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Cutaneous contamination by radionuclides is a major concern in the nuclear industry. In case of skin
exposure to uranium, no efficient emergency treatment is available to remove the actinide from the skin.
For this purpose, we developed a nanoemulsion containing calixarene molecules displaying good chelat-
ing properties towards uranium. In this paper, we describe the ability of this formulation to trap uranium
and limit its transfer from the cutaneous contaminated site into the blood. Uranium percutaneous diffu-

’C(EJl’,WOTdS" sion kinetics was assessed with Franz cells over 24 h through intact and excoriated pig ear skin biopsies,
Nzrll)(()aerr::jsion after or without application of the nanoemulsion. Uranium distribution in the skin layers was analysed by
Uranium SIMS microscopy. The results showed that prompt application of the calixarene nanoemulsion allows a

94% and 98% reduction of the amount of uranium diffused respectively through intact and excoriated
skin. The formulation is still efficient in case of delayed application up to 30 minutes since the 24 h-ura-
nium transfer through excoriated skin is reduced by 71%. Besides, no accumulation of uranium or ura-
nium-calixarene chelate was observed in the different skin layers. In conclusion, this study
demonstrated the efficiency of the calixarene nanoemulsion, which can be regarded as a promising treat-
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ment for uranium cutaneous contamination.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Accidental cutaneous contamination by radionuclides repre-
sents, after inhalation, the second cause of internal contamination
of nuclear workers and may occur because of accidental confine-
ment disruption, mechanical damage or gloves defect, when
manipulating those radionuclides through gloves-boxes [1].
According to a study concerning the following up of workers from
a French nuclear facility, between 1995 and 2003, the number of
contaminations after an injury was in average of 20 cases per year
(11% of the total number of contaminations), whereas the number
of contaminations by inhalation was around 170 cases per year
(88%) [1]. In France, workers involved in the production, fabrica-
tion or reprocessing of the nuclear fuel, which is mainly composed
of uranium oxide and 3-7% plutonium oxide, may be exposed to
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these actinides present as either solid state (oxide particles) or sol-
ubilised in solutions (mainly nitric acid) [1]. In particular, cutane-
ous contamination by uranium may induce a high internal
exposure after translocation of the radioelement through intact
or excoriated skin [2-4]. Indeed, in case of contamination of super-
ficial injuries by soluble uranium compounds, the radionuclide can
be transferred from the wound site to the bloodstream in less than
30 min [5,6]. Subsequently, uranium is partly excreted in urines
and distributed in its main retention organs, i.e., kidneys and
bones, where respectively chemical and radiological toxicities
may occur [7-10]. To our knowledge, no effective and specific dos-
age form is available to treat in emergency skin uranium contam-
ination [11,12]. Indeed, the common medical care of victims only
consists in a local rinsing of the contaminated wound with soaped
water or 25% calcium salt of diethylene triamine pentaacetic acid
(Ca-DTPA), afterwards Ca-DTPA decorporation treatments are
intravenously administered at the medical unit of the nuclear site
in order to enhance urinary excretion of radionuclides. Unfortu-
nately, Ca-DTPA exhibits a poor efficiency towards uranium which
means that these procedures are ineffective [13-16]. To improve
the treatment of skin contamination by radionuclides, some re-
search groups have developed topical formulations containing
biphosphonates as uranium chelating agents in order to limit the
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Fig. 1. Structure of 1,3,5-OCH3-2,4,6-OCH,COOH-p-tertbutylcalix[6]arene.

translocation of uranium from the wound site [17-19]. However,
no biphosphonate chelating effect was actually demonstrated in
these studies. In this context, we have developed a new dosage
form [20] consisting of an oil in water nanoemulsion containing
a calixarene molecule (Fig. 1) developed in our laboratories primar-
ily for radiotoxicological analyses purpose and known for its par-
ticular uranium chelation properties [21,22]. Previous in vitro
experiments demonstrated that this calixarene nanoemulsion
was able to extract more than 80% of uranyl ions from an aqueous
contaminated solution [23].

The aim of the present work is to estimate the ability of this for-
mulation to limit the diffusion of uranium through intact and
wounded skin after contamination by a solution containing uranyl
ions, which is a highly transferable uranium form. The contamina-
tion compounds used in this study, a uranyl nitrate solution
(molecular weight of the salt UO,(NO3),: 394 g mol~',very soluble
in aqueous solutions), are commonly encountered in nuclear fuel
cycle facilities and often manipulated as nitric solutions. Franz dif-
fusion cells, an ex vivo technique commonly used in skin pharma-
cology and validated for radiotoxicological studies [24], were
employed to study the percutaneous uranium diffusion after or
without application of the calixarene nanoemulsion. In addition,
ionic microscopy technique (SIMS) was used in order to localise
uranium in the skin layers for ex vivo experiments.

