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ABSTRACT

The toxic release of aldehyde vapours during a hazardous materials (HAZMAT) incident
primarily results in respiratory concerns for the unprotected public. However, skin absorption
may be an important concurrent exposure route that is poorly understood for this scenario.
This study provides experimental data on the skin absorption properties of common
aldehydes used in industry, including acetaldehyde, acrolein, benzaldehyde and
formaldehyde, in gaseous or vapour form using an adapted in vitro technique. Two of the four
tested aldehydes were found to penetrate the skin in appreciable amounts following 30
minute exposure at HAZMAT relevant atmospheric concentrations; Acetaldehyde (5.29 + 3.24
pg/cm?) and formaldehyde (3.45 + 2.58 pg/cm?). Whereas only low levels of acrolein (0.480
+ 0.417 pg/cm?) and benzaldehyde (1.46 + 0.393 pg/cm?) skin penetration was noted. The
aldehydes demonstrated differing levels of interaction with fabric. Formaldehyde and
acetaldehyde adsorbed strongly to denim whereas benzaldehyde and acrolein displayed no
sink properties. However, denim was shown to be an initial protective barrier and reduced
penetration outcomes for all aldehydes. This study provides important information to assist
first responders and confirms the relevance of using physicochemical properties (e.g.
solubility, MW, partition coefficient) to predict skin permeation potential in the absence of

empirical data during HAZMAT incidents involving different types of aldehydes.
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INTRODUCTION

Hazardous material (HAZMAT) incidents that lead to human injury most frequently arise from
accidental or intentional exposure to toxic gases or vapours ¥ 2. This type of toxic release is
usually related to an industrial accident or terrorism-related event. Chemical spill incidents
and the deliberate release of toxic materials in terrorism-related events have the potential to
affect large numbers of people, especially where these occur in major population centres. In
addition to causing widespread fear, they may result in the exposure of the public, emergency
first responders, and hospital personnel to chemicals that pose a risk of adverse health effects
ranging from mild, through serious to lethal. The respiratory pathway is the most commonly
identified hazard route resulting from exposure to gases and vapours; however, skin
absorption, arising from dermal exposure, is often an important secondary route that is not
well understood for many chemicals. Chemical HAZMAT incidents of this nature are a unique
scenario that are typically defined by relatively short exposure timeframes to high
concentrations of chemical and usually involve an exposure group with only ‘common
clothing’ offering protection of the skin. Having a greater understanding of the skin absorption
properties of toxic gases and vapours under these conditions highlights whether there is
potential for this pathway to contribute to the overall toxic burden. Further, it can help inform

the decontamination procedures employed by first responders following a HAZMAT incident

3,4

Aldehydes are a group of relatively reactive and corrosive organic compounds that are utilised
heavily in industry for the manufacture of resins, wood products, paper, plastics, dyes,
textiles, carpet and leather goods °. The extensive use of volatile aldehydes in these industries

along with the associated transportation of large quantities of these chemicals has the



potential to result in the toxic release of aldehyde vapours. For example, a number of
HAZMAT-related incidents involving the toxic release of aldehyde vapours in the United States
have been documented in government databases ® 7. In addition to their industrial use,
aldehydes are also a known constituent of combustion smoke and pose an exposure risk to
emergency agency personnel responding to bush or structural fires & °. Previous studies have
shown that urinary metabolites of common combustion products (i.e. polycyclic aromatic
hydrocarbons (PAHs)) have been detected in firefighters 112, The assumption in these
circumstances is that the dose is occurring via skin absorption as in theory respiratory
protection by means of self-contained breathing apparatus were always employed. This
anecdotal evidence means that the skin permeation profiles of other common combustion
products (i.e. aldehyde gases and vapours) are of high importance, and may have practical

safety implications, for the firefighting community.

In this study we investigate the dermal absorption properties of four common aldehydes,
namely, acetaldehyde, acrolein, benzaldehyde and formaldehyde. Acetaldehyde is an
aliphatic aldehyde that exists as a colourless, flammable and volatile liquid. Owing to its low
boiling point (21 °C) and relatively high vapour pressure (902 mm Hg at 25 °C) it exists as a
colourless, pungent gas at room temperature. Whilst low-level sources of acetaldehyde exist
in the natural environment (e.g. fruits, beverages, tobacco smoke) it is also used extensively
in the manufacture of acetic acid, dyes, explosives, lacquers, plastics and synthetic rubber 3.
Acrolein is also an aliphatic aldehyde that exists as a flammable liquid and has a strong odour.
Large quantities of acrolein are synthesised for industrial use and it is used as an intermediate
in the manufacture of synthetic glycol, polyurethane, pharmaceuticals and herbicides 4.

Benzaldehyde is an aromatic aldehyde that exists as a clear colourless to slightly yellow liquid

and has relatively low volatility (0.127 mm Hg at 25 °C). It is a common ingredient in cosmetics



as a denaturant, flavouring agent and fragrance and is also a key ingredient in food flavouring
15 Finally, formaldehyde is the smallest aliphatic aldehyde and exists as a colourless strongly-
odoured gas at room temperature. It is sold commercially as a 37 %, 44 % or 50 % methanol-
stabilised solution called formalin and is commonly used in wood processing, the production
of resins, fertilisers, dyes, disinfectants, germicides and as a biological fixative in medical

laboratories 1°.

