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A B S T R A C T

Despite extensive application in consumer products and concerns over their adverse health effects, how external
exposure to brominated flame retardants (BFRs) contributes to their human body burdens is not yet fully un-
derstood. While recent studies focused on inadvertent indoor dust ingestion and diet as potential major pathways
of exposure, dermal uptake has been largely overlooked. We provide the first experimentally-based assessment
of dermal uptake of BFRs via contact with indoor dust and flame-retarded furniture fabrics. Results reveal
substantial uptake from furniture fabrics (e.g. 8.1 ng pentaBDE/kg bw/day for adults in summer), exceeding the
overall adult intake of pentaBDE estimated previously via other exposure pathways. For HBCDs, despite the low
absorption fraction (< 2.5%) from the studied fabrics, the estimated dermal uptake of UK adults and toddlers
(101 and 76.9 ng/kg bw/day) exceed the reported average daily intakes of 7.9 and 43.0 ng/kg bw/day for these
UK age groups. Conversely, uptake from dust was low (0.05 and 0.19 ng pentaBDE/kg bw/day for adults and
toddlers, respectively), indicating previous pharmacokinetic approaches may have overestimated the sig-
nificance of this route. Future exposure and risk assessment studies should consider dermal contact with treated
products as a significant pathway of human exposure to BFRs and related chemicals.

1. Introduction

Brominated flame retardants (BFRs) are anthropogenic chemicals
applied to a broad range of consumer products (e.g. foams, fabrics and
plastics) to prevent or delay the onset of fire. As the majority are
“physically” blended within rather than “chemically” bonded to poly-
meric materials, their emission from flame-retarded products to the
environment is facile. The widely used BFRs (polybrominated diphenyl
ethers (PBDEs) and hexabromocyclododecanes (HBCDs)) have been
detected in every studied environmental compartment and biological
species (including humans) (Law et al., 2014; McGrath et al., 2017).
This is of concern owing to their potential environmental and tox-
icological risks including: endocrine disruption, neurodevelopmental
and behavioural disorders, hepatic abnormalities and cancer
(Darnerud, 2008; Liu et al., 2017). Combined with their persistent and
bioaccumulative characteristics, such evidence has triggered regulatory
action to restrict the production and usage of PBDEs and HBCDs, cul-
minating in their listing under the United Nations Environmental Pro-
gramme (UNEP) Stockholm Convention on Persistent Organic Pollu-
tants (POPs) (Stockholm convention on POPs, 2013). However, human

exposure to PBDEs and HBCDs is likely to continue for some time, given
the ubiquity of treated products remaining in use or entering the waste
stream, coupled with their environmental persistence (Harrad and
Diamond, 2006).

Current understanding is that human exposure to BFRs occurs
mainly via a combination of diet, ingestion of indoor dust and inhala-
tion of indoor air. However, it remains largely unknown how external
exposure to these chemicals drives their human body burdens. This was
demonstrated by the lack of significant associations between the con-
centrations of various BFRs in indoor air, dust or diet and their mea-
sured levels in human milk or serum (Roosens et al., 2009b; Toms et al.,
2009; Watkins et al., 2012). Of particular importance is the lack of
explanation for the occasionally-reported high concentrations of BFRs
in human milk or blood in several biomonitoring studies (Roosens et al.,
2009a; Toms et al., 2009; Watkins et al., 2012). Understanding the
cause of such high body burdens in such individuals is crucial to im-
plement the necessary measures to reduce human exposure to these
hazardous chemicals.