2. Materials and methods
2.1. Materials

Calixarene molecule (Fig. 1) was synthesised as described in the
patent by Duval and coworkers [25]. Other components used for
formulation were paraffin oil (d = 0.86), (VWR, Fontenay sous Bois,
France), non-ionic surfactants sorbitan monooleate (Span® 80) and
polyoxyethylene glycol sorbitan monooleate (Tween® 80), pur-
chased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
Water used in all experiments was obtained from a Milli-Q® Syn-
ergy 185 water purification system (Millipore, Saint-Quentin-en-
Yvelines, France). Uranium-contaminated solutions were prepared
by diluting a depleted uranium standard solution (1000 mg 1! in
2% HNO;, SPEX Certiprep, Horiba Jobin Yvon, Longjumeaux,
France).

2.2. Preparation of nanoemulsion

Nanoemulsions were prepared by the emulsion inversion point
method as described previously [20]. Briefly, water was slowly
added to a mixture of paraffin oil, non ionic surfactants and calix-
arene under slight stirring using a magnetic stirrer. The emulsifica-
tion temperature was kept at 50 °C. Samples were then cooled at
room temperature under slight stirring. The amounts of surfac-
tants, oil and water were 5%, 20% and 75% (w/w), respectively.
Thereafter, the nanoemulsions without or with calixarene (at

4mgg ') will be referred in the text respectively as “unloaded”
or “loaded” nanoemulsion. The previous physicochemical charac-
terisation studies have shown that the oil droplet diameter is
around 150 nm and that this nanoemulsion is quite homogeneous
since the polydispersity index is low (PDI < 0.250), and the zeta po-
tential is around —50 mV [20].

2.3. Skin sampling and measurements

2.3.1. Pig ear skin samples preparation

Pig ears were purchased from slaughterhouse with the veteri-
nary department authorisation (Direction Départementale des Ser-
vices Vétérinaires de Hauts de Seine, France). Female pigs were
Landrace and male were Piétrain species. Pig ears were stored at
—20 °C until use. Before each experiment, they were warmed to
room temperature. Full thickness skin pieces were then removed
from the external face of the ears [26] and prepared to fit to Franz
diffusion cells for diffusion assays.

2.3.2. Wound generation by excoriation

The stratum corneum of pig ear skin pieces was removed by tape
stripping using standard D-Squame® adhesives (@ 28 mm, Mona-
derm®, Monaco) pressed onto the skin using a D-Squame® applica-
tor providing a constant 150 g cm 2 pressure. Tapes were removed
with one quick movement. To determine the number of adhesive
application required to remove the stratum corneum, 0, 20, 40
and 60 tapes were applied. Skin samples were embedded in OCT
compound (Optimal Cutting Temperature compound, Tissue-
Tek®, Sakura Finetek, Villeneuve d’Ascq, France) and frozen. Ten
micrometers cryostat skin sections were fixed and stained with
Mayer’s hemalun. Stained skin sections were then observed with
an optical Leitz Diaplan microscope (Leica Microsystémes, Rueil-
Malmaison, France) equipped with a Coolsnap ES camera (Roper
scientific, Evry, France). A minimum of 12 cryosections coming
from different pig ear skin biopsies were analysed for each test
(2 pig ears and 3 skin pieces per pig ear for each tape number
tested).

2.3.3. Thickness measurement of skin pieces

The full-thickness pig ear skin samples were measured before
diffusion assay using a thickness gage (Mitutoyo Corporation, Rois-
sy, France). The mean thickness of intact and excoriated skin sam-
ples was respectively 1.07 + 0.10 mm and 0.92 + 0.05 mm (mean of
12 assays * standard deviation).

2.3.4. Transepidermal Water Loss measurements

The Transepidermal Water Loss (TEWL) can be dramatically al-
tered if the stratum corneum barrier function is perturbed by phys-
ical, chemical, therapeutic and pathological factors and can thus be
a sensitive indicator of skin water barrier alterations [27-29]. The
TEWL of intact and excoriated skin samples was determined before
each diffusion assay by using a Tewameter TM 300® (Monaderm®,
Monaco) equipped with an adapted probe. Room temperature and
relative humidity were checked to meet the optimal use conditions
of the apparatus. According to the apparatus specifications, TEWL
values below 15-25 gm 2 h™! can reflect the integrity of the skin
barrier function, whereas TEWL values exceeding 30 gm2h!
can indicate a skin water barrier disruption.

