation

Full-thickness human Caucasian skin of abdominal origin was
obtained from plastic surgery after informed consent of each
patient. The full-thickness skin was cropped from subcutane-
ous fat and connective tissue and stored at �80 �C.
Following acclimatisation at �20 �C for 3–4 days, skin was
thawed in room temperature and dermatomed to a nominal
thickness of 500 mm using the Humeca D80 dermatome
(Humeca BV, Borne, The Netherlands). Small discs (0.6 cm2)
were punched out and the discs were hydrated for 18–24 h
at þ4 �C before use. The physical condition of skin samples
was assayed visually to exclude any surface damage. The
study was approved by the Research Ethics Committee,
Faculty of Medicine and Odontology, Umeå University, Umeå,
Sweden (No. 03-161).

2.3. Skin penetration experiments

In vitro skin penetration experiments were performed utiliz-
ing a diffusion cell containing a flow-through receptor solu-
tion compartment as previously described33. The diffusion
chamber was maintained at 32 �C throughout the experi-
ments (AccuBlock Digital Dry Bath; Labnet Int. Inc, Edison, NJ)
and the receptor solution was continuously pumped at a
fixed flow rate of 20 ll min�1 using a syringe pump (CMA
400; CMA Microdialysis AB, Kista, Sweden). In prior to the
experiment, the complete system was allowed to reach equi-
librium of temperature and water balance. The dermatomed
disc was mounted in the diffusion cell and a teflon seal was
positioned upon to achieve a closed system. Prior to adding
donor solution, a zero sample of receptor solution was col-
lected. Following exposure of neat agent (10ml) for 5, 15, 45
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or 120min, decontamination was initiated and the separate
protocols are described below. Infinite dosing of agents was
utilized throughout the study. Due to the high volatility of
acrylonitrile, a total volume of 45 ml was used in control
experiments. The nominal skin diffusion area was 0.13 cm2.
The experimental time was 5 h and samples were collected
every 10min and kept at 10 �C in a fraction collector (CMA
470 Refrigerated Fraction Collector; CMA Microdialysis AB,
Kista, Sweden). All vials were sealed immediately after the
experiment was completed and stored at �20 �C until ana-
lysis. Each experimental set-up was repeated six times.

2.3.1. Soapy water decontamination protocol
The soapy water was an aqueous solution containing 2%
soap in water, prepared immediately in prior of decontamin-
ation. Decontamination was performed in the diffusion cell
by washing the agent off using 50 ml soapy water and
instantly removed by careful vacuum suctioning. The proced-
ure was repeated ten times.

2.3.2. Water decontamination protocol
In experiments including washing with water, 50 ml of water
was added on skin in the diffusion cell and instantly removed
by careful vacuum suctioning. The procedure was repeated
ten times.

2.4. Sample analysis

The samples were thawed prior chromatographic analysis. A
unique calibration curve for each replicate sample set was
obtained by analysing standards in conjunction with
the samples.

Acrylonitrile was analyzed by liquid chromatography with
ultraviolet/visible spectroscopy detection (LC-UV/VIS), 2-
butoxyethanol and tributylamine by liquid chromatography
with triple quadrupole mass spectrometry detection (LC-MS/
MS). Ethyl lactate and methyl salicylate were analyzed by gas
chromatography with flame ionization detection (GC–FID).

The limit of quantification (LOQ) was determined to be the
lowest calibrated level, i.e. 1 ppm, for all substances (Table 1).

The LC-UV/VIS analysis of acrylonitrile was performed on
an Agilent 1100 series HPLC system, equipped with a mul-
tiple wavelength detector and the wavelength was set at
195 nm. The analyte was separated on a GromSil C-18,
100� 2mm (4 lm) column (GROM Analytik, Dr Maisch HPLC
GmbH, Ammerbuch-Entringen, Germany) and eluted with an
isocratic gradient. The mobile phase was milli-Q 18.2 MX, the
flowrate was 0.2ml min�1 and the column temperature was
kept at ambient temperature (18�23 �C). The LC-MS/MS ana-
lysis of 2-butoxyethanol and tributylamine were carried out
on an Acquity UPLC coupled to a Xevo TQ MS, triple quadru-
pole mass spectrometer (Waters Corp, Etten-Leur, The
Netherlands). The MS was equipped with an electrospray ion-
ization source (ESI) and operated in positive ion mode. The
capillary voltage was set to 3.2 kV and argon was used as col-
lision gas. The compounds were analyzed in multiple reaction
monitoring (MRM) mode, each with two transitions, com-
pound-specific settings are listed in Table 2.

