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Abstract

Non-ideal behaviour of mixed ions is disclosed in skin absorption experiments of mixed halide anions
in excised pig skin. Comparison of skin absorption of pure and mixed ions shows enhanced penetration
of chaotropic ions from mixed solutions. An experimental design and statistical analysis using a Scheffé
{3,2} simplex-lattice allows investigating the full ternary diagram of anion mixtures of fluoride, bromide
and iodide. Synergism in mixed absorption is observed for chaotropic bromide and iodide anions. A
refined analysis highlighting specific interactions is made by considering the ratio of the absorbed
amount to the ion activity instead of the directly measured absorbed amount. Statistical analysis discards
non-significant effects and discloses specific interactions. Such interactions between bromide and iodide
cause an absorption enhancement of their partner by a factor of 2-3 with respect to the case of ideal
mixing. It is proposed that enhanced absorption from mixed solution involves the formation of neutral
complex species of mixed bromide and iodide with endogenous magnesium or calcium inside stratum
corneum.

Keywords: Skin absorption; Anions absorption; lonic interactions; Hofmeister series; Halide ions;
Experimental design



1. Introduction

Skin plays a key role in separation of human body from external environment. This is mainly due to
stratum corneum, the outermost layer made of dead cells (corneocytes) surrounded by a lipid
intercellular medium. Stratum corneum is organised into a brick-and-mortar-like structure where the
bricks are corneocytes and the mortar is made of the intercellular lipids. Such highly hydrophobic
structure protects body from excessive water loss on one hand and from pathogen and xenobiotic
absorption on the other. Because of this hydrophobic barrier, skin absorption of simple inorganic ions
has long been believed limited, or even impossible [1]. However, several recent studies have proved this
concept wrong [2,3]. Recent work by Paweloszek et al. [4] shed new light on the possible mechanisms
of halide ion transport across the skin including facilitated transport in viable skin by ionic channels and
ion transporters. Skin absorption of ionic species is much more complex than just passive diffusion as
described for various hydrophobic molecules because of the complex skin structure organized in layers.
Outermost poorly hydrated stratum corneum with high content of lipids could indeed act as a simple
passive barrier. On the other hand, viable epidermis is characterised by higher water content (up to 70 %)
and living cells producing variety of proteins [5,6]. Similar water content is found in dermis that includes
collagen and elastin in the intercellular matrix. Therefore, various types of skin-ion interactions are
possible.

Anions interacting with biological systems have been classified in Hofmeister series (F~, CI~, Br,
NOs~, I, SCN7, ClO47) based on their interactions with macromolecules in aqueous solutions [7]. lons
binding to organic materials is related to their “salting in” or “salting out” properties [8]. The Hofmeister
series classifies ions that are strongly hydrated in aqueous solution as “kosmotropic” or “water-structure
makers”. The solubility of neutral organic molecules is reduced in the presence of kosmotropes (salting-
out effect). On the other hand, “chaotropic” ions are poorly hydrated in aqueous solution (“water-
structure breakers”). They interact strongly with non-polar substances, which results in their increased
solubility (salting-in effect) [7,9—12]. The properties described by Hofmeister series determine various
physicochemical phenomena occurring in biological systems. For instance, binding of anions to model
phospholipid bilayers was found to increase following the Hofmeister series of anions and binding of
chaotropic ions was reported to affect the lipid packing within bilayers [13,14]. Similar effects can be
expected within stratum corneum as it has been disclosed by Paweloszek et al. [15]. Moreover, a
significant contribution of facilitated transport of tested ions in viable skin was observed [4]. Beyond
these observations, the involved physicochemical phenomena still remain poorly understood issues. It
is worth noticing that such different phenomena as anion adsorption/absorption to hydrophobic stratum
corneum and facilitated anion transport by proteins depend on the nature of anions in the same order:
The Hofmeister series.

The present work addresses mixed solutions of anions where non-ideal mixing (interactions with
ions of different chemical nature) influence skin absorption. Some clues regarding salts effects have
been given in studies of skin absorption of organic molecules from ionic solutions. Thus, Michael-
Baruch et al. [16] reported that skin permeation of neostigmine was enhanced in a concentration-
dependent manner in the presence of LiCl and NaCl. Soon after, Ko et al. [17] studied transdermal
penetration of salicylic acid from mixed water-ethanol medium at pH 2 containing sodium salts of
inorganic anions classified in lyotropic Hofmeister. They reported increased skin permeation in the
presence of NaBr, Nal and NaSCN while other salts had no or a reverse effect. As a whole, the
Hofmeister series was not followed; the authors ascribed the effects to interactions in solution [16].

