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Abstract: Firefighters face significant risks of exposure to toxic chemicals, such as polycyclic aromatic
hydrocarbons (PAHs), during fire suppression activities. PAHs have been found in the air, on the gear
and equipment, and in biological samples such as the skin, breath, urine, and blood of firefighters
after fire response. However, the extent to which exposure occurs via inhalation, dermal absorption,
or ingestion is unclear. In this study, three PAHs, naphthalene, phenanthrene, and benzo[a]pyrene,
were applied to porcine skin in vitro in an artificial sweat solution to better gauge firefighters’ dermal
exposures while mimicking their sweaty skin conditions using an artificial sweat dosing vehicle.
Multiple absorption characteristics were calculated, including cumulative absorption, percent dose
absorbed, diffusivity, flux, lag time, and permeability. The absorption of the PAHs was greatly
influenced by their molecular weight and solubility in the artificial sweat solution. Naphthalene had
the greatest dose absorption efficiency (35.0 ± 4.6% dose), followed by phenanthrene (6.8 ± 3.2%
dose), and lastly, benzo[a]pyrene, which had the lowest absorption (0.03 ± 0.04% dose). The lag times
followed a similar trend. All chemicals had a lag time of approximately 60 min or longer, suggesting
that chemical concentrations on the skin may be reduced by immediate skin cleansing practices after
fire exposure.

Keywords: dermal absorption; polycyclic aromatic hydrocarbons; benzo[a]pyrene; porcine skin;
fireground contaminants; firefighter

1. Introduction

Firefighters are repeatedly exposed to chemical hazards throughout their career. On
the fireground, there are numerous types of chemical hazards to which firefighters can be
exposed to, ranging from gaseous carbon monoxide and hydrogen cyanide to polycyclic
aromatic hydrocarbons (PAHs) in the soot and smoke, and to formaldehyde during over-
haul [1–4]. Several studies have now associated several types of cancers such as, but not
limited to, multiple myeloma, non-Hodgkin lymphoma, prostate cancer, kidney cancer,
and lung cancer to firefighters [5–8]. In 2022, the International Agency for Research on
Cancer (IARC) determined that the occupational exposure of firefighting is a Group 1
threat, meaning it is a known carcinogen, based on “sufficient” evidence for cancer in
humans [9]. The connection between firefighters and cancer is growing stronger as more
evidence is generated. As a result, efforts to understand firefighters’ chemical exposures
and identify methods to reduce, mitigate, or eliminate their exposures are increasing at a
rapid rate [1,10–12].

There are three main routes through which firefighters can be exposed to toxic fire-
ground contaminants: inhalation, dermal absorption, and ingestion. Inhalation is the
most prioritized exposure pathway to protect against because of the lungs’ sensitivity and
because several fireground contaminants have adverse respiratory effects [13]. Fortunately,
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exposure to chemicals can be drastically reduced when a self-contained breathing apparatus
(SCBA) is worn properly during times of exposure [14]. The second route of exposure of
primary concern is dermal absorption. This is the most difficult exposure pathway to assess.
Researchers face many challenges, which include the need for a standardized collection
media and method, biological differences and variability in exposure amongst individuals,
and understanding the source of contamination, whether it be from the fire scene or from
turnout gear that was contaminated previously and never thoroughly cleaned [15–17].
Due to these challenges, the dermal absorption of fireground contaminants is not well
understood. Ingestion is the final route of exposure, where exposures are likely to occur in
the living quarters of the fire stations eating contaminated foods [18].

Polycyclic aromatic hydrocarbons (PAHs) are a common fireground and environmen-
tal contaminant. Sixteen PAH compounds have been deemed as priority chemicals by the
Environmental Protection Agency (EPA) based on their abundance, toxicity, and potential
for exposure [19]. These compounds are produced as a byproduct of the incomplete combus-
tion of organic material and can be produced naturally and anthropogenically. Exposure to
PAHs has been associated with reproductive, developmental, and hemato-, cardio-, neuro-,
and immunotoxicity effects [20,21]. Once absorbed into the body, PAHs can promote the
formation of reactive oxygen species, which cause several adverse health effects. Addition-
ally, a synergetic effect between dermal exposure to PAHs and UV radiation is thought
to accelerate the development of skin diseases and cancer among researchers [22,23]. Al-
though studies have primarily focused on PAH exposure through ingestion and inhalation,
evidence related to the dermal absorption is slowly catching up. Animal studies using
pig, guinea pig, rat, and monkey skin all show that PAHs can penetrate the skin and be
absorbed into the body. Across several studies the absorption of lower-molecular-weight
PAHs (2-3 rings) is generally greater than higher-molecular-weight PAHs (4+ rings) [24–26].

During fire response, it is almost impossible to entirely avoid exposures to polycyclic
aromatic hydrocarbons due to their prevalence on the fireground. These compounds have
been found in the air, on the outside and inside of firefighters’ turnout gear, and on the skin
of firefighters after fire response activities [1,3,27–30]. The highest concentrations of PAHs
have been observed in air samples, ranging up to 2700 µg/m3 outside the ensemble and
up to 355 µg/m3 inside the turnout ensemble [30]. PAHs have been identified on the skin
and have been found to be as low as <4.5 ng/cm2 and as high as 1200 ng/cm2 [1,31,32].
Increased concentrations of PAHs have been found in areas correlated with the interface
areas of the turnout, for example, the neck, wrist, and forehead areas [33]. Additionally,
several studies have shown that the level of exposure for individuals is variable and
dependent on several factors; however, job duty (i.e., inside search vs. outside command)
appears to play a significant role in the average level of chemical exposure [1,34].

This study aims to investigate the percutaneous absorption of polycyclic aromatic
hydrocarbons through the skin during fire response. As mentioned previously, several
studies have previously established that PAH compounds penetrate the skin; however,
firefighters operate in extreme conditions, such as elevated temperatures, resulting in
excessive skin moisture via sweating. The layer of sweat generated during fire response may
interrupt dermal absorption mechanisms as PAHs become more lipophilic in nature as their
molecular weight increases. To investigate how PAHs penetrate firefighters’ skin and the
impact that sweat may play in dermal absorption, this study used an artificial sweat dosing
vehicle. Three different PAHs, naphthalene, phenanthrene, and benzo[a]pyrene, were dosed
to porcine skin in an artificial sweat dosing vehicle in an in vitro flow-through diffusion cell
system. The three PAHs selected included a 2-ring, 3-ring, and 5-ring compound, which
span the range of size and properties of EPA’s 16 priority PAHs. Ortho-phenylphenol was
included as a control chemical since it is a known dermal penetrant. Porcine skin was
used rather than human skin because it is more easily obtainable and has been shown
to behave similar to human skin in absorption studies [35–37]. The goal of this study
was to generate data to better understand the dermal absorption PAHs in human skin
under fire response conditions so that the fire service industry can identify more effective
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protocols to reduce, mitigate, or eliminate firefighter exposures (the data are available in
the Supplementary Files).

2. Materials and Methods
2.1. Chemicals

Test chemicals 14C-naphthalene (specific activity = 57 mCi/mmoL), 14C-phenanthrene
(specific activity = 55 mCi/mmoL), 14C-benzo[a]pyrene (specific activity = 26.6 mCi/mmoL),
and 14C-orthophenylphenol (specific activity = 150 mCi/mmoL) were obtained from Amer-
ican Radiolabeled Chemicals (Saint Louis, MO, USA). Chemical properties of the radiola-
beled chemicals can be seen in Table 1. Artificial eccrine perspiration (pH = 4.5 stabilized),
an artificial sweat, was used as the dosing vehicle and obtained from Pickering Laborato-
ries (USA). The cells used for the flow-through experiment were 9 mm (0.64 cm2) in-line
diffusion cells obtained from PermeGear (USA). The collection media were created the
day before the experiment and frozen until the day of the experiment. Ingredients for the
collection media included bovine serum albumin fraction V (2.25% w/v), sodium chloride
(0.3% w/v), potassium chloride (0.018% w/v), calcium chloride (0.014% w/v), potassium
phosphate monobasic (0.008% w/v), magnesium sulfate (0.015% w/v), sodium bicarbonate
(0.14% w/v), dextrose (0.06% w/v), distilled water (96.94% v/v), sodium heparin (0.25%
v/v), amikacin (0.0063% v/v), and penicillin G sodium (0.0025% v/v) (Millipore Sigma,
Saint Louis, MO, USA).

Table 1. Chemical properties of radiolabeled compounds used in flow-through experiments.

Naphthalene Phenanthrene Benzo[a]pyrene Orthophenylphenol

Formula C10H8 C14H10 C20H12 C12H10O

CAS Number 91-20-3 85-01-8 50-32-8 90-43-7

IARC Classification 2B 3 1 2B

Molecular Weight 128.2 178.2 252.3 170.2

Number of Aromatic Rings 2 3 5 2

Log Kow 3.30 a 4.46 a 6.13 a 3.09 a

Solubility in Water at 25 ◦C
(mg/L) 31 a 1.10 a 1.62 × 10−3 a 700 a

Radioactivity 1-14C 9-14C 7-14C Ring-14C

Specific Activity (mCi/mmol) 57 55 27 150

Concentration (mCi/mL) 0.1 0.1 0.1 0.1

Solvent Ethanol Ethanol Toluene Ethanol

Values obtained from a Hazardous Substances Data Bank IARC Classifications: 1-Known Carcinogen, 2A-Probably
Carcinogenic to humans, 2B-Possibly Carcinogenic to humans, 3-Not classifiable as to its carcinogenicity to
humans, 4-Probably not carcinogenic to humans.