The analytes were separated on an Acquity UPLC BEH
C18, 2.1� 50mm (1.7 mm) column (Waters Corp, Etten-Leur,
The Netherlands). Mobile phase A comprised 0.1% formic
acid in water (v/v) and mobile phase B 0.1% formic acid in
acetonitrile (v/v). Chromatographic separation was obtained
by using a gradient starting at 5% B for 0.2min, increasing to
98% B in 0.8min, which was held for 0.5min, decreased to
5% B in 0.1min and held for 0.4min. The flowrate was 0.6ml
min�1 and the column temperature was 60 �C.

The GC system (Agilent 7890A, Agilent Technologies Inc.,
Santa Clara, CA) was equipped with a split-splitless injector.
The injection was a pulsed split injection with ratio 1:1 (pulse
pressure 300 kPa until 0.75min), the flow rate of the carrier
gas was adjusted to �3ml min�1 and the injector tempera-
ture was 180 �C. The temperature of the FID was adjusted to
280 �C, the H2 flow 30ml min�1, the air flow 400ml min�1

and the makeup flow 25ml min�1. The GC oven programme
for the ethyl lactate analysis was 120 �C held for 2min,
ramped 10 �C min�1 to 160 �C, ramped 40 �C min�1 to 250 �C
that was held for 0.5min. The separation was achieved on a

Table 2. Compound-specific settings for analysis of tributylamine and 2-butoxyethanol.

Parent ion (m/z) Daughter ion (m/z) Dwell (s) Cone (V) Collision (V)

Tributylamine (quan) 186 130 0.036 34 22
(qual) 186 74 0.036 34 22
2-butoxyethanol (quan) 119 57 0.036 10 10
(qual) 119 45 0.036 10 10

Table 1. Properties for chemicals included in the study.

Chemical CAS no. MW (g mol–1) LogPc Vapor pressure (mm Hg 25 �C) LC50 inhalation LD50 skin References

Acrylonitrile 107-13-1 53.06 0.173 ± 0.253 109 333 ppm 4H�1 (rat) 63mg kg�1 (rabbit) 34–36

2-Butoxyethanol 111-76-2 118.18 0.833 ± 0.239 0.88 450 ppm 4H�1 (rat) 220mg kg�1 (rabbit) 37–39

Ethyl lactatea 687-47-8 118.13 �0.039 ± 0.252 3.75 >5.6 g m�3 4H�1 (rat) 5000mg kg�1 (rabbit) 34,40,41

Methyl salicylateb 119-36-8 152.15 2.523 ± 0.240 0.0343 n.a. >2000mg kg�1 (rabbit) 34,42

Tributylamine 102-82-9 185.36 4.704 ± 0.222 0.0934 75 ppm 4H�1 (rat) 195mg kg�1 (rabbit) 34,43

aSimulant for nerve agent sarin. Toxicity LC50 inhalation: 5mg m�3 (mouse) and LD50 skin: 0.925mg kg�1 (rabbit)44,45.
bSimulant for sulphur mustard. Toxicity LC50 inhalation: 120mg m�3 (mouse) and LD50 skin: 40mg kg�1 (rabbit) 45,46.
cLogarithm octanol/water partition coefficients was calculated using Advanced Chemistry Development (ACD/Labs) Software.
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StabilwaxVR with Integra-GuardVR column, 30m� 320 lm �
1lm (40–240 �C (250 �C)) (Restek Corp, Pittsburgh, PA). The
GC oven programme for the methyl salicylate analysis was
100 �C, ramped 20 �C min�1 to 125 �C, ramped 40 �C min�1

to 225 �C, ramped 20 �C min�1 to 255 �C, ramped 30 �C
min�1 to 270 �C that was held for 1min. The separation was
achieved on a DB-5MS column, 30m� 320 lm� 1 lm
(�60 �C to 300 �C (320 �C)) (Agilent Technologies Inc., Santa
Clara, CA).