While a large volume of literature in the last decade focused on
indoor dust ingestion as a pathway of human exposure to BFRs, recent
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studies have indicated the potential significance of the dermal pathway
(Abbasi et al., 2016; Liu et al., 2017; Pawar et al., 2017). A Few studies
have reported significant positive association between concentrations
of BFRs measured in handwipes and those detected in human serum.
However, this cannot be solely attributed to dermal exposure because
ingestion via hand-to-mouth contact may be a major contributor to such
associations (Hammel et al., 2017; Watkins et al., 2011). While pre-
vious pharmacokinetic (PK) modelling studies have suggested the po-
tential significance of dermal exposure for PBDEs, these studies focused
mainly on dermal uptake via contact with indoor dust and were subject
to large uncertainties due to the lack of experimentally-relevant specific
uptake rates for PBDEs (Lorber, 2008; Trudel et al., 2011). Blum et al.
reported the dermal absorption of the flame retardant tris(2,3-di-
bromopropyl)phosphate (tris-BP-banned in April 1977) in ten children
who were wearing or who had worn tris-BP-treated sleepwear (Blum
et al., 1978). Imm et al. reported significant correlations (P < 0.05)
between the lipid-adjusted serum concentrations of PBDEs in 44 adult
participants and the total Br content in their sleeping pillows and ve-
hicle seat cushions (Imm et al., 2009). The potential significance of
dermal uptake of hazardous semi-volatile organic compounds (SVOCs)
(e.g. Phthalates, PCBs, Chlorpyrifos and Nicotine) through contact with
contaminated fabrics (e.g. clothing and bedding) was further high-
lighted by several authors (Beko et al., 2018; Morrison et al., 2016;
Weschler and Nazaroff, 2012). Furthermore, Saini et al. reported the
sorption of airborne BFRs onto clothing fabrics suggesting potential
implications for human dermal exposure via contact with contaminated
clothing (Saini et al., 2016). More recently, Hammel et al. reported the
presence of pentaBDE in sofa foam was associated with higher levels of
BDE-47 in serum of 72 American adults (P < 0.01), which indicate
that flame-retarded items (e.g. sofas) are likely important sources of
exposure to these compounds via different pathways (Hammel et al.,
2017). However, there is no experimental data on the extent of human
dermal uptake of PBDEs from contact with indoor dust or flame-re-
tarded fabrics and the significance of this route as a pathway of human
exposure to PBDEs. Moreover, there is no available information on
human dermal exposure to HBCDs via contact with indoor dust or
flame-retarded products.

Against this background, the current study provides the first ex-
perimental investigation of dermal uptake via contact with indoor dust
and/or flame-retarded fabrics as a potential major contributor to
human body burdens of BFRs. To address this, we applied a standard in
vitro protocol (Abdallah et al., 2015b) (Fig. S1) to study human dermal
uptake of tri- to hexa-BDEs (the major components of the pentaBDE
commercial mixture) and HBCDs (α-, β- and γ-isomers) from indoor
dust and flame-retarded fabrics, and thereby assess the significance of
dermal uptake compared to other exposure pathways. Dermal uptake of
BFRs from solid matrices (e.g. dust or fabrics) is a compound process
involving multiple steps. Initially, the studied chemicals are released
from the contact material to the physiological human skin surface film
liquid (SSFL) (i.e. becomes bioaccessible). This is followed by penetra-
tion of the human skin barrier, formed mainly from the stratum cor-
neum. Once the chemical passes through the corneous layer by passive
diffusion, it follows the intracellular/intercellular routes of penetration
in the epidermis and dermis layers and subsequently reaches the blood
stream (i.e. becomes bioavailable) (Pawar et al., 2017; Williams et al.,
2005). To mimic real-life conditions, we used a simulated SSFL com-
posed of sweat/sebum (1:1) mixture (Table S1) (Stefaniak and Harvey,
2008), real indoor dust and flame-retarded furniture fabric samples
(Table S3), and viable ex vivo human skin kept under physiological
conditions (37 °C and 5% CO2). In line with the reported high en-
vironmental concentrations and use of pentaBDE in North America and
HBCD in Europe (Law et al., 2014), the tested samples in this study
included USA dust and fabric samples that contained elevated con-
centrations of pentaBDE congeners, along with dust and fabric samples
from the UK that were HBCD-rich (Table S3). The aims of the current
study are: (a) to provide the first experimental data on the dermal

bioavailability of PBDEs and HBCDs via contact with indoor dust and
furniture fabrics; (b) to investigate the potential factors influencing
human dermal uptake of such BFRs; and (c) to estimate human dermal
uptake of PBDEs and HBCDs via contact with dust and furniture fabric
samples and evaluate the significance of this exposure pathway as a
contributor to human body burdens of these contaminants.

2. Materials and methods

2.1. Chemicals and standards

All solvents and reagents used for preparation, extraction, clean-up
and instrumental analysis of samples were of HPLC grade and obtained
from Fisher Scientific (Loughborough, UK). Standard solutions (50 μg/
mL,> 99% purity) of BDE-28, BDE-47, BDE-99, BDE-100, BDE-153,
BDE-154, α-HBCD, β-HBCD and γ-HBCD were purchased from
Wellington Laboratories (Guelph, ON, Canada). 13C-labeled BDE-47,
BDE-99, BDE-153, α-HBCD, β-HBCD and γ-HBCD used as internal
(surrogate) standards, in addition to 13C-BDE-100 and d18-α-HBCD used
as recovery determination (syringe) standards were purchased from the
same company. Florisil® SPE cartridges were purchased from Supelco™
(Bellefonte, Pennsylvania, USA). All culture medium components
(Table S1) and simulated human skin surface film liquid (SSFL) com-
ponents (Table S2) were purchased from Sigma-Aldrich UK
(Gillingham, Dorset, UK).

