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Introduction

Since the ban of most polybrominated diphenyl et{@BDES) the production pattern of flame retarsldras
changed and alternatives are increasingly beind.uBeese are generally described as novel brondrftaene

retardants (NBFRs) and include e.g. EH-TBB and BEEBP in Firemaster 550®, which is one of the PeBt&B
replacement products. However, little is known ategposure pathways, not least dermal absorptisM\BFRs

and other POPs. Several studies have shown thBBDES dust is a significant exposure pathviagimilar can
be expected for NBFRs. Positive correlations betwBDEs in dust, serum and handwipes have beenteefo
but whether it is due to hand-to-mouth behavialdermal absorption is unknown. Similarly, a positiegrelation

of EHTBB and BEH-TEBP in dust and hand-wipes ofdriein was fount

The aim of the current study was to estimate thergof dermal transport of NBFRs and determineraite of the
transport, which can be used in exposure scendrus.is done using aex vivo human skin model.

Materials and methods

Franz’ diffusion cells were used to study the ptagaous penetration of NBFRs. The system has prslyibeen
used for pesticide evaluatiband consists of two half-cells as shown in Figlré\ full thickness human skin
sample dividing the two cells was mounted horizthytan a metal grid on the receptor chamber. A gdmpt the
two half-cells together and held the skin in plat¢he same time. The cells were kept in a wattr &634-38°C
ensuring a skin surface temperature close to 3PP@. mean diffusion area was 2.64%uall and the mean
receptor chamber volume 16.6 ml. Human skin waspteanfrom three female donors (age 38-41y) that
underwent plastic surgery. The donors were givampdete anonymity and only registered accordingde, a
gender, date of operation, skin region, and sizekof patch. Skin samples were kept at -20 °C &iogs not
exceeding nine months. This has proven to keepdhier properties of the skin and no significammge in the
water permeabilii The skin was allowed to thaw at room temperalbefere removal of subcutaneous fat and
mounting in the diffusion cells. Full-thicknessrskiith an average thickness of 0.4 - 0.8 mm wad.ubeo types

of receptor fluids were used: a physiological ral@vreceptor fluid (PHY) consisting of an aqueonisition of
0.9% NacCl, 5% bovine serum albumin, 40 mg/l hexamgad NaHPO, (pH 7.4); and a worst-case receptor fluid
(WOC) consisting of 50% ethanol in water, whictki®wn to increase skin permeability significahthjfter
mounting, 5 ml isotonic saline was added to theod@hamber and left overnight for hydration of shén. Before
starting experiments the skin integrity was checkgdneasuring the capacitance (Lutron DM-9023, AkBr
Sweden), which should not exceed 55 nF. After enguhe integrity of the skin, the saline was reedand the
NBFR were added to the donor chamber in 500 pheth@vith 20% isooctane residue). The cells weneeced
with parafilm and left in the waterbath with indivial magnetic stirring for 72 hr.

The experiment was terminated, and the residudrdbnor chamber was collected by gently dryingstkia

using cotton swabs, followed by a gentle wash of akd donor chamber with hexane soaked cotton sveartul
then again gentle wiping of the skin with dry catewabs. Afterwards saline was again added anchib&citance
measured once again, it should not exceed 100 m-s@line was discarded and the cells were disradufihe



entire volume of receptor fluid was sampled, anel thamber was rinsed with approximately 1 ml oslfre
receptor fluid. The epidermis was scraped off #ie gsing a surgery knife, and of the remaininguierfraction
the exposed part was separated from the surroutidgwge using scissors.

e ——
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Figure 1. Schematic of the experimental setup. fiedifrom OECD test guideline 428

The samples were analysed for decabromodiphengineth(DBDPE), 1,2-bis(4,2,4-tribromophenoxy) ethane
(BTBPE), 2,3-dibromopropyl-2,4,6-tribromophenyl eth(DPTE), 2-ethylhehexyl-2,3,4,5-tetrabromobenzoat
(EH-TBB also known as TBB), bis(2-ethylhexyl)-3,/85%etrabromophthalate (BEH-TER#s0 known as TBPH)
as well as,, B andy-HBCD in the following way. Donor chamber (D), egidis (E) and dermis (H)-samples were
extracted using ultrasonication with 10ml hexarehltiromethane (1:1) two times for 30min. The exsagere
evaporated and cleaned up on a glass column padke@g AlL,O; (10% HO), 2g silica and N&O, and eluted
with 60ml hexane: dichloromethane (1:1). Howevems dermis samples contained lipid residues anaines
further clean-up. This followed the,80, containing column clean-up previously used for IRBRn biotd, with
the exception that the alternative gel permeatibromatography clean-up was not applied and thezgefor
BEH-TEBP was lost. The receptor fluid was extractmihg Soxhlet extraction as described for PBBEs
followed by the simple column clean-up describedvab DBDPE, BTBPE, DPTE, EH-TBB and BEH-TEBP
were analysed by GC-MS (ECNI) while HBCDs were gsetl by LC-MS-MS.