2.5. Data and statistical analysis

All results are presented as the mean± the standard error of
mean (SEM). The cumulative penetration following completed
experiment, defined as cumulative amount, was calculated as
mg cm�2 and the penetration rate as mg cm�2 h �1 in all
experiments. For comparison of decontamination efficacy
between products, the decontamination factor (DF) was
defined as the ratio of the total cumulative amount of the
control experiments (without decontamination) and the total
cumulative amount of the experiments including
decontamination.

The graphs were prepared and statistical analyses were
performed using the GraphPad Prism programme (version 6.0
GraphPad software Inc., San Diego, CA). Statistical compari-
sons of the total cumulative amount were performed by
using one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test. Statistical significance
was assessed by using two-way ANOVA followed by
Bonferroni multiple comparison test to determine differences
in penetration rates. The significance was set at p< 0.05.

3. Results

The skin penetration ability of five chemicals was determined
following exposure to neat agent. Observable penetration
through dermatomed human skin was obtained for all chemi-
cals evaluated during the 5 h experimental time (Figure 1).
Infinite dosing was utilized for all chemicals except for acrylo-
nitrile due to vaporization during skin exposure. Acrylonitrile

demonstrated the shortest lag time of all chemicals with a
significantly increased penetration rate during the first 30min
post-exposure and the greatest cumulative amount pene-
trated during the 5 h experimental time. Tributylamine dem-
onstrated the longest lag time and the lowest cumulative
amount penetrated through skin after 5 h. Ethyl lactate and
methyl salicylate displayed similar penetration patterns
throughout the entire experimental time.

The decontamination efficacy of 2% soapy water and only
washing the chemicals off by water was compared following
exposure to neat acrylonitrile, methyl salicylate, ethyl lactate,
tributylamine, and 2-butoxyethanol. Decontamination was ini-
tiated 5, 15, 45, or 120min post-exposure by repeated wash-
ing 10 times with soapy water or only water. Due to the high
volatility of acrylonitrile, only the 5 and 15min decontamin-
ation time points were evaluated. To support comparisons of
the decontamination efficacy between protocols, a decon-
tamination factor (DF) was calculated for each experimental
set-up.

Washing with water only resulted in significantly
decreased cumulative penetration of all chemicals through
skin when decontamination was initiated 5, 15, and 45min
post-exposure (Table 3). At the 120min decontamination
time-point, a significantly decreased agent skin penetration
was demonstrated for acrylonitrile, ethyl lactate, methyl sali-
cylate, and tributylamine. No decontamination efficacy was
detected following skin exposure to 2-butoxyetanol at the
120min decontamination time-point.

Figure 1. Cumulative penetration following skin exposure to neat agent con-
centration during 5 h experimental time. Acrylonitrile (top line), 2-butoxyethanol
(2nd line), ethyl lactate (3rd line), methyl salicylate (4th line) and tributylamine
(5th line). The results are presented as mean ± SEM (n¼ 6).

Table 3. The cumulative amount of chemicals penetrated through human der-
matomed skin with or without water decontamination.

Agent
Time to

decon (min)
Decon

procedure

Total cumulative
amount

(mg cm�2 ± SEM) DF

Acrylonitrile – Without decon 67.0 ± 20.0 –
5 Water decon 7.6 ± 1.0��� 9
15 Water decon 20.5 ± 1.6� 3

2-Butoxyethanol – Without decon 25.3 ± 2.8 –
5 Water decon 2.3 ± 0.4��� 11
15 Water decon 7.5 ± 0.7��� 3
45 Water decon 12.2 ± 2.2� 2
120 Water decon 19.5 ± 5.5 1

Ethyl lactate – Without decon 12.4 ± 1.7 –
5 Water decon 0.6 ± 0.1��� 23
15 Water decon 1.6 ± 0.1��� 8
45 Water decon 2.2 ± 0.5��� 6
120 Water decon 5.5 ± 0.6��� 2