There is limited literature surrounding dermal exposure to the nominated aldehydes and
whether dermal uptake is a potential contributor to toxicity as a concurrent exposure route
to respiratory inhalation. There are no known studies on the potential for dermal uptake of
formaldehyde, acetaldehyde or acrolein as a gas or vapour exposure. The limited published
studies commonly relate to liquid phase aldehyde exposures, and for exposure times and
conditions not relevant to HAZMAT incident scenarios. For example, acrolein is reported to
be a dermal, respiratory and ocular irritant with the majority of experimental work relating
to inhalation and dermal exposure performed on animals *’. Lacroix et al performed patch
testing and observed minimal skin irritation in some cases at low concentration doses (1.0%
acrolein) and more severe irritation in all cases at higher concentration doses (10% acrolein)
18 Faroon et al published an extensive review of acrolein health effects which reported that
dermal absorption leads to severe local irritation or corrosion at the site of contact and cited
dermal LDsq’s for rabbits but not humans °. No known studies have reported on the dermal
uptake potential arising from acrolein liquid or vapour exposure in humans. Similarly,
formaldehyde in solution is known to be absorbed into the human skin matrix and is used
widely in stabilised solution with methanol (commonly known as formalin) as a biological
fixative for tissue samples. Two previous in vitro studies have been reported investigating the

dermal uptake from formalin solution through human skin with both finding that



formaldehyde was able to penetrate the skin 2% 21, However, the tendency for formaldehyde
to penetrate human skin may be overstated in these studies due to the presence of methanol
in the formulation applied to the skin; which is a known penetration enhancer 2°. There are

no known studies on the potential for dermal uptake arising from formaldehyde gas exposure.

A number of studies have applied patch testing methodology to evaluate skin allergy and
irritation responses to acetaldehyde and reported mixed results with skin sensitisation
observed in only some human subjects 222>, No studies have reported on the dermal uptake
potential of acetaldehyde arising from liquid or vapour exposure in humans. Finally,
benzaldehyde is reported to be absorbed through human skin and by the lungs *°. Barry et al
performed in vitro studies into the liquid and vapour (in a static atmosphere) penetration of
benzaldehyde using human abdominal cadaver skin which provided evidence of dermal

uptake and reported a permeation flux for both liquid and vapour exposures 2°.

In this paper we report the successful application of an adapted in vitro dermal exposure
techniqgue with dynamic atmosphere gas/vapour generation for the exposure of
acetaldehyde, acrolein, benzaldehyde and formaldehyde vapours/gas to human epidermal
skin over short-term exposure times relevant to HAZMAT incidents. The empirical data
generated addresses an existing knowledge gap surrounding the dermal absorption and
penetration properties of each of the aldehydes investigated and can be used to inform
decision-making on decontamination procedures following toxic release of these chemicals.
This is the first reported study utilising dynamic atmospheres to investigate the dermal
absorption properties of aldehyde vapours/gases with human epidermal skin for short-term

exposure scenarios consistent with HAZMAT related incidents.



MATERIALS AND METHODS

Chemicals and chromatography standards

The structural and physicochemical properties of the four aldehydes investigated are shown
in Table 1 along with toxicological relevant values. Liquid acetaldehyde (299.9%), acrolein
(90%) and benzaldehyde (299.9%) were all purchased from Sigma Aldrich, Australia and used
to produce dynamic aldehyde vapour atmospheres. Solid paraformaldehyde (97%, BDH
Chemicals, Australia) was used to produce dynamic formaldehyde atmospheres. Solid 2,4-
dinitrophenylhydrazine (299, Sigma Aldrich, Australia) was used to create a solution (6 mg/ml
in acetonitrile) which was subsequently used to form aldehyde-2,4-dinitrophenylhydrazone
derivatives suitable for HPLC-UV analysis. Analytical grade standards of the corresponding
aldehyde-2,4-dinitrophenylhydrazones were purchased from Sigma Aldrich, Australia, and
used to prepare chromatography standards for HPLC-UV analysis. HPLC solvents used were
acetonitrile (>99.5%, Sigma Aldrich, Australia), orthophosphoric acid (HPLC grade, 85% w/w)

and Milli-Q water.

NA — not available

Methods

Skin permeation experiments

Skin permeation experiments were performed in vitro using static 9 mm Franz diffusion cells
with a diffusion-available surface area of 0.64 cm? (PermeGear™, Pennsylvania) and modified
for flow-through vapour delivery to the surface of the skin as outlined previously 228, Human
abdominal skin was sourced from cosmetic reduction surgery, with donor consent and ethics

approval (SACHR ethics approval #273.10) and the epidermis harvested as described



previously (Gaskin et al, 2014). Human skin donors were female, Caucasian, and ranged in age
from 24 to 57 years with no obvious signs of skin damage or scarring/tattooing. Skin electrical

impedance testing was utilised to determine barrier integrity in vitro pre-exposure 27-2°31,