2.2. Flow-Through Diffusion Cell Set Up

In vitro studies have repeatedly reported lower absorption compared to in vivo stud-
ies across multiple species [26,38,39]. The underestimated values from in vitro studies
often result from the removal of systemic uptake that occurs in the highly vascular and
hydrophilic upper dermis following permeation through the stratum corneum. For this
reason, the flow-through diffusion cell is preferred over the static diffusion cell system as it
mimics the continuous uptake as in vivo experiments [40].

The flow-through diffusion cell system, described by Bronaugh and Stewart [41], was
used to perfuse porcine skin membranes. Fresh porcine skin was obtained from the dorsal
area of Yorkshire/Landrace pigs 20–60 kg in size. Pig skin has been shown to be similar to
human skin with respect to stratum corneum, epidermal thickness, and permeability with less
variability [42–44]. The pigs were shaved and dermatomed to a thickness of 200–300 µm with
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an electric dermatome (Padgett Instruments, Kansas City, MO, USA). Afterwards, each piece
of skin was cut into a circular disk using a biopsy punch, placed into the diffusion cell, and
secured in place, providing a dosing surface area of 0.64 cm2. The porcine skin membranes
were dosed within 30 min of humane euthanasia of the porcine skin donor, so transepidermal
water loss and transepidermal electrical resistance skin integrity tests were not performed [45].
However, leak tests and visual damage assessments were performed prior to the start of the
experiment that may have occurred during the mounting procedure.

The dermal side of the skin disks was perfused with a bovine serum albumin collection
media and maintained at a pH between 7.3 and 7.6. The temperature of the diffusion cells
was maintained at 37 ◦C ± 1 ◦C using a heating block. The flow rate was maintained at
4 mL/h using a peristaltic pump. This flow rate was chosen to maintain sink conditions,
ensuring that the concentration of the test substances in the receptor fluid remained low, thereby
driving continuous diffusion through the skin. The flow rate of 4 mL/h is consistent with
standard protocols and regulatory guidelines. The room temperature and relative humidity
were recorded throughout the experiment for record keeping. Perfusate samples were collected
in glass scintillation vials at 0, 15, 30, 45, 60, 75, 90, 120, 180, 240, 360, and 480 min. After the
flow-through diffusion cell systems were set up, the chemical doses were added to each cell. The
time for the experiment and sample collection started immediately after the last cell was dosed.

2.3. Dosing Procedure

Test chemicals 14C-naphthalene, 14C-phenanthrene, 14C-benzo[a]pyrene, and 14C-
orthophenylphenol were made into separate dose mixtures. Each dosing solution was
prepared by adding the test chemical to the artificial sweat and then adding acetone (1%
of total volume). Each dosing solution was vortexed to ensure the test compound was
thoroughly mixed. Skin disks were dosed with 100 µL of the respective dosing solution
administered through a delivery channel using a pipette at the top of the cell, applying
either 1.57 µg/cm2 (~0.5 µCi) of NAP (n = 4), 7.76 µg/cm2 (~1.5 µCi) of PHEN (n = 5),
35.96 µg/cm2 (~2.5 µCi) of BAP (n = 5), and 1.96 µg/cm2 (~1.0 µCi) of OPP (n = 5). The
doses were aimed to apply finite doses to the skin surface based on OECD Guideline 428
for Testing of Chemicals in Skin Absorption: In Vitro finite doses (<5 mg/cm2) [45]. After
dosing, diffusion cells were covered with Parafilm® pieces (Pechiney Plastic Packaging, IL,
USA) to minimize the loss of semi-volatile compounds.

2.4. Recovery of PAHs in Stratum Corneum and Skin Layers

The recovery of all compounds was good: 95.9 ± 1.2, 97.9 ± 3.5, and 99.0 ± 1.1%
dose for naphthalene, phenanthrene, and benzo[a]pyrene. The majority of the dose that
was not absorbed was recovered from the surface of the skin. Meanwhile, small amounts
of naphthalene and benzo[a]pyrene were recovered from the skin itself, 0.7 ± 0.2 and
0.5 ± 0.5% dose, respectively. Phenanthrene had significantly more dose recovered from
the skin, 32.3 ± 5.2% dose, than naphthalene and benzo[a]pyrene. Minimal amounts of
each compound were recovered from the stratum corneum of the skin: 0.1 ± 0.1, 2.3 ± 0.6,
and 0.1 ± 0.0 for naphthalene, phenanthrene, and benzo[a]pyrene, respectively. A summary
of each chemical recovered from the skin can be found in Table 2.

Table 2. Mass balance summary of 14C PAH compounds.

Dose
(µg/cm2)

Skin Surface
(% Dose)

Stratum Corneum
(% Dose)

Skin
(% Dose)

Absorption
(% Dose)

Total Recovery
(% Dose)

Naphthalene 1.57 60.3 ± 4.5 0.1 ± 0.1 0.7 ± 0.2 35.0 ± 4.6 96.1 ± 1.1

Phenanthrene 7.76 56.5 ± 3.5 2.3 ± 0.6 32.4 ± 5.2 6.8 ± 3.2 98.1 ± 3.3

Benzo[a]pyrene 35.96 98.0 ± 2.1 0.1 ± 0.2 1.8 ± 1.8 0.03 ± 0.04 100.0 ± 2.2

Ortho-phenylphenol 1.96 56.4 ± 11.7 0.3 ± 0.3 10.6 ± 3.3 30.1 ± 9.5 97.4 ± 3.0
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2.5. Sample Analysis

Perfusate samples were taken at time points of 0, 15, 30, 45, 60, 75, 90, 120, 180, 240, 360,
and 480 min after dosing. After the experiment, aliquots of the perfusate were transferred
to new scintillation vials along with 15 mL of BioScint (National Diagnostics, GA, USA)
and analyzed using a liquid scintillation counter for 14C determination. At the end of the
experiment, the remaining dose was removed from the surface of the skin membrane with
a cotton swab. The skin membranes were transferred to wax paper, where the surface of
each skin disk was then tape-stripped (Scotch Tape; 3M, St. Paul, MN, USA) six times,
placing three strips into a single scintillation vial, and adding 10 mL of ethyl acetate. After
tape-stripping, the center of the skin disks was punched with an 8 mm biopsy tool, and
the center and peripheral skins were separated and placed into individual scintillation
vials along with 2 mL of BioSol (National Diagnostics, GA, USA). The skin samples were
incubated at 50 ◦C for 8–12 h and analyzed using a liquid scintillation counter for 14C
determination (MDL: 51 CPM). The fingertips of the gloves used during swabbing and tape
stripping were extracted with ethanol.

2.6. Absorption Parameters Calculations

Absorption was defined as the total percentage of dose detected in the perfusate.
Cumulative absorption (µg/cm2) was calculated by summing the total dose that was
detected in the perfusate at each sampling time. Flux (µg/cm2/h) was obtained from
the steady-state slope of the curves of cumulative absorption versus time, illustrated in
Figure 1. The permeability coefficient (Kp) (cm/h) was calculated from the ratio of the
flux (µg/cm2/h) to the concentration (Cs) (µg/cm3) of the dose. The dose concentration
was obtained from 10 µL pre- and post-dose checks. The lag time (τ) was obtained by
extrapolating the steady-state portion of the curve back to the time- or x-axis. This lag time
was related back to diffusivity (D) and membrane thickness (L) by the following equation:
D = L2/6 (τ). Student’s t-test was performed to determine significant differences at p < 0.05.
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Figure 1. Plot of cumulative absorption (µg/cm2) versus time (h) for naphthalene in artificial sweat
following topical application to porcine skin in in vitro flow-through diffusion cells. The best-fit line
was used to calculate the steady-state flux for the test compounds.
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3. Results
Dermal Absorption, Flux, Permeability, and Diffusivity

Both measures of total mass absorbed, and percent dose absorbed are valuable to
understand different aspects of absorption kinetics and mechanisms for absorption [46].
Total mass absorbed indicates the amount that reaches systemic circulation, whereas per-
cent dose absorbed provides information about the efficiency of the absorption process.
The relationship between total mass absorbed and percent dose absorbed can provide
insights into absorption at low or high doses [47,48]. Dermal absorption characteristics cu-
mulative absorption (% dose), cumulative absorption (µg/cm2), dose absorption efficiency
(% dose), lag time (minutes), diffusivity (cm2/h), and permeability (cm/h) are reported
as mean ± standard deviation, while max flux (% dose/h) is reported as a range of the
maximum value across measurements.

The cumulative absorption of ortho-phenylphenol was 30.1 ± 9.5% dose and is com-
parable to the absorption reported from a human volunteer study conducted by Timchalk
et al. (1998), where the % dose of OPP recovered in urine was 42.7 ± 11.0 [49]. This confirms
the accuracy of the flow-through system, as OPP behaved as expected.