2.2. Test matrices

The penta-BDE commercial mixture (comprising mainly BDEs# 28,
47, 99, 100, 153 and 154) was predominantly used in North America.
Therefore, concentrations of tri- to hexa- BDEs in indoor dust from
North America are significantly higher than those reported in Europe
(Harrad et al., 2008). In contrast, HBCDs have found greater use in
Europe and Asia; hence their concentrations were higher in UK indoor
dust compared to North America (Law et al., 2014). Therefore, we used
dust and fabric samples from the USA (NIST SRM 2585 dust and sofa
fabric from California) to assess human dermal exposure to pentaBDE
congeners and UK samples (house dust and armchair fabric from Bir-
mingham) to study HBCD exposure. A full description of the dust and
fabric samples applied in this study is provided in the Supporting in-
formation.

2.3. Human skin

Freshly excised, healthy human upper thigh skin was obtained via
Caltag Medsystems Ltd. (Buckingham, UK) from three consented female
adults (aged 33, 35 and 36 years) following plastic surgery. Selection
criteria included: Caucasian, no stretchmarks, no scars, no hair and full
thickness skin without adipose tissue (870 ± 180 μm). Skin was kept
on ice for no longer than 4 h prior to the onset of the ex vivo skin
absorption studies. Upon receipt, ex vivo skin samples were equili-
brated for 1 h with 3mL of DMEM (Dulbecco's Modified Eagle's
Medium) culture medium (Table S1) at 5% CO2 and 37 °C before use in
dermal exposure experiments. The study protocol received the required
ethical approval (# ERN_12-1502) from the University of Birmingham's
Medical, Engineering and Mathematics Ethical Review Committee.

2.4. Skin surface film liquid (SSFL)

Physiologically-simulated skin surface film liquid (SSFL) was pre-
pared according to a previously reported method and US patent using
over 25 different chemical components (Stefaniak and Harvey, 2006;
Stefaniak and Harvey, 2008) including electrolytes, amino acids, tri-
glycerides, vitamins and squalene (Table S2). The SSFL composition
(1:1 sweat/sebum) and pH (5.3 ± 0.1) were adjusted to reflect re-
levant human physiological conditions (Stefaniak and Harvey, 2006).
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2.5. Dermal exposure protocol

The dermal exposure experiments were performed using the static
set-up approach (Fig. S1). Skin tissues were mounted in standard Franz-
type permeation devices with the stratum corneum facing up. The Franz
cells had a joint internal diameter of 11.28mm exposing an orifice area
of 1 cm2 with a receptor chamber size of 8mL (PermeGear™, USA). To
study the influence of skin hydration on dermal uptake of target BFRs,
the skin surface was “moistened” with 100 μL/cm2 and 50 μL/cm2 of
SSFL for the respective “wet contact” experiments; while no SSFL was
added in the “dry contact” experiments. All experiments were per-
formed in triplicate. Following 30minutes equilibration, the tested
matrices were applied onto the skin surface in the donor compartment.
50 mg of dust were applied onto 1 cm2 of skin and shaken gently for
1min to achieve a uniform spread of dust particles. For fabrics, 1 cm2 of
the tested fabric was placed on top of the skin surface with no further
pressure on the fabric throughout the exposure time (24 h). For “neat”
application a standard mixture of all the target compounds (5 ng/μL
each, in acetone) was mixed and equilibrated with SSFL to achieve a
final concentration of 0.5 ng/μL applied to the skin surface. A DMEM-
based culture medium (Table S1) was used as receptor fluid, main-
tained at 37 ± 1 °C and magnetically stirred. At fixed time points,
aliquots of the receptor fluid (2mL) were collected from the receptor
compartment and immediately replaced with fresh fluid. After 24 h, the
entire receptor fluid was collected and the skin surface washed thor-
oughly with cotton buds impregnated in (1:1) hexane:ethyl acetate (5
times). The top five layers of the stratum corneum were removed via 5
consecutive stripping with adhesive tape. The skin tissues were re-
moved from the permeation devices and both the donor and receptor
compartments were washed separately (5×2mL) with (1:1 v/v) hex-
ane:ethyl acetate. All samples were stored at −20 °C until chemical
analysis.