Methyl salicylate – Without decon 11.8 ± 1.3 –
5 Water decon 2.4 ± 0.5��� 5
15 Water decon 2.2 ± 0.3��� 5
45 Water decon 3.6 ± 0.6��� 3
120 Water decon 5.1 ± 0.5��� 2

Tributylamine – Without decon 3.9 ± 0.2 –
5 Water decon 0.4 ± 0.1��� 9
15 Water decon 1.3 ± 0.1��� 3
45 Water decon 1.9 ± 0.2�� 2
120 Water decon 1.8 ± 0.4�� 2

Chemicals were exposed in a neat agent concentration. Decontamination was
performed by washing the agent off repeatedly 10 times with water. The
decontamination factor (DF) is indicated for the evaluated procedures (ratio
of the mean total cumulative amount without decontamination and the indi-
cated decontamination procedure). The penetration through dermatomed
human skin was monitored during 300min. The results are presented as
mean ± SEM (n¼ 6). �p< 0.05 versus corresponding agent concentration con-
trol, ��p< 0.01 versus corresponding agent concentration control,���p< 0.001 versus corresponding agent concentration control (one-
way ANOVA).
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Following skin decontamination using water wash only,
the agent penetration rate through skin decreased at all
time-points for all chemicals exposed compared to the con-
trol (Figure 2). The penetration rate of acrylonitrile dramatic-
ally decreased immediately following decontamination and
skin penetration was completely eliminated 2 h post-exposure
for both decontamination time-points evaluated. For 2-butox-
yethanol, methyl salicylate, and tributylamine, agent penetra-
tion was detectable at the end of the experiment for all
decontamination time-point evaluated. Water decontamin-
ation initiated 5–45min post-exposure to ethyl lactate
resulted in completely eliminated agent skin penetration dur-
ing the experimental time. Following decontamination initi-
ated 120min post-exposure to methyl salicylate, an increased
penetration rate was observed preceding the declining pene-
tration rate to the end of the experimental time. The deliber-
ate decrease in agent penetration rate throughout the
experimental time and wide standard error of mean for the

acrylonitrile control the last 2 h indicates agent evaporation
from skin.

Washing with soapy water resulted in significantly
decreased cumulative penetration when decontamination
was initiated 5, 15, and 45min post-exposure to all chemicals
(Table 4). At the 120min decontamination time-point, signifi-
cantly decreased penetration was demonstrated for acrylo-
nitrile, ethyl lactate, methyl salicylate and tributylamine. No
decontamination efficacy was detected following skin expos-
ure to 2-butoxyetanol at the 120min decontamination
time-point.

Following skin decontamination using soapy water, the
agent penetration rate through skin decreased at all time-
points for acrylonitrile, 2-butoxyethanol, ethyl lactate, methyl
salicylate, and tributylamine (Figure 3(A–E)). The penetration
rate of acrylonitrile dramatically decreased immediately fol-
lowing decontamination and skin penetration was completely
eliminated 1–2 h post-exposure for both decontamination

Figure 2. The penetration rate patterns for the neat agent concentration of (A) acrylonitrile, (B) 2-butoxyethanol, (C) ethyl lactate, (D) methyl salicylate, and (E) trib-
utylamine following water decontamination. Decontamination was initiated after 5min (open green), 15min (closed green), 45min (open blue), 2 h (closed blue)
and without decontamination (black). Control line is the top line for all chemicals and the time points follow the order by which decontamination was initiated.
Values are presented as the mean ± the SEM (n¼ 6). �p< 0.05 indicates significantly decreased penetration rate from the indicated time-point to the end of the
experiment compared to experiment without decontamination.
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time-points evaluated. For 2-butoxyethanol, decontamination
initiated 5 and 15min post-exposure resulted in completely
eliminated skin penetration at the end of the experiment. A
clear decrease in ethyl lactate penetration rate was estab-
lished after decontamination at all time-points and, for the
5–45min decontamination time-points, the skin penetration
was completely eliminated. For methyl salicylate and tributyl-
amine, agent penetration was detectable at the end of the
experiment for all decontamination time-points evaluated.
Following decontamination initiated 120min post-exposure
to 2-butoxyethanol and methyl salicylate, an increased pene-
tration rate was observed preceding a declining penetration
rate to the end of the experimental time.