The absorption of the three PAHs tested demonstrates that lower-molecular-weight
PAHs penetrate more than larger-molecular-weight PAHs, which is consistent with pre-
vious findings. The max flux of naphthalene (7–11% dose/h) was greatest, followed by
phenanthrene (1–2% dose/h), and benzo[a]pyrene had the lowest max flux among the
PAH compounds (0.002–0.020% dose/h), and OPP was between NAP and PHEN (4–7%
dose/h), as shown in Figure 2. The same trend was observed in dose absorption efficiency.
Naphthalene (35.0 ± 4.6% dose) had the greatest amount of dose absorbed, followed by
phenanthrene (6.8 ± 3.2% dose), and benzo[a]pyrene (0.03 ± 0.04% dose) had minimal
amounts of absorption. The cumulative absorption (µg/cm2) of naphthalene, phenan-
threne, and benzo[a]pyrene was 0.55 ± 0.07, 0.53 ± 0.25, and 0.011 ± 0.013, respectively.
The cumulative absorption profiles of the PAH compounds can be seen in Figure 3. There
were no significant differences in the mass absorbed between naphthalene and phenan-
threne even though there was a significant difference in the percentage dose absorbed. This
difference is due to the molecular weight of the compounds. Phenanthrene is larger, so
although less of it was absorbed, it had a similar mass absorbed relative to naphthalene.
While lower-molecular-weight PAHs are more likely to penetrate the skin, they are often
not as toxic as the larger-molecular-weight PAHs. However, in this circumstance, NAP
is a group 2B carcinogen (possibly carcinogenic to humans), while PHEN is a group 3
carcinogen (not classifiable as to its carcinogenicity to humans) [50]. NAP is more likely
to penetrate the skin due to its size and cause dermal toxic effects, such as erythema and
fissuring, and when absorbed, it leads to toxic system effects [51].

The lag time of naphthalene and phenanthrene was 52 ± 8 and 183 ± 21 min,
respectively. The diffusivity (cm2/h) of naphthalene was greater than phenanthrene,
0.93 ± 0.15 vs. 0.22 ± 0.03. The same trend was observed in the permeability value (cm/h):
12.4 ± 2.2 × 10−3 for naphthalene and 2.1 ± 0.9 × 10−3 for phenanthrene.

Due to the low absorption of benzo[a]pyrene (<0.5% dose), it was difficult to accurately
and confidently calculate the steady state. Without an accurate calculation of the steady
state, the lag time, diffusivity, and permeability values of benzo[a]pyrene would also
be inaccurate. Therefore, benzo[a]pyrene was excluded from the graphical illustration,
absorption value calculations, and comparisons.
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threne (B), and ortho-phenylphenol (C).
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4. Discussion
4.1. Dermal Absorption Factors

Dermal absorption is a relatively simple concept of diffusion but is complicated by
numerous chemical, skin, and environmental factors, and subsequent interactions [15]. In
occupational exposure assessments, the job complexity and interindividual differences add
another layer of complexity [1]. In general terms, for a chemical to penetrate the skin, it must
first come in contact with the skin, often delivered by a vehicle. For firefighters, the vehicle
for chemical exposure is dust, smoke, and particulate matter. Sometimes, no vehicle is used,
as in the case of gases and vapors. The first step of dermal absorption is the partition of the
chemical from the vehicle to the stratum corneum [52]. More lipophilic compounds will
more easily partition into the stratum corneum than hydrophilic compounds because the
stratum corneum is primarily a lipophilic environment comprising corneocytes and a lipid
matrix [53]. After partitioning the stratum corneum, the second stage of dermal absorption
begins, where the compound may penetrate the subsequent layers of the epidermis and
dermis [54]. If the chemical penetrates these layers, it will likely be absorbed into the body
by the capillary loops at the epidermis–dermis junction [55]. However, that a chemical
penetrates the stratum corneum (SC) does not guarantee its absorption into the body; as
Bourgart et al. (2019) and Liu et al. (2011) demonstrated, highly lipophilic chemicals
are favorable to remain in the subcutaneous membrane without further diffusion [56,57].
Retained toxic chemicals within the skin may become systemically available later and can
lead to unfavorable health effects in the site of absorption and organs. Highly lipophilic
chemicals may more easily partition into the SC but struggle to navigate into viable skin,
which is highly hydrophilic, confirmed by Roy et al. (1998), who reported a decrease in
viable skin diffusion for compounds with log P greater than 2 [53].

Several factors can impact the absorption of a chemical, including dose vehicle; physic-
ochemical properties such as size, molecular weight, and lipophilicity; environmental
effects such as temperature and relative humidity; as well as skin conditions such as age,
hydration, and anatomical location [58,59]. All of these variables can influence the bioavail-
ability of the penetrating chemical and subsequent absorption. The Dalton 500 rule is a
general predictor of a chemical’s ability to penetrate the skin. It states that chemicals with a
molecular weight less than 500 Dalton can easily pass through the stratum corneum, but as
the molecular weight of a chemical increases, their absorption rapidly declines [60]. All
the PAH compounds tested have molecular weights less than 500 Dalton. Their absorption
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did follow the 500 Dalton trend, where the smallest PAH, naphthalene, had the greatest
degree of absorption, followed by the middle-sized PAH phenanthrene, and then the largest
PAH benzo[a]pyrene, which had the lowest amount of dose absorbed. In addition to size
and molecular weight, the octanol–water partition coefficient or lipophilicity is a popular
indicator of a chemical’s ability to penetrate the stratum corneum [61]. Chemicals with a
log Kow greater than -1 and less than 4 are expected to have high rates of absorption, and
chemicals outside the previously mentioned range are expected to have approximately 10%
absorption [46]. As the log Kow of the PAHs in this experiment increased, the percentage
dose absorbed decreased. The log Kow value of naphthalene is 3.30, phenanthrene is 4.46,
and benzo[a]pyrene is 6.13. Phenanthrene had a significantly lower percentage dose ab-
sorbed compared to naphthalene, and benzo[a]pyrene was even less. The drastic drop in
absorption as lipophilicity increased could also be explained by the chemical’s solubility in
the dose vehicle. The artificial sweat vehicle is primarily water with the addition of salts
and amino acids. The solubility of the PAHs decreases rapidly in water, from 31 mg/L for
naphthalene to 1.10 mg/L for phenanthrene to 0.00162 mg/L for benzo[a]pyrene. The low
solubility of benzo[a]pyrene was recognized in the experimental design, so acetone was
added to the dosing solution (1% of volume). Initial solubility tests indicated that the 1%
acetone–sweat solution was viable for the experiment; however, this may have not been
enough to prevent benzo[a]pyrene from “falling out of solution”. This was confirmed by
the large amount of dose (>95% dose) recovered from the skin surface swabs post experi-
ment, as shown in Table 2. The lack of dermal absorption (<1% dose absorbed) suggests
that benzo[a]pyrene had limited to no contact with the skin, preventing dermal absorption.

The role of the dosing vehicle is to ensure that the drug or chemical of interest is
uniformly distributed over the skin surface [46,62]. Organic solvents are typically the
solvent of choice for dosing vehicles in dermal absorption studies because they quickly
evaporate from the surface of the skin and leave the penetrating chemical on the surface of
the skin, thus reducing any dose vehicle–chemical interactions [46]. Most dermal absorption
studies on naphthalene and benzo[a]pyrene have used acetone or an acetone mixture for
their dosing vehicles. However, the artificial sweat dosing vehicle used in this study was
99% water, and the 1% acetone added to the dose solution was not expected to impact
diffusion. While the artificial sweat vehicle appeared to greatly impact the absorption
of benzo[a]pyrene, the purpose of applying the PAH compounds in the artificial sweat
dosing vehicle was to understand the dermal absorption during a worst-case scenario of a
fireground contaminant coming into contact with a firefighter’s skin. The other two PAHs,
NAP and PHEN, penetrated the skin in the presence of the aqueous environment, indicating
little to no impact of sweat on dermal absorption. In this study, the trend of less lipophilic
compounds having greater absorption is a result of the dose vehicle–chemical interaction.
Furthermore, during the experiment, the diffusion cells were occluded, preventing the
artificial sweat vehicle from evaporating, leading to increased interactions between the
dosing vehicle and penetrating chemical.

4.2. Comparisons with Other Dermal Absorption Studies
4.2.1. Naphthalene Absorption

The percutaneous absorption of naphthalene has been extensively studied in numerous
dose vehicles, including powder, saturated aqueous solutions, jet fuel mixtures, and organic
solvent mixtures. Baynes et al. (2000) studied the percutaneous absorption of NAP from
various jet fuels and reported flux values of 0.156 ± 0.03 µg/cm2/h [63]. Frasch et al.
(2007) studied the absorption of NAP in a powder and saturated aqueous vehicle. The
steady state flux of NAP decreased by 45% from the powder (30.39 ± 2.03 µg/cm2/h) to
the aqueous vehicle (13.61 ± 4.54 µg/cm2/h) [64]. The flux of NAP in the aqueous vehicle
from Frederick’s study was significantly higher than the flux values in this study and that
of Baynes et al. These differences are likely a result of the infinite dose applied and the
different dose vehicles. The flux value of NAP in this study was 0.124 ± 0.02 µg/cm2/h
similar to the flux value in Baynes et al. (2000) and significantly less than the value reported
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in Frasch et al. (2007). However, Frasch et al. (2007) used an infinite dose, whereas this
study used a finite dose, which is the likely cause for the differences. Although the dose
conditions were different, the lag times were similar: 1.0 ± 0.4 h vs. 0.9 ± 0.2 h in Frederick
et al.’s (2007) study and this study, respectively. In all studies, NAP was demonstrated to
readily penetrate the skin in lipophilic and hydrophilic environments.

