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Abstract: Perfluoroalkyl substances (PFAS) have been quantified in household
dust samples all over the world. This presents an exposure hazard via ingestion and
dermal contact. Based on previously-reported bioaccessibility and bioavailability
data, human dermal exposure to PFAS via dermal contact with indoor dust was
estimated for the following six PFAS: Cs-Cs-perfluorocarboxylic acids (PFCAs),
plus C4 and Cs-perfluorosulfonic acids (PFSAs). Exposure for people from five
countries (Sweden, Japan, Canada, Australia and Norway) was estimated and
compared for two age groups (adults and toddlers) under two exposure scenarios
(summer and winter). SEPFAS exposure via dermal uptake from dust during
summer ranged from 25-767 pg/kg bw/week and 91-2761 pg/kg bw/week for
adults and toddlers, respectively. In general, dermal uptake of PFAS from dust was
10 times lower in winter than in summertime. Perfluorohexanoic acid (PFHxA)
made the highest contribution to dermal exposure to SPFAS in all countries except
Norway, where PFOA > PFHxA. Dermal exposure to SsPFAS via dermal contact
with dust was compared to published exposure estimates via inhalation, indoor dust
ingestion, and diet for a cohort of Norwegian adults for which temporally-consistent
exposure data were available. Of our target PFAS, dermal exposure of this cohort
via contact with dust was greatest for PFOA (2.1 pg/kg bw/day in summer),
followed by PFHxA (1.4 pg/kg bw/day in summer). In general, dermal contact with
dust did not contribute substantially to overall human exposure to PFSAs, compared
to PFCAs. For PFCAs, dermal exposure is a potentially important pathway, with
dermal exposure to dust alone contributing to similar levels of exposure as indoor
air inhalation for certain compounds. Consequently, this pathway should not be
dismissed in future exposure assessments, especially if other sources of dermal
exposure to PFAS, e.g., personal care products and fabrics, are considered.
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1. Introduction

Perfluoroalkyl substances (PFAS) are a class of synthetic organofluorine compounds. This group comprises
thousands of compounds, which are chemically and thermally stable as well as having hydrophobic and lipophobic
properties. These properties have made the use of PFAS common in various industries (e.g., in plastic production
and the electronic industry), since the 1940s, as well as in a broad range of consumer products (i.e., textiles and
cosmetics) [1,2]. Ever since the presence of PFAS in human sera was highlighted in 2001, their effects on human
health have been a concern [3,4]. Studies have linked human exposure to PFAS to a range of health effects, such
as lowered immune response to vaccination [5,6], impaired liver function [7,8], in addition to decreased birth
weight and higher risk of preterm birth [9,10]. This led the European Food Safety Authority (EFSA) to set a
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recommended tolerable weekly intake of 4.4 ng/kg bw/week for the sum of four PFAS (perfluorooctanoic acid
(PFOA), perfluoronoananoic acid (PFNA), perfluorohexane sulfonic acid (PFHxS), and perfluorooctane sulfonic
acid (PFOS)) [3].

Human exposure to PFAS can happen through various pathways. Diet is widely considered the main pathway
of exposure to PFAS, with seafood being a major contributor to the total dietary exposure [11-13]. Drinking water
is also considered a potentially important source of PFAS exposure [12,14]. Other, less significant exposure
pathways are indoor air inhalation and dust ingestion, although these exposure pathways may be more significant
for toddlers [13,15-17].