Acrolein, acetaldehyde and benzaldehyde vapour were delivered to the skin surface using a
previously reported dynamic atmosphere generator 27 32, Briefly, liquid aldehydes were
injected using a syringe pump in to a mixing chamber and a volatilised fraction subsequently
diluted with purified air to achieve the final concentrations. Final test atmosphere
concentrations for each aldehyde were: acrolein (153 ppm / 351 mg/m3), acetaldehyde (996
ppm / 1 794 mg/m3) and benzaldehyde (167 ppm / 725 mg/m3). Alternatively, solid
paraformaldehyde was used to create formaldehyde atmospheres by placing inside a glass
impinger and heating in a water bath (70 °C) to liberate formaldehyde gas. A diluting carrier
gas was then passed over the solid surface to produce final formaldehyde test atmosphere
concentration (1 000 ppm / 1 227 mg/m?3) for skin exposure. Final exposure concentrations
were selected to represent where possible physiologically relevant and within the context of
HAZMAT first responder guidance values (i.e. lowest lethal concentration (LC.0) by inhalation)
and/or the highest achievable concentration using the dynamic atmosphere generation
setup. A constant flow of test atmosphere (500 ml/min) was maintained throughout exposure
and all experiments were performed at 22 + 2 °C, 30% relative humidity, atmospheric
pressure and with maximum skin hydration in order to mimic a real life HAZMAT exposure
scenario and avoid any potential variance in exposure rates. Maximum skin hydration was
achieved by allowing mounted skin samples to equilibrate for 30 mins prior to exposure
according to OECD protocols. Further, the skin under surface maintained constant contact
with physiological saline for the extent of each experiment thus maintaining hydration levels

throughout.



Skin surfaces were exposed to aldehyde vapour/gas for short-term exposure times (< 30 min).
The effect of non-protective ‘common clothing’ on skin permeation outcomes was
investigated by placing denim (4 cm? cut squares; thickness 0.772 + 0.011 mm) on top of
mounted skin in the Franz diffusion cells. Further, the effects of skin ventilation with fresh air
post-exposure was investigated by leaving samples open to atmosphere up to a total time of
60 min (i.e. 30 min exposure plus 30 min ventilation) prior to analysis. This mimics the scenario
during a HAZMAT incident where potentially exposed individuals wait in open-air conditions
to be decontaminated by emergency responders, with residual contaminant on their skin and
clothing. A minimum of three replicates (n > 3; from different donors) for each variable at

each exposure time was performed.

Sample analysis

Quantification of skin absorption, penetration and fabric absorption for all aldehydes was
achieved using high performance liquid chromatography with ultraviolet/visible detection
(HPLC-UV) according to a modified HSE method (MDHS102: Aldehydes in Air). Determination
of aldehyde skin penetration was achieved by HPLC analysis of the receptor fluid after
exposure and the residual chemical on and in skin (absorption) was measured by placing
exposed skin samples in a glass vial with 5 mL of physiological saline and sonicating followed
by HPLC analysis of the filtered extract. Prior to HPLC analysis aldehyde samples were reacted
for 30 minutes to produce stable 2,4-dinitrophenylhydrazone derivatives with high UV
sensitivity. This was achieved via the addition of excess 2,4-dinitrophenylhydrazine
derivatising agent to ensure the complete reaction of all aldehydes present in solution. HPLC-
UV analysis was performed using a Perkin-Elmer solvent manager and isocratic LC pump

connected to a Shimadzu SPD-20A UV-Vis absorbance detector controlled by Perkin Elmer



TotalChrom (v6.2.0.0.1) software. Samples were manually injected (20 ul) and separation was
achieved on a Phenomonex Kinetex® C18 column (150 x 4.6 mm 5um) using optimised

chromatographic conditions for each analyte.

Data analysis

Comparisons of skin absorption and penetration outcomes between aldehydes and under
different modifiers (e.g. effects of clothing, ventilation) were performed using Analysis of
Variance (ANOVA) with Tukey multiple comparisons test, and Independent Samples T-tests.
Assumption of data normality were checked and met for parametric analysis. Significance for
all tests was set at p < 0.05. Statistical analyses were performed using GraphPad Prism v.7

software.

RESULTS

Overall observations

The results for skin permeation for all four aldehydes for 10, 20 and 30-minute exposures are
shown in Fig 1 and Fig 2. After 30 mins exposure the two smallest aliphatic aldehydes,
formaldehyde and acetaldehyde, demonstrated the greatest average skin penetration
whereas the two larger aldehydes, benzaldehyde and acrolein, demonstrated the least. Skin
absorption outcomes revealed that formaldehyde was absorbed to a significantly greater
extent (p = 0.006) after 30 mins exposure than the other aldehydes, as shown in Figure 2.
Post-exposure ventilation up to 60 mins appeared to have minimal effect (no significant
difference, p 2 0.05) on both the penetration and absorption outcomes of the aldehydes
tested. The presence of denim on top of the skin was generally observed to be protective

against skin penetration and absorption, in particular, significantly reducing benzaldehyde



penetration (p = 0.002) and formaldehyde absorption (p = 0.033) compared with unclothed
skin. Furthermore, denim fabric was shown to have absorptive capacity particularly for

acetaldehyde and formaldehyde.

Acrolein vapour exposure

Exposure of skin to acrolein vapour for up to 30 minutes resulted in a negligible amount
penetrating (0.480 + 0.417 pg/cm?) and absorbing into (0.887 + 0.796 pig/cm?) the skin. Due
to the low amounts of acrolein observed to penetrate and absorb into bare skin post-
exposure ventilation was not explored in this study. The presence of denim fabric on top of
the skin provided a protective barrier and resulted in skin penetration and absorption below
the limit of detection (< 0.166 pg/cm?) (data not shown). Despite denim reducing skin uptake,

it retaining only a small amount of the acrolein vapour (0.217 + 0.157 ug/cm?).