Absorption of halide ions from concentrated aqueous solutions of single or mixed sodium halides
(NaF, NaBr, Nal) into freshly excised skin was investigated. It has been done on excised porcine skin
while keeping its metabolism in a suitable survival medium [18]. Young swine skin is the most accurate
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animal model for human skin in terms of permeation properties [19]. It is recommended for in vitro
experiments in diffusion Franz cells. Chloride was excluded from the study because its high endogenous
concentration in skin [4,20] causes analysis issues. Indeed, chloride is the most abundant anion in the
body, especially in extracellular medium [21]. Cross-effects of halides on one another’s on skin
absorption were investigated in binary and ternary mixtures. Experimental results were exploited in a
{3,2} simplex-lattice design model allowing quantitative statistical analysis.

2. Materials and Methods

2.1. Chemicals

NaF, NaBr and Nal were purchased from Fisher Scientific (Illkirch, France). Aqueous solutions of
salts were prepared in ultrapure water (resistivity > 18 MQ-cm at 25 °C) by weighing, providing
concentrations expressed as molality (mol-kg™).

2.2. Water activity and density measurements

Freezing point depression was measured with a Gonotec Osmomat 3000 freezing point osmometer
in order to assess water activity ay. The osmometer was calibrated with pure water. Measurements were
performed in triplicate with 50 uL of ionic solutions. The reading expressed in Osmol-kg™' units was
converted into water activity as

Osmolality = _ nlay) Eq. 1

mol,w

where Mol is the molar mass of water (0.018 kg-mol™).

Densities of ionic solutions needed for the conversion of molality (m, mol-kg™) into concentration
(C, mol-L™") were measured in triplicate at 32 °C with a 50 cm® pycnometer calibrated with pure water
at 32 °C (0.995 kg-dm™).

Experimental values of densities and osmolalities are given in Table S1 of Supporting Information.

2.3. Skin samples preparation

Full-thickness porcine flank skin explants were obtained from five young female pigs (30 = 1 kg),
sacrificed at the Ecole de Chirurgie, University Claude Bernard Lyon 1 (Lyon, France). Freshly excised
tissue samples were immediately (< 1 h) used to evaluate skin absorption of anions. The bristles were
cut with an electrical clipper, and the explants were rinsed in water. The subcutaneous adipose tissue
was carefully removed using a scalpel. Skin samples prepared to the final thickness of 1.35 = 0.02 mm
(Micrometer Mitutoyo) and cut into round sections of 3 cm?. Skin integrity was assessed by measuring
the Trans Epidermal Water Loss (TEWL) (Tewameter TM210, Monaderm, Monaco). Samples
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presenting TEWL values larger than 15 g-h™'-m™ after 1 min measurements were discarded. The

average TEWL values of skin samples used for experiments was 9.85 £ 0.50 g-h™'-m™.

2.4. Permeation and ion distribution in skin layers after 24 h exposure

Skin absorption was carried out for 24 h in static Franz diffusion cells. Skin explants were mounted
into two-chamber glass cells [22] (exposure area = 2.54 cm?) with stratum corneum facing up. Acceptor
compartment was filled with 10 mL of salt-free survival medium ensuring skin viability over the
duration of the experiment. The isotonic survival medium called betaine-glucose (BG) [18] contained
glucose 1 g-L™!, betaine 2.99 g-L~!, and halide-free phosphate buffer at pH 7.4 (NaHCOs 0.35 g-L™',
Na,HPO, 0.048 g-L~', KH,PO4 0.060 g-L™"). Mounted Franz cells were placed in a water bath at 37 °C
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under magnetic stirring, providing a temperature of 32 °C at the skin surface due to heat loss. After
30 min of stabilization, the acceptor fluid was renewed and 1 mL of aqueous solution of sodium halides
was placed on the skin surface. Aqueous solutions of NaF, NaBr and Nal alone, in binary and ternary
mixtures at the total concentration of 500 mmol-kg™' were studied.

At the end of the experiment, Franz cells were dismantled and skin layers were separated. Stratum
corneum (SC) was removed using cyanoacrylate glue (Loctite SuperGlue-3, Henkel) spread on a glass
plate, according to the method for cyanoacrylate surface biopsies [23]. Then, the viable epidermis (VE)
was separated from the dermis (D) by immersing the sample in water at 60 °C for 45 s. The hot water
used for this separation was pooled with the extraction medium of the dermis. The underlying
assumption is that extracted ions by hot water mainly came from the dermis, a skin layer of high water
content where ions mobility is high. The extraction of ions from each skin layer was performed by
sonication for 30 min at 60 Hz followed by extraction with a water/dichloromethane (1:1 v/v) mixture
for 17 h. Recovered quantities of ions were measured in the donor medium (DM), the acceptor medium
(AM) and the different skin layers. The background amounts coming from endogenous ions was
measured in a control experiment without donor fluid under the same conditions as the samples. They
were subtracted from the absorbed amounts of the samples. Each measurement was performed on 9
replicates with skin pieces excised from 5 different pigs according to the OECD guidelines [24].