The distribution in the different compartments wakulated as the measured mass in the comparteiative to
the total mass measured in the cell, the averageselis is given in Table 1 and 2. The total ababte is the sum
of E, H, and R relative to the total mass in eaaglh The mass recovery was calculated as the nwias measured
in each cell relative to “archive spikes” (tripltea), which were merely 1 ml flasks spiked with téagt solution at
the same time as the cells, internal standards added and they were analysed along with the samphe flux
was calculated for the individual cells as:

Total absorbable [ng]

n
Time averaged flux [cnghr

]

~ Area of cell [cm?] X duration of experiment [hr]

Since the flux in depending on concentration a coumg specific a pseudo permeability coefficientyd§ which
is based on the time averaged flux, was calculased

cm Time average flux [ng/cm? hr]
Kp,pse [W]

" Concentration in test solution [ng/cm3]

Resultsand discussion

The preliminary results of the distribution of NB&Bnd HBCDs between the compartments for physicébgind
worst-case receptor fluids are shown in Table 12amdspectively. The overall mass recoveriesaretkperiments
were close to 100% (x20%). The majority of the atldenount was recovered in the donor chamber (76)92%
after 72 hr in both experiments, and only veryditir nothing was found in the receptor fluid. Vifitthe skin, the
majority was found in the epidermis and only a dendtaction in dermis. However, when using the starase
receptor fluid a larger fraction seem to reach deriat least for the smaller compounds like DPTEKO(E 2).
Based on the fractional absorption the observeférdifice between the compounds is relatively smaliith



DPTE having the highest fraction absorbed. Howevactional absorption can depend on the appliest dib the
transport is flux-limited), resulting in larger étional absorption at lower dos&shus with the different doses of
the compounds it can be misleading to compareignwy (Table 1 and 2). However, the flux is depegdn
concentration in the test solution. Therefore atpound-specific pseudo permeability coefficiéptys.is more
convenient for comparing compounds (Table 3 andrei@).

Table 1. Average distribution of NBFRs and HBCDsAmen compartments in skin penetration experimesitey
a physiological receptor fluid (PHY) (n=2).

o Receptor Dermis(EPL - ponor TS re'\c/lo?/zsry g nFy
DPTE 379 052%  15%  11%  87% 15% 111%  0.0066
EHTBB 150 024%  08%  11%  88% 11% 88%  0.0224
BTBPE 149  010%  08%  11%  89% 11% 94%  0.0212
BEH-TEBP 37.2  0.08%  0.6%  12%  88% 129% 98%  0.0500
DBDPE 186  000%  04% 7%  92% 9% 116%  0.0154
oHBCD 446  015%  15%  12%  87% 13% 97%  0.0068
B-HBCD 446  0.17%  13%  12%  86% 13% 96%  0.0066
YHBCD 442  013%  13%  11%  87% 11% 88%  0.0058

Table 2. Average distribution of NBFRs between cartipents in skin penetration experiment using a
“worst-case” (WOC) receptor fluid of 50% ethanommter (n=6). Analysis of HBCDs in progress.

(rl;gc/)?r??) Receptor  Dermis dErF:Jnis Donor absTo?E)ZIble re,\c/lo?/zsry (r::gI lér):izzhhrfl)
DPTE 18.6 0.29% 11% 12% 76% 23% 97% 0.056
EHTBB 44.7 0% 3% 11% 85% 13% 91% 0.074
BTBPE 44.6 0.05% 3% 10% 88% 11% 94% 0.064
BEH-TEBP 112 0% n.a. 9% 91% > 7% 86% >0.122
DBDPE 55.7 0% 2% 11% 87% 11% 83% 0.045

n.a. Not available (see Materials and methodgkstimated from the mass recovery this fractionbmop to 14%. As a result,
total absorbable and flux may be higher.