Acetaldehyde vapour exposure

Skin exposure to acetaldehyde vapour resulted in the penetration of 5.29 + 3.24 ug/cm? after
30 minutes, whereas absorption was shown to be much higher at 22.2 + 10.4 pug/cm? after 30
minutes. The results for post-exposure ventilation and fabric experiments for acetaldehyde
are shown in Fig 3A. Post-exposure ventilation up to 60 minutes (i.e. 30 minutes exposure
plus 30 minutes ventilation) resulted in no appreciable change to the skin penetration or
absorption of acetaldehyde for up to 30 minute exposures. The introduction of denim on to
skin resulted in no appreciable change to the amount penetrating the skin across all exposure
times; however resulted in reduced amounts absorbed into the skin for longer exposure times
(6.28 + 0.743 pg/cm? at 30 mins exposure). Denim also demonstrated absorptive capacity as

it retained large quantities of acetaldehyde vapours (155 + 16.7 pig/cm? at 30 mins exposure).



Benzaldehyde vapour exposure

Minimal penetration was observed at 20 and 30 minutes (1.16 + 0.375 pg/cm? and 1.46 +
0.393 pg/cm? respectively) for skin exposure to benzaldehyde vapour. Further, minimal skin
absorption was observed across all exposure timeframes (< 0.878 + 0.324 pg/cm?). Results
for post-exposure ventilation and fabric experiments are shown in Fig 3B. Post-exposure
ventilation had a limited effect (no significant difference) on the amount absorbed into the
skin or penetration through the skin across all exposure times. Denim provided a protective
effect in regards to skin penetration demonstrated by the significantly (p = 0.002) reduced
amount of benzaldehyde detected in the receptor fluid after all exposure times. Denim only

retained 0.905 * 0.428 pg/cm? after 30 minutes of vapour exposure.

Formaldehyde gas exposure

Skin exposure to formaldehyde gas for 30 minutes resulted in an appreciable amount of
penetration (3.45 + 2.58 pg/cm?) whereas, negligible penetration was observed at shorter
exposure times. High levels of skin absorption were observed for all exposure times, ranging
from 294 + 146 pg/cm? at 10 minutes up to 834 + 595 pg/cm? at 30 minutes, significantly
greater (p = 0.006) compared with other aldehydes tested.. Post-exposure ventilation did not
appear to have a significant effect on the amount of formaldehyde penetrating the skin.
However, the data obtained suggested that ventilation may reduce the skin absorbed amount
at 20 minutes (473 * 319 pg/cm?) and 30 minutes (458 + 167 jug/cm?) exposure. Denim was
shown to provide a significant protective effect (p = 0.033) and resulted in a greater than 10-
fold decrease in the amount of formaldehyde penetrating the skin after 30 minutes (0.252 +

0.0421 pg/cm?) and a greater than 40-fold decrease in the corresponding skin absorbed



amount (18.5 + 4.92 pg/cm?). Denim displayed substantial absorptive capacity at both 20 and

30 minute exposures (1657 + 477 pug/cm? and 1949 + 472 pg/cm? respectively).

DISCUSSION

We successfully generated dynamic atmospheres of acetaldehyde, acrolein, benzaldehyde
and formaldehyde vapours/gases and applied them to the surface of human epidermis in vitro
in order to assess their dermal permeation properties for short-term exposures. All aldehyde
exposures were performed under constant experimental conditions (flow rate, temperature,
humidity and pressure) and with maximum skin hydration. These conditions mimic a
controlled real-life exposure scenario and improve the relevance of the data for first
responders. This is the first report to assess the skin permeation arising from exposure to
dynamic aldehyde vapours and gases under HAZMAT relevant scenarios. The data generated
can be used to assist in decision-making for skin decontamination procedures following

exposure to these chemicals in HAZMAT incidents.

The overall observation of the ability for formaldehyde and acetaldehyde to penetrate human
epidermis in larger quantities than benzaldehyde and acrolein appears to be explained by
their relative physicochemical properties, and higher exposure concentrations. Both
formaldehyde and acetaldehyde have low molecular weights and partition coefficients (log
Kow) allowing them to penetrate the human epidermal barrier more readily. Conversely,
benzaldehyde has a much larger molecular weight and partition coefficient and whilst
acrolein does have a low partition coefficient its larger molecular weight appears to restrict
its ability to penetrate the human epidermal barrier in significant proportions. Further, the

overall observation of skin permeation outcomes (acetaldehyde and formaldehyde > acrolein



and benzaldehyde) correlates with the increased water solubility of the smaller aldehydes as
shown in Table 1. Hydrophilicity/lipophilicity is an important parameter influencing the
affinity of a compound to permeate the lipid-rich stratum corneum. We maintained maximum
hydration of the skin during exposure experiments and thus hydrophilic aldehydes may
preferentially partition into the hydration layer and be available for uptake. Hydrophilic
molecules tend to favour polar pathways for permeation suggesting that the intracellular

route of penetration may be important for the aldehydes studied.

When compared with the predicted flux values from skin permeation model by Frasch (2002),
the extrapolated permeation outcomes for all tested aldehydes were within similar range to
predictions (predicted flux values were 0.25 pg/cm?/hr acetaldehyde, 0.78 pg/cm?/hr
acrolein, 0.85 pg/cm?/hr benzaldehyde and 1.5 pg/cm?/hr formaldehyde) 33. The Frasch
mathematical model is used to predict the permeability of chemicals in aqueous vehicles
through skin. The experimental data obtained for the aldehydes indicates the robust nature
of this model via its ability to predict permeation outcomes for gases and vapours with
relative accuracy. Given the short experimental exposure durations investigated in the study,
we were unable to calculate a permeability coefficient and steady state rate of transport of

aldehydes across the tissue.