2.5. Analysis of ions concentrations

Collected samples were analysed using ion chromatography (930 Compact IC Flex, Metrohm,
Switzerland) equipped with a chemical suppressor and conductivity detection. Elution solvent was
8 mmol-L~' sodium carbonate (Fisher Scientific, Illkirch, France) in ultrapure water. Metrosep A Supp
5 250/4.0 column with an adequate pre-column at a temperature of 35 °C was used for all analyses.
Calibration curve was linear from 0.06 to 2000 umol-kg™ (R = 0.999).

2.6. Data reduction

Results were expressed as recovered quantities in pmol-cm™. The mean value and standard error of
the mean (sem) were calculated from the n =9 repetitions of each sample. Q. corresponds to the
cumulated absorbed amount of ions recovered in SC + VE + D + AM. Comparison of formulations for
their significant differences was performed with a Student t-test (p < 0.05).

3. Statistical model for ion mixtures

A mixture design approach was used to investigate the influence of the ionic composition on the skin
permeation of each ion. Such approach allows regular screening of the entire experimental domain while
limiting the number of experiments.

The experimental domain corresponds to the full ternary diagram drawn in mole fractions of the three
ions ranging from zero to unity. This simplex experimental domain allows accommodating a polynomial
equation that describes the studied phenomenon over all compositions of mixed ions [25,26]. The used
{3,2} simplex-lattice consisted of the three vertices and the three binary blends located at the midpoints
of the edges. According to the Scheffé's design, six aqueous solutions were tested: three single-anion
solutions NaF, NaBr and Nal at the concentration of 500 mmol-kgf1 each, (Xr,Xsr,X1) = (1,0,0), (0,1,0)
and (0,0,1), and three binary mixtures made of equal molar amounts of both ions, (Xr,Xsr,X1) = (1/2,1/2,0),
(1/2,0,1/2) and (0,1/2,1/2).

The {3,2} simplex-lattice allows estimating the six coefficients of a {3,2} polynomial equation; i.e.
a second-degree model for a three-component system is written as follows:



§ = bixi + baXot b3Xs + biaXiXa + D13XiXs + DasXoX3 Eq.2

where ¥ is the predicted response for each observed anion, X; are the mole fractions of components i in
the mixture (Xr + Xg: + Xi = 1) and the parameters bix; and bjXix; are respectively the linear and nonlinear
mixing terms. In a first analysis, responses J are measured absorbed amounts per unit skin area (Qabs for
F~, Br™ and I"). Thereafter, a second analysis was performed where the ratio of Qs to ion activity was
introduced as a new response.

An additional experiment corresponding to the centroid of the simplex (ternary mixture of NaF, NaBr
and Nal at 167 mmol-kg™' each, (Xg,Xs:,X1) = (1/3,1/3,1/3), has been added as a check point to test the
adequacy of the model.

Multiple linear regression calculations, analysis of variance (ANOVA) and statistical analyses were
performed with Umetrics MODDE 12.0 software (Umetrics, Umea, Sweden).

4. Results and discussion

4.1. Experimental results

Skin penetration of ions has long been believed limited and most of available research on the subject
have considered cations far more often than anions. Previous study by Paweloszek et al. [15] initiated
research on cutaneous absorption of halide anions by investigating skin absorption of NaF, NaCl, NaBr
and Nal from aqueous solutions of equal mass concentrations. In the present study, molal concentrations
were set equal because they are more closely related to thermodynamic parameters such as activity and
chemical potential. Chloride was excluded from experiments for the sake of feasibility and
reproducibility. Indeed, chloride anions are abundant endogenous ions in the skin tissue; this causes
analysis problems for distinguishing endo- and exogenous ions [4,20].

4.2. Effect of ionic concentration

The effect of ionic concentration was firstly addressed. Indeed, a higher concentration in the donor
side creates a larger concentration gradient through the skin towards the acceptor medium. The amount
of ions penetrating skin was very low compared to the amount in the donor solution, so that ion
absorption did not significantly deplete the donor fluid; experiments were performed under “infinite
dose” conditions. The concentration in the acceptor medium also increased very little compared to that
of the donor. As a consequence, the concentration gradient driving passive diffusion was kept constant
over the whole experiment duration. Changing the concentration in the donor fluid changes the
concentration gradient to the same extent, so that the flux of passive diffusion might be proportional to
the concentration in the donor fluid. The sample concentration scale was molality (number of moles of
solute per unit mass of solvent, mol-kg™) throughout the whole paper. As shown in Fig. 1, the total
absorbed amount of iodide ions penetrating skin actually did not vary linearly with respect to the
concentration. It curved downwards at the highest concentrations. Since the ionic concentrations were
fairly high, the activity should be better considered than the concentration. Following Stokes and
Robinson [27], the activity coefficient of anions, y, includes an electrostatic contribution given by the
Debye—Hiickel relationship and a contribution coming from ion hydration expressed with the help of
the water activity, aw, in compliance with Gibbs—Duhem. For a 1:1 electrolyte at 32 °C and
concentrations expressed on the molality scale, it reads [28]

