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Abstract

Dermal absorption of weak electrolytes applied to skin from pharmaceutical and cosmetic
compositions is an important consideration for both their efficacy and skin safety. We developed
a mechanistic, physics-based framework that simulates this process for leave on applications
following solvent deposition. We incorporated this framework into our finite dose computational
skin permeation model previously tested with nonelectrolytes to generate quantitative
predictions for weak electrolytes. To test the model, we analyzed experimental data from an in
vitro human skin permeation study of a weak acid (benzoic acid) and a weak base (propranolol)
and their sodium and hydrochloride salts from simple, ethanol/water vehicles as a function of
dose and ionization state. Key factors controlling absorption are the pH and buffer capacity of
the dose solution, the dissolution rate of precipitated solids into a lipid boundary layer and the
rate of conversion of the deposited solid to its conjugate form as the nonionized component
permeates and (sometimes) evaporates from the skin surface. The resulting framework not only
describes the current test data but has the potential to predict the absorption of other weak

electrolytes following topical application.
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1. Introduction

The theory of finite dose absorption of pharmaceutical compounds following solvent
deposition on skin has been addressed multiple times dating back to early experimental work
and analysis thereof by Scheuplein and Ross [1]. For low doses that dissolve into the upper
stratum corneum (SC) or for compounds that are either liquid at skin temperature or dissolve
rapidly into the skin, elegant analytical solutions to this problem have been found [2-6].
Anissimov and Roberts provide an excellent summary up to 2001 as well as impressive fits to
Scheuplein’s data [4]. The matter becomes thornier when the solute precipitates on the skin
surface or in the upper SC. Delivery in this case may become dissolution-limited, and dissolution
kinetics can be complex [7, 8]. We recently addressed this problem in order to model the finite
dose absorption of two small nonelectrolytes, niacinamide and methyl nicotinate [9]. A
dissolution-limitation was proposed for niacinamide, whereas methyl nicotinate appeared to

dissolve rapidly on the skin, or perhaps never even crystallized.

An extension to the above problem is presented by the case in which the dissolved solute
is a weak electrolyte, and the composition of the deposited solute is governed by the ionization
state of the solute in the formulation. This case is of practical interest for dermatological drugs
such as diclofenac and lidocaine, which are commonly formulated at a neutral pH in which the
bulk of the active agent is ionized. The magnitude of the dose and the rate at which the pH of
the SC returns to its natural value of 5.0-5.5 presumably govern the delivery rate of the drug to
the lower skin layers and beyond. A second case of interest is the finite dose testing of cosmetic
ingredients for their dermal absorption characteristics, either to assess their potential for

delivering skin benefits or systemic absorption. Toxicologists often eschew the addition of extra



excipients to test formulations and may recommend compositions that mimic internal body
conditions. Interpreting absorption of weak electrolytes tested under these conditions can be
challenging [10]. Some guidance is offered by steady state analyses of weak electrolyte
absorption from aqueous solutions as a function of pH [11-14], which have shown that the skin
permeability of weak acids and especially weak bases do not conform to the pH-partition
hypothesis for lipid membrane permeability. However, these analyses apply to dilute solutions
and do not involve a dissolution step, so they are not directly applicable to the solvent deposition
scenario. Particularly detailed, mechanistic finite dose simulations of topical application of two
weak acids, diclofenac and benzoic acid have been recently published by FDA and Certara
scientists [15, 16]. These simulations were conducted on Certara’s Symcyp platform with the
MPML MechDermA™ extension, a modeling framework that has the capability of modeling
precipitation and redissolution of dissolved and potentially ionizable solutes. The issues of
formulation and SC pH and their respective buffer capacities were clearly recognized by these
authors. Patel et al. write “It is unclear whether the skin surface pH or the formulation pH are
responsible for the fraction nonionized at the skin surface, therefore the simulator allows the
user to select which of these values is used for the calculation. Currently, the interplay between
these two and their buffering capacities is not modeled,” later adding “The interplay between
buffering capacities of the skin and formulations is still largely unknown.” The research reported

here addresses this issue.