For simplicity, results of the dermal exposure protocol were grouped
under three major categories for the mass balance (Table S10): (i) The
“absorbed” category (cumulative mass of target BFRs in the receptor
fluid over 24 h+ receptor compartment wash), (ii) the “skin” category
(mass of target BFRs in the skin tissue+ tape strips after 24 h) and (iii)
the “unabsorbed” category (mass of target BFRs in the skin surface wash
after 24 h+donor compartment wash).

2.6. Sample extraction and instrumental analysis

Each dermal exposure experiment generated five different types of
samples comprising: receptor fluid, skin tissue, cotton buds and ad-
hesive tape (used to thoroughly wipe the skin surface), donor and re-
ceptor compartment solvent washes. Samples were extracted according
to a previously reported QuEChERs based method (Abdallah et al.,
2015a; Abdallah et al., 2015b).

LC-MS/MS analysis of HBCDs and GC–MS analysis of PBDEs were
performed according to previously reported methods (Abdallah et al.,
2015a; Abdallah et al., 2015b). Further details are provided in the
Supporting information.

2.7. Quality assurance (QA)/quality control (QC)

Several stages of QA/QC measurements were performed to check
the performance of the permeation assay protocol. A “field” blank,
comprising a skin tissue exposed to solvents only and treated as a
sample, was performed with each sample batch (n=9). None of the
studied compounds were detected in the field blanks or solvent blanks
(n=5, SSFL mixture and receptor fluid). Method LODs were estimated
based on a 3:1 signal to noise ratio and ranged from 1 to 10 pg on the
chromatographic column. Good recoveries of the 13C-labeled internal
standards (> 80%) were obtained for all the studied BFRs indicating
good efficiency of the extraction method (Table S7).

The integrity of the ex vivo skin applied was examined using the

trans-epithelial electric resistance (TEER method). TEER measurements
were performed using an EVOM2 epithelial voltohmmeter equipped
with STX2 electrodes and ENDOHM-12 specific TEER measurement
chamber (World Precision Instruments, Hertfordshire, UK). An average
resistance of 2360 ± 190Ω was obtained for the skin patches used in
this study. Patches with TEER < 2000Ω were considered invalid and
excluded from further testing.

In accordance with OECD guidelines, 5% bovine serum albumin
(BSA) was added to the receptor fluid to enhance the solubility of target
analytes to ensure solubility is not the rate-limiting step in the dermal
uptake process. To investigate the solubility of BFRs in the receptor
fluid, we spiked 2mL of the receptor fluid with a series of different
concentrations of the target BFRs (in triplicate). The spiked receptor
fluid was vortexed for 30 s and inspected visually for any phase se-
paration or precipitation. If neither were observed, aliquots of the
spiked receptor fluid were analyzed to assess the recovery of target
compounds, compared to non-spiked samples. Good solubility and re-
covery (96.8 ± 3.4%) of all target BFRs were observed up to a spiking
level of 10 μg/mL (i.e. 20 μg in 2mL of receptor fluid) for PBDEs and
15 μg/mL for HBCDs. This is higher than the observed concentrations of
all target compounds in the performed dermal exposure experiments,
where the highest concentration was 1.39 ± 0.04 μg/mL of α-
HBCD,< 10% of saturation solubility in the receptor fluid.

Both positive and negative controls were performed alongside each
sample batch to further evaluate the performance and barrier function
of the skin. Positive controls involved the exposure of the test tissue to
Triton-X-100 which showed ~100% permeation (n=5; 92 ± 7%),
while negative controls showed 0% penetration of decabromodiphenyl
ethane after 24 h exposure.

2.8. Assessment of dermal uptake and dermal exposure parameters

Dermal uptake of the studied BFRs via dermal contact with indoor
dust and furniture fabrics was estimated using the general equation:

=
× × ×

×

DU C BSA AF IEF
BW 1000 (1)

where DU=Daily dermal uptake (ng/kg bw/day), C=BFR con-
centration (ng/cm2 for fabrics, ng/g for dust multiplied by the dust to
skin adherence factor in g/cm2), BSA=Body surface area exposed
(cm2), AF=Absorbed fraction (unitless), IEF= indoor exposure frac-
tion (hours per day spent in contact with contaminated dust or fabric),
BW=Body weight (kg).