z2e3Ng,Y2 VI
41 (ege kT)3/2 1+bV1

In(y) = %ln(aw) — ln(l — Mpyorw (n —2) m) Eq. 3
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as 1.2 L"%mol™ [28]; MumoLw = 0.018 kg-mol™" is the molar mass of water; and m is the molality of
solutions. There is a large variability of experimental values of hydration numbers. The hydration
number of sodium halides, n, was taken from mean values compiled by Israelachvili [29]: n =7 for NaF,
n = 6 for NaBr and n = 5 for Nal. Hydration numbers are close to each other because the main
contribution comes from the hydration of the sodium cation. The mean value of n = 6 was taken for the

where symbols have their usual meaning. [ = Yions Zi> C; is the ionic strength; b is a constant taken

mixtures of all sodium halides. It is noticed that the Debye—Hiickel part of Eq. 3 is expressed as a
function of molarity (C;, mol-dm™) whereas the two other terms are functions of the molality (m,
mol-kg™"). Conversion from one into another is made using measured densities.

The calculation of the activity of mixed ions is a difficult task because too many parameters have to
be taken into account. A clear review of the topic is given by Blandamer et al. [30]. The case is especially
dramatic when mixed ions have different valences. In the present case, only monovalent anions having
related properties (halides) are mixed; the cationic counter-ion is sodium in every case. The activity
coefficients were calculated considering mixed ions as single species.

The relationship between absorbed amount and ion activity in the donor medium was linear (Fig. 1).
Since the activity correction only considers interactions taking place in bulk aqueous solution, any
supplementary non-ideal behaviour of ions absorption from mixed ionic solutions should come from
specific interactions operating inside skin.
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Fig. 1. Total absorbed amount of iodide ions (umol-cm™) after 24 h exposure to sodium iodide solutions as a
function of iodide concentration (blue) and iodide activity (red).

As a consequence of the linear behaviour with respect to ions activity, it makes sense to consider the
ratio of the absorbed amount to ion activity when experiments at different ionic concentrations are
compared. Similar ratio has been introduced a long time ago as the permeation coefficient k;, defined as
the ratio of the permeation flux in steady state regime to the concentration in the donor medium [31].
We define here the “absorption coefficient”, Kqps, as the ratio of the total absorbed amount after 24 h
exposure to the activity in the donor solution as:



kaps = Dabs Eq. 4

4.3. Absorption of single and mixed anions

The total absorbed quantity of halide anions tested alone at 500 mmol-kg™' did not differ significantly
(Fig. 2). The same was observed for concentrations of 250 mmol-kg™' (data not shown). The present
results differ from the ones reported previously because the studied solutions were containing the same
mass concentration (ppm) for each anion [15] instead of the present molality concentration scale. Given
the large differences in molar masses of F (19 g-mol™), Br (80 g-mol™") and I (127 g-mol™), it is easy
to notice that conversion into molar concentrations makes the observed variations weaker. Moreover,
the survival medium used as the acceptor medium was also different: ultrapure water supplemented with
glucose only created a flux of ions towards the hypotonic acceptor solution [15]. In the present study,
the acceptor medium was an isotonic composition ensuring equilibrium of osmotic pressure with skin
cells and longer viability of skin samples [18].
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Fig. 2. Absorption coefficient Kaps = Qubs/yM (kg-m™) after 24 h exposure time for skin exposed to binary and
ternary mixtures of halide salts compared to single halide salt as control. Data represent mean + sem carried out
on n =9 individual skin explants taken from 5 different pigs. Asterisks (*) indicate p < 0.05 in t-test analysis.

Investigation of skin permeability for anions in binary mixtures revealed significant differences in
their absorption depending on the composition. Synergistic effects were observed for mixtures of NaBr
and Nal. The values of kaps of both anions were significantly higher in the case of paired salts than alone.
These observations agree with Ko et al. [17] who studied the effects of addition of NaF, NaCl, NaBr,
Nal on skin penetration of salicylic acid. They found that addition of NaBr or Nal to the vaseline-based
formulation significantly increased absorption of an organic compound through murine skin in vitro and
rabbit skin in vivo. On the contrary, addition of NaF and NaCl decreased it. Similarly, the present Kabs
values for Nal were significantly reduced when mixed with NaF. Skin penetration of fluoride was also
impaired in the presence of NaBr and Nal.