2.4. Ex vivo procedures

2.4.1. Franz diffusion cells

The Franz diffusion cells system used was a MicroettePlus™
apparatus (Hanson Research Corp., Chatsworth, California, USA).
Transcutaneous diffusion was assessed according to OECD guide-
lines [30]. Franz cell receptor compartment was filled with 7 ml
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of 0.25M carbonate-bicarbonate pH 9.8 buffer (Sigma-Aldrich,
Saint-Quentin-Fallavier, France) homogenised by magnetic stirring
(400 rpm) and maintained at 33.5 °C to ensure a surface skin tem-
perature of 32 °C [30]. Skin biopsies were placed between the do-
nor and the receptor compartment ensuring that the dermal face
was in contact with the receptor medium, whereas the epidermal
face was turned to the donor compartment. The whole device
was then fixed with a clamp. The contaminated solution was
deposited on 1.76 cm? of the skin epidermal face in the donor com-
partment. Skin surface temperature was measured with a ther-
mometer (Testo 925, Testo, France) equipped with an adapted
probe (Testo, France). All Franz diffusion cell experiments were
conducted under occlusive condition. The uranium diffusion kinet-
ics was evaluated by automatically sampling 1 ml aliquots of
receptor fluid at the following predetermined times: 0, 0.5, 2, 4,
6, 12, 18 and 24 h. Franz cell blank experiments were conducted
with skin biopsies that were not contaminated by uranium in order
to evaluate the release of uranium that is naturally contained into
the skin samples as a function of time. The diffusion kinetics of ura-
nium from the contaminated solution deposited onto the skin was
then determined by subtracting for each time the cumulative
quantity of natural uranium recovered in the receptor fluid for
blank experiments to the cumulative quantity of uranium obtained
after skin contamination. Uranium diffusion kinetics was repre-
sented by plotting the percentage of cumulative quantity of ura-
nium that diffused through skin as compared with the initial
quantity of deposited uranium as a function of time. The uranium
diffusion steady-state flux (ng cm~2 h~') was determined from the
plot of the cumulative diffused uranium mass per unit skin area
versus time. It was estimated from the slope of this plot when
the rate of diffusion was constant over time.

2.4.2. Radiocontamination of skin

The contamination was made by depositing 600 ul of 10 mg 1!
uranyl nitrate solution buffered at pH=5 with a 0.01 M acetate
solution on the skin biopsies placed in the Franz cells (6000 ng of
uranium per skin biopsy). This contaminated solution volume cor-
responds to the minimal one required to cover uniformly the skin
surface, which ensures optimal transcutaneous diffusion condi-
tions by avoiding lateral diffusion phenomenon. Uranium-contam-
inated solution was prepared by diluting a standard depleted
uranium solution (1000 mg 1~! in 2% HNOs SPEX Certiprep, Horiba
Jobin Yvon, Longjumeaux, France). The contaminated solution pH
was adjusted to 5 with 0.01 M acetate buffer (Normapur, VWR,
Fontenay sous Bois, France) [23]. The contaminated solution was
kept in contact with the skin samples during the 24 h of diffusion
kinetics study.

2.4.3. Skin decontamination by calixarene nanoemulsion

To assess the calixarene nanoemulsion decontamination effi-
ciency, a 600 pl volume of 4 mg g~! calixarene loaded nanoemul-
sion was deposited on intact and excoriated contaminated skin
biopsies in the donor compartment of the Franz cells by the mean
of a syringe. The dosage form was first applied immediately after
the contamination step. It was also applied 5, 15 and 30 min after
the skin contamination step on excoriated contaminated skin sam-
ples in order to simulate the time which may elapse between a
contamination accident and the administration of treatment (e.g.
time usually needed to transfer a patient from a work place to
the infirmary, where decontamination protocols are performed)
[17].

2.4.4. Sample analysis

The 238U content of receptor fluid samples was measured by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, X Series
I, Thermo Electron, Courtaboeuf, France) using optimised proto-

cols originally designed for human urine samples [31-33]. A mul-
tielemental standard stock solution containing depleted uranium
at 1 ugl~! (from a 10 mg 1~ tuning solution SPEX Certiprep, Hori-
ba Jobin Yvon, Longjumeaux, France) prepared in 2% HNO5 solu-
tions (from a 67% HNO; solution, Normatom, VWR, Fontenay
sous Bois, France) was used before each ICP-MS measurement ser-
ies to optimise the 238U signal and get the best instrumental
conditions.

Aliquots were properly diluted in 2% HNO3 (67% HNOs3 solution,
Normatom, VWR, Fontenay sous Bois, France) and 2°°Bi (10 mg 1!
single element internal standard, SPEX Certiprep, Horiba Jobin
Yvon, Longjumeaux, France) was added as internal standard at
1 pug 1. As the diluted solutions were prepared by weighing, the
related uncertainties can be neglected compared with the statisti-
cal ones. Five ICP-MS measurements were performed for each ali-
quots. The combination of the statistical errors was made using the
conventional law of error propagation. In all experiments, standard
deviations of ICP-MS measurements (<2%) were negligible as com-
pared to the standard deviations of the uranium percutaneous dif-
fusion through the skin biopsies (10 assays for each experimental
condition). Considering the very low detection limit of ICP-MS for
uranium (0.5 ng 17! in 2% HNOs) and the amount of deposited ura-
nium (600 pul of U at 10 mg 17, i.e., 6000 ng of U), percentages of
uranium diffused through skin as low as 0.005% can be detected.
The cumulative amounts of uranium permeating through the skin
were expressed as a percentage of the amount of uranium
(6000 ng) deposited on each skin biopsy. This percentage is cor-
rected to take account of the previous removal of receiver samples
and plotted against time. Permeability coefficient (K;,) and lag time
values were calculated using the pseudo steady-state from plots of
cumulative penetration versus time. The extrapolation of the linear
part of the curves to the time axis gave the lag time. And the slope
of the linear part of the curves yielded the pseudo steady-state flux
Jss (ng cm™2 h™"). The permeability coefficient K, (cm h™') was cal-
culated as K,=Jss /C (C is the concentration in the donor
compartment).