4.2.2. Phenanthrene Absorption

The percutaneous absorption of phenanthrene has not been studied to the same extent
as naphthalene and beno[a]pyrene, as its properties fall between formerly mentioned PAH
compounds. Ng et al. (1990) was one of the earliest studies on percutaneous absorption of
PHEN, dosing 6.6 µg/cm2 in an acetone vehicle, demonstrating increased absorption at
the 6 h mark from 2.4% to 38.9% when changing the receptor fluid from HHBSS to HHBSS
+ 4% bovine serum albumin (BSA) in guinea pig skin [65]. Sartorelli et al. (2001) showed
9.58 ± 4.70% dose absorption of phenanthrene at 6 h with an acetone vehicle in human
cadaver skin [66]. Neither study reported flux, lag time, nor permeability coefficient. In
this study, 6.8 ± 3.2% dose of the 7.8 µg/cm2 of PHEN applied to the skin was absorbed.
Although on the lower end, the absorption in this study is within the range of absorption
reported by Ng et al. (1990) and is consistent with the absorption reported by Sartorelli
et al. (2001). The cumulative percentage dose of PHEN absorbed was significantly less than
NAP, suggesting that PHEN is less efficient at navigating the skin barrier.

4.2.3. Benzo[a]pyrene Absorption

The absorption results of BAP in this study were unlike results from previous in vivo
and in vitro studies which have previously shown that benzo[a]pyrene readily penetrates
the skin. Yang et al. (1986) reported BAP absorption in Sprague Dawley rats after 24 h
in the range of 0.14 ± 0.04–17.2 ± 2.0% dose in vitro and 5.8% dose in vivo [38]. Moody
et al. (1995) reported BAP % dose in the reception fluid after 48 h to be 27.5 ± 1.33,
3.3 ± 0.68, and 1.5 ± 0.63 in hairless guinea pig and 32-year-old and 50-year-old humans,
respectively [26]. Kao et al. (1985) reported that the absorption of BAP after 17 h was less
than 0.8 and 0.2 (% dose) in viable and nonviable rat skins, respectively [67]. Each previous
study used an acetone or acetone mixture for their dose vehicle, whereas this study used
an aqueous artificial sweat dose vehicle. Although the artificial sweat dosing vehicle is
not a common vehicle for traditional dermal absorption studies, it does provide a more
realistic representation of absorption for firefighters. The low absorption of BAP in this
study is likely a dose vehicle–chemical interaction, as the solubility of BAP in water is low:
1.62 × 10−3 mg/L. This study shows that BAP absorption can be drastically reduced when
the skin is saturated with sweat.

4.3. Application to Firefighters

An important consideration for dermal exposure for firefighters is that the primary
vehicle for PAH exposure is particulate matter and vapor. Few studies have looked at the
absorption of PAHs through a vapor or gaseous vehicle; meanwhile, there are some studies
that have tested the absorption of PAHs in dust and soil, which are similar to the particulate
matter that firefighters would encounter [24,39,66]. Wester et al. (1990) reported that the
absorption of BAP from a soil vehicle is significantly lower than that from an acetone
vehicle in human cadaver skin: 1.4 ± 0.9% vs. 23.7 ± 9.7%, respectively [39]. Sartorelli et al.
(2001) later supported these results by showing the absorption of PAHs from an acetone
vehicle and minimal absorption from coal dust [66]. Luo et al. (2020) later built upon
Sartorelli’s study looking at the PAH absorption from indoor dust in a synthetic sweat and
sebum mixture [24]. Luo et al.’s (2020) findings demonstrated that low-molecular-weight
PAHs (NAP) had greater absorption than high-molecular-weight PAHs (BAP), which agree
with the findings in this study. The purpose of using an artificial sweat solution as the
dosing vehicle in this study was to investigate the impact of sweat on the absorption of
PAHs.
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Overall, firefighter dermal exposures are difficult to quantify. Although chemicals may
be found on the skin, they may not be entirely available for dermal absorption. PAHs on
the fireground are present in vapors, particulate matter, or smoke sources. Vehicles such as
particulate matter or smoke that are primarily of carbon will retain any chemicals adsorbed
to the surface of the particle due to van der Waals forces and analogous phenomena, thus
decreasing their availability for absorption. Sartorelli et al. (2001) highlights the monolayer
phenomenon, which states that only a monolayer of soil or particulates will be in contact
with the surface of the skin and likely limit dermal uptake from solids [66]. However, sweat
may play an important role in firefighters’ exposure. Luo et al.’s (2020) findings suggest
that dermal bioaccessiblity of PAHs in indoor dust may change depending on the solid
matter/liquid ratio, solubility, and sorption mechanism between organic matter in indoor
dust and PAHs [24].

Another important consideration for firefighter dermal exposures is the time from
exposure to decontamination. Many fire stations are now implementing on-scene decon-
tamination strategies to reduce the time to a first pass of cleaning for the turnout gear and
firefighters themselves [1]. A survey study of 482 firefighters highlighted that although
firefighters had positive attitudes towards clean turnout gear and believed that cleaning
their gear would reduce their risk of cancer, there was a large disconnect between their
beliefs and actions. The survey results showed that showering within the hour of exposure
was the only method of decontamination implemented routinely, and few firefighters, less
than 20%, reported that they frequently or always cleaned their gear before leaving the fire
scene or used decontamination wipes [68].

Skin decontamination has not been studied as well as turnout decontamination in
the fire service industry. One study conducted by Keir et al. (2023) showed that water
and water–soap decontamination strategies are capable of removing significant amounts
of PAHs from the skin, although no significant reduction in the internal dose was ob-
served [69]. For skin decontamination, it is commonly practiced to use copious amounts of
water or water + soap to remove contaminants from the skin surface, and it is generally
recommended for most contaminants [70]. Water and water + soap skin decontamination
has been shown to decrease contamination levels and dermal absorption of pesticides,
cleaning, cosmetic, and therapeutic agents, as well as chemical warfare agents and simu-
lants [71–73]. However, there is concern among firefighters regarding the ingredients in
skin cleansing wipes enhancing dermal absorption by the “wash-in” phenomenon. The
“wash-in” phenomenon is when solvents enhance the penetration of chemicals rather than
washing them off [26]. The “wash-in” phenomenon has been demonstrated in multiple
studies where a soap wash was used to clean the skin [26,74,75].

The efficiency for the skin cleansing decontamination method can be partly explained
by the physicochemical properties of each contaminant, such as hydrophobicity, octanol–
water partition coefficient, molecular weight, and volatility [76]. Chemicals that readily
penetrate the skin, like naphthalene, become unavailable to be washed off or removed after
penetrating the skin. So, chemical properties that favor skin penetration are unfavorable
for decontamination efficacy. Highly volatile compounds generally have reduced rates of
dermal penetration due to their tendency to evaporate from the skin [77].

The lag times of naphthalene and phenanthrene are approximately 60 min and 180 min,
respectively. This indicates a window of opportunity for firefighters to perform skin decon-
tamination to reduce their exposures to PAHs. However, significant amounts (>30% dose)
of PHEN were found on the skin deposits at the end of the eight-hour exposure. Com-
pounds remaining in the skin compartments post exposure may continue to be absorbed
through the skin [78]. Strong chemicals binding to skin components or the removal of
the chemicals through skin shedding would prevent the systemic absorption of chemicals
remaining in the SC and skin [73]. However, the remaining NAP and PHEN in the skin
or skin compartments will continue to be absorbed post-exposure [79,80]. It is unlikely
to remove contaminants that have already penetrated the skin; however, specialized skin
decontamination methods such as dermal decontamination gels (DDgels) have been shown
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to back extract chemical warfare agents from the skin [70]. Unfortunately, firefighters may
not have access to specialized decontamination methods, and water and soapy water skin
decontamination is unlikely to remove any contaminants that remain on the skin.

Currently, firefighters are most likely to shower upon returning to the fire station,
one to two hours post-exposure [68]. To minimize dermal exposures, firefighters should
partake in water or soapy water skin decontamination as early as possible to remove
the bulk of the contaminant from the skin. Multiple skin decontamination studies have
emphasized that skin decontamination should occur as soon as possible (<10 min post-
exposure) to remove the bulk of the contaminant from the skin surface and minimize
post-exposure absorption [71,72,81]. The impact of skin decontamination would be most
effective for compounds like PHEN and BAP, which are more likely to be on the particulate
phase and be deposited on the skin, and also have lower rates of skin penetration in
aqueous environments [5,82,83]. Immediate skin decontamination will be most effective
for reducing these compounds, such as PHEN, on the skin and the amount remaining on
the skin compartment post-exposure. However, the amount of reduction is difficult to
predict as factors such as cleaning thoroughness, anatomical site, and skin decontamination
method may change effectiveness. The time differences in current practice vs. what is
recommended warrant investigation into the impact of time till skin decontamination for
firefighters. Additionally, investigation into the “wash-in” phenomenon and the cost vs.
benefit of skin decontamination for PAHs and other fireground contaminants is justified.

The goal of this study was to simulate the worst-case scenario of firefighter exposures,
where firefighters are continuously exposed during an eight-hour emergency response or
work shift. The artificial sweat dose vehicle was selected over traditional organic solvent
vehicles due to the sweat firefighters produce during fire response. Athletes can lose as
much as 0.5–2.0 L of sweat per hour, and while wearing turnout gear, firefighters are
capable of equal, if not greater, amounts of sweat loss [84]. Although crucial information
regarding the absorption of PAHs in artificial sweat was generated, there are limitations in
this study. Liquid chemicals were used rather than vapor, particulate, or soil, which were
chosen to due to their greater accessibility and the lack of radiolabeled vapor, particulate,
or soil materials. Additionally, as previously mentioned, vehicles with higher carbon
amounts resulted in decreased amounts of PAH absorption compared to organic-solvent
vehicles [39]. Furthermore, in vitro studies have repeatedly reported lower absorption
compared to in vivo studies across multiple species, including humans and pigs [26,38,39].
Although no animal skin model can replicate the absorption in human skin, pig or porcine
skin is the most relevant animal model and has been reviewed and validated over many
years [54,85]. Considering the limitations of this study, the results are valuable to better
understanding firefighters’ chemical exposures during fire response and the potential to
decrease chemical exposures with skin decontamination. Additionally, this is the first study
to investigate the absorption of NAP, PHEN, and BAP in an artificial sweat dosing vehicle
in vitro. This study is also the first to report lag time for PHEN in porcine skin and to
demonstrate that the absorption of BAP is drastically reduced in an aqueous environment
such as artificial sweat.