The exposure parameters applied in Eq. (1) were obtained from the
USEPA exposure factors handbook (USEPA, 2011) and are defined and
summarized in Table S6. The following exposure scenarios were ap-
plied:

a) Summer: Assuming head, forearms, hands, thighs, lower legs and
feet exposed to dust and the back of the forearms, half the back of the
thighs, lower legs and the palms of the hands exposed to sofa fabric (i.e.
wearing a typical short and half-sleeved shirt).

b) Winter: Assuming head, hands and feet exposed to dust and only
the palms of the hands exposed to sofa fabric (i.e. wearing a typical full-
length trousers and long-sleeve top).

3. Results and discussion

3.1. Dermal bioavailability of BFRs

Our target PBDEs and HBCDs displayed wide variability in their
ability to penetrate the skin under the applied experimental conditions
(Table 1). BDE-28 (tri-brominated congener) displayed the highest
average dermal penetration (4% of original dose in dust), while BDE-
154 (hexa-brominated) had the lowest penetration (0.5% of original
dose in fabric). α-HBCD was more effectively absorbed than its isomers
β-HBCD and γ-HBCD from both dust and fabric. The dermally absorbed
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mass (detected in the receptor fluid) of all target BFRs following 24 h-
contact with tested fabrics were significantly higher (P < 0.05) than
those following contact with indoor dust (Table 1). Interestingly, when
the absorbed mass was expressed as percent of the applied dose in the
contact material, the percent of BFRs absorbed from tested fabrics were
significantly lower (P < 0.05) than from indoor dust (Table 1). This
indicates the dermally absorbed fraction of BFRs varies with the type of
contact matrix (i.e. dust or fabrics). In addition, the relative percent
dermal absorption is a function of applied dose and doesn't necessarily
result in higher internal exposure to the studied compound. Moreover,
dermal absorption of BFRs was influenced by the degree of skin hy-
dration during exposure with enhanced absorption from more “sweaty”
skin (Figs. S2 and S3). This may be partially attributed to the lipophilic
sebum components in the SSFL (Table S2), which allow the release of
BFRs from the studied solid matrices.

Collectively, our results highlight uncertainties associated with the
current state of knowledge on dermal uptake of BFRs. While few studies
exist on the dermal uptake of phthalates (Gong et al., 2016; Gong et al.,

2014) and other related chemicals (Moore et al., 2014), the available
information on human dermal uptake of PBDEs stems from PK model-
ling approaches, where a single absorption factor was assumed (in the
absence of experimental data) for all congeners regardless of their de-
gree of bromination, molecular weight or physicochemical properties.
Based on a single study of BDE-47 applied in acetone solution to ex vivo
human skin, Trudel et al., used an average factor of 2% for dermal
uptake of all PBDE congeners from indoor dust (Trudel et al., 2011).
The other PK study which estimated dermal uptake of PBDEs from
contact with domestic dust assumed an absorbed fraction of 3% for all
congeners based on experimental studies on dioxins (Lorber, 2008). A
more recent study(Liu et al., 2017) used concentrations of PBDEs in
skin wipes and variable dermal absorption fractions for each congener
(Abdallah et al., 2015a) to estimate dermal uptake of PBDEs via contact
with indoor dust. While estimated uptakes were more realistic com-
pared to PK studies, the authors highlighted several limitations in-
cluding the assumption of 100% mass transfer of all PBDEs in dust
particles to the skin surface (Liu et al., 2017).

To our knowledge, there is no information on the dermal uptake of
HBCDs via contact with indoor dust. Furthermore, exposure to flame
retardants via dermal contact with consumer products has hitherto
been completely overlooked despite the high concentrations of BFRs in
these products compared to dust (Table S3).

3.2. Factors affecting human dermal uptake of BFRs

Our results show dermal uptake of PBDEs and HBCDs varies ac-
cording to the physicochemical properties of each compound (Table
S11). A significant (P < 0.05) negative correlation exists between log
KOW of our target BFRs and their absorbed fractions from indoor dust
(for fabrics, P=0.07). Interestingly, a positive correlation (P < 0.05)
was also observed between log KOW and the percent of BFRs remaining
within skin tissue after 24 h exposure (Fig. 1). This is likely due to the
time required for the more lipophilic, higher molecular weight BFRs to
penetrate from the stratum corneum through the aqueous-based epi-
dermis, which displays more resistance to the diffusion of highly

Table 1
Absorbed fraction of target BFRs following 24 h exposure of ex vivo human skin
to indoor dust and sofa fabrics.a

% of applied dose Absorbed mass (ng)