Comparison between means of cumulative quantities of dif-
fused 223U obtained during the kinetics studies were done by using
t-test nonparametric statistical test with o = 0.05.

The calixarene content in the receptor medium aliquots was
determined by High Performance Liquid Chromatography (HPLC).
The HPLC system used was an Agilent 1200 Series apparatus
(Agilent Technologies, Massy, France) equipped with an auto-
sampler (1200 Series Standard Autosampler), a mobile phase
delivery pump (1200 Series Quaternary Pump) associated with
a degasser (1200 Series Vacuum Degasser), a UV-Visible detector
(Multi-Wavelength Detector) and a data module (HPLC 2D
ChemStation Software). The stationary phase was a Zorbax
Eclipse XDB-C8 column (150 x 4.6 mm., 5 um), and a mixture
of acetonitrile and 0.05% trifluoroacetic acid (HPLC grade, Sig-
ma-Aldrich Saint-Quentin-Fallavier, France) was employed as
mobile phase. Samples were diluted in tetrahydrofuran (HPLC
grade, Sigma-Aldrich, Saint-Quentin-Fallavier, France) in ratio
1:1 (v/v) and were analysed in duplicate. The injection volume
was set at 20 ul and the absorbance measurement was per-
formed at 210 nm, a wavelength that is suitable to detect the
calixarene.  Calibration curves were performed with
0.05 pgml~'-0.5 pgml~! solutions by diluting appropriate
amount of calixarene powder in a 1:1 (v/v) mixture of carbon-
ate-bicarbonate buffer and tetrahydrofuran. The detection limit
of the analytical method was 0.02 ug ml~! and the quantification
limit was 0.05 ug ml~1.

2.4.5. Localisation of uranium in skin biopsies by SIMS microscopy
At the end of the 24 h Franz cell diffusion experiments, skin
biopsies were thoroughly rinsed with water and fixed in a solution
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containing 6% glutaraldehyde in a sodium cacodylate buffer at 4 °C
during 1 day. Skin samples were then dehydrated in various etha-
nol and propylene oxide baths, permeated with a propylene oxide/
Epon mixture and then embedded in pure EPON-type resin [34].
Skin sections (0.9 um) of embedded samples were transversally
cut (from the stratum corneum to the hypodermis) and laid on sil-
icium or gold holders for Secondary lon Mass Spectrometry (SIMS)
analysis. The SIMS analyses were performed with a CAMECA IMS
4F-E7 instrument (Gennevilliers, France).

The SIMS microscopy, which allows the elemental and isotopic
analysis of a solid surface, is based on the sputtering of a few atom-
ic layers from the surface of a sample by 0%* primary ions beam
bombardment. The ejected secondary ions are accelerated and ana-
lysed by mass spectrometry. Then, the collected secondary ions can
be measured with an electron multiplier and also sequentially con-
verted into an image. A more detailed description of the physical
phenomenon is provided in the literature [35,36]. For each skin
area analysed, “°Ca* or 22Na* images gave the histological structure
of the skin and 223U images showed uranium localisation within
the cutaneous structures.

3. Results
3.1. Wound generation by tape stripping (excoriation)

The number of tapes required to remove the stratum corneum
was determined by a histological study. After successive applica-
tion of 0, 20, 40 or 60 tapes, pig ear skin sections (10 pm-thick)
were observed with an optical microscope. The results showed that
the successive application of 60 tapes per skin biopsy was neces-
sary to remove the whole stratum corneum from the skin explants
(Fig. 2).

3.2. Comparison of the uranium percutaneous diffusion kinetics
through intact and excoriated skin

The integrity of intact pig ear skin explants in Franz diffusion
cells was preliminary checked by TEWL measurement on 6 intact
skin explants during 24 h. The TEWL values were stable during
the 24h experiment (mean TEWL value: 52+1.1gm?h™"),
which indicated that the skin biopsies integrity was maintained
under our experimental conditions. For excoriated skins, TEWL
value measured before each experiment was around
40+1.1gm2h'. The uranyl diffusion kinetics through intact
and excoriated skin is represented in Fig. 4. After 24 h of expo-
sure, 0.07 £ 0.03% and 39.5 + 13.4% of the initially deposited ura-
nium has diffused respectively through intact (Fig. 3A) and
excoriated (Fig. 3B) skin samples. Uranium was significantly
(p <0.05) detected in the Franz diffusion cells receptor medium
from 30 min after the contamination of intact and excoriated
skin. The steady-state flux of uranium was 55 times higher
across excoriated skin (60.9 ng cm~2 h~!) than across intact skin
(1.10 ngcm 2 h™'). Thus, the elimination of the stratum corneum
greatly enhanced the uranyl diffusion and the quantity of ura-
nium that diffused across the pig ear skin samples.

Visualisation of uranium distribution in the skin structures after
24 h of exposure by SIMS microscopy: comparison between intact
and excoriated skin.

