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Introduction

Chlorinated PFRs include tris-2-chloroethyl phosphate (TCEP), tris (1-chloro-2-propyl) phosphate
(TCIPP) and tris-1,3-dichloropropyl phosphate(TDCIPP). They are used as alternatives to the banned
penta-BDE mixture for flame-retarding flexible and rigid polyurethane foams (PUFs) deployed in

furniture, car upholstery and related products. In addition, they are also used as plasticizers in various
products including lacquer, paint and glue? Several studies have reported on levels of PFRs in
various biotic and abiotic matrices indicating the ubiquitous nature of these contaminants.* Current
understanding of the toxicological properties of PFRs is not complete. Few studies have reported on
various toxic effects of TDCIPP including immunatoxicity and disturbance of lipid metabolism in
chicken embryos 2, as well as Neurodevelopmental defectsin embryonic zebrafish *. TDCIPP was also

reported to cause reduced thyroid hormonelevelsin humans.” Furthermore, TCEPisclassified by the EU

asa"“ potential human carcinogen” (carcinogen category 3), while TDCIPPis classified under regulation
7 6

EC 1272/2008 as a category 2 carcinogen with hazard statement H351 “suspected of causing cancer”.
While recent studies have provided estimates of external human exposure to PFRs via inhalation "
ingestion of indoor dust ® and diet °, very little is known about the relative contribution of different
exposure pathways to the overall human body burdens of these contaminants. Moreover, there is #to
date# no availableinformation on human uptake of PFRsfollowing dermal contact, which can hinder the
accurate risk assessment of this class of emerging contaminants. To address this research gap, the aims
of the current study are: (a) to investigate the human dermal absorption of TCEP, TCIPP and TDCIPP
using two in vitro derma models, namely human ex vivo skin and EPISKIN™ human skin equivalent,
(b) to study the effect of hand washing on the dermal absorption of the studied PFRs and (c) to providea
preliminary assessment of adult and toddler exposure to the target PFRs via dermal contact with indoor
dust.

Materialsand Methods

Test matrices

Human skin: Freshly excised, healthy human upper breast skin was obtained via Caltag Medsystems
Ltd. (Buckingham, UK) from three consented female adults (aged 35, 37 and 34 years) following
plastic surgery. Upon receipt, the ex vivo skin samples were equilibrated for 1 h with 3 mL of DMEM
(Dulbecco's Modified Eagle's Medium)-based culture medium at 5% CO, and 37 °C before use in
permeation experiments.

EPISKIN™: The EPISKIN™ RHE/L/13 human skin equivalent kit was purchased from SkinEthic
Laboratories (Lyon, France).The kit includes maintenance medium (MM) that allows acceptable
differentiated morphology of the tissue for ~ 5 days upon receipt by end users (Figure 1). Upon receipt,
the EPISKIN™ tissues were equilibrated overnight with their MM at 5% CO, and 37 °C before usein
the permeation experiments.

Dosing Solutions: Two different concentration levelsof (1) 50 ng/uL and (1) 10 ng/uL of each of TCEP,
TCIPP and TDCIPP were prepared in acetone by serial dilution. Based on the exposed surface area, a

net dose of 500 ng/cm? and 1000 ng/cm? was applied to each of the investigated skin tissues using 10 pL/

cm? (finite dose application) of dosing solutions | and 100 pL/cm2 (infinite dose application) of dosing
solution I1, respectively.

Dosing experiments: Experiments were performed in triplicate according to a standardized protocol
(Figure 1).%°

Toinvestigatethe potential effect of hand washing on the dermal absorption of PFRs, aseparate strand of
experiments were performed in triplicate. In these, human ex vivo skin exposed to 500 ng/cm?2 of target
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PFRs (dosing solution I, finite dose application) was washed after 6 h of exposure, while monitoring
the absorbed dose continued until 24 hours. The washing procedure involved wiping the skin surface
gently (5 times) with cotton buds presoaked in a detergent solution (5% neutral hand soap in isotonic
water, pH =7.2+ 0.1).