Ko etal. [17] also observed that salts increased leaching of sterol off excised skin, thereby impairing
the initial hydrophobic barrier. This led to infer that enhanced penetration of salicylic acid in presence
of NaBr or Nal might be due to the reduction of the barrier function of stratum corneum by
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disorganization of the crystalline structure of its lipids, thereby allowing better swelling. According to
Elden [32], lyotropic swelling of collagen also occurs in the order: F~ < CI” < Br” < SCN™. The main
presumption from these studies is that penetrating chaotropic ions disorganize the skin barrier and make
it more permeable to penetrating ionic or nonionic molecules. There is no experiental evidence of such
phenomenon, however. The present study goes deeper into the mechanisms by considering the
distribution of anions in skin layers: stratum corneum, viable epidermis, dermis, and acceptor medium
(SC, VE, D and AM). Indeed, anions distribution in skin layers after 24 h exposure (Fig. 3) was also
altered depending on the composition of tested solution. Simultaneous exposure to Br~ and I” led to
increased recovery in AM as compared to Br~ and I™ alone. This was associated with reduced values in
D, VE and especially SC, indicating lower tendency for accumulation within the tissues. These
observations contradict the postulated idea of a disorganization of skin structure by the presence of
absorbed anions. Indeed, structural modification of skin layers would require accumulation of ions
inside them. On the other hand, the trends are reversed for iodide distribution in the presence of NaF:
recovery in AM slightly decreased for mixed ions and absorbed amount in SC increased. This effect was
less pronounced in the case of NaF + NaBr.

B Stratum Corneum Viable Epidermis
¥ Dermis [ Acceptor Medium
F F +Br F+I F+Br+l
606066

Br+F Br+l Br+F+I
3228 14 13 2921

Fig. 3. Distribution of halide anions in skin layers after 24 h exposure. Data represent mean value of absorbed
amount expressed as a percentage of the total absorbed amount Q.. Results are means of n = 9 independent
measurements.

The observed effects are quite complex because they result from several contributions: interactions
between ions in the bulk donor solution, adsorption of ions to the skin surface, transfer into stratum
corneum and passive diffusion inside it, facilitated transport in the viable epidermis with the help of
membrane proteins in keratinocytes (ion channels, ion transporters).
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Interactions in bulk solution are considered non-specific and are accounted for by the activity
coefficient involving electrostatic and ion hydration contributions. Facilitated transport in viable skin is
predominant; indeed, Paweloszek et al. [4] disclosed a large difference between viable and non-viable
skin. Passive diffusion through stratum corneum is necessary for ions to reach viable epidermis where
facilitated transport operates. Most elementary steps for ion absorption are interdependent. Transport
phenomena depend on ion type in the same way according to Hofmeister series. The best strategy for
addressing such a complexity is a global approach undertaken here using an experimental design.

4.4, Statistical Modelling

An alternative way to exploit experimental results consists in fitting them to statistical models. The
beneficial input of such data analysis is a rigorous statistical framework. The outcome is a quantitative
parametric assessment of non-ideal behaviour through the coefficients of the Scheffé {3,2} polynomial
equation (Eq. 2). The y-responses are either absorbed amounts Qaps or absorption coefficients Kas =
Qabs/yM. Experimental values of Qups and Kaps are given in Table S2 of Supporting Information. They
must fully fill a matrix containing absorption data of ions thought some of them are not present in the
solution of mixed ions. As example, a binary mixture of fluoride and bromide does not contain iodide,
but the matrix for iodide absorption data does contain a figure pertaining to iodide absorption from a
mixed solution of fluoride and bromide. This is mandatory to fully fill the y-response matrix in the
mathematical framework of Scheffé simplex-lattice design. This is easy to manage when Qups is

considered as a response: Qaps iS zero when the anion is not present. When responses are absorption

coefficients, the correct values are lirrb (%) They were obtained by extrapolation from experiments
m-

at several concentrations. Although those concentrations were fairly high (> 100 mM) for ensuring
enough experimental accuracy, extrapolation to infinite dilution was quite robust, owing to the almost
linear dependence of Q.ns With respect to »m in the low concentration range. A first approach was to
determine the coefficients of the polynomial using the six experiments of the {3,2} simplex-lattice
design for the skin absorption of each anion. Since there are mixtures where some ions are absent, their
coefficient in the polynomial is undetermined, and it has been removed from the polynomial model.
Keeping these coefficients led to statistically non-significant values (p > 0.75). As example, because
there is no I” in a binary mixture of F~ and Br~, the term containing the coefficient brs: was removed
from the polynomial pertaining to Qaps Or Kabs of iodide. The modified Eq. 2 became the set of Eqs 5 to
7 for Qaps and Eqs 8 to 10 for Kqps:

Qabs(F7) = apXr + aprXprt AiX1 + apsXpXpr + AFIXEXI Eq. 5
Qabs(Br7) = aXr + apXpr+ @iX1 + arpeXeXBr + XX Eq. 6
Qabs(I7) = arXr + @Xpr+ A1X1 + AFXeX1 + ABrXBXi Eq. 7
Kabs(F™) = DEXe + DpeXprt DiXi + DEs:XEXp: + DEIXEX] Eq. 8
Kabs(Br™) = beXg + bpXart biXi + DepeXeXe: + DaXeXi Eq. 9
Kabs(I7) = DeXp + DeeXpet bixi + DeXeXi + DpriXeeXi Eq. 10