5. Conclusions

Exposure to fireground contaminants is inevitable for firefighters, whether it be expo-
sure during fire response activities, overhaul, or post-fire exposures. This study aimed to
evaluate the dermal absorption of PAHs in vitro for firefighters by using an artificial sweat
dosing vehicle to mimic the sweat produced during fire response. Molecular weight and
solubility appeared to play the largest role in PAH absorption when the skin was saturated
with sweat. Naphthalene had the highest percent dose absorbed and was the smallest PAH
and the most soluble in water. Phenanthrene is a medium-sized PAH and is less soluble in
water than naphthalene; it had a lower percentage dose absorbed. Lastly, benzo[a]pyrene,
the largest and least soluble PAH, had minimal amounts absorbed in the skin: less than 1%
total dose.
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On-scene decontamination is becoming more popular among firefighters. One form
of on-scene decontamination is skin decontamination. The lag time of naphthalene and
phenanthrene and the minimal absorption of benzo[a]pyrene in the presence of sweat
indicates that there is a window of opportunity for firefighters to remove contaminants
from their skin and reduce the post-exposure absorption of contaminants. The goal of skin
decontamination for firefighters should be to remove the bulk of contaminants on the skin
to minimize post-exposure absorption and overall dermal exposures.

Lastly, chemical absorption from carbon-based vehicles, such as particulate matter
from smoke and soot, is lower compared to either aqueous or organic solvents. This study
used liquid chemicals, and it is suggested that if the study is repeated with a particulate or
soil vehicle, then the absorption of PAHs would be reduced. The role of the dose vehicle is
critical for firefighters to consider as their exposures include a wide range of toxic chemicals
in various phases of matter.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics12080588/s1, the data are available in the Supplementary
Files.

Author Contributions: Conceptualization, C.P., R.B.O. and R.B.; methodology, C.P., E.N. and R.B.;
formal analysis, C.P.; investigation, C.P. and E.N.; resources, R.B.O. and R.B.; data curation, C.P.;
writing—original draft preparation, C.P.; writing—review and editing, C.P., R.B.O., R.B. and E.N.;
visualization, C.P.; supervision, R.B.O. and R.B.; project administration, C.P. and R.B.O.; funding
acquisition, R.B.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Federal Emergency Management Agency (EMW-2019-FP-
00392).

Institutional Review Board Statement: The experiments followed ethical guidelines and principles
outlined in the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals.
These guidelines ensure that all research involving animal tissues is conducted with the highest
standards of ethical consideration, focusing on minimizing harm and ensuring the humane treatment
of animals. The experimental procedures involving the use of pig skin in this study were reviewed
and deemed compliant with ethical standards of NC State University. The pig skin used in this
research was obtained post-mortem from animal donors that were used in experiments conducted at
NC State University where IRB and IACUC approval was obtained. The use of post-mortem animal
tissues is in accordance with the ethical guidelines and principles outlined by the Guide for the Care
and Use of Laboratory Animals and relevant institutional policies. The Institutional Animal Care
and Use Committee at NC State University confirmed that the experimental methodology met the
requirements for ethical standards and research involving animal-derived materials. The researchers
involved in this study have received appropriate training in ethical research practices, and they
committed to upholding the principles of ethical research conduct throughout the course of the
experiment. The study’s findings are expected to contribute valuable knowledge to the field while
maintaining the highest ethical standards in research.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to generate tables, figures, and absorption values
presented in this study can be found in the Supplementary Files.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Fent, K.W.; Alexander, B.; Roberts, J.; Robertson, S.; Toennis, C.; Sammons, D.; Bertke, S.; Kerber, S.; Smith, D.; Horn, G.

Contamination of firefighter personal protective equipment and skin and the effectiveness of decontamination procedures. J.
Occup. Evniron. Hyg. 2017, 14, 801–814. [CrossRef] [PubMed]

2. Fent, K.W.; Evans, D.E.; Booher, D.; Pleil, J.D.; Stiegel, M.A.; Horn, G.P.; Dalton, J. Volatile Organic Compounds Off-gassing from
Firefighters’ Personal Protective Equipment Ensembles after Use. J. Occup. Evniron. Hyg. 2015, 12, 404–414. [CrossRef] [PubMed]

3. Fernando, S.; Shaw, L.; Shaw, D.; Gallea, M.; VandenEnden, L.; House, R.; Verma, D.K.; Britz-McKibbin, P.; McCarry, B.E.
Evaluation of Firefighter Exposure to Wood Smoke during Training Exercises at Burn Houses. Evniron. Sci. Technol. 2016, 50,
1536–1543. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/toxics12080588/s1
https://www.mdpi.com/article/10.3390/toxics12080588/s1
https://doi.org/10.1080/15459624.2017.1334904
https://www.ncbi.nlm.nih.gov/pubmed/28636458
https://doi.org/10.1080/15459624.2015.1025135
https://www.ncbi.nlm.nih.gov/pubmed/25751596
https://doi.org/10.1021/acs.est.5b04752
https://www.ncbi.nlm.nih.gov/pubmed/26726952


Toxics 2024, 12, 588 14 of 17

4. Logan, M.; Kirk, K. Structural Fire Fighting Ensembles: Accumulation and Off-gassing of Combustion Products. J. Occup. Environ.
Hyg. 2015, 12, 376–383. [CrossRef]

5. Boffetta, P.; Jourenkova, N.; Gustavsson, P. Cancer risk from occupational and environmental exposure to polycyclic aromatic
hydrocarbons. Cancer Causes Control 1997, 3, 444–472. [CrossRef] [PubMed]

6. International Agency for Research on Cancer. Firefighting. In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans;
Volume 98 Painting, Firefighting, and Shiftwork; World Health Organization International Agency for Research on Cancer: Lyon,
France, 2010; pp. 395–559.

7. Daniels, R.D.; Kubale, T.L.; Yiin, J.H.; Dahm, M.M.; Hales, T.R.; Baris, D.; Zahm, S.H.; Beaumont, J.J.; Waters, K.M.; Pinkerton, L.E.
Mortality and cancer incidence in a pooled cohort of US firefighters from San Francisco, Chicago and Philadelphia (1950–2009).
Occup. Evniron. Med. 2014, 74, 388–397. [CrossRef] [PubMed]

8. LeMasters, G.K.; Genaidy, A.M.; Succop, P.; Deddens, J.; Sobeih, T.; Barriera-Viruet, H.; Lockey, J. Cancer Risk among Firefighters:
A Review and Meta-analysis of 32 Studies. J. Occup. Environ. Med. 2006, 48, 1189–1202. [CrossRef] [PubMed]

9. Demers, P.A.; DeMarini, D.M.; Fent, K.W.; Glass, D.C.; Hansen, J.; Adetona, O.; Anderson, M.H.; Freeman, L.E.; Caban-Martinez,
A.J.; Daniels, R.D.; et al. Carcinogenicity of occupational exposure as a firefighter. Lancet Oncol. 2022, 23, 985–986. [CrossRef]
[PubMed]

10. Cherry, N.; Galarneau, J.-M.; Kinninburgh, D.; Quenmerais, B.; Tiu, S.; Zhang, X. Exposure and Absorption of PAHs in Wildland
Firefighters: A Field Study with Pilot Interventions. Ann. Work Expo. Health 2021, 65, 148–161. [CrossRef] [PubMed]

11. Calvillo, A.; Haynes, E.; Burkle, J.; Schroeder, K.; Calvillo, A.; Reese, J.; Reponen, T. Pilot study on the efficiency of water-only
decontamination for firefighters’ turnout gear. J. Occup. Environ. Hyg. 2019, 16, 199–205. [CrossRef] [PubMed]

12. Fent, K.W.; LaGuardia, M.; Luellen, D.; McCormick, S.; Mayer, A.; Chen, I.-C.; Kerber, S.; Smith, D.; Horn, G.P. Flame retardants,
dioxins, and furans in air and on firefighters’ protective ensembles during controlled residential firefighting. Environ. Int. 2020,
140, 105756. [CrossRef]

13. Council, N.R. Environmental and Exposure Pathways. In Strategies to Protect the Health of Deployed U.S. Forces: Detecting,
Characterizing, and Documenting Exposures; McKone, T.E., Huey, B.M., Downing, E., Duffy, L.M., Eds.; Department of Defense and
the National Academy of Sciences: Washington, DC, USA, 2000; pp. 68–85.

14. Occupational Safety and Health Administration. OSHA Respiratory Protection Standard (29 CFR 190.134); United States Government:
Washington, DC, USA, 2011.

15. Buist, H.; Craig, P.; Dewhurst, I.; Bennekou, S.H.; Kneuer, C.; Machera, K.; Pieper, C.; Marques, D.C.; Guillot, G.; Ruffo, F.; et al.
Guidance on Dermal Absorption. Eur. Food Saf. Auth. J. 2017, 15, e04873.