In this report we discuss the underlying mechanisms that drive cutaneous permeation of
finite dose applications of weak electrolytes dissolved in volatile solvents and provide an update

to the model developed within our group [9, 10]. The resulting model describes the



percutaneous absorption of weak electrolytes over the full range of ionization states and skin
loads that might be encountered in topical products. The model, which we term Model 4.1
following the nomenclature introduced in [10], is calibrated for in vitro exposures by analyzing a
previously published experimental study from our group involving benzoic acid (BA, a weak acid)
and propranolol (PR, a weak base) [17]. New features not incorporated in our previous analyses
nor, to our knowledge, reported elsewhere include (1) an exponential return of SC pH to its
natural value following topical application, with a time constant proportional to the buffer
capacity of the dose solution; (2) a load-dependent fractional contact area of the deposited solid
with the skin; and (3) a slow transfer of protons across the lipid dissolution layer that allows
gradual conversion of precipitated salt to free acid or base, enabling continuous permeation of
the deposited solute. We acknowledge that application of the developed model to in vivo
exposures will likely involve substitution of a skin surface lipid film for the SC lipid film as
discussed by Yu et al. [9] and also an upward adjustment of the skin buffer capacity as discussed
by Miller and Kasting [17]. Nomenclature associated with the analysis is summarized in Table S1

of the Supplementary Information (SI).

The solvent-deposited solid problem is a subset of the more general problem of the dry
down of semisolid products on skin, a field that has recently been dignified by substitution of the
word “metamorphosis” for “dry down”. Aspects of this process have been studied for many
years, as recently reviewed by Jin et al. [18]. The area has received considerable attention in
recent years due to the interest from the US FDA and dermatological drug manufacturers in
facilitating generic topical drug approvals by establishing robust in vitro bioequivalence

measures. A series of FDA workshops have been held on this subject, e.g. [19-21] and successful



examples of generic approvals are now available [15, 16]. Research continues in both

experimental method development and simulation and modeling of the dry down process.

2. Methods

2.1 Experimental dataset

We analyzed results of a study by Miller and Kasting which was designed to provide insight
to transient penetration of weak acids and bases over a wide range of pH and skin load [17]. This
was an in vitro human skin permeation study of BA and PR and their sodium and hydrochloride
salts, respectively, using radiochemical methods. The test compounds were delivered to
unoccluded skin from aqueous ethanol with dose volumes ranging from 5-20 uL. Five
combinations of each acid/conjugate base pair ranging from pure acid (or base) to pure conjugate
base (or acid) were tested at four logarithmically spaced doses. Measurements included
permeation into the receptor fluid (RF) from 0 to 72 h and distribution into the skin wash,

epidermis (ED) and dermis (DE) at the end of each experiment.

Physical properties of the test permeants at 25°C were reported in Ref. [17]. We made
several changes and additions to the data reported there that included (1) correcting vapor
pressures (Pyp) to 32°C and changing the units to Pascals; (2) distinguishing between the vapor
pressure of the solid and the subcooled liquid as in [9]; (3) estimating the fraction of each solute
unbound to albumin in the VE and DE according to ACD Laboratories software [22]; and (4)
estimating the activity coefficients of each solute in a binary mixture with water using

COSMOthermX 2021 software [23]. Sodium benzoate and propranolol HCl have Py, values more



than five orders of magnitude lower than their conjugates, so they were assumed to have a Py,

of zero in the simulations. A table of revised parameters is included in Table S2.

2.2  Mathematical model for weak electrolytes

The mathematical model employed in this study builds upon a model developed by our group
to simulate finite dose absorption of potentially volatile and/or ionizable compounds [9, 10]. It
is a multilayered one-dimensional transient diffusion/evaporation model built on the gPROMS
platform to simulate the disposition of compounds applied to the surface of skin. The model
incorporates a vehicle layer, a lipid dissolution layer at the skin surface, three skin layers including
stratum corneum (SC), viable epidermis (ED), and dermis (DE), as well as a parallel diffusion
pathway through hair follicles. Its steady state behavior with compounds over a wide range of
lipophilicity, molecular weight and ionization state has been thoroughly explored [14, 24].
Recently, modeling capability for transient applications has been enhanced through the addition
of an enhanced binary evaporation and dissolution model for deposited solids (Model 3) [9], and
a transient keratin binding model (Model 4.0) [10]. Further features added to the model to
describe the transient behavior of weak electrolytes over a wide range of skin load, pKs; and
formulation pH and buffer capacity are described in the Appendix. We will call the revised model

Model 4.1. An illustration of the surface/SC interface of Model 4.1 is shown in Fig. 1.