Qabs Was first analysed because this was the actually measured parameter. The models for Qans (Eqs
5, 6 and 7) were first used to predict the amounts of absorbed ions for the centroid experiment (ternary
mixture) as a validation tool of the model: residuals of 0.5, =1.6 and —1.3 umol-cm™ were respectively
obtained for Quns(F), Qabs(Br7) and Quns(I7). They were considered satisfactory compared to the
experimental standard deviation. The centroid experiment was then used in combination with the 6
experiments of the simplex-lattice design to fit once again the models for Qs and Kabs to the full
experimental data. The best statistical models (characterized by highest values of R?) are presented in
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Table 1. For each model, ANOV A analysis indicated the high significance of the fits (p < 0.05); and the
corresponding determination coefficient R? greater than 0.97 (Table 1) also showed their satisfactory
adequacy.

Once validated, the models were used to plot the estimated surface contours of the studied responses
in the investigated experimental domain, i.e. in a classical ternary diagram in mole fractions of ions
(Fig. 4) where the colour scale stands for Qaps.

The variation of Qas of F~ in Fig. 4 shows a continuous increase of Qaps as the mole fraction of
fluoride increases, which is the obvious consequence of the increase of fluoride concentration in the
donor solution. The is0-Qaps lines are almost horizontal in the triangular presentation where pure fluoride
is at the apex, showing that the effects of bromide and iodide ions are identical and negligible. As a
whole, there is no specific effect of mixed anions. Conversely, absorptions of bromide and iodide anions
show a maximum in the presence of the other. There is no apparent effect of fluoride. The statistical
analysis disclosed a specific interaction between bromide and iodide that caused enhanced skin
absorption of these anions. The maxima of absorption occur when the solution is rich in the observed
anion because of the trivial effect of the higher concentration of the observed anion as the corner of pure
anion is approached. This analysis considering Qs includes contributions of the concentration of
observed anions and specific interactions with their partners. A quantitative approach is to consider the
ajj coefficients (Table 1) that have statistical significance. The ar, as: and a; coefficients of the same
anions (e.g. ar for Qaps of F7) are highly significant (p < 0.01) and positive. They reflect the trivial effects
of increased absorption as a function of concentration. The ar, ag: and a; coefficients of different anions
(e.g. ar for Qavs of Br) are statistically not significant (SD is larger than the coefficient value and p =
0.93). arsr, and arr negative coefficients are also not significant owing the large SD and p-value. The
striking feature is the large and significant positive values of a1, showing a specific interaction between
bromide and iodide anions.

o - =
Bry w w o e s 04 03 02 o of I Bri e 08 o 06 05 o4 03 02 a1 of Bri e 0 o7 06 05 o4 03 ez of ol
< Xy, h — X s X ?

Fig. 4. Contour plots of the predicted absorbed amounts (Q.bs, pmol-cm=2) of F~, Br~ and I~ ions after 24 h exposure
in the composition space of ionic mixtures expressed in mole fractions.

Table 1

Coefficients a;; (umol-cm™) of the {3,2} polynomial models of absorbed amounts Qs (Eqs 5, 6 and 7) together
with the corresponding determination coefficient R?, standard deviation (SD) and p-value of the ANOVA test
between brackets. All values are given with two digits with no consideration to their statistical significance.

Tons (i,j) F Br- I
aij (SD, p) aij (SD, p) aij (SD, p)

F 6.26 (0.3, 0.001) —0.08 (0.9, 0.93) —0.07 (0.7, 0.93)

Br 0.03 (0.3, 0.93) 7.80 (0.9, 0.01) —0.07 (0.7, 0.93)

I 0.03 (0.3, 0.93) —0.08 (0.9, 0.93) 7.20 (0.78, 0.01)
F/Br —3.53 (1.4,0.13) —6.50 (4.3, 0.27) -

F/I —5.65 (1.4, 0.06) - -10.1 (3.6, 0.11)

Bri/T - 12.7 (4.3, 0.10) -10.1 (3.6, 0.11)
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R2 0.994 0.975 0.983

The global statistical analysis of skin absorption of mixed anions disclosed a specific interaction
between them, but neither had it allowed inferring the nature of the interactions, nor the location of them
in the complex layered structure of skin (donor solution, stratum corneum, viable epidermis and dermis).
A refined analysis was performed considering the absorption coefficient Kabs = Qabs/yM in place of Qaps.
This suppresses the effects of the concentration of observed anion and interactions taking place in the
bulk donor solution through the activity coefficient. The same statistical analysis as for Qs Was made.
Results are given in Table 2 and Fig. 5.