It is previously reported that benzaldehyde can be absorbed through human skin *>. However,
our results suggest that benzaldehyde vapour has minimal capacity to either penetrate
through or absorb into the epidermal layer of human skin at relatively high atmospheric
exposure concentrations (167 ppm) for short-term dynamic exposures (< 30 min). Barry et al
performed in vitro studies into benzaldehyde skin absorption using human abdominal cadaver

skin (~0.4 mm thick) and reported a permeation flux of 410 (+70) pg/cm?/h for saturated



vapour resulting from a pure liquid (9 hour exposure time) 2 34, The diffusion cells used in
their study were a closed-system design containing a donor chamber with liquid reservoir to
form a static vapour atmosphere which was reportedly quantified by headspace-GC;
however, no actual benzaldehyde vapour exposure concentrations were reported. This is
different from the dynamic atmosphere delivery of gas across the skin adopted in the current
study, which would mimic typical exposure scenarios in open air environments. A more
forensic comparison between the relatively large flux reported by Barry et al and the minimal
total penetration observed in this study for short-term exposure times is difficult given the
unknown exposure concentration in Barry et al’s study and the differing experimental setups
(dynamic versus static atmosphere) and exposure times. However, the results obtained in

the current study have good agreement with predicted model outcomes.

Formaldehyde gas exposure experiments showed a capacity to penetrate the skin, and a high
capacity to absorb into the human epidermal layer. The latter is not surprising given
formaldehyde is commonly used in solution as a biological fixative and is known to be
absorbed into the skin matrix. A high degree of variability was observed in the skin absorption
data given the large quantities absorbed and the inherent variability between human
epidermal samples. There are no known studies on the potential for dermal uptake of
formaldehyde gas exposure. Two previous in vitro studies have investigated dermal uptake of
formaldehyde from solution. Lodén applied carbon labelled formaldehyde diluted in
concentrated formalin solution onto excised human skin mounted in flow through diffusion
cells. A resorption rate, equivalent to a permeation flux, was reported as 319 + 84 ug/cm?/h,
however the presence of methanol (a known penetration-enhancing solvent) in the formalin
diluting medium may have enhanced penetration outcomes 2°. Hafeez et al applied an

aqueous solution of radiolabelled formaldehyde onto human cadaver skin (~0.4 mm thick)



mounted in static diffusion cells to investigate the effects of occlusion on skin absorption and
penetration. They stated that absorption and penetration was observed after 1 hr however
reported no data under occluded or non-occluded conditions ?!. The results obtained in this
study add to the existing body of work by confirming the ability of formaldehyde (in gaseous
state) to penetrate human epidermal skin after 30 mins of exposure at high concentrations (1
000 ppm). Gases/vapours are known to have less permeation potential than their liquid
counterparts %2, and the outcomes of this study (reduced permeation compared with

reported liquid exposures) aligns with that knowledge.

Acetaldehyde vapour was shown to penetrate and absorb into human epidermis after 30 mins
at relatively high atmospheric exposure concentrations (996 ppm) demonstrating that it does
have a potential dermal uptake pathway. There is a distinct lack of data in the literature
surrounding dermal exposure to acetaldehyde vapours. The only previous reports are patch
testing studies, primarily investigating alcohol skin sensitivity, to evaluate skin allergy and
irritation responses to liquid acetaldehyde 2 24, These studies found cross-sensitisation to
acetaldehyde in subjects with a demonstrated allergy to alcohols. Two other studies also
included patch testing for acetaldehyde as part of a suite of testing and reported mixed results
with skin sensitisation observed in only some human subjects 2> 26, Therefore, this study
represents the first empirical data on permeation of acetaldehyde vapour through human

epidermis.

Penetration of acrolein vapour through skin and absorption into human epidermis was shown
to be minimal after 30 minutes of exposure. Previous studies regarding acrolein dermal
exposure have primarily been conducted using animals 7. The data from the current study

suggests that acrolein vapour is unlikely to have a significant dermal pathway at exposure



levels equivalent to atmospheric concentrations that are lethal via inhalation. The only
previous human study of dermal acrolein exposure employed patch testing and observed low
to severe irritation of the skin resulting from exposure to concentrations ranging from 1 to

10% in solution 8.

The experimental process of post-exposure ventilation of skin resulted in limited influence on
skin permeation outcomes for the tested aldehydes. Certainly, no evidence of increased
penetration or absorption was noted, and in fact for benzaldehyde decreased penetration
was demonstrated for ventilated skin these findings are important for the first responder
community in the context of an operational response to HAZMAT incidents. This effect has
been noted for other toxic industrial gases (e.g. fumigants) in the context of hazardous
material incidents, and has resulted in advice for emergency responders regarding

decontamination protocols *.