By comparison, current knowledge on the dermal pathway compared to other pathways of human exposure
to PFAS is lacking [16]. This is due to the expectation that most PFAS will be in the ionised form at skin surface
pH, leading to the assumption that dermal uptake would be less likely. However, recent in vivo and in vitro studies
have shown that the transdermal permeation of PFAS is possible under normal physiological conditions [18-20].
A study involving one human volunteer exposed to mass labelled PFOA fortified sunscreen found that 1.6% of
the applied mass was absorbed through the skin. The permeation appeared to be slow, with the peak PFOA plasma
levels being detected 22 days after exposure [18]. Another study using male Sprague-Dawley rats exposed to 15
PFAS, found that fractions of both PFCAs and PFSAs were able to penetrate the rat skin. Moreover, they reported
a peak of PFAS in the systemic circulation at 872 h, which is significantly later than that reported following oral
administration (1-24 h) [19]. This corroborates what was observed in the human study, i.e., that dermal exposure
can be long-lasting and contribute to total human body burdens of PFAS. Most recently, an in vitro study exposing
3D-human skin equivalent (3D-HSE) models to 10 PFCAs (Cs—Ci4) and 6 PFSAs (C4—Co) in methanol for 36 h
investigated the dermal permeation of PFAS. The study found that lower chain compounds relatively readily
permeated, with permeation decreasing with increasing chain length. The highest permeation was seen for PFPeA
(59%) and PFBS (49%). The longer chain compounds included, >Co PFCAs and perfluorononanoic acid (PFNA)
were not directly absorbed. They were however detected within the skin tissues themselves with C;; and Cy PFCAs
being detected at the highest concentrations within the skin (67% and 68% respectively), which could indicate
very slow permeation of the longer chain compounds [20]. It is important to note that the dose applied at the start
of exposure experiments can impact the fraction that permeates through the skin [21]. Consequently, the in vitro
study provided permeation coefficients (Papp) for eight of the studied PFAS which had the highest permeation.
These coefficients are independent of the applied dose and can thus be used in estimations of human exposure via
dermal contact over a range of doses under various exposure scenarios [20].

Several potential sources of human dermal exposure to PFAS have been identified [16]. One possibly
important source of exposure is personal care products. PFAS have been identified in cosmetics from all over the
world, i.e., sunscreen, foundations, moisturisers, and hand sanitisers [2,22—24]. These products can contain PFAS
in quite high concentrations, for example, cosmetics and sunscreens from Japan were found to contain PFCAs in
concentrations up to 5.9 ug/g in cosmetics and 19 pg/g respectively [22]. Another possible source of dermal
exposure is fabrics treated with PFAS. Studies have identified PFAS, e.g., in durable water repellent clothing as
well as children’s school uniforms and car seats [25-28]. Finally, PFAS have been quantified in indoor dust from
all over the world, which can be a source of dermal exposure to PFAS [29,30].

It is important to understand that there are two fundamental processes involved in human dermal uptake of
chemicals from a source material. Bioaccessibility refers to the fraction of chemicals that are released from a
matrix (e.g., dust) into the body’s fluids (a mixture of sweat and sebum). Bioavailability however, is defined as
the fraction of a chemical that reaches the systemic circulation [31-33]. A combination of data on bioaccessibility
and subsequent percutaneous penetration is necessary to fully understand the extent of human dermal uptake of
chemicals (e.g., PFAS) [32,34,35]. In essence, a chemical must first transfer from a source matrix like dust into
skin fluids (become bioaccessible) and it is that only that fraction present in skin fluid that is then available for
transfer across the skin into the circulation.

Against this backdrop, the current study, for the first time, presents dermal uptake data based on a
combination of the dermal bioaccessibility of PFAS present in indoor dust as well as the skin permeation
coefficients (Papp) previously reported by our research group [20,36]. Using these data, more accurate estimations
can be made of human internal exposure to PFAS via contact with indoor dust using different scenarios for various
age groups. These results are then compared to other exposure pathways. While only one of many possible sources
of dermal exposure to PFAS is considered here (i.e., dermal contact with indoor dust), the significance of the
dermal pathway to human PFAS exposure and its contribution to total human body burdens is highlighted.
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2. Methods

PFAS concentrations in dust from multiple countries have been published previously [29,37]. Concentrations
of those PFAS identified in dust in two selected studies and for which dermal bioaccessibility and dermal
penetration values are available [20,36] were used here to estimate human exposure to PFAS via dermal uptake
from dust for five countries (Table 1). Where median values were below the limit of detection (LOD), half of the
LOD values for each compound were used.

Table 1. Median dust concentrations (ng/g) from various countries used for dermal uptake estimates.
Concentrations from [28] except Norwegian concentrations from [15].

Sweden Japan Canada Australia Norway

(ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
PFPeA <0.36 4.5 1.62 0.55 NR ?
PFHxA 7.05 12 7.44 4.77 0.40
PFHpA 1.46 6.54 4.75 2.18 <0.1
PFOA 14.4 25.5 21 13.5 3.60
PFBS 1.24 1.33 3.44 1.29 <DF?
PFHxS 0.15 0.76 3.75 4.32 0.06

2 not reported; ® compound detected in less than 45% of samples and thus not included in exposure estimations.