Dust Fabric Dust Fabric

BDE-28 4.0 ± 0.5 3.8 ± 0.7 0.10 ± 0.01 25 ± 4.9
BDE-47 2.3 ± 0.3 2.0 ± 0.1 0.60 ± 0.03 770 ± 26
BDE-99 1.4 ± 0.1 1.2 ± 0.1 0.64 ± 0.04 343 ± 23
BDE-100 1.4 ± 0.2 1.3 ± 0.2 0.11 ± 0.02 87 ± 13
BDE-153 0.7 ± 0.1 0.5 ± 0.2 0.04 ± 0.01 13 ± 3.9
BDE-154 0.7 ± 0.1 0.5 ± 0.1 0.03 ± 0.01 11 ± 3.4
α-HBCD 5.6 ± 1.1 2.3 ± 0.1 7.1 ± 1.4 12,745 ± 559
β-HBCD 3.9 ± 1.5 1.7 ± 0.1 1.8 ± 0.7 2509 ± 129
γ-HBCD 2.8 ± 0.8 1.4 ± 0.2 5.0 ± 1.3 432 ± 78

a Results presented as average ± standard deviation (n= 3), skin surface
was wetted with 100 μL of SSFL prior to matrix application.

Fig. 1. Scatter plots of Log KOW of target BFRs against the percent of dose absorbed and remaining within the human skin tissue following 24 h exposure to indoor
dust (a) and sofa fabrics (b).
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lipophilic compounds (Durrheim et al., 1980). This is in agreement with
the results of Frederiksen et al., who studied the dermal uptake of 10
“novel” flame retardants (NFRs) following neat application to ex vivo
human skin (Frederiksen et al., 2016). The NFRs were absorbed into the
skin, with most of each compound remaining in the epidermis and
about an order of magnitude less in the dermis following 24 h of ex-
posure. Similar to our results, a significant negative linear relationship
was observed between the skin permeability coefficient of the 10 NFRs
and their log KOW (Frederiksen et al., 2016). Nevertheless, percuta-
neous penetration is a dynamic process. Therefore, chemicals absorbed
into the stratum corneum will continue to transfer into viable tissue
layers. If there is no loss by metabolism, irreversible binding, or des-
quamation, then the mass of the chemical which entered the skin
during the exposure period, will eventually become available to the
body (USEPA, 1992).

Other factors influencing human dermal uptake of BFRs include the
environmental matrix and the degree of skin hydration at the site of
exposure.

Our results show significantly lower percent uptake of the studied
BFRs from fabrics compared to indoor dust. In addition, the absorbed
percentage values of BFRs from indoor dust were significantly lower
than those from “neat” application of a standard mixture of the studied
compounds in SSFL (Table S4). This is likely associated with the relative
ease of contaminant transfer from the contacting solid matrix to the
SSFL (i.e. dermal bioaccessibility) prior to subsequent diffusion through
the stratum corneum (Hoffman et al., 2017). The relatively small particle
size of indoor dust provides larger surface area for contact, which re-
sults in enhanced mass transfer of BFRs to the SSFL (i.e. enhanced
bioaccessibility) compared to furniture fabrics. Other factors that can
largely influence the dermally absorbed fractions of BFRs include the
initially applied dose and the fugacity of each studied compound
(Kissel, 2011). Therefore, the use of a fixed absorption percent to assess
the dermal uptake of a chemical (or group of chemicals), regardless of
the contact matrix, exposure time, contaminant concentration and
bioaccessibility is problematic and may lead to inaccurate results.

Moreover, a significant decrease in BFR absorbed fraction from both
dust and fabrics was observed when the volume of SSFL was decreased
(Table S5). This indicates that dermal uptake of BFRs from different
matrices is influenced by the degree of skin hydration at the point of
dermal contact. This may also be associated with the bioaccessibility of

BFRs from solid matrices because a more hydrated (e.g. sweaty) skin
may potentially enhance the transfer of BFRs to the SSFL (Fan et al.,
2015; Sartorelli et al., 1999; Williams et al., 2004).