Comparison of cumulative amounts of chemicals penetrat-
ing skin resulted in no significant differences between decon-
tamination using soapy water or water only.

4. Discussion

In the present study, skin decontamination procedures using
water and soapy water were evaluated following exposure
on human skin exposed in vitro to selected toxic industrial
chemicals and simulants for chemical warfare agents. All
chemicals in the test panel clearly penetrated the derma-
tomed skin when applied in neat agent concentration,
although significant differences in penetration rates were

observed. Theoretically, physicochemical properties such as
volatility, molecular weight, and solubility in hydrophilic and
lipophilic environments influence the degree of absorption in
dermal tissue47. Chemical absorption can be determined by
analysis of chemical amounts remaining in the skin. However,
to reflect the uptake of substances in the blood circulation
we considered penetration through dermatomed skin to the
receptor fluid as the most relevant parameter. Here, it was
demonstrated that the relatively small molecule acrylonitrile
displayed the shortest lag time (<10min) and highest pene-
tration rate among the tested compounds in agreement with
the postulated correlation of low molecular weight with rapid
penetration through the dermal barrier48. However, due to
vaporization of the liquid on the skin surface the cumulative
penetrated amount of acrylonitrile declined over time despite
the larger volume applied on skin compared to other chemi-
cals in the present study, illustrating that dermal exposure of
volatile liquids pose only a temporary risk for uptake in the
blood circulation9. However, if total immersion of the skin
occurred, i.e. prolonged exposure time in an occupational
setting, the risk for health effects following skin uptake of
acrylonitrile would increase. Nevertheless, acrylonitrile dem-
onstrated the greatest cumulative amount penetrated during
5 h of all compounds included in the study, which is consist-
ent with the relatively low molecular weight. The compound
with the largest molecular weight, tributylamine, showed a
relatively extended lag time (approximately 30min) com-
pared to the other test compounds. In addition to molecular
weight and volatility, lipophilic, and hydrophilic properties,
often denominated as the octanol/water partition coefficient
(LogP) is assumed an important determinant for penetration
through the skin47,49,50. Since a parabolic relationship
between skin permeation and LogP has been demon-
strated51, the relatively low penetration rate of tributylamine
is also consistent with the very high lipophilicity of
the chemical.

To evaluate the time window for efficient decontamin-
ation, washing with water or soapy water was initiated 5, 15,
45, and 120min after exposure. For all test substances, it was
clearly demonstrated that decontamination had greater effi-
cacy when initiated at the earliest time-point. Delayed decon-
tamination to 120min showed low efficacy resulting in a
significant amount of agent penetrating the skin, but notably
a significant reduction of penetrated compound through the
skin was observed for ethyl lactate, methyl salicylate, and
tributylamine. The importance of early initiated decontamin-
ation following skin exposure to chemicals has frequently
been reported52–54. It should also be noted that for methyl
salicylate, a temporary increase in penetration rate was
observed directly following the washing procedure and a
similar effect was observed for 2-butoxyethanol but only after
washing with soapy water. This effect might be due to
increased skin permeability induced by washing with water
and soap, as previously described for other chemical com-
pounds55–57. The underlying mechanisms of this “wash-in”
effect are likely tissue hydration and eventually soap may
enhance “wash-in” of substances by surfactant effects and pH
changes55–57. It is suggested that the “wash-in” effect
depends on chemical identity and elapsed time between

Table 4. The cumulative amount of chemicals penetrated through human der-
matomed skin with or without decontamination with 2% soapy water.

Agent
Time to

decon (min)
Decon

procedure
Total cumulative
amount (mg cm�2) DF

Acrylonitrile – Without decon 67.0 ± 20.0 –
5 2% soapy water 9.7 ± 1.1��� 7
15 2% soapy water 17.6 ± 0.8�� 4

2-Butoxyethanol – Without decon 25.3 ± 2.8 –
5 2% soapy water 3.3 ± 1.1��� 8
15 2% soapy water 5.5 ± 1.0��� 5
45 2% soapy water 7.1 ± 2.1��� 4
120 2% soapy water 20.4 ± 3.4 1