While DPTE was observed to have the highest fraati@bsorption it had one of the lowest fluxes he t
experiment and the largest flux was observed foHBEBP followed by DBDPE, which had the lowest
fractional absorptions. When comparing s DPTE had the highest value, indicating fastenspart.

The correlation between log,l(Table 3) and Kgs.is shown in Figure 2. For both types of recepiadf the rate
of permeation is clearly decreasing with increasiggK,,,. The effect of the worst case receptor fluid seentg
to have an effect on the compounds with the loveesK,,, (DPTE).



Table 3. Physical-chemical properties and pseudo log K, and pseudo Kp
permeability coefficients jsc0f NBFRs.

— 7 6_5 o * Ky pse PHY
MW  log Koy p.pse p.pse ] O Ky pe WOC
(g/mol) (PHY) ~ wog) =
(um/h) (um/h) ‘= 4]
DPTE 530.7 5.8 33 57 g ] %
EHTBB 5499 77 28 31 g | * w
BTBPE 687.6 8.3 25 2.1 z 2 o
BEH-TEBP  706.2 9.3 2.7 2.7 X &
DBDPE 9712 111 1.6 15 ]
@-HBCD 6417 7.9 29  na or . A 15
B-HBCD 641.7 7.9 2.8 n.a. log Kgy,
Y-HBCD 641.7 7.9 25 n.a. Figure 2. Pseudo permeability coefficienf,g&as a

function of log K.

Only a few other studies on dermal uptake of BFRsetbeen published. Hughes et al (2bbmeasured dermal
absorption of BDE-209 in mouse skin mounted in filmough cells, and found that the fractional apton
depended on the dose. Pawar et al (201#)ed reconstructed epidermis to estimate the dgrenmeability of
EHTBB and BEH-TEBP. In agreement with our studgytldlid not find BEH-TEBP in the receptor fluid wiith
the duration of the experiment in spite of dose$oup00 times higher than in the present study.

The humarex vivo skin model can be used to estimate dermal uptlK8BRs. We have shown that for lipophilic
compounds like NBFRs the skin depot is more impatiaan the transfer to the receptor fluid. Thexglépot has
the potential for delayed systemic uptakeivo. One of the advantages of the model is that threiskstable for
longer periods allowing experiments to run up tch7,2which is important for heavy, lipophilic compuads with
long lag times.

Acknowledgements
The study was funded by the Danish Council for patelent Research (DFF — 1333-00034).

References:

1. Frederiksen M, Thomsen C, Frgshaug M, Vorkamphomsen M, Becher G, Knudsen LE. 2010. Int J Hyg
Environ Health. 213:233-242.

2. Johnson P, Stapleton H, Sjodin A, Meeker J. 2B1t0iron Sci Technol. 44:5627-5632.

3. Watkins DJ, McClean MD, Fraser AJ, Weinbergtdpf&ton HM, Sjodin A, Webster TF. 2011. Environ
Health Perspect. 119:1247-1252.

. Stapleton HM, Misenheimer J, Hoffman K, WebgdtEr 2014. Chemosphere. 116:54-60.

. Nielsen JB, Sgrensen JA, Nielsen F. 2009. JcbbEnviron Health A. 72:315-323.

. Bronaugh RL, Stewart RF, Simon M. 1986. J Ph@ain 75:1094-1097.

. Pelling D, Phillips JC, Cunninghame ME. 1997xitology in Vitro. 12:47-55.

. OECD. 2004. Test guideline 428: Skin absorptinowitro Method.

. Vorkamp K, Bossi R, Rigét FF, Skov H, Sonne @&tDR. 2015. Environmental Pollution. 196:284-291.
10. Vorkamp K, Christensen JH, Rigét FF. 2004.T&tal Environ. 331:143-155.

11. Kissel JC. 2011. J Expo Sci Environ Epidenfdt.302-309.

12. Bergman A, Rydén A, Law RJ, de Boer J, Covaatfal. 2012. Environ Int. 49:57-82.

13. Hughes MF, Edwards BC, Mitchell CT, Bhooshar2@)1. Food and Chemical Toxicology. 39:1263-1270.
14. Pawar G, Abdallah MAE, Harrad S. 2014. Proaggslfrom Dioxin2014.

© o00o~NO O~