3.3. Assessment of human dermal uptake of BFRs from dust and fabrics

The results of our dermal ex vivo model were applied to derive
realistic estimates of daily BFR uptake via dermal contact with indoor
dust and contaminated furniture fabrics. In the absence of definitive
data on daily dermal contact with indoor dust/fabrics, we used ex-
posure parameters (Table S6) from the USEPA exposure factor hand-
book (USEPA, 2011). We considered a real-life exposure scenario based
on typical apparel in summer and winter (Table 2) assuming adults
contact with indoor dust for 6 h/day and with sofa fabric for 4 h/day.
Toddlers (4 years) were assumed to have dermal contact with dust for
9 h/day (because of their greater proximity to the floor and lower hy-
giene standards) and with sofa fabric for 2 h/day (higher physical ac-
tivity than adults). As expected, dermal uptake of PBDEs and HBCDs
from dust and fabrics in summer was substantially higher than in winter
due to the larger surface area of exposed skin in summer (Table 2).
More importantly, dermal exposures to PBDEs via contact with indoor
dust ranged from (0.04–0.06 ng/kg bw/day) for adults and
(0.14–0.24 ng/kg bw day) for children. These values are lower than
pharmacokinetic-based estimates of median dermal uptake via contact
with indoor dust by Lorber (0.83 ng/kg bw/day for American adults)
(Lorber, 2008) and Johnston-Restrepo and Kannan (0.70 and 0.34 ng/
kg bw/day for adults and toddlers, respectively) (Johnson-Restrepo and
Kannan, 2009). Moreover, our estimates constitute (3.6–5.5%) and
(3.2–5.5%) of the overall median daily intake of the studied PBDEs
estimated by Trudel et al. for American adults and toddlers, respec-
tively (Trudel et al., 2011). The estimated dermal uptake of ƩHBCDs via
contact with indoor dust for adults (0.33–0.56 ng/kg bw/day) and
toddlers (1.32–2.16 ng/kg bw/day) exceeds that for PBDEs (Table 2).
While the absence of data on dermal uptake of HBCDs precludes com-
parison with previous studies, our estimates represent 5.1–8.7% and
6.1–9.9% of the estimated median overall ƩHBCDs intake of UK adults
and toddlers, respectively (Abdallah and Harrad, 2011). Collectively,
our results reveal that previous PK studies have likely overestimated
human uptake of PBDEs via dermal contact with indoor dust, especially
for adults, and likewise exaggerated the relative contribution of this

Table 2
Estimated human daily exposure (ng/kg bw/day) to PBDEs and HBCDs via dermal contact with indoor dust and sofa fabrics.

BFR Scenario

Male adultc Female adult Toddlerd (male/female 4 years)

Summera Winterb Summer Winter Summer Winter

Dust Fabric Dust Fabric Dust Fabric Dust Fabric Dust Fabric Dust Fabric

BDE-28 0.00 0.17 0.00 0.03 0.00 0.14 0.00 0.03 0.01 0.12 0.01 0.03
BDE-47 0.02 5.45 0.02 0.98 0.02 4.48 0.01 0.80 0.09 3.78 0.08 0.79
BDE-99 0.03 2.42 0.02 0.44 0.02 2.00 0.02 0.36 0.10 1.68 0.06 0.35
BDE-100 0.00 0.62 0.00 0.11 0.00 0.51 0.00 0.09 0.02 0.43 0.01 0.09
BDE-153 0.00 0.09 0.00 0.02 0.00 0.08 0.00 0.01 0.01 0.07 0.00 0.01
BDE-154 0.00 0.08 0.00 0.01 0.00 0.06 0.00 0.01 0.00 0.05 0.00 0.01
Ʃpenta-BDEs 0.06 8.83 0.04 1.59 0.05 7.27 0.04 1.29 0.23 6.13 0.16 1.28
α-HBCD 0.30 90.15 0.20 16.23 0.25 74.19 0.17 13.20 1.11 62.50 0.69 12.99
β-HBCD 0.07 17.75 0.05 3.20 0.06 14.61 0.04 2.60 0.27 12.30 0.17 2.57
γ-HBCD 0.21 3.06 0.14 0.55 0.17 2.51 0.12 0.45 0.78 2.12 0.48 0.45
ƩHBCDs 0.58 110.95 0.39 19.98 0.48 91.31 0.33 16.25 2.16 76.92 1.34 16.01

a Assuming head, forearms, hands, thighs, lower legs and feet exposed to dust and the back of the forearms, half the back of the thighs, lower legs and the palms of
the hands exposed to sofa fabric (i.e. wearing a typical pair of shorts and short-sleeved shirt).

b Assuming head, hands and feet exposed to dust and only the palms of the hands exposed to sofa fabric (i.e. wearing typical full-length trousers and long-sleeve
top).