Aldehyde gas/vapours demonstrated an interaction with fabric, and a subsequent influence
on skin permeation outcomes. Formaldehyde and acetaldehyde strongly adsorbed onto the
fabric, whereas less sink properties were noted for benzaldehyde or acrolein. In terms of
permeation, denim was largely a protective barrier reducing penetration and absorption
outcomes compared with bare skin in most cases (in some instances by up to a factor of 40
(e.g. formaldehyde)). This observation of ‘common clothing’ fabrics acting as an initial
protective barrier to reduce skin permeation outcomes for short term exposures is consistent
with previous reports investigating the effect of fabrics in HAZMAT exposure scenarios
involving gases and vapours (e.g. fumigants) 3. The effect of clothing on skin permeation
outcomes is linked to the individual chemical affinity with the fabric fibres as well as the

physical parameters (thickness, fabric cover and yarn twist) of the fabric. Every-day ‘common



clothing’ has the potential to act as a barrier to chemical exposure (protecting individuals), as
a reservoir (trapping or holding chemicals and facilitating uptake), or as an occlusive barrier
to enhance absorption. The impact of clothing on dermal permeation of chemicals (including
vapours) has been extensively studied in relation to chemical protective clothing 337, Few
studies have been undertaken on the effectiveness of every-day clothing except in relation to
spraying of pesticides and, in one case, exposure to sulfur mustard. In a study by Protano et
al (2009) the impact of different clothing types on reducing skin exposure to a range of
pesticides commonly applied using a sprayer was verified. The study showed that cotton
clothing had a protection factor of greater than 84% whereas chemical protecting clothing
(Tyvek suits) had a performance greater than 97% 38. Dickson (2008) reviewed two studies
on the impact of mustard on the skin undertaken in the mid 1940’s (wearing normal military
clothing). The chamber studies concluded that normal clothing may give skin protection

factors of 1.5 to 2 3.

The empirical data produced in this study can be translated to assist in decision-making for
skin decontamination by HAZMAT first responders. Our results indicate that, under the
conditions tested, uptake by intact skin is likely to be an important concurrent exposure route
to inhalation for both acetaldehyde and formaldehyde, for high atmospheric exposure
concentrations. The data obtained for each aldehyde can be used to estimate the potential
dermal uptake arising from total body exposure (18 500 cm?) for 30 minutes at the tested
atmospheric concentrations. The corresponding inhalational uptake arising from exposure to
the same concentration can also be estimated by assuming a standard respiration rate of
0.625 m?3in 30 mins (equivalent to 10 m3 in 8 hours) and a worst case inhalational absorption
rate of 100%. Comparison of these calculated values for each of the aldehydes indicates that

dermal exposure would account for between 4% and 8% of the total body uptake in a 30



minute timeframe. In the case of formaldehyde, which exhibited one of the highest skin
penetration outcomes, the calculated whole body dermal uptake would be 64 mg compared
to an inhalational uptake of 766 mg under the same exposure conditions. Formaldehyde is
formed endogenously in the body with a reported concentration in the blood of rats, monkeys
and humans of 0.1 mM 4%41, However, its electrophilic nature makes it reactive towards a
variety of endogenous molecules with a half-life of 1 — 1.5 mins and an estimated turnover of
0.61 - 0.91 mg/kg bw per minute %2, Using our data, the whole body dermal uptake rate of
formaldehyde would be roughly 0.5 mg/min, which is well below the background

formaldehyde turnover for a 70kg person.

In practice, those exposed individuals who are asymptomatic on scene may have been
exposed to lower concentrations. Notwithstanding, secondary uptake through the skin via
contact with clothing may be an important exposure parameter to consider on-scene for
decontamination. Based on this, it would be recommended that for short-term (10-30 min)
exposures to high concentration gas/vapour decontamination of the skin in line with agency
policy should be considered for both of these chemicals. Furthermore, since denim
demonstrated significant absorptive capacity for both acetaldehyde and formaldehyde, a
recommendation to remove and bag bulky outer clothing to reduce the potential for
secondary inhalational exposure resulting from off-gassing is also warranted. Data for both
acrolein and benzaldehyde indicated that dermal uptake is unlikely to be a significant pathway
under the conditions tested, however given the inherent toxicity of acrolein skin

decontamination may still be appropriate.

We have presented the first empirical data on the skin permeation potential of four common

industrial aldehyde gases/vapours using HAZMAT relevant exposure scenarios. Acrolein and



benzaldehyde demonstrated little capacity to penetrate human epidermis whereas
acetaldehyde and formaldehyde displayed high potential to penetrate skin at high
atmospheric concentrations (1 000 ppm) and for short exposure times (< 30 mins). Further
research is needed to quantify the potential contribution towards total body burden that
results from skin permeation. Despite commonality between the tested chemicals their
individual skin permeation properties were different. Permeation results were, however, in
alignment with predicted outcomes based on models using physicochemical properties and
other parameters. This suggests that grouping ‘like’ chemicals for common advice to
emergency responders regarding potential for skin uptake may not necessarily be
appropriate. Rather, prediction of skin permeation potential of chemicals on an individual
basis using important physicochemical properties (e.g. MW, Kow, solubility), in the absence of
empirical permeation data, may be more accurate and caution should be taken when
determining the need for skin decontamination after dermal exposure resulting from a

HAZMAT toxic release incident.

ACKNOWLEGEMENTS

This work was supported by the Australian Department of Prime Minister and Cabinet, and
the Combating Terrorism Technical Support Office, Department of Defence, U.S. Government

under the counterterrorism funding scheme (Grant No. CB-4433).

CONFLICT OF INTEREST

The authors declare no conflict of interest.



REFERENCES

1. Gaskin S, Heath L, Pisaniello D, Evans R, Edwards JW, Logan M et al Hydrogen sulphide and
phosphine interactions with human skin in vitro:Application to hazardous material incident
decision making for skin decontamination. Toxicology and Industrial Health 2017; 33: 289-

296.

2. Levitin HW, Siegelson HJ, Dickinson S, Halpern P, Haraguchi Y, Nocera A et al
Decontamination of Mass Casualties — Re-evaluating Existing Dogma. Prehospital and

Disaster Medicine 2003; 18: 200-207.