16. Therkorn, J.; Mathewson, B.A.; Laursen, C.J.; Maberti, S.; Aizenberg, V.; Dinkelacker, B.T.; Rege, S. Methods to assess dermal
exposures in occupational settings: A scoping review. Ann. Work Expo. Health 2024, 68, 351–365. [CrossRef] [PubMed]

17. Schneider, T.; Cherrie, J.W.; Vermeulen, R.; Kromhout, H. Dermal Exposure Assessment. Ann. Occup. Hyg. 2000, 44, 493–499.
[CrossRef]

18. Horn, G.P.; Kerber, S.; Fent, K.W.; Smith, D.L. Management of Firefighters’ Chemical & Cardiovascular Exposure Risks on the
Fireground. Int. Fire Serv. J. Leadersh. Manag. 2020, 14, 7–16. [PubMed]

19. Agency for Toxic Substances and Disease Registry. Toxicological Profile for Polycyclic Aromatic Hydrocarbons; U.S. Department of
Health and Human Services: Atlanta, GA, USA, 1995.

20. Abdel-Shafy, H.I.; Mansour, M.S. A review on polycyclic aromatic hydrocarbons: Source, environmental impact, effect on human
health and remediation. Egypt. J. Pet. 2016, 25, 107–123. [CrossRef]

21. Kamal, A.; Cincinelli, A.; Fau-Martellini, T.; Fau-Malid, R.N.; Malik, R.N. A review of PAH exposure from the combustion of
biomass fuel and their less surveyed effect on the blood parameters. Environ. Sci. Pollut. Res. 2015, 22, 4076–4098. [CrossRef]
[PubMed]

22. Araviiskaia, E.; Berardesca, E.; Bieber, T.; Gontijo, G.; Viera, M.S.; Marrot, L.; Chuberre, B.; Dreno, B. The impact of airborne
pollution on skin. J. Eur. Acad. Dermatol. Venereol. 2019, 33, 1496–1505. [CrossRef]

23. Marrot, L. Pollution and Sun Exposure: A Deleterious Synergy. Mechanisms and Opportunities for Skin Protection. Curr. Med.
Chem. 2018, 25, 5469–5486. [CrossRef] [PubMed]

24. Luo, K.; Zeng, D.; Kang, Y.; Lin, X.; Sun, N.; Li, C.; Zhu, M.; Chen, Z.; Man, Y.B.; Li, H. Dermal bioaccessibility and absorption
of polycyclic aromatic hydrocarbons (PAHs) in indoor dust and its implication in risk assessment. Environ. Pollut. 2020, 264,
114829–114838. [CrossRef]

25. Roy, T.A.; Kriech, A.J.; Mackerer, C.R. Percutaneous Absorption of Polycyclic Aromatic Compounds from Bitumen Fume
Condensate. J. Occup. Environ. Hyg. 2007, 4, 137–143. [CrossRef]

26. Moody, R.P.; Nadeau, B.; Chu, I. In vivo and in vitro dermal absorption of benzo[a]pyrene in rat, guinea pig, human and
tissue-cultured skin. J. Dermatol. Sci. 1995, 9, 48–58. [CrossRef] [PubMed]

27. Fent, K.W.; Eisenberg, J.; Evans, D.; Sammons, D.; Robertson, S.; Striley, C.; Snawder, J.; Mueller, C.; Kochenderfer, V.; Pleil, J.; et al.
Evaluation of Dermal Exposure to Polycyclic Aromatic Hydrocarbons in Fire Fighters; U.S. Department of Health and Human Services
(DHHS): Washington, DC, USA, 2013. Available online: http://www.cdc.gov/niosh/hhe/reports/pdfs/2010-0156-3196.pdf
(accessed on 6 March 2019).

28. Fabian, T.; Borgerson, J.L.; Kerber, S.I.; Gandhi, P.D.; Baxter, C.S.; Ross, C.S.; Lockey, J.E.; Dalton, J.M. Firefighter Exposure to Smoke
Particulates; Underwriters Laboratories Inc.: Northbrook, IL, USA, 2010.

https://doi.org/10.1080/15459624.2015.1006638
https://doi.org/10.1023/A:1018465507029
https://www.ncbi.nlm.nih.gov/pubmed/9498904
https://doi.org/10.1136/oemed-2013-101662
https://www.ncbi.nlm.nih.gov/pubmed/24142974
https://doi.org/10.1097/01.jom.0000246229.68697.90
https://www.ncbi.nlm.nih.gov/pubmed/17099456
https://doi.org/10.1016/S1470-2045(22)00390-4
https://www.ncbi.nlm.nih.gov/pubmed/35780778
https://doi.org/10.1093/annweh/wxaa064
https://www.ncbi.nlm.nih.gov/pubmed/32572446
https://doi.org/10.1080/15459624.2018.1554287
https://www.ncbi.nlm.nih.gov/pubmed/30485152
https://doi.org/10.1016/j.envint.2020.105756
https://doi.org/10.1093/annweh/wxae015
https://www.ncbi.nlm.nih.gov/pubmed/38466914
https://doi.org/10.1016/S0003-4878(00)00048-X
https://www.ncbi.nlm.nih.gov/pubmed/35673618
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1007/s11356-014-3748-0
https://www.ncbi.nlm.nih.gov/pubmed/25410307
https://doi.org/10.1111/jdv.15583
https://doi.org/10.2174/0929867324666170918123907
https://www.ncbi.nlm.nih.gov/pubmed/28925870
https://doi.org/10.1016/j.envpol.2020.114829
https://doi.org/10.1080/15459620701334814
https://doi.org/10.1016/0923-1811(94)00356-J
https://www.ncbi.nlm.nih.gov/pubmed/7727354
http://www.cdc.gov/niosh/hhe/reports/pdfs/2010-0156-3196.pdf


Toxics 2024, 12, 588 15 of 17

29. Fent, K.W.; Eisenberg, J.; Snawder, J.; Sammons, D.; Pleil, J.D.; Stiegel, M.A.; Mueller, C.; Horn, G.P.; Dalton, J. Systemic Exposure
to PAHs and Benzene in Firefighters Suppressing Controlled Structure Fires. Occup. Environ. Hyg. 2014, 58, 830–845. [CrossRef]

30. Kirk, K.M.; Logan, M.B. Firefighting Instructors’ Exposures to Polycyclic Aromatic Hydrocarbons During Live Fire Training
Scenarios. J. Occup. Environ. Hyg. 2015, 12, 227–234. [CrossRef] [PubMed]

31. Wingfors, H.; Nyholm, J.R.; Magnusson, R.; Wajkmark, C.H. Impact of fire suit ensembles on firefighter pah exposures as assessed
by skin deposition and urinary biomarkers. Ann. Work Expo. Health 2018, 62, 221–231. [CrossRef] [PubMed]

32. Laitnen, J.; Makela, M.; Mikkola, J.; Huttu, I. Fire fighting trainers’ exposure to carcinogenic agents in smoke diving simulators.
Toxicol. Lett. 2010, 192, 61–65. [CrossRef] [PubMed]

33. Stull, J.O.; Stull, G.G. Firefighter Research Shows PPE Exposure Risk. Fire Rescue, 13 April 2015. Available online: https://www.
firerescue1.com/firefighter-safety/articles/firefighter-research-shows-ppe-exposure-risk-KrqldPUFL75Ng8KH/ (accessed on 11
May 2019).

34. Andersen, M.H.G.; Saber, A.T.; Pedersen, J.E.; Pedersen, P.B.; Clausen, P.A.; Lohr, M.; Mermanizadeh, A.; Loft, S.; Ebbehij, N.E.;
Hansen, A.M. Assessment of polycyclic aromatic hydrocarbon exposrue, lung function, systemic inflammation, and genotoxicicty
in peripheral blood mononuclear cells from firefighters before and after a work shift. Environ. Mol. Mutagen. 2018, 59, 539–548.
[CrossRef] [PubMed]

35. Jung, E.C.; Maibach, H. Animal models for percutaneous absorption. J. Appl. Toxicol. 2015, 35, 1–10. [CrossRef] [PubMed]
36. Yoshimatsu, H.; Ishii, K.; Konno, Y.; Satsukawa, M.; Yamashita, S. Prediction of human percutaneous absorption from in vitro and

in vivo animal experiments. Int. J. Pharm. 2017, 534, 348–355. [CrossRef] [PubMed]
37. Riviere, J.E.; Monteiro-Riviere, N.A. The Isolated Perfused Porcine Skin Model for Percutaneous Absorption and Cutaneous

Toxicology. Crit. Rev. Toxicol. 1991, 21, 329–344. [CrossRef] [PubMed]
38. Yang, J.J.; Roy, T.A.; Mackerer, C.R. Percutaneous Absorption of Benzo[a]pyrene in the Rat: Comparison of In Vivo and In Vitro

Results. Toxicol. Ind. Health 1986, 2, 409–416. [CrossRef] [PubMed]
39. Wester, R.C.; Maibach, H.I.; Bucks, D.A.; Sedik, L.; Melendres, J.; Liao, C.; DiZio, S. Percutaneous Absorption of [14C] DDT and

[14C] Benzo[a]pyrene from Soil. Fundam. Appl. Toxicol. 1990, 15, 510–516. [CrossRef] [PubMed]
40. Baynes, R.E. Porcine Skin Flow-Through Diffusion Cell System. Curr. Protoc. Toxicol. 2001, 9, 5.5.1–5.5.8. [CrossRef] [PubMed]
41. Bronaugh, R.L.; Stewart, R.F. Methods for In Vitro Percutaneous Absorption Studies IV: The Flow-Through Diffusion Cell. J.

Pharm. Sci. 1995, 74, 64–67. [CrossRef] [PubMed]
42. Barbero, A.M.; Frasch, H.F. Pig and guinea pig skin as surrogates for human in vitro penetration studies: A quantitative review.