c Assuming adult bodyweight of 70 kg, adults exposed to dust for 6 h/day and sit on sofa/chair for 4 h/day.
d Assuming toddler bodyweight of 15 kg, toddlers exposed to dust for 9 h/day and sit on sofa/chair for 2 h/day.
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pathway to the overall daily exposure to these hazardous chemicals.
Conversely, our “realistic” exposure scenario reveals adult dermal

absorption of PBDEs from contact with a flame-retarded sofa fabric to
be approximately two orders of magnitude higher than that via contact
with indoor dust. The difference reduces to one order of magnitude
when considering toddlers' dermal exposure (Table 2). This is due to the
lower exposed body surface area of toddlers and the shorter time spent
in contact with the sofa (2 h) compared to that with indoor dust (9 h).
It's worth noting that our in vitro protocol involved no pressure on the
fabric in contact with the exposed skin, while sitting on furniture in real
life applies a certain amount of pressure which may result in increased
transdermal penetration of SVOCs (Cao et al., 2018; Morrison et al.,
2017). Nevertheless, our conservative estimate for adult penta-BDE
dermal uptake via contact with a flame-retarded sofa (8.1 ng/kg bw/
day) during summer is higher than the average overall exposure (i.e.
total for all pathways including diet, dust ingestion, inhalation and
dermal contact with dust) of American adults estimated by Lorber
(5.4 ng/kg bw/day) and Trudel et al. (3.1 ng/kg bw/day). Moreover,
the estimated adult uptake of BDE-99 from contact with the studied sofa
(2.2 ng/kg bw/day) exceeds the No Adverse Effect Level (NOAEL) set
by the Dutch National Institute for Public Health and the Environment
(0.23–0.30 ng/kg bw/day using impaired spermatogenesis as the cri-
tical endpoint (Bakker et al., 2008)); while intake of BDE-47 (5.0 ng/

kg bw/day) approaches the NOAEL of 7 ng/kg bw/day (for which
neurodevelopmental toxicity and thyroid toxicity were identified as the
critical endpoints (Bokkers et al., 2011)). While the USEPA reference
doses (RfD) of 100, 100 and 200 ng/kg bw/day for overall human ex-
posure to BDEs 47, 99 and 153, respectively were not exceeded, our
dermal absorption estimates (Table 2) still represent a considerable
contribution to the overall daily intake of PBDEs.

The contribution of this pathway seems less prominent for toddlers,
where our summer uptake estimate through contact with the sofa
(6.1 ng/kg bw/day) is below the reported 34.5 ng/kg bw/day overall
exposure of American 1–5 year toddlers (Lorber, 2008) and 10 ng/
kg bw/day for the same age group by Trudel et al. (Trudel et al., 2011).
The reported higher PBDE body burdens in toddlers than adults are
likely associated with other exposure pathways such as increased hand-
to-mouth behaviour and indoor dust ingestion (Trudel et al., 2011).

For HBCDs, despite the low absorption fraction from fabrics
(Table 1), the estimated dermal uptake of UK adults and toddlers (101
and 76.9 ng/kg bw/day) exceed substantially the reported average
daily intakes of 7.9 and 43.0 ng/kg bw/day for these UK age groups,
respectively (Abdallah et al., 2008) (Fig. 2).

Despite the lower absorbed fraction from fabrics (Table 1), the
significance of BFR uptake via dermal contact with flame-retarded
fabrics is evident compared to the other exposure pathways (Fig. 2).

Fig. 2. Estimated human dermal uptake (ng/kg bw/day) of (top) PBDEs and (bottom) HBCDs via dermal contact with furniture fabrics compared to reported median
intakes via other major exposure pathways.
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While this exposure pathway has been hitherto completely overlooked,
we believe it may offer a possible explanation for the occasional high
BFR concentrations measured in human milk and/or plasma in various
biomonitoring studies. For example, the median concentration of
PBDEs in 31 American adult serum samples was 27.7 ng/g lipid weight,
while the maximum concentration was 348 ng/g lipid weight (Watkins
et al., 2012). Similarly, the median ƩHBCD concentration in 34 UK
human milk samples was 3.8 ng/g lipid weight, while the maximum
concentration was 22.4 ng/g lipid weight (Abdallah and Harrad, 2011).
Such elevated concentrations could not be explained by pharmacoki-
netic models even at worst-case scenario assumptions (Abdallah and
Harrad, 2011; Trudel et al., 2011).

This study provides the first experimental evidence that dermal
contact with flame-retarded consumer products contributes sub-
stantially to human body burdens of PBDEs and HBCDs. Future risk
assessments for these contaminants as well as emerging BFRs and
phosphorous flame retardants marketed as replacements for PBDEs and
HBCD should consider dermal contact with treated products as a po-
tential significant human exposure pathway to these hazardous che-
micals.
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