Lipid Free Salt

Fig. 1. Schematic illustration of the surface/SC interface of a weak electrolyte deposited on skin in a
partially ionized state. The surface roughness depicted in Yu et al. 2022 [9] is still present, but has been
omitted here for clarity.

\\\\\\\\\\

2.3 Model settings and parameters

2.3.1. Ambient conditions and dose properties

Simulation parameters were set to match the conditions of the experiments performed by
Miller and Kasting [17]. The experiments were performed in a fume hood, so the gas phase mass
transfer coefficients (kg, Eq. (A8)) were calculated using an air flow rate u = 0.5 m/s as in [10].
This choice is somewhat less than the value u = 0.92 m/s estimated by Gajjar et al. [25] for this
same apparatus and our older default value of u =0.72 m/s for outdoor or fume hood exposures
[26]. The reason for this choice is related to the frequently seen large masses of precipitated

solute on the skin and is discussed in Sect. 4.4.

Miller and Kasting dosed BA and its salts in a 1:1 v/v ethanol:water mixture and PR and its
salts in a 3:1 v/v ethanol:water mixture. These are clearly ternary mixtures comprised of two
solvents plus the weak electrolyte. For simulations, ethanol was assumed to quickly evaporate
so the dose solution could be represented as a binary mixture. This approximation was required

as a practical matter (the computer code was limited to one- and two-component vehicles), but
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it is also justified by previous measurements of ethanol disposition on skin in our laboratory.
Ethanol was one of the solvents used for calibration of the evaporation model [25], and was later
shown to conform closely to this model over the dose range 5-40 mg/cm? [27]. Notably, ethanol
cleared completely and rapidly from the skin in the latter study, with no evidence of binding to
the tissue. Further details regarding ethanol evaporation rate and skin disposition in the 2014
study are recently discussed by Xu and Kasting [28], who also employed this solvent system. The
initial pH of the doses with only the neutral form of each permeant, i.e. 100% BA or 100% PR.HCI,

was calculated as [29]
pH = 0.5[pK, —log(C,)] (1)
whereas that of doses with only the base, i.e. 100% Na benzoate or 100% PR, was calculated as
pH = 0.5[pK, + pK,, + log(C,)] (2)

The pH of doses containing a mixture of free acid or base and its salt were calculated as
C
pH = pK, — log (C—‘;) (3)

We recognize that these are approximate equations for dilute aqueous solutions, but the effort
to calculate activity coefficients and the impact of ethanol on the effective pH was not warranted
given the rapid dry down of these formulations. The most important factor in the simulations
was the initial ratio of neutral and salt forms of the permeants. Table S3 lists the total amount
and calculated initial pH and buffer capacity (S4,5¢) Of each dose. It is provided also as a

spreadsheet so the manner of calculating 84,5 Can be examined.



Accurate estimation of BA evaporative loss over a wide range of dose and ionization state
required careful attention. Slow conversion of salt to free acid on the surface was implemented
as described in Sects. A.5 and A.6. Newly formed free acid beneath a layer of salt exceeding 50
nmol-cm~2 was considered to not evaporate due to occlusion by the salt (Sect. A.6). Because the
lowest dose for BA was small compared to the amount that can be dissolved in the top layer of
the SC [5], Na benzoate deposited under these conditions was assumed to not occlude the
surface, and free acid formed by slow conversion of the salt at the surface according to Egs. (A15-
A17) was considered to be subject to evaporative loss. For the larger doses, we considered that
enough salt remained on the surface to prevent evaporation at this stage of the experiment.
These considerations did not apply to propranolol, which was essentially nonvolatile in either

ionization state.

2.3.2. Skin properties

The skin properties used in the simulations were set to represent the experimental conditions
in Ref. [17] combined with diffusion model defaults [30, 31]. The total skin thickness was set at
400 um, with a 100 um ED and an SC thickness of 13.365 um for partially hydrated skin and 43.365
um for fully hydrated skin. For all but one of the simulations, the skin was assumed to be partially
hydrated. For the largest dose of BA and its salts (which employed a 20 uL dose volume
containing 10 uL of water), the fully hydrated skin model was employed as discussed in Sect. 4.3.
For the latter doses, the flux into the SC after the solvent was no longer present on the surface
(approximately 2 to 11 min, depending on dose and vehicle composition) was reduced by a factor
of three to mimic the return of the skin to its partially hydrated state. This was accomplished by

a three-fold reduction in the value of feontact.
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Miller and Kasting employed posterior leg skin obtained from five donors. We simulated this
tissue using the model default hair follicle density of 24 hairs-cm=2, a density that corresponds

with broad body surfaces [14, 32]. The impact of follicle density is discussed in Sect. 4.5.