To verify the absence of interference in SIMS analysis, the mass
spectra of intact skin biopsies that were not exposed to uranium
were recorded around the mass of the 238U isotope (Fig. 4). No sig-
nificant peak at the 238 mass was observed. Similar mass spectra
have been obtained for excoriated skin biopsies. These results
showed that natural uranium contained in skin biopsies was not
detected by SIMS and that there was no superposition of poly-
atomic ions at the mass of interest.

20 tapes

40 tapes 60 tapes

Fig. 2. Microscopic observations of 10 pm-thick stained pig ear skin cryosections after the application of 0 to 60 tapes (scale: 20 pum).
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Fig. 4. Mass spectrum (recorded at mass around 238) of intact skin biopsy that was
not exposed to uranium. X axis represents mass in atomic mass unit (a.m.u.), Y axis
represents the signal intensity in counts per second (c/s).

After 24 h of exposure to uranium, intact and excoriated skin
samples were analysed by SIMS microscopy (Fig. 5). SIMS images
showed an uranium accumulation in the most external layer of
the stratum corneum of intact skin explants (Fig. 5A), whereas no
significant uranium accumulation was detected in the excoriated
skin samples structures, in SIMS experimental conditions (Fig. 5B).

3.3. Calixarene percutaneous diffusion from calixarene nanoemulsion

The calixarene percutaneous diffusion was determined in Franz
diffusion cell experiments prior to assessing its decontamination
efficiency. A 1 ml calixarene nanoemulsion volume was deposited
on intact and excoriated skin biopsies in the Franz cell donor com-
partment, and the diffusion of the calixarene molecule was as-
sessed during 24 h under occlusive condition. No calixarene was
detected by HPLC in the Franz diffusion cell receptor fluid during
the 24 h experiments through both intact and excoriated skins.

3.4. Calixarene nanoemulsion efficiency on contaminated intact skin

The uranium diffusion kinetics was studied after the application
of unloaded or loaded nanoemulsion on intact skin biopsies imme-
diately after the contamination step. The application of the un-
loaded nanoemulsion did not significantly change the uranium
diffusion kinetics (Fig. 6). By contrast, the application of the calix-
arene loaded nanoemulsion allowed reducing very significantly
(p <0.01) the diffused uranium quantity starting from 30 minutes
following contamination. Moreover, the application of the
4 mg g~ ! calixarene loaded nanoemulsion allowed firstly, a flux de-
crease in uranium from 1.10 ng cm 2 h~! in absence of treatment
to 0.02ngcm2h~! and secondly, an extremely significant de-
crease (p<0.001) in the diffused uranium percentage after 24 h
from 0.07 + 0.03% in absence of treatment to 0.004 + 0.003%.

At the end of the 24 h Franz cell diffusion experiments, intact
skin biopsies were analysed by SIMS microscopy (Fig. 7). The
images and mass spectra showed that after the application of the
unloaded nanoemulsion (Fig. 7A), the uranium localisation was
the same as that observed in absence of treatment (Fig. 5A), i.e.,
uranium is accumulated in the most external layers of the stratum

corneum. SIMS analysis revealed that, after the application of the
loaded nanoemulsion on uranium-contaminated skin explants,
the radionuclide was no more significantly detected in skin struc-
tures (Fig. 7B). Hence, there was a significant difference in uranium
repartition in the cutaneous structures between the non-treated
and the calixarene nanoemulsion-treated contaminated intact
skin.

3.5. Calixarene nanoemulsion efficiency on contaminated excoriated
skin

Unloaded or loaded nanoemulsion was deposited on excori-
ated skin biopsies immediately after the contamination step
and the uranium diffusion kinetics was followed during 24 h
(Fig. 8). The application of unloaded and loaded nanoemulsion
allowed decreasing significantly (p <0.05) the quantity of dif-
fused uranium starting 4 h after contamination. The application
of the unloaded nanoemulsion and of the loaded nanoemulsion
respectively led to a 4-fold (14.1ngcm 2h™!) and to a 36-fold
(1.7ngcm~2h~!) uranium steady-state flux reduction. The per-
centage of diffused uranium after 24h was decreased from
39.5+13.4% in absence of treatment to 7.5+2.7% and to
1.0 £0.6% by unloaded and loaded nanoemulsion, respectively.
The dilution effect on uranium diffusion kinetics was studied
by depositing 600 pul of water in the Franz cell donor compart-
ment immediately after the contamination step. The application
of water on contaminated excoriated skins led to a 1.8-fold dim-
inution of the wuranium steady-state diffusion flux
(34.0ngcm~2h~!) and to an approximate 2-fold reduction of
the diffused uranium percentage after 24 h (16.2 + 8.0%). The val-
ues of pseudo steady-state flux of uranium, lag time and perme-
ability coefficient for diffusion experiments on intact and
excoriated skins are compiled in Table 1.

After 24 h of Franz cell diffusion experiments, SIMS images and
mass spectra showed that no significant uranium accumulation
was detected in the contaminated excoriated skin structures after
the application of unloaded or loaded nanoemulsion. However,
uranium traces were found to be retained in the areas, where a
few residual stratum corneum layers remained after the tape strip-
ping step (Fig. 9). There was thus no significant difference between
these observations and those made when studying the uranium
diffusion through excoriated skin in the absence of treatment
(Fig. 5B).