Toxicol. Vitr. 2009, 23, 1–13. [CrossRef] [PubMed]
43. Schmook, F.P.; Meingassner, J.G.; Bilich, A. Comparison of human skin or epidermis models with human and animal skin in

in-vitro percutaneous absorption. Int. J. Pharm. 2001, 215, 51–56. [CrossRef]
44. In, M.K.; Richardson, K.C.; Loewa, A.; Hedtrich, S.; Kaessmeyer, S.; Plendl, J. Histological and functional comparisons of four

anatomical regios of porcine skin with human abdominal skin. Anat. Histol. Embryol. 2019, 48, 207–217. [CrossRef]
45. Organisatoin for Economic Co-Operation and Development. OECD Guideline for the Testing of Chemicals; Skin Absorption: In Vitro

Method; Organisation for Economic Co-Operation and Development: Paris, France, 2004.
46. EFSA Panel on Plant Protection Products and their Residues (PPR). Guidance Document on Dermal Absorption. EFSA J. 2012, 10,

2665. [CrossRef]
47. Price, G.; Patel, D.A. Drug Bioabailability; Stat Pearls Publishing LLC: Treasure Island, FL, USA, 2024.
48. Frasch, H.F.; Dotson, G.S.; Bunge, A.L.; Chen, C.-P.; Cherrie, J.W.; Kasting, G.B.; Kissel, J.C.; Sahmel, J.; Semple, S.; Wilkinson, S.

Analysis of finite dose dermal absorption data: Implications for dermal exposure assessment. J. Expo. Sci. Environ. Epidemiol.
2014, 1, 65–73. [CrossRef] [PubMed]

49. Timchalk, C.; Selim, S.; Sangha, G.; Bartels, M. The pharmacokinetics and metabolism of 14C/13C-labeled ortho-phenylphenol
formation following dermal application to human volunteers. Hum. Exp. Toxicol. 1998, 17, 411–417. [CrossRef] [PubMed]

50. Polycyclic Aromatic Hydrocarbons. Enviro Wiki. May 2018. Available online: https://www.enviro.wiki/index.php?title=
Polycyclic_Aromatic_Hydrocarbons_(PAHs) (accessed on 6 March 2019).

51. Gehle, K.; U.S. Department of Health and Human Services. Agency for Toxic Substances and Disease Registry: Toxicity of
Polycyclic Promatic Hydrocarbons (PAHs). 2016. Available online: https://www.atsdr.cdc.gov/toxprofiles/tp69.pdf (accessed
on 6 March 2019).

52. Hadgraft, J.; Guy, R.H. Physicochemical Models for Percutaneous Absorption. In Controlled-Release Technology; Lee, P.I., Good,
W.R., Eds.; American Chemical Society: Washington, DC, USA, 1987; pp. 84–97. [CrossRef]

53. Roy, T.; Kreuger, A.; Mackerer, C.; Neil, W.; Arroyo, A.; Yang, J. SAR models for estimating the percutaneous absorptino of
polynuclear aromatic hydrocarbons. SAR QSAR Environ. Res. 1998, 9, 171–185. [CrossRef] [PubMed]

54. Chilcott, R.P.; Wilkinson, S.C.; Birch-Machin, M.A.; Brain, K.R.; Pugh, W.J.; Wakefield, J.C.; Pendlington, R.U.; Basketter, D.A.;
Jones, P.; Taylor, H.; et al. Principles and Practices of Skin Toxicology; Chilcott, R.P., Price, S., Eds.; John Wiley & Sons: Chichester, UK,
2008.

55. Baynes, R.E.; Hodgson, E. Absorption and Distribution of Toxicants. In A Textbook of Modern Toxicology; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2010; pp. 79–114. [CrossRef]

https://doi.org/10.1093/annhyg/meu036
https://doi.org/10.1080/15459624.2014.955184
https://www.ncbi.nlm.nih.gov/pubmed/25679824
https://doi.org/10.1093/annweh/wxx097
https://www.ncbi.nlm.nih.gov/pubmed/29236997
https://doi.org/10.1016/j.toxlet.2009.06.864
https://www.ncbi.nlm.nih.gov/pubmed/19576276
https://www.firerescue1.com/firefighter-safety/articles/firefighter-research-shows-ppe-exposure-risk-KrqldPUFL75Ng8KH/
https://www.firerescue1.com/firefighter-safety/articles/firefighter-research-shows-ppe-exposure-risk-KrqldPUFL75Ng8KH/
https://doi.org/10.1002/em.22193
https://www.ncbi.nlm.nih.gov/pubmed/29761929
https://doi.org/10.1002/jat.3004
https://www.ncbi.nlm.nih.gov/pubmed/25345378
https://doi.org/10.1016/j.ijpharm.2017.10.048
https://www.ncbi.nlm.nih.gov/pubmed/29111099
https://doi.org/10.3109/10408449109019570
https://www.ncbi.nlm.nih.gov/pubmed/1741948
https://doi.org/10.1177/074823378600200404
https://www.ncbi.nlm.nih.gov/pubmed/3590196
https://doi.org/10.1016/0272-0590(90)90037-K
https://www.ncbi.nlm.nih.gov/pubmed/2258015
https://doi.org/10.1002/0471140856.tx0505s09
https://www.ncbi.nlm.nih.gov/pubmed/20949438
https://doi.org/10.1002/jps.2600740117
https://www.ncbi.nlm.nih.gov/pubmed/3981421
https://doi.org/10.1016/j.tiv.2008.10.008
https://www.ncbi.nlm.nih.gov/pubmed/19013230
https://doi.org/10.1016/S0378-5173(00)00665-7
https://doi.org/10.1111/ahe.12425
https://doi.org/10.2903/j.efsa.2012.2665
https://doi.org/10.1038/jes.2013.23
https://www.ncbi.nlm.nih.gov/pubmed/23715085
https://doi.org/10.1177/096032719801700801
https://www.ncbi.nlm.nih.gov/pubmed/9756132
https://www.enviro.wiki/index.php?title=Polycyclic_Aromatic_Hydrocarbons_(PAHs)
https://www.enviro.wiki/index.php?title=Polycyclic_Aromatic_Hydrocarbons_(PAHs)
https://www.atsdr.cdc.gov/toxprofiles/tp69.pdf
https://doi.org/10.1021/bk-1987-0348.ch006
https://doi.org/10.1080/10629369808039155
https://www.ncbi.nlm.nih.gov/pubmed/9933958
https://doi.org/10.1002/0471646776.ch6


Toxics 2024, 12, 588 16 of 17

56. Bourgart, E.; Persoons, R.; Marques, M.; Rivier, A.; Balducci, F.; Koschembahr, A.V.; Beal, D.; Leccia, M.-T.; Douki, T.; Maitre,
A. Influence of exposure dose, complex mixture, and ultraviolet radiation on skin absorption adn bioactivation of polycyclic
aromatic hydrocarbons. Arch. Toxicol. 2019, 93, 2165–2184. [CrossRef] [PubMed]

57. Liu, X.; Testa, B.; Fahr, A. Lipophilicity and its Relationship with Passive Drug Permeation. Pharm. Res. 2011, 28, 962–977.
[CrossRef] [PubMed]

58. Feldmann, R.J.; Maibach, H.I. Regional Variation in Percutaneous Penetration of 14c Cortisol in Man. J. Investig. Dermatol. 1967,
48, 181–183. [CrossRef] [PubMed]

59. Feldmann, R.J.; Maibach, H.I. Percutaneous penetration of some pesticides and herbicides in man. Toxicol. Appl. Pharmacol. 1974,
28, 126–132. [CrossRef] [PubMed]

60. Bos, J.D.; Meinardi, M.M.H.M. The 500 Dalton rule for the skin penetration of chemical compounds and drugs. Exp. Dermatol.
2001, 9, 165–169. [CrossRef] [PubMed]

61. Korinth, G.; Wellner, T.; Schaller, K.H.; Drexler, H. Potential of the octanol-water partition coefficient (logP) to predict the dermal
penetration behavior of amphiphilic compounds in aqueous solutions. Toxicol. Lett. 2012, 215, 49–53. [CrossRef] [PubMed]

62. Lehman, P.A.; Slattery, J.T.; Franz, T.J. Percutaneous Absorption of Retinoids: Influence of Vehicle, Light Exposure, and Dose. J.
Investig. Dermatol. 1988, 91, 56–61. [CrossRef] [PubMed]

63. Baynes, R.E.; Brooks, J.D.; Riviere, J.E. Membrane transport of naphthalene and dodecane in jet fuel mixtures. Toxicol. Ind. Health
2000, 16, 225–238. [CrossRef]

64. Frasch, H.F.; Barbero, A.M. Skin Penetration and Lag Times of Neat and Aqueous Kiethyl Phthalate 1,2-Dichloroethane and
Naphthalene. Cutan. Ocul. Toxicol. 2007, 26, 147–160. [CrossRef] [PubMed]

65. NG, K.M.E.; Bronaugh, R.L.; Somers, D.A. Percutaneous Absorption/Metabolism of Phenanthrene in the Hairless Guinea Pig:
Comparison fo In Vitro and In Vivo Results. Fundam. Appl. Technol. 1991, 16, 517–524. [CrossRef] [PubMed]

66. Sartorelli, P.; Montomoli, L.; Sisinni, A.G.; Bussani, R.; Cavallo, D.; Foa, V. Dermal exposure assessment of polycyclic aromatic
hydrocarbons: In vitro percutaneous penetration from coal dust. Toxicol. Ind. Health 2001, 1, 17–21. [CrossRef] [PubMed]