2.3.3. Fitted parameters

As noted in the Introduction, the subject of pH drift in the SC following topical applications
and its relationship to SC buffer capacity is not well understood. There are many reports of skin
surface pH drifting back to the natural SC value over a period of several hours after product
application and also a small body of work from Maibach and coworkers on pH drift in the SC
following application of strong acids and bases [33-35]. The latter is discussed in the SI. We
found the Maibach work to be informative, but not directly applicable to weak electrolyte
applications where a portion of the dose may precipitate on the skin surface following
application. As an alternative we proposed the pH evolution presented in Sects. A.1 and A.5,
which combined the concepts of dose buffer capacity, SC buffer capacity, neutralization of
precipitated salt and evaporation of free acid (or base) to describe both short term pH recovery
and long term release from precipitated weak electrolytes. In order to do this, we fit two
parameters to the experimental data, a, in Eq. (Al) and a; in Eq. (A17). We also adjusted one

boundary condition at the vehicle/SC interface as described at the end of this section.

According to Egs. (A1) and (A4), the time constant for pH recovery in the SC in the absence
of competing phenomena depends on the SC buffer capacity, B, the dose buffer capacity, Biose,
and a proportionality constant, a,. We assumed B, = 10 nmol-cm=2[17], calculated S,,s. (Table

S3) and then adjusted a by repeatedly simulating all doses (and all ionization states) of both BA

11



and PR. The optimum fits were a, = 1.5 h™* and 3.0 h%, respectively. These values were not
significantly different according to visual estimation, and BA was more sensitive to changes in a
than PR, so we took a, =2 h™! (5.6 x 107* s71) as a suitable compromise. There is experimental
basis for expecting that the product a,f to be different for acids and bases as discussed in the

SI, but the present analysis lacks the sensitivity to firmly establish this difference.

According to Model 4.1, the proportionality constant a, in Eq. (A17) determines the rate at
which protons from the SC lead to interconversion of salt and free acid or base deposited on the
skin surface. This is evidently a slow process and was evaluated in a manner similar to a,. The
process has a smaller effect on large doses where a slow change between salt and free acid or
base is small compared to the overall amount of solid. Although every dose was observed, only
the simulations of smaller doses appreciably changed by varying a;. PR.HCI has a pH close to
that of skin for most of the experiment, so it was not sensitive to changes in a;, and the BA value
of 1.0 x 10°® nmol cm~2s7* was close to an optimum fit, so it was used for both compounds. We
are not aware of a theoretical basis for why a; should differ for acids and bases, although the
neutralization rate should clearly take into account the valence of the electrolyte as proposed in

Eq. (A17).

It was found that free BA and PR deposited as solids permeated the skin quite efficiently,
with no evidence of the dissolution limitation suggested by Egs. (A10-A11). This result was similar
to our previous finding for methyl nicotinate applied to skin in an identical manner [9].
Consequently, we replaced Egs. (A10-A11) with a boundary condition expressing partition

equilibrium between a saturated solution of BA or PR and the surface of SC while solid free acid
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or base was present. Thus, Cs(0,t) = Csqt during this time, where Csqt = Ksc/w-Sw is the solubility of
the permeant in the SC [5]. Here Ks.w is the SC/water partition coefficient at the relevant
hydration state and Sy is the water solubility of the permeant. Using the terminology introduced
in [9], we thus considered free BA and PR to be “soft solids”, whereas their salt forms were taken

to be “hard solids”, cf. Egs. (A12-A13).