3. Gaskin S, Heath L, Pisaniello D, Edwards JW, Logan M, Baxter C Dermal absorption of
fumigant gases during HAZMAT incident exposure scenarios—Methyl bromide, sulfuryl

fluoride, and chloropicrin. Toxicology and Industrial Health 2017; 33: 547-554.

4. Chilcott RP Managing mass casualties and decontamination. Environment International

2014; 72: 37-45.

5. Kuykendall JR. 8.16 - Aldehydes A2 - McQueen, Charlene A. In: Comprehensive Toxicology
(Second Edition); doi https://doi.org/10.1016/B978-0-08-046884-6.00916-7. Elsevier:

Oxford, 2010, pp 291-330.

6. Fatality and Catastrophe Investigation Summaries Dataset obtained from Occupational
Safety and Health Administration Fatality and Catastrophe Investigation Summaries,

Washington DC (2018). https://www.osha.gov/pls/imis/accidentsearch.html

7. Incidents dataset obtained from National Oceanic and Atmospheric Administration

IncidentNews Database (2018). https://incidentnews.noaa.gov/search/date

8. Brandt-Rauf PW, Fallon LF, Tarantini T, Idema C, Andrews L Health hazards of fire fighters:

exposure assessment. British Journal of Industrial Medicine 1988; 45: 606.



10.

11.

12.

13.

14.

15.

16.

17.

Bolstad-Johnson DM, Burgess JL, Crutchfield CD, Storment S, Gerkin R, Wilson JR
Characterization of Firefighter Exposures During Fire Overhaul. AIHA Journal 2000; 61: 636-

641.

Caux C, O'Brien C, Viau C Determination of Firefighter Exposure to Polycyclic Aromatic
Hydrocarbons and Benzene During Fire Fighting Using Measurement of Biological Indicators.

Applied Occupational and Environmental Hygiene 2002; 17: 379-386.

Fent KW, Eisenberg J, Snawder J, Sammons D, Pleil JD, Stiegel MA et al Systemic Exposure to
PAHs and Benzene in Firefighters Suppressing Controlled Structure Fires. The Annals of

Occupational Hygiene 2014; 58: 830-845.

Edelman P, Osterloh J, Pirkle J, Caudill SP, Grainger J, Jones R et al Biomonitoring of chemical
exposure among New York City firefighters responding to the World Trade Center fire and

collapse. Environmental Health Perspectives 2003; 111: 1906-1911.

Dellarco VL A mutagenicity assessment of acetaldehyde. Mutation Research/Reviews in

Genetic Toxicology 1988; 195: 1-20.

Sithu SD, Srivastava S, Siddiqui MA, Vladykovskaya E, Riggs DW, Conklin DJ et al Exposure to
acrolein by inhalation causes platelet activation. Toxicology and Applied Pharmacology 2010;

248:100-110.

Final Report on the Safety Assessment of Benzaldehydel. International Journal of Toxicology

2006; 25: 11-27.

Kim K-H, Jahan SA, Lee J-T Exposure to Formaldehyde and Its Potential Human Health

Hazards. Journal of Environmental Science and Health, Part C 2011; 29: 277-299.

Gomes R, Liteplo RG, Meek ME Acrolein: Hazard characterization and exposure—response

analysis. Journal of Environmental Science and Health, Part C 2001; 19: 23-43.



18.

19.

20.

21.

22.

23.

24.

25.

26.

Lacroix M, Burckel H, Foussereau J, Grosshans E, Cavelier C, Limasset JC et al Irritant
dermatitis from diallylglycol carbonate monomer in the optical industry. Contact Dermatitis

1976; 2: 183-195.

Faroon O, Roney N, Taylor J, Ashizawa A, Lumpkin M, Plewak D Acrolein health effects.

Toxicology and Industrial Health 2008; 24: 447-490.

Lodén M The in Vitro Permeability of Human Skin to Benzene, Ethylene Glycol,

Formaldehyde, and n-Hexane. Acta Pharmacologica et Toxicologica 1986; 58: 382-389.

Hafeez F, Chiang A, Hui X, Maibach H Role of partition coefficients in determining the
percutaneous penetration of salicylic acid and formaldehyde under varying occlusion

durations. Drug Development and Industrial Pharmacy 2014; 40: 1395-1401.

Barry BW, Harrison SM, Dugard PH Vapour and liquid diffusion of model penetrants through
human skin; correlation with thermodynamic activity. Journal of Pharmacy and

Pharmacology 1985; 37: 226-236.

Stotts J, Ely WJ Induction of Human Skin Sensitization to Ethanol. Journal of Investigative

Dermatology 1977; 69: 219-222.

Wilkin JK, Fortner G Ethnic contact urticaria to alcohol. Contact Dermatitis 1985; 12: 118-

120.

Sato A, Obata K, lkeda K, Ohkoshi K, Okumura H, Ozawa N et al Evaluation of human skin
irritation by carboxylic acids, alcohols, esters and aldehydes, with nitrocellulose-replica

method and closed patch testing. Contact Dermatitis 1996; 34: 12-16.

Haddock NF, Wilkin JK Cutaneous reactions to lower aliphatic alcohols before and during

disulfiram therapy. Archives of Dermatology 1982; 118: 157-159.



27.

28.

29.

30.

31.

32.

33.

34.

Gaskin S, Pisaniello D, Edwards JW, Bromwich D, Reed S, Logan M et al In-vitro methods for
testing dermal absorption and penetration of toxic gases. Toxicology Mechanisms and

Methods 2014; 24: 70-72.