3.6. Calixarene nanoemulsion efficiency on contaminated excoriated
skin in case of delayed application

The effect of time elapsed between the skin contamination by
uranium and the application of the treatment on the uranium dif-
fusion kinetics was studied by delaying the application of the cal-
ixarene nanoemulsion by 5, 15 and 30 minutes. As illustrated in
Fig. 10, uranium diffusion kinetics was roughly the same when
the calixarene nanoemulsion was applied 5, 15 or 30 minutes after
the contamination step. In these three cases, the calixarene nano-
emulsion allowed a 2-fold uranium steady-state flux reduction
(average steady-state flux of 32.4+ 9.2 ngcm 2 h™') and a 3.5-fold
uranium diffusion percentage decrease after 24 h (11.6 + 2.8%) as
compared to the absence of treatment.

4. Discussion

The goal of the present work was to evaluate the ability of
the calixarene nanoemulsion to trap uranium on intact and exco-
riated skin. For this purpose, pig ear skin was chosen as model
in Franz diffusion cell experiments because it is known for being
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Fig. 6. Uranium percutaneous diffusion kinetics through intact skin in absence of
treatment (x) or after application of unloaded nanoemulsion (J) or loaded
nanoemulsion (4 mg g~ ! calixarene) (M). The treatment was applied immediately
after the contamination step and the percentage of uranium that diffused through
intact skin biopsies was recorded during 24 h. Each point corresponds to the mean
of 10 assays + standard deviation.

the most representative model of human percutaneous absorp-
tion [26,37,38]. The external face of pig ear skin explants was
put in contact with carbonate-bicarbonate buffer as receptor
fluid. This solution ensures sink conditions and high uranium
solubility, which was not the case of physiological phosphate
buffer in which uranium precipitation was observed during our
preliminary uranium solubility studies. Moreover, the use of
0.025 M carbonate-bicarbonate buffer allowed us reproducing
the blood medium in which uranium is strongly bound to car-
bonate ions once it passed through the skin and penetrates into
the bloodstream [39,40]. The integrity of intact skin explants in
contact with this receptor medium was checked during 24 h by
TEWL measurement before performing diffusion assays. The ob-
tained TEWL values (5.2 + 1.1 gm 2 h~!) were in good agreement
with the values recommended in the specifications of the used
apparatus (Tewameter TM 300®°, Monaderm®, Monaco) and in
the literature [41]. All Franz diffusion cell experiments were con-
ducted under occlusive condition to prevent evaporation and
concentration phenomena of solutions deposited in the Franz
cell donor compartment during the 24 h percutaneous diffusion
studies.
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Fig. 7. lonic images and corresponding mass spectra of intact skin biopsies treated immediately after the contamination step (10 mg1~' uranyl solution) by unloaded
nanoemulsion (A) or loaded nanoemulsion (4 mg g~ calixarene) (B). Biopsies were analysed by SIMS microscopy 24 h after the beginning of Franz cell experiments. In these
ionic images, 2*8U" image (red) was superposed to 2>Na* (A; green) or “°Ca* (B; green) images (100 um x 100 um image field).

The low amount of uranium diffusing across intact pig ear skin
without any treatment (0.07 £ 0.03% after 24 h) is close to the
quantity passing through intact human skin in Franz diffusion cell
experiments [24], but lower than the value determined on back rat
skin model [4,24]. This confirms that pig ear skin represents a bet-
ter animal skin model for uranium percutaneous diffusion study
than rat skin. SIMS images of intact skin explants and correspond-
ing mass spectra determined 24 h after contamination showed that
uranium is mostly retained at the surface of the skin in the first
most external stratum corneum layers. Uranium that is present in
these layers can then be eliminated by natural skin desquamation
[42]. Intact skin thus appears to be an efficient barrier against the
entry of uranium into the body.

Concerning the uranium diffusion through excoriated pig ear
skin, uranyl diffusion is 55-fold faster through excoriated skin than
through intact skin, and the quantity of diffused uranium 24 h after
the contamination step is 530-fold higher in case of excoriation,
which corresponds to a percutaneous passage of around 40% of ini-

tially deposited uranium. Furthermore, contrary to the studies on
intact skin, where SIMS technique allowed to observe a significant
accumulation of uranium in the stratum corneum, no uranium
accumulation was found in SIMS ionic images in the cutaneous
structures of excoriated skin biopsies after 24 h of uranium con-
tamination. Besides, percutaneous diffusion studies demonstrate
that excoriation, which represents a common and superficial
wound, leads to a dramatic increase in uranium diffusion flux
and in the diffused uranium quantity as a function of time. This
wound model, which is easy to produce by tape stripping and
reproducible, thus, represents a suitable wound model for assess-
ing the ability of local treatments for the decontamination of ura-
nium-contaminated injured skin. Moreover, the fact that uranium
can pass through both intact and superficial wounded skin in less
than 30 minutes emphasises the need to treat very rapidly the
cutaneous contamination.