Ethyl lactate – Without decon 12.4 ± 1.7 –
5 2% soapy water 0.8 ± 0.2��� 16
15 2% soapy water 1.9 ± 0.6��� 7
45 2% soapy water 2.3 ± 0.2��� 5
120 2% soapy water 5.4 ± 0.3��� 2

Methyl salicylate – Without decon 11.8 ± 1.3 –
5 2% soapy water 1.9 ± 0.2��� 6
15 2% soapy water 2.7 ± 0.7��� 4
45 2% soapy water 4.7 ± 0.5��� 2
120 2% soapy water 5.7 ± 0.6��� 2

Tributylamine – Without decon 3.9 ± 0.2 –
5 2% soapy water 1.2 ± 0.1��� 3
15 2% soapy water 1.7 ± 0.1��� 2
45 2% soapy water 1.8 ± 0.3��� 2
120 2% soapy water 2.3 ± 0.3� 2

Chemicals were exposed in a neat agent concentration. Decontamination was
performed by washing the agent off repeatedly 10 times with soapy water.
The decontamination factor (DF) is indicated for the evaluated procedures
(ratio of the mean total cumulative amount without decontamination and
the indicated decontamination procedure). The penetration through derma-
tomed human skin was monitored during 300min. The results are presented
as mean ± SEM (n¼ 6). �p< 0.05 versus corresponding agent concentration
control, ��p< 0.01 versus corresponding agent concentration control,���p< 0.001 versus corresponding agent concentration control (one-
way ANOVA).
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exposure and onset of the washing procedure55–57, but no
prediction model for which chemicals that attains enhanced
penetration following wet decontamination has
been presented.

From our in vitro data, repeated washing with soapy water
did not show significant improvement compared to washing
with water alone for any of the tested compounds, indicating
that addition of soap might not be of significant benefit for
the decontamination efficacy. However, it should be noted
that the fixed experimental washing procedure used does
not correspond to operational decontamination showering. It
is recently shown that both flow rate and rinsing volume in
showering off the compound from the skin, as well as com-
position of detergents influence decontamination efficacy15.
Another concern of the washing procedure, which could not
be addressed with the in vitro model utilized, is the risk of
spreading of the contaminant to other parts of the body

during showering. For lipophilic compounds such as sulphur
mustard it has been shown that water washing may lead to
agent spreading to other skin surfaces resulting in increased
skin toxicity58,59. In an operational context, simple, generic,
and easily accessible procedures should be most beneficial.
Recently the traditional generic procedure, based on immedi-
ate showering of fully clothed individuals with high volumes
of water, has been challenged by the understanding that
immense washing may transfer contamination from clothes
to the underlying skin10,13. To avoid such “wash-in” effect,
Chilcott et al. recommended an immediate disrobe and dry
decontamination practice prior to flushing with water for
most chemicals except corrosive liquids10. For the wet decon-
tamination, the addition of soap is commonly recommended
particularly for removal of lipophilic substances10, while for
other chemicals the addition of soap might be counteractive
due to the “wash-in” effect55–57. The lack of beneficial effect

Figure 3. The penetration rate patterns for the neat agent concentration of (A) acrylonitrile, (B) 2-butoxyethanol, (C) ethyl lactate, (D) methyl salicylate, and (E) trib-
utylamine following soapy water decontamination. Decontamination was initiated after 5min (open orange), 15min (closed orange), 45min (open red), 2 h (closed
red) and without decontamination (black). Control line is the top line for all chemicals and the time points follow the order by which decontamination was initiated.
Values are presented as the mean ± the SEM (n¼ 6). �p< 0.05 indicates significantly decreased penetration rate from the indicated time-point to the end of the
experiment compared to experiment without decontamination.
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by addition of soap observed in the present study for a panel
of five chemicals adds another constraint to the recommen-
dation of using soap in decontamination protocols.

In conclusion, by using an in vitro technology for evalu-
ation of wet decontamination procedures on human skin, it
was shown that early initiated decontamination is highly
important for efficient removal of chemical compounds.
Initial washing with water demonstrated efficacy to remove
all tested compounds with no additive effect of including
soap during decontamination. These results are of relevance
for the development of efficient operational decontamin-
ation procedures.
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