Substitution of Kabs for Qaps eliminates the effects of ion concentrations in a similar way as applying
a background flattening image processing to the triangular composition maps of Fig. 4. The sole
remaining effects are specific cross-interactions. The contour plot for fluoride is almost flat with a
constant value of Kus = 0.1 kg'm™ (Fig. 5). This feature shows the overall absence of specific
interactions of bromide and iodide with fluoride. Conversely again, the Ka»s maps of bromide and iodide
anions show a maximum at the centre of the bottom side. Substitution of Kaps for Qabs shifted the location
of the absorption maximum at the bottom side of the triangle from close to the vertex of adsorbed ion to
the mid-point of the Br—I axis, (Xg,Xsr,X1) =(0,1/2,1/2). Such symmetrical position suggests a 1:1
stoichiometry of specific interaction between bromide and iodide anions that could not be detected in
the raw Qabns map. Many of the by coefficients (Table 2) have poor statistical significance. So, the
significance of outcoming by coefficients is first discussed. The distribution of p-values was definitely
bimodal with either very large or moderate values. p < 0.1 was taken for claiming significance in the
present case instead of the classical criterion p < 0.05 for the full population of low/moderate p-values
is taken as significant. Under this condition, the br, bs: and b coefficients are significant (p < 0.07). The
ben and byg; are also of medium significance; they assume a high positive value. The negative bgg: and
brr coefficients involving the F~ anion are not significant. They nevertheless give a contribution to other
coefficients in the statistical model. Thus, it is clear from the flat F~ map (Fig. 5) that skin absorption of
fluoride was not influenced by the presence of other ions, so that the positive values of br coefficients
contradicted the overall features of the F~ map of Kaps. It is suspected that the effects of the positive
values of br and the negative values of brs; and br compensated such that the balance is null. Because
of the lack of statistical significance of brs: and br coefficients for absorption of all anions, it is
considered that the positive values of br are biases coming from a too large variability of skin absorption
measurements. Such high variability is intrinsic of experiments performed on skin and living matter in
general.

Q 1 0 1 a - ! 1
Br-i 09 08 07 06 05 04 a3 02 o1 o | Br1 0% 08 07 06 05 04 03 02 01 o I I Br'i 09 08 07 06 05 04 03 02 o1 oI
1

— Xg o Xy — Xg

o

Fig. 5. Contour plots of the predicted absorption coefficients (Kus = Qabs/7C, kg'm™2) of F~, Br~ and I~ ions after
24 h exposure in the composition space of ionic mixtures expressed in mole fractions.

Table 2
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Coefficients by (kg'm2) of the {3,2} polynomial models of absorption coefficients Kabs (Eqs 8, 9 and 10) together
with the corresponding determination coefficient R?, standard deviation (SD) and p-value of the ANOVA test

between brackets. All values are given with two digits with no consideration to their statistical significance.

Tons (i,j) ¥ Br- r
’ bij (SD, p) bij (SD, p) bij (SD, p)
F~ 0.17 (0.017, 0.010) 0.17 (0.048, 0.071) 0.17 (0.041, 0.051)
Br- 0.12 (0.016, 0.016) 0.22 (0.053, 0.056) 0.17 (0.041, 0.051)
r 0.12 (0.016, 0.016) 0.17 (0.048, 0.071) 0.18 (0.044, 0.055)
F/Br -0.14 (0.080, 0.21) ~0.28 (0.24, 0.37) -
F /T —0.20 (0.080, 0.13) — —0.48 (0.20, 0.14)
Br/I” - 0.76 (0.24, 0.089) 0.96 (0.20, 0.042)
R? 0.86 0.88 0.95

Refinement of the analysis by considering Kas may allow discrimination between the ion effects
coming from alteration of the medium (ionic strength, dielectric properties...) through the bg, b, and by
coefficients, and from specific interactions through the bgg;, brr and bgy coefficients. This was successful
and led to supplementary conclusions:

- Owing to the linear dependence of Qabs With respect to activity for F~, Br and I (Fig. 1), the values of
bk, be: and by should be null. The positive values of bg, b, and by (= 0.2 kg-m™ for all anions) cannot be
considered as a non-specific effect of the presence of other ions inside skin. Their contribution is
compensated by negative b coefficients that are not significant as it has been shown from the flat Kaps
map for F~ absorption.

- The high positive values of bg, indicates a strong specific interaction between bromide and iodide.
This is the main outcome of the statistical analysis.

A specific interaction operating between bromide and iodide was already inferred from the raw
experimental data. The statistical analysis showed that this was the sole significant specific interaction.
The absorption coefficient Ka»s of Br™ in the presence of an equal amount of I” was 0.41 kg-m‘2 against
0.21 kg-m™2 for Br~ alone (Table S2 and Fig 2), which was twice an absorption enhancement caused by
non-ideal mixing. In the same symmetrical case, Kas of I” increased by a factor of three in the presence
of an equal amount of Br~ (Kus = 0.44 kg-m‘2 against 0.146 kg-m‘2 for I” alone). Such interactions
between bromide and iodide caused an absorption enhancement of their partner by a factor of 2—3 with
respect to the case of ideal mixing.