Estimations of Human Dermal Uptake of PFAS from Dust

Uptakes of individual PFAS from dermal contact with dust were estimated based on exposure parameters
obtained from the USEPA exposure factors handbook [38]. A summary of these parameters can be found in Table 2.

When estimating dermal uptake, it is essential to account for both the bioaccessibility and bioavailability of a
chemical. For compounds bound to particulate matter such as indoor dust, their release into the skin’s surface fluids
(bioaccessibility) can be a limiting factor [32,39,40]. Once bioaccessible, that fraction of a chemical can then pass
through the outermost layer of the skin (the stratum corneum) where it could either be metabolised in situ or enter the
systemic circulation (i.e., becomes bioavailable) through the viable epidermis and dermis layers [16]. Thus both
bioaccessibility and bioavailability of the selected PFAS was considered in this study.

Table 2. Parameters used in dermal exposure assessment of target PFAS: (a) Dust adhered to skin and skin surface
area calculated for summer and winter as described in the main text [38]; (b) Permeation coefficients (Papp, [20]),
bioaccessible fraction (Fbicaccessible, [35], t = time spent indoors and body weight (BW, [38]).

(@)
Dust adhered to skin (mg/cm?) Surface Area (cm?)
Adults Toddler
Adults Toddler Male Female Male Female
Head 0.024 0.054 1360 1140 615.5 592.8
Forearms 0.038 0.048 1460 1090 425.6 418
Hands 0.160 0.170 1070 870 364.8 3724
Thighs a a 4113 3560 1140 1185.6
Lower legs 0.019 0.051 2710 2300 782.8 790.4
Feet 0.140 0.200 1380 1210 494 478.8
(b)
Papp Fhioaceessible T (h) BW (kg)
(cm/h) (unitless) Adult Toddler Adult Toddler
PFPeA 433x1072 0.91 4 6 80 15
PFHxA 1.80x 1072 0.88 4 6 80 15
PFHpA 8.10x 1073 0.75 4 6 80 15
PFOA 3.82x107° 0.70 4 6 80 15
PFBS 1.41x1072 0.74 4 6 80 15
PFHxS 7.50x 1073 0.59 4 6 80 15

2 Dust adhered to skin of legs.

Two exposure scenarios were applied for each of the following two age groups (toddlers and adults) [41]:

i.  Summer: assuming head, forearms, hands, thighs, lower legs, and feet were exposed to dust (i.e., person
wearing shorts and t-shirt).
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ii.  Winter: Assuming head and hands exposed to dust (i.e., person wearing full-length trousers, long-sleeve top,
and socks).

based on the following equations. Firstly, the dose of PFAS (ng/cm?) was determined (Equation (1))
Dose = Cgyse * DAS * fpioaccessible (D

where Cause = PFAS concentration in dust (ng/g), DAS = dust adhering to skin (g/cm?), and fyioaccessible =
bioaccessible fraction (fraction of PFAS available for dermal uptake (unitless)). These values were based on values
from Ragnarsdottir et al., 2023 [35].

From there, the flux (ng/cm?-h) could be determined (Equation (2))

Flux = Papp * Dose )

where Papp = Permeation coefficient (values from [19] (cm/h))
Finally, the mass permeated per day (pg/day) and the resulting daily exposure (pg/kg bw/day) were estimated
(Equations (3) and (4))

Mass permeated = Flux xt * BSA 3)

mass permeated
BW

Daily exposure =

“4)
where t = time of exposure (h), BSA = body surface area exposed (cm?), and BW = body weight (kg).