Taking into account this fast diffusion of uranium through both
intact and excoriated skin and the lack of specific and efficient
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Fig. 8. Uranium percutaneous diffusion kinetics through excoriated skin in absence
of treatment (x) or after application of water (4) or unloaded nanoemulsion ((J) or
loaded nanoemulsion (4 mgg~! calixarene) (M). The treatment was applied
immediately after the contamination step and the percentage of uranium that
diffused through excoriated skin biopsies was recorded during 24 h. Each point
corresponds to the mean of 10 assays + standard deviation.

topical or decorporation treatments in case of cutaneous contami-
nation by uranium, we have designed a specific emergency treat-
ment for contaminated intact and wounded skin and tested its
decontamination ability using again pig ear skin explants.

Before the determination of the calixarene nanoemulsion po-
tential for cutaneous uranium decontamination, the percutaneous
diffusion of the calixarene molecule through intact and excoriated
skin explants was preliminary investigated. Calixarene nanoemul-
sion was then deposited on the biopsies and calixarene content in
the fluid receptor was measured during 24 h. It appeared that cal-
ixarene was not detected in the Franz diffusion cell receptor med-
ium. Therefore, based on the detection limit of the HPLC method,
less than 0.01% of the deposited calixarene quantity could have
passed through both intact and excoriated skins without being de-
tected, which represents an almost negligible amount.

The skin decontamination potential of the calixarene nano-
emulsion was first evaluated on contaminated intact skin and the
diffusion of uranium was compared with the one obtained in ab-
sence of treatment. From the diffusion kinetics data and SIMS
images, it appears that the unloaded nanoemulsion has no signifi-
cant decontamination effect on intact skin. The application of the
calixarene loaded nanoemulsion on intact skin immediately after
the uranium contamination step allowed a 94.2 + 4.7% reduction
of the quantity of uranium that diffused through the skin at the
end of the 24 h Franz diffusion cell experiments and a 55-fold ura-
nium steady-state flux decrease. SIMS images and corresponding
mass spectra revealed that there was no uranium retention in in-
tact skin structures. By comparing these SIMS images (Fig. 7B) to
those obtained in absence of treatment (Fig. 5A) or after the appli-
cation of the unloaded nanoemulsion (Fig. 7A), we can see that the
treatment prevents the accumulation of uranyl ions in the stratum
corneum and thus, its penetration through the other skin layers.
According to these results obtained on intact skin and from our
previous work that demonstrated in vitro the ability of the calixa-
rene nanoemulsion to extract uranyl ions from a contaminated
solution [23], we can conclude that the immediate application of
the calixarene nanoemulsion after the cutaneous contamination
step allows trapping and retaining the uranyl ions from an aqueous
contaminated solution, which interferes with the uranium percu-
taneous transfer. Moreover, as SIMS images did not show any ura-
nium accumulation after the contamination treatment by the
calixarene nanoemulsion, it seems that the calixarene-uranium
chelate does not significantly penetrate into intact skin structures.
Thus, calixarene nanoemulsion constitutes an efficient treatment
of skin contamination that acts at the skin surface. However, as in-

Table 1
Pseudo steady-state flux of uranium through intact or excoriated pig skin after
prompt or delayed application of treatment (mean + SD of n = 10 determinations).

Lag time  Flux, Jss
(h) (ngemh™")

Permeability
coefficient, K, (cm h™")

Prompt treatment
Intact skin
No treatment 9.7+2.1
Unloaded 71+19
nanoemulsion
Loaded
nanoemulsion
(4mgg!
calixarene)

11x107%+1.4x10°*
40x105+45%x10°°

1.10 +1.40
0.04 +0.04
20x10°+16x10°°

49+3.2 0.02+0.02

Excoriated skin
No treatment
Water (1:1 v/v)
Unloaded
nanoemulsion
Loaded
nanoemulsion
(4mgg™!
calixarene)