4.5. Discussion

The location of disclosed interactions is difficult to discuss in details despite the distribution of ions
stored in the different skin layers has been measured (Fig. 3). As main the feature, very few figures show
significant differences. The main contributions to differences of total absorbed amount Qs come from
the amounts that reached the acceptor medium. The very small differences of amounts in SC suggest
that SC is just a passive diffusion barrier where permeation is only driven by the concentration gradient.
There is no accumulation of ions inside SC, showing that there is no specific binding of anions there.
There are also small differences of ion amounts in viable epidermis and dermis. It is known that these
skin layers are not passive diffusion barriers because they contain ion transporters contributing a lot to
the overall absorption [15]. The absorbed amounts per unit skin area can be converted into
concentrations in mmol-L~" taking the thickness of SC, VE and D as 20 um, 50 pm and 1.25 mm. The
result is a smooth concentration gradient along skin depth in all cases (Fig. 6). One consequence is that
concentrations in different layers are interdependent. There is no indication of accumulation coming
either from specific interactions with skin materials or any ion-specific barrier in SC or VE.
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Fig. 6. Concentration profile of iodide ions inside skin layers (mmol-L™!) as a function of depth showing the
concentration gradient from the surface to the acceptor medium. Concentrations are taken homogeneous in each
skin layer, Stratum corneum (SC), Viable epidermis (VE), Dermis (D) and Acceptor medium (AM).

The nature of interactions operating in skin absorption experiments cannot be inferred from the
present data analysis that remains a global approach. Non-specific electrostatic interactions do operate
in the concentrated donor solution; they have been accounted for by considering the activity coefficients.
Ions absorption cannot contribute to electrostatic effects inside skin because the concentrations of
penetrating ions inside skin layers were low with respect to the concentrations of endogenous ions [4].
As example taking the thickness of viable epidermis as 50 pm and that of dermis as 1.3 mm, the mean
concentration of endogenous chloride in viable epidermis and dermis are respectively 200 mmol-L™'
and 15 mmol-L™'; the concentrations of sodium are three times larger and those of potassium are also
larger than those of chloride [4]. All presently measured anions concentrations were less than
50 mmol-L~" in viable epidermis and less than 10 mmol-L™" in dermis.

A specific interaction between bromide and iodide ions should be considered. These two anions are
chaotropic in the Hofmeister series of halides because of their large size and high polarizability allowing
strong attractive dispersion interactions and their poor hydration. Hydration of ions [33,34] and
dispersion interactions [35] are the two main rationalizing factors for the Hofmeister series. As outlined
early by Fajans [36], both phenomena are interrelated as they originate from the size and polarizability
of ions [37-39]. Both Hofmeister and anti-Hofmeister behaviours have been reported [40,41]; their
concomitance may lead to compensation of effects and even reversal of the global balance. Owing to
the poor current knowledge on skin ultrastructure and interactions operating inside skin layers, going
farther would require a full account of many interactions before a simplified view retaining only the
predominant interactions could be reached. A recent study of water sorption by wood is a successful
example of such an approach [42]. Electrostatic repulsions act against association of Br~ and I™ anions,
so that a cation is necessarily involved in the association. Possible complex species may result from the
association of Br-, I" and Na" ions as the NaBrl~ monovalent anion. Another option is the association
with endogenous magnesium or calcium cations by formation of the neutral MgBrl and CaBrl species.
Indeed, magnesium and calcium are abundant endogenous ions inside skin, with the presence of a Ca*"
gradient from the stratum basale to the stratum granulosum where it peaks before declining in stratum
corneum [43]. On the basis of size and polarizability of ionic partners, Mg?*, Ca*", Br~ and I~ [37-39],
such complex association with magnesium or calcium looks quite a likely mechanism for anions to pass
through the stratum corneum.

13



5. Conclusion

Skin absorption of mixed halide ions shows synergistic effects between chaotropic bromide and
iodide anions. This has been clearly disclosed by a statistical analysis of absorption experiments on
excised pig skin mounted in diffusion Franz cells. Statistical analysis allowed identification of
interacting anions pairs from skin absorption experiments that show a large variability. Considering the
ratio of the absorbed amounts to the ion activity discards the trivial contributions of ion concentration
and non-specific effects of electrostatic interactions in the aqueous solution; such data reduction process
highlights the effects of specific interactions.

It has been inferred that polarizable hydrophobic anions associate in the stratum corneum as complex
species together with cations, in particular with magnesium and calcium, in order to counterbalance their
electrostatic repulsions.

The present results together with our previous work [15], definitely show that ionic species do
penetrate skin. They are of relevance to practical ionic solutions such as spring waters used in cosmetic
products.
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