3. Results and Discussion

3.1. Dermal Uptake of PFAS from Indoor Dust

Considering both the dermal bioaccessibility and bioavailability of PFAS, human exposure to PFAS via
dermal contact with dust was estimated for two age groups of residents of four countries (Swede, Japan, Canada
and Australia). Out of the four countries considered here, PFAS concentrations in dust were highest in Japan
followed by Canada which resulted in the highest dermal exposures for the residents of those countries. Our
estimates (presented in Table 3) of weekly exposure to PFAS highlight the magnitude of dermal exposure as an
exposure pathway, especially in summer. Total PFAS exposure via dermal uptake from dust during summer ranged
from 25-767 pg/kg bw/week and 91-2761 pg/kg bw/week for adults and toddlers, respectively. In general, dermal
uptake of PFAS from dust was 10 times lower in winter compared to summer, ranging from 2—70 pg/kg bw/week
for adults and 10-300 pg/kg bw/week for toddlers. This is unsurprising as less skin is typically exposed in winter
leading to a smaller skin surface area exposed. Dermal uptake from dust for the Norwegian population was
noticeably lower compared to the estimates derived for the other countries considered here. This is due to the dust
concentrations from Norway being significantly lower compared to the other countries.

While PFOA was the target PFAS detected at the highest concentrations in dust samples from all countries
considered; the greater dermal bioaccessibility and bioavailability of PFHXA meant that exposure via dermal contact
with dust was highest for PFHxA for all countries except Norway, ranging from 10-296 pg/kg bw/week for adults
and 35-1064 pg/kg bw/week for toddlers in summer across all countries. The second highest dermal exposures were
for PFOA (highest for Norway) and PFPeA; ranging from 15-106 pg/kg bw/week and 0-277 pg/kg bw/week
respectively for adults and 54-380 pg/kg bw/week and 0-998 pg/kg bw/week respectively for toddlers.

When comparing our estimates of dermal exposure from dust to the EFSA recommended tolerable weekly
intake of 4.4 ng/kg bw/week for the sum of four PFAS (PFOA, PFNA, PFHxS, and PFOS = EFSA 4), dermal
exposure from dust to adults during summer can be up to 0.1 ng (EFSA 4)/kg bw/week (Canada and Japan).
Compared to other sources of dermal exposure to PFAS (e.g., clothing, cosmetics etc.), it is likely that exposure
via dermal contact with dust is a minor pathway of human dermal exposure to PFAS [16]. For toddlers however,
dermal uptake via contact with dust is a more substantial source of exposure with Canadian and Japanese toddlers
being exposed to 0.4 ng (EFSA 4)/kg bw/week. This difference can be explained by the fact that toddlers have
more dermal contact with dust compared to adults as well as a higher ratio of skin surface area to body weight.

The study of dermal permeation of PFAS used in this evaluation was limited by the survival of the skin cells
(36 h) [20]. Because of this, permeation coefficients (Papp) for PFOS and PFNA could not be derived, thereby
preventing us estimating dermal exposure for these PFAS, even though they were identified in dust samples from
all countries [29]. It is important to stress that while their direct permeation was negligible after 36 h, both
compounds were identified within the skin itself at the end of exposure which may indicate that dermal permeation
occurs but over a longer period of time [20]. This is consistent with a study by Abraham and Monien where a
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single human subject was exposed to *C4-PFOA mixed into sunscreen. This study found that peak plasma levels
were reached 22 days after application to the skin [18].

Table 3. Weekly human exposure to PFAS via dermal contact with dust based on age group, country, and season
(pg/kg bw/week). Sum of the EFSA 4 is provided for comparison with EFSA TWI of 4400 pg/kg bw/week.

a. Summer Adults Toddlers
Sweden Japan Canada Australia Norway Sweden Japan Canada Australia Norway
PFPeA 11 277 100 34 -2 42 998 359 122 -2
PFHxA 174 296 183 117 10 625 1064 659 423 35
PFHpA 14 62 45 21 0 50 223 162 74 2
PFOA 60 106 87 56 15 215 380 313 201 54
PFBS 20 22 56 21 -2 73 78 201 75 -2
PFHxS | 5 26 30 0 4 19 93 107 1
> 6PFAS 268 767 497 279 25 966 2761 1788 1003 92
EFSA 4° 61 111 113 86 15 218 399 406 308 55
b. Winter Adults Toddlers
Sweden Japan Canada Australia Norway Sweden Japan Canada Australia Norway

PFPeA 0 25 9 3 -2 7 109 39 13 -2
PFHxA 16 27 17 11 1 68 116 72 46 4
PFHpA 1 6 4 2 0 5 24 18 8 0
PFOA 5 10 8 5 1 23 41 34 22 6
PFBS 2 2 5 2 -2 8 8 22 8 -2
PFHxS 0 0 2 3 0 0 2 10 12 0
> sPFAS 25 70 46 26 2 105 300 194 109 10
EFSA 4" 6 10 10 8 1 24 43 44 34 6