Heath L, Gaskin S, Pisaniello D, Crea J, Logan M, Baxter C Skin Absorption of Ethylene Oxide
Gas Following Exposures Relevant to HAZMAT Incidents. Annals of Work Exposures and

Health 2017; 61: 589-595.

Lawrence JN Electrical resistance and tritiated water permeability as indicators of barrier

integrity of in vitro human skin. Toxicology in Vitro 1997; 11: 241-249.

Diembeck W, Beck H, Benech-Kieffer F, Courtellemont P, Dupuis J, Lovell W et al Test
Guidelines for In Vitro Assessment of Dermal Absorption and Percutaneous Penetration of

Cosmetic Ingredients. Food and Chemical Toxicology 1999; 37: 191-205.

Davies DJ, Ward RJ, Heylings JR Multi-species assessment of electrical resistance as a skin
integrity marker for in vitro percutaneous absorption studies. Toxicology in Vitro 2004; 18:

351-358.

Pisaniello D. The generation of test atmospheres for occupational hygiene laboratory
evaluation of organic vapour monitoring devices: report prepared for the Occupational
Health and Radiation Control Branch, Occupational Health and Radiation Control Branch,

South Australian Health Commission: Adelaide, 1988.

Frasch FH A Random Walk Model of Skin Permeation. Risk Analysis 2002; 22: 265-276.

Barry BW, Harrison SM, Dugard PH Correlation of thermodynamic activity and vapour
diffusion through human skin for the model compound, benzyl alcohol. Journal of Pharmacy

and Pharmacology 1985; 37: 84-90.



35.

36.

37.

38.

39.

40.

41.

Driver J, Ross J, Mihlan G, Lunchick C, Landenberger B Derivation of single layer clothing
penetration factors from the pesticide handlers exposure database. Regulatory Toxicology

and Pharmacology 2007; 49: 125-137.

Chao K-P, Wang P, Chen C-P, Tang P-Y Assessment of skin exposure to N,N-
dimethylformamide and methyl ethylketone through chemical protective gloves and
decontamination of gloves for reuse purposes. Science of The Total Environment 2011; 409:

1024-1032.

Berthet A, Hopf NB, Miles A, Spring P, Charriere N, Garrigou A et al Human skin in vitro
permeation of bentazon and isoproturon formulations with or without protective clothing

suit. Archives of Toxicology 2014; 88: 77-88.

Protano C, Guidotti M, Vitali M Performance of Different Work Clothing Types for Reducing
Skin Exposure to Pesticides During Open Field Treatment. Bulletin of Environmental

Contamination and Toxicology 2009; 83: 115-119.

Dickson EFG Estimates of Percutaneous Toxicity of Sulfur Mustard Vapor Suitable for Use in
Protective Equipment Standards. Journal of Toxicology and Environmental Health, Part A

2008; 71: 1382-1391.

Heck HD, Casanova-Schmitz M, Dodd PB, Schachter EN, Witek TJ, Tosun T Formaldehyde
(CH20) concentrations in the blood of humans and Fischer-344 rats exposed to CH20 under

controlled conditions. Am Ind Hyg Assoc J 1985; 46: 1-3.

Casanova M, d'A. Heck H, Everitt JI, Harrington WW, Popp JA Formaldehyde concentrations
in the blood of rhesus monkeys after inhalation exposure. Food and Chemical Toxicology

1988; 26: 715-716.



42. European Food Safety Authority Endogenous formaldehyde turnover in humans compared
with exogenous contribution from food sources. European Food Safety Authority Journal

2014; 12: 3550.



Table 1: Structural and physicochemical properties of the aldehydes investigated in this study (source: chemspider

database)
Property Acetaldehyde Acrolein Benzaldehyde Formaldehyde
0 i 0
Structure H3C \?O _\_C H H )_L
3 H™ “H
CAS number 75-07-0 107-02-8 100-52-7 50-00-0
Molecular Weight
4 45.05 56.07 106.13 30.03
(g.mol™?)
Boiling point (°C) 21 52.5 179 -19.5
Vapour Pressure
902 274 0.127 3890
(mm Hg at 25 °C)
Partition Coefficient
-0.34 -0.01 1.48 0.35
(Log Kow)
Solubility (g/L at
1000 212 6.95 400
25°C)
IDLH (ppm) 2000 2 NA 20
LCio (ppm) NA 153 NA NA
OSHA PEL (ppm) 200 0.1 NA 0.75



Figure 1: Penetration profiles of acrolein (153 ppm), acetaldehyde (996 ppm), benzaldehyde (167
ppm) and formaldehyde (1 000 ppm) vapour/gas through human abdominal skin. Values are mean +

SD, n > 3. LOD 0.166 ug/cm?. ND, not determined.

Figure 2: Absorption profiles of acrolein (153 ppm), acetaldehyde (996 ppm), benzaldehyde (167 ppm)
and formaldehyde (1 000 ppm) vapour/gas into human abdominal skin. Values are mean £ SD, n 2 3.

LOD 0.166 pg/cm?. ND, not determined.

Figure 3: The influence of denim and post-exposure ventilation on skin penetration (left) and
absorption (right) of (a) acetaldehyde vapour (996 ppm), (b) benzaldehyde vapour (167 ppm) and (c)

formaldehyde gas (1 000 ppm). Values are mean = SD (n = 3). ND, not determined.