Chemical analysis

Target compounds were spiked with isotopically labelled internal standard, extracted using ethyl
acetate:hexane (1:1 v/v) mixture according to a QUECHERS-based method using successive steps of
vortex-mixing, ultra-sonication and centrifugation. Target compounds were gquantified using GC-EI/
M 5.8’11

Data analysis and statistical methods

A quantitative description of test compound permeation through the skin barrier is obtained from Fick’s

first law of diffusion asfollows.*?
J_ss=am/(at.A)= (D.K.aC)/ax (1)

Where J = steady-state flux [ng/cm?®.h]; am = permeated mass [ng]; at = timeinterval [h]; D = diffusion
coefficient [cm?/h]; K = partition coefficient; A = area [cm2]; ac = concentration difference [ng/cm?];
aX: thickness of membrane [cm].

When using infinite-dose configurations, aC can be replaced by the known donor concentration, CD,
and the apparent permeability constant (Kp, cm/h) can be calculated as:

K_p=J sJC D (2)

Daily exposure to the studied PFRs viadermal contact with indoor dust was estimated using the genera
equation:

DED=(C x BSA x DASX F_A x |[EF)/(BW x 1000) ...(3)

Where DED = Daily exposure dose (ng/kg bw/day), C = PFR concentration in dust (ng/g), BSA =Body

surface area exposed (cm?), DAS = Dust adhered to skin (mg/cm?), Fa = fraction absorbed by the skin
(unitless), IEF = indoor exposure fraction (hours spent over a day in a certain indoor environment)
(unitless), BW = Body weight (kg).

Results and Discussion
Per cutaneous penetration and mass balance

Following 24 h exposure of human ex vivo skin to afinite dose of 500 ng/cm?in 10 pL of acetone, TCEP
showed the highest cumulative absorption with 28% of the applied dose detected in the receptor fluid.
Lower absorbed fractions of 25% and 13% were observed for TCIPP and TDCIPP, respectively (Table
1). Analysisof the skin tissue resulted in recovery of 15%, 11% and 7% of the applied dose of TDCIPP,
TCIPP and TCEP, respectively after 24 h exposure. Statistical analysis revealed asignificant (P < 0.05)
positive correlation between the absorbed fractions of PFRs and their water solubility, while asignificant
negative correlation was established between the cumulative 24 h absorption of target compounds and
their log Kow.

Although not statistically significant (P >0.05), it was evident that EPISKIN™ tissues were more
permeable (i.e. lessbarrier function) to al the studied compounds than human ex vivo skin. In particul ar,
TCEP, TCIPP and TDCIPP showed 16%, 11% and 9% enhanced absorption in EPISKIN™ model
compared to human ex vivo skin model.

Careful inspection of the cumulative absorption curves of the studied compounds revealed a different
profile for TDCIPP compared to TCEP and TCIPP. Both TCEP and TCIPP showed arapid increase in
the absorbed dose in the first 8 h of exposure, before the absorption rate declined until 24 h. However,
TDCIPP showed a slower, yet more consistent rate of absorption throughout the 24 h exposure period
(Figure 2). This may be attributed to the higher lipophilicity of TDCIPP (log Kow = 3.8), compared
to TCIPP (log Kow = 2.6) and TCEP (log Kow = 1.4), resulting in a lower mass transfer rate of this
PFR across the lipophilic stratum corneum. Estimated K, values for the studied PFRs (Table 2) were
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negatively correlated with their Koy values. Interestingly, comparison between the results obtained using
human ex vivo skin and EPISKIN™

model revealed that differences in the barrier function (a Kp) decreased with decreasing polarity in the
order: TCEP (a K, = 0.8) > TCIPP (a K, = 0.6) > TDCIPP (s K, = 0.2).