2 Not detected in a sufficient proportion of dust samples; ® EFSA 4: PFOA, PFNA, PFHxS, and PFOS [3].

3.2. Dermal Exposure to PFAS in Norway via Dermal Contact with Dust; Comparison to Other Exposure Pathways

While data on exposure via non-dermal pathways was not available for Australia, Canada, Japan, and
Sweden, contemporaneous data on exposure of a cohort (n = 60) of Norwegian adults via diet, indoor air, and
indoor dust ingestion were available [15]. We therefore compared these data with our estimated exposures to PFAS
via dermal contact with dust for adults in Norway. The median exposures reported by Poothong et al. (2020) [15]
were compared to our results as median dust concentrations were used for the dermal uptake estimates. The
comparison of the different pathways is presented in Figure 1. Diet is the main exposure pathway for all
compounds. However, while a minor pathway by comparison to diet, dermal exposure via contact with dust during
summer did contribute discernibly to overall exposure to PFCAs. Dermal exposure from dust was less prominent
in the winter for PFCAs. Exposure via dermal exposure to dust in summer was greatest for PFOA (2.1 pg/kg
bw/day), followed by PFHxA (1.4 pg/kg bw/day). In general, exposure via dermal contact with dust did not
contribute substantially to human exposure to C4 and C; PFSAs. However, we caution that dermal exposure is a
potentially important pathway of non-dietary exposure to Cs—Cs PFCAs, which should not be dismissed in future
exposure assessments, especially considering other sources of dermal exposure to PFAS, i.e., personal care
products. In particular, we stress that only dermal exposure to PFAS via contact with dust is considered here. This
is likely only one of many sources of dermal exposure to PFAS, which if source materials such as fabrics and
cosmetics contain higher PFAS concentrations than in indoor dust, would likely result in higher dermal exposure
values than shown here [16]. Recent studies have shown positive correlations between the use of personal care
products and serum PFAS levels indicating them as an important source of dermal exposure to PFAS [42,43].

In general, human exposure via dermal contact with indoor dust was lower for PFSAs than PFCAs. This is
because of the lower concentrations of PFSAs in dust samples, as well as the lower dermal permeation of PFSAs
compared to PFCAs of the same chain length. Similar patterns are seen for other sources of dermal exposure to
PFAS with fabric samples containing higher concentrations of PFCAs than PFSAs [27,28,44]. Similarly, cosmetics
from both European and North American markets had higher concentrations of PFCAs than PFSAs, with no PFSAs
being detected above the limit of detection in European cosmetic samples [23,24,45,46].
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Figure 1. Human exposure to PFAS via dermal contact to dust compared to other known exposure pathways
including (a) and excluding (b) diet.

4. Conclusions and Future Research

This study highlights the importance of human dermal uptake as an exposure pathway to PFAS. Even though
only dust was considered here as a possible source of dermal exposure to PFAS, it did contribute to overall human
exposure to perfluoroalkyl acids (PFAAs), albeit less than other exposure pathways. Other sources of dermal
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exposure to PFAS (e.g., fabrics and/or cosmetics) would likely result in discernibly higher exposure. Thus, it is
important for future exposure assessments not to dismiss the dermal exposure pathway.

Moreover, precursor compounds to both PFCAs and PFSAs have been identified in both fabric and cosmetic
samples [27,45,46]. In cosmetics, polyfluoroalkyl phosphates (PAPs) and fluorotelomer sulfonic acids (FTSAs)
have been detected in high concentrations while PAPs, fluorotelomer alcohols (FTOHs), and fluorotelomer
acrylates and methacrylates (FTAcs/FTMAcs) have been identified in fabric samples [26]. The studies of the
dermal permeation potential of such precursor ions are limited. However, an in vivo rat study found that both 6:2
and 8:2 diPAPs were able to permeate through the skin with 7.8% and 7.2% of the applied dose having permeated
respectively after 144 h [19]. Future studies to better understand both the direct permeation of the precursor ions
as well as the possible dermal metabolism potential of those compounds, would further aid understanding of the
contribution of the dermal pathway to overall human exposure to PFAS.
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