67. Kao, J.; Patterson, F.K.; Hall, J. Skin penetration and metabolism of topically applied chemical in six mammailian species,
including man: An in vitro study with benzo[a]pyrene and tesosterone. Toxicol. Appl. Pharmacol. 1985, 81, 502–516. [CrossRef]
[PubMed]

68. Harrison, T.R.; Muhamad, J.W.; Yang, F.; Morgan, S.E.; Talavera, E.; Caban-Martinex, A.; Kobetz, E. Firefighter attitudes; norms;
beliefs; barriers, and behaviors toward post-fire decontamination processes in an era of increased cancer risk. J. Occup. Environ.
Hyg. 2018, 15, 279–284. [CrossRef] [PubMed]

69. Keir, J.L.; Kirkham, T.L.; Aranda-Rodriguez, R.; White, P.A.; Blais, J.M. Effectiveness of dermal cleaning interventions for reducing
firefighters’ exposure to PAHs and genotoxins. J. Occup. Environ. Hyg. 2023, 20, 84–94. [CrossRef] [PubMed]

70. Magnano, G.C.; Rui, F.; Filon, F.L. Skin decontamination procedures against potential hazards substances exopsure. Chem.-Biol.
Interact. 2021, 344, 109481. [CrossRef] [PubMed]

71. Thors, L.; Koch, M.; Wigenstam, E.; Koch, B.; Hagglund, L.; Bucht, A. Comparison of skin decontamination efficacy of commercial
decontamination products follwoing exopsure to VX on human skin. Chem.-Biol. Interact. 2017, 273, 82–89. [CrossRef] [PubMed]

72. Forsberg, E.; Oberg, L.; Artursson, E.; Wigenstam, E.; Bucht, A.; Thors, L. Decontamination efficacy of soapy water and water
washing following exposure of toxic chemicals on human skin. Cutan. Ocul. Toxicol. 2020, 39, 134–142. [CrossRef] [PubMed]

73. Kashetsky, N.; Law, R.M.; Maibach, H.I. Efficacy of water skin decontamination in vivo in humans: A systematic review. J. Appl.
Toxicol. 2021, 42, 346–359. [CrossRef] [PubMed]

74. Zhu, H.; Jung, E.-C.; Phuong, C.; Hui, X.; Maibach, H. Effects of soap-water wash on human epidermal penetration. J. Appl.
Toxicol. 2016, 36, 997–1002. [CrossRef] [PubMed]

75. Thors, L.; Wigenstam, E.; Qvarnstrom, J.; Hagglund, L.; Bucht, A. Improved skin decontamination efficacy for the nerve agent VX.
Chem.-Biol. Interact. 2020, 325, 109135. [CrossRef] [PubMed]

76. Law, R.M.; Ngo, M.A.; Maibach, H.I. Twenty Clinically Pertinent Factors/Observations for Percutaneous Absorption in Humans.
Am. J. Clin. Dermatol. 2019, 21, 85–95. [CrossRef] [PubMed]

77. Bronaugh, R.L.; Stweart, R.F.; Wester, R.C.; Bucks, D.; Maibach, H.I.; Anderson, J. Comparison of percutaneous absorption of
fragrances by humans and monkeys. Food Chem. Toxicol. 1985, 23, 111–114. [CrossRef] [PubMed]

78. Frasch, H.F.; Bunge, A.L. The Transient Dermal Exposure II: Post-Exposure Asorption and Evaporation of Volatile Compounds. J.
Pharm. Sci. 2015, 104, 1499–1507. [CrossRef] [PubMed]

79. Agency for Toxic Substances and Disease Registry. Toxicological Progile for Naphthalene, 1-Methylnaphthalene, and 2-
Methylnaphthalene; U.S. Department of Health and Human Services: Atlanta, GA, USA, 2024.

80. Sartorelli, P.; Aprea, C.; Cenni, A.; Matteucci, G.; Novelli, M.T.; Sciarra, G. Percutaneous absorption of phenanthrene: An in vitro
study of the monkey skin. Med. Lav. 1995, 86, 34–39. [PubMed]

81. Loke, W.-K.; Soo-Hway, U.; Lau, S.-K.; Lim, J.-S.; Tay, G.-S.; Koh, C.-H. Wet decontamination-induced stratum corneum hydration-
effects on the skin barrier function to diethylmalonate. J. Appl. Toxicol. 1999, 19, 285–290. [CrossRef]

82. Lonnermark, A.; Blomqvist, P. Emissions from an automobile fire. Chemosphere 2006, 62, 1043–1056. [CrossRef] [PubMed]
83. Bolstad-Johnson, D.M.; Burgess, J.L.; Crutchfield, C.D.; Storment, S.; Gerkin, R.; Wilson, J.R. Characterization of Firefighter

Exposures During Fire Overhaul. Am. Ind. Hyg. Assoc. 2000, 61, 636–641. [CrossRef]

https://doi.org/10.1007/s00204-019-02504-8
https://www.ncbi.nlm.nih.gov/pubmed/31286146
https://doi.org/10.1007/s11095-010-0303-7
https://www.ncbi.nlm.nih.gov/pubmed/21052797
https://doi.org/10.1038/jid.1967.29
https://www.ncbi.nlm.nih.gov/pubmed/6020682
https://doi.org/10.1016/0041-008X(74)90137-9
https://www.ncbi.nlm.nih.gov/pubmed/4853576
https://doi.org/10.1034/j.1600-0625.2000.009003165.x
https://www.ncbi.nlm.nih.gov/pubmed/10839713
https://doi.org/10.1016/j.toxlet.2012.09.013
https://www.ncbi.nlm.nih.gov/pubmed/23026264
https://doi.org/10.1111/1523-1747.ep12463289
https://www.ncbi.nlm.nih.gov/pubmed/3385216
https://doi.org/10.1177/074823370001600603
https://doi.org/10.1080/15569520701212274
https://www.ncbi.nlm.nih.gov/pubmed/17612981
https://doi.org/10.1016/0272-0590(91)90092-I
https://www.ncbi.nlm.nih.gov/pubmed/1855623
https://doi.org/10.1191/0748233701th092oa
https://www.ncbi.nlm.nih.gov/pubmed/12004921
https://doi.org/10.1016/0041-008X(85)90421-1
https://www.ncbi.nlm.nih.gov/pubmed/3936234
https://doi.org/10.1080/15459624.2017.1416389
https://www.ncbi.nlm.nih.gov/pubmed/29283320
https://doi.org/10.1080/15459624.2022.2150768
https://www.ncbi.nlm.nih.gov/pubmed/36469739
https://doi.org/10.1016/j.cbi.2021.109481
https://www.ncbi.nlm.nih.gov/pubmed/34051209
https://doi.org/10.1016/j.cbi.2017.06.002
https://www.ncbi.nlm.nih.gov/pubmed/28601555
https://doi.org/10.1080/15569527.2020.1748046
https://www.ncbi.nlm.nih.gov/pubmed/32216482
https://doi.org/10.1002/jat.4230
https://www.ncbi.nlm.nih.gov/pubmed/34448236
https://doi.org/10.1002/jat.3258
https://www.ncbi.nlm.nih.gov/pubmed/26568168
https://doi.org/10.1016/j.cbi.2020.109135
https://www.ncbi.nlm.nih.gov/pubmed/32428449
https://doi.org/10.1007/s40257-019-00480-4
https://www.ncbi.nlm.nih.gov/pubmed/31677110
https://doi.org/10.1016/0278-6915(85)90228-5
https://www.ncbi.nlm.nih.gov/pubmed/4038674
https://doi.org/10.1002/jps.24334
https://www.ncbi.nlm.nih.gov/pubmed/25611182
https://www.ncbi.nlm.nih.gov/pubmed/7791663
https://doi.org/10.1002/(SICI)1099-1263(199907/08)19:4%3C285::AID-JAT580%3E3.0.CO;2-X
https://doi.org/10.1016/j.chemosphere.2005.05.002
https://www.ncbi.nlm.nih.gov/pubmed/15964054
https://doi.org/10.1202/0002-8894(2000)061%3C0636:COFEDF%3E2.0.CO;2


Toxics 2024, 12, 588 17 of 17

84. O’neal, E.; Boy, T.; Davis, B.; Pritchett, K.; Prichett, R.; Napocatych, S.; Black, K. Post-Exercise Sweat Loss Estimation Accuracy of
Athletes and Physically Active Adults: A Review. Sports 2020, 8, 113. [CrossRef] [PubMed]

85. Howes, D.; Guy, R.; Hadgraft, J.; Heylings, J.; Hoeck, U.; Kemper, F.; Maibach, H.; Marty, J.-P.; Merk, H.; Parra, J.; et al. Methods
for Assessing Percutaneous Absorption. Altern. Lab. Anim. 1996, 24, 81–106. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/sports8080113
https://www.ncbi.nlm.nih.gov/pubmed/32796724
https://doi.org/10.1177/026119299602400111

	Introduction 
	Materials and Methods 
	Chemicals 
	Flow-Through Diffusion Cell Set Up 
	Dosing Procedure 
	Recovery of PAHs in Stratum Corneum and Skin Layers 
	Sample Analysis 
	Absorption Parameters Calculations 

	Results 
	Discussion 
	Dermal Absorption Factors 
	Comparisons with Other Dermal Absorption Studies 
	Naphthalene Absorption 
	Phenanthrene Absorption 
	Benzo[a]pyrene Absorption 

	Application to Firefighters 

	Conclusions 
	References