Effect of hand-washing

While the absorption rate of the studied PFRs decreased markedly after washing, percutaneous
penetration continued (Figure 3). This may be attributed to diffusion from the contaminant reservoir
within the skin tissue. While statistical analysis revealed a significant difference (P < 0.05) in the
absorption rates of TCEP and TCIPP with and without washing over a 24 h exposure period, the
difference for TDCIPP was not significant (P = 0.12). Our results show that hand-washing can
reduce the overall dermal absorption of the studied PFRS, albeit to varying degrees depending on the
physicochemical properties of the PFRs.

Implications for human exposure
We estimated the dermal exposure of two age groups (UK adults and toddlers) using three exposure

scenarios. We used data recently reported by our research group ** on the minimum, median and
maximum concentrations of target PFRsin indoor dust from several UK microenvironmentsto estimate
low, average and high exposure scenarios, respectively. The parameter F, in equation 3 was replaced
by the experimental values obtained in this study for each target PFR using human ex vivo skin model
(Table 1). Values for other parameters in equation 3 were obtained from the USEPA exposure factors
handbook 14.

Results revealed higher uptake by UK toddlers compared to adults (Table 3). This may be attributed
to more dust adhering to the toddlers’ skin and higher exposed skin surface area to body weight ratio
compared to adults. Higher concentrations of TCIPPin UK indoor dust resulted in higher dermal uptake
of UK adults and toddlers to this PFR than for TCEP and TDCIPP combined.

Collectively, these data highlight the significance of dermal uptake of PFRs via contact with indoor dust
as a pathway of human exposure these contaminants.
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Step 1: Equilibriation of the culture with receptor fluid

g

Step 2: Application of the contaminant onto the stratum corneum

3D-human
skin culture

Contaminant

Cell culture
L~ insert

Receptor fluid
controlled by a— «— Culture
peristaltic pump cell

Step 3: receptor fluid is collected (and replaced) at fixed time
points.

1 !

Step 4: At the end of exposure experiment (up to 24 hours),
the stratum corneum is washed thoroughly, all the receptor
fluid is collected and the cell culture is freeze-dried and
stored at -80°C until analysis.

Figure 1: Schematic representation of the dosing experiments
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Figure 2: Cumulative absorbed dose through human ex vivo skin
following exposure to 1000 ng/cm? of PFRs.
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Figure 3: Cumulative absorbed dose of (a) TCEP, (b)
TDCIPP applied to ex vivo skin.

TCIPP and (c)

Table 1: Distribution of target PFRs (expressed as percentage of exposure dose) in different fractions of the in vitro model
24 h exposure to 500 ng/cm’ (finite dose) of the studied compounds.

TDCIPP

N

Unabsorbed

Sum
EPISKIN™
Absorbed

TDCIPP

N

Unabsorbed

Sum

Table 2: Flux rates (J,,, ng/cm’.h), permeability constants (K, cm/h), lag times (t,,g, h) and linear ranges (h) estimated from
infinite exposure of human ex vivo skin and EPISKIN™ to 1000 ng/cm’ of target PFRs for 24 h.

Human ex vivo skin

K, x 107 tiag Range Js

K, x 107

EPISKIN™

tiag Range

TCEP 0.5-8 | 30.1 3.0 021 | 05-8
TCIPP 15.5 1.6 0.29 | 0.5-10 | 21.7 22 023 | 05-10
TDCIPP R 0.5 2.9 4-22 7.4 0.7 2.9 4-22

Table 3: Estimated dermal exposure (ng

q Adult
Dermal exposure scenario

g bw.da UK adults and toddlers to PFRs via contact with dust.

Toddler

Low Median High Low Median
TCEP <0.1 0.1 10.0 0.1 1.5 38.6
TCIPP 0.5 3.8 22.6 4.9 329 217.8
TDCIPP <0.1 0.2 4.3 <0.1 1.6 37.0
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