6.1x103240x 1073
34x103+14x103
14x103+81x107*

84+23
89+1.6
104+1.2

60.9 +40.3
3404138
14.1+8.1

1.7x10%+ 1.4 x 10°*

105+2.2 1.7+14

Delayed treatment
Excoriated skin

Loaded
nanoemulsion
(4mgg!
calixarene) 5 min
after the
contamination

Loaded
nanoemulsion
(4mgg!
calixarene) 15 min
after the
contamination

Loaded
nanoemulsion
(4mgg™!
calixarene) 30 min
after the
contamination

11.0+x1.7 243+12.7 24%x1073+13x 1073

95+1.2 424+204 42%x103+20x 1073

89+22 304+222 3.0x103+22x103

tact skin can be considered as a sufficient barrier against the entry
of uranium in the body, it is important to assess the efficiency of
the calixarene nanoemulsion on a contaminated wound model.
The skin decontamination potential of the calixarene nano-
emulsion was then evaluated on a superficial wound model con-
sisting in excoriated skin. It was observed in a preliminary study
that the unloaded nanoemulsion allowed a 4.3-fold uranium diffu-
sion flux diminution and a reduction of 83.0 + 6.5% of the quantity
of uranium that diffused through excoriated skin after 24 h of
Franz diffusion cell experiments. This action of the unloaded nano-
emulsion can be partly explained by the dilution effect of the con-
taminated solution due to the nanoemulsion aqueous phase.
Indeed, the uranium diffusion flux obeys to the first Fick’s law
which stipulates that the diffusion kinetics at the steady-state is
proportional to the difference in uranium concentration between
the epidermal and the dermal faces of the skin [43]. So, by diluting
the uranium concentration deposited on the epidermal face of skin
biopsies, the percutaneous diffusion flux of the radionuclide should
be decreased. This dilution effect was demonstrated by depositing
pure water instead of unloaded nanoemulsion on the contami-
nated skin. The water application allowed a 1.8-fold diminution
of the uranium steady-state diffusion flux and an approximated
2-fold reduction of the 24 h diffused uranium percentage. More-
over, it was demonstrated in a previous paper [23] that the un-
loaded nanoemulsion was able to extract around 20 % of uranium
from a contaminated solution under the same conditions
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Fig. 9. ionic image and mass spectrum of excoriated contaminated skin biopsy treated immediately after the contamination step (10 mg 1~' uranyl solution) by loaded

nanoemulsion (4 mg g~ ! calixarene). Biopsy was analysed by SIMS 24 h after the beginning of Franz cell experiments. In the SIMS image,

23Na* (green) image (200 pm x 200 um image field).

contributing to the reduction of the uranium diffusion flux. The
fact that the unloaded nanoemulsion effect was not significant
on uranium diffusion through intact skin biopsies may certainly
be explained by the low uranium diffusion and the high standard
deviation observed in this case. SIMS images and corresponding
mass spectra of excoriated skin biopsies 24 h after the contamina-
tion step and the application of the unloaded nanoemulsion were
not significantly different from the ones obtained in absence of
contamination treatment. Uranium is thus not retained in excori-
ated skin structures after application of the unloaded nanoemul-
sion on contaminated skin. The application of the calixarene
nanoemulsion immediately after the contamination step induced
a decrease of 97.5 + 1.7% of the quantity of uranium that diffused
through excoriated skin after 24 h of Franz diffusion cell experi-
ments and allowed a 36-fold uranium diffusion flux diminution,
which represents a 8-fold greater flux reduction than the one ob-
tained by application of the unloaded nanoemulsion. SIMS analyses
of excoriated skin biopsies at the end of the Franz diffusion cell
experiment showed no uranium accumulation in the cutaneous
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Fig. 10. Uranium percutaneous diffusion kinetics through excoriated skin in
absence of treatment (x) and after either immediate application (O) or delayed
application of loaded nanoemulsion (5 minutes (@), 15 minutes (a), 30 minutes
(v))- The percentage of uranium that diffused through excoriated skin biopsies was
recorded during 24 h. Each point corresponds to the mean of 10 assays * standard
deviation.

238* image (red) was superposed to

tissues, as it was previously observed in absence of treatment of
the skin contamination and after application of the unloaded nano-
emulsion. From the results obtained in uranium diffusion assays
and from SIMS images, we can conclude that the calixarene nano-
emulsion quantitatively extracts and retains uranyl ions of a ura-
nium-contaminated solution deposited on wounded skin.
Furthermore, the calixarene nanoemulsion seems to act at the sur-
face of the skin as no significant penetration of the calixarene-ura-
nyl chelate was observed into the skin. In addition, it was observed
that the calixarene nanoemulsion is less efficient in case of delayed
application but still allows a very significant uranium diffusion de-
crease as compared to the absence of treatment application. This
reduction of efficiency being approximately the same whatever
the delay of application (5-30 min), we assume that a part of the
deposited uranium fastly penetrates in the upper excoriated skin
structures, saturates them and then diffused passively through
the skin to later reach the receptor medium. Experiments are in
progress to improve our understanding of this phenomenon. From
these results, it appears that it is better to treat the cutaneous con-
tamination as soon as possible to ensure an optimal decontamina-
tion efficiency of the calixarene nanoemulsion.

5. Conclusion

To sum it up, our study demonstrates that the calixarene nano-
emulsion allows to decrease almost quantitatively the uranium
percutaneous diffusion by trapping and retaining uranyl ions at
the surface of the skin. This patented formulation [44] thus consti-
tutes a promising therapeutic approach for the local treatment of
intact and wounded skin contaminated by transferable uranium
compounds. For optimal efficiency, the treatment should be ap-
plied as fast as possible after the contamination.

Further, ex vivo studies in Franz diffusion cell are in progress in
order to compare calixarene nanoemulsion with other commonly
used chelating molecules, such as DTPA or biphosphonates, in
terms of U skin decontamination efficiency. Finally, since the calix-
arene molecules used in this study also efficiently chelate other
actinides, we planned to evaluate the calixarene nanoemulsion
efficiency on skin contaminated by other actinides such as pluto-
nium and americium and to perform in vivo studies.
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