2.3.4. Evaluation of model performance

We calculated two statistics associated with the Model 4.1 fit to the permeation into the
receptor fluid (RF) of each test compound. Both were based on an unequal variance model in
which the weight of each observation was related to its standard error according to w; = 1/SEi2
[36]. This weighting scheme was chosen due to the large variation in SE between the various
doses and ionization states. The first was an adjusted squared correlation coefficient (R?)

calculated as

R2 — 1 _ SSres/dfres

R*= SStot/dftot (4)
where

SSres = XiW; [:Vi(ObS) - yi(calc)]z ;Afes=n—p—-1 (5)

SStor = XiWi[y;(obs) — y]?; dfier=n—1 (6)

Here y is the average value of the dependent variable, n is the number of observations and p is
the number of parameters adjusted to create the fit. The second is a quality of fit parameter that

Bevington termed y2, defined as [36]

1
Xz% = —— " SSyes (7)
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Values of y2 close to 1 indicate that the model reproduces the experimental data to within
experimental error. Larger values are indicative of systematic error, whereas smaller values

suggest overfitting of the data.

3. Results

Figure 2 shows the cumulative experimental and simulated permeation of BA, PR and salts
thereof across human skin in vitro for each of the four logarithmically-spaced doses. Thus, small
doses of the nonionized compounds permeated well and large doses of fully ionized compounds
permeated very poorly. As noted by Miller and Kasting [17], large doses of the nonionized
compounds permeated better than expected from simple finite dose absorption models. Since
the vehicles evaporated within 2 to 11 min according to the simulation, it is clear that solutes
deposited in either ionized or nonionized form continued to permeate from the solid state.

The overall adjusted R? for the fit to the BA data calculated according to Eq. (4) was R? =
0.965 and the associated quality of fit parameter (Eq. (7)) was 2 = 2.43. The latter result
indicates that some systematic error remained, which is evident from a study of Fig. 2a. These
results were based on n = 140 observations (4 doses x 5 ionization states x 7 time points) and p
= 6 adjustable parameters. Three of the parameters were associated with evaporation rate
adjustments, one (ao) with pH recovery time, one (a1) with proton transfer rate and one (soft
solid approximation, Sect. 2.3.3) with dissolution rate. There are many more parameters in the
underlying model; however, these were determined by earlier calibrations and were not varied

in Model 4.1.
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Fig. 2. Experimentally measured RF amounts (open circles) and simulated RF amounts (solid lines) for (a)
benzoic acid/sodium benzoate and (b) propranolol/propranolol HCI. Dose increases from left to right and
percent free acid or base increases from bottom to top.

Statistics for the weighted fit to the PR data were heavily influenced by the first two time
points (2h and 4h post-dose), where less than 1% of the dose had permeated yet experimental

error was even lower. These data contributed greater than 80% of the weighted variance, yet
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their practical significance was negligible, cf. Fig. 2b. A better assessment of model fit was
achieved by considering only the data from 9-72 h post-dose. The overall adjusted R? for the fit
to the PR data over this time frame was R? = 0.998 and the quality of fit parameter was y2 = 7.45.
Thus, there was more systematic error for PR than for BA. This difference was largely due to
smaller experimental error at low doses and lower degrees of ionization. It is likely that the lack
of volatility of PR free base led to more precise experimental results vs. the more volatile BA free
acid. These results were based on n = 100 observations (4 doses x 5 ionization states x 5 time

points) and p = 3 adjustable parameters (evaporation was inconsequential for PR).

The difference in absolute amounts of both compounds absorbed across doses is
enormous, as shown for free acid and base forms in Fig. 3. The early time simulations of PR
permeation (Fig. 3b) show very rapid absorption of small amounts of the free base that was not
observed experimentally, since the first RF collection time was 2 h post-dose. In Model 4.1, this
absorption is due to follicular delivery. We note also that simulation of BA permeation at a dose
of 11000 nmol-cm™ was improved by switching to a fully hydrated skin model, whereas this
change was not indicated for 1930 nmol-cm~2 of PR. This difference may be attributed to the fact
that the high dose BA formulation contained 10 plL of water, whereas high dose PR contained

only 5 ulL of water.
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Fig. 3. Cumulative permeation data from Fig. 2 replotted in terms of absolute amounts permeated into
the RF for (a) 100% free benzoic acid; (b) 100% propranolol base. The numbers associated with the data
are the specific dose in nmol-cm™.

The percent of dose evaporated in the experiments for BA is compared with the simulated
values in Fig. 4. Neither the experiment nor the simulation showed large amounts remaining in
any layer of the skin after 72h. For PR the mass balance was stated by Miller and Kasting [17] to
be 86-106% for the individual treatments, with an average across all treatments of (94.3 + 5.5)%.
This is close to the recovery target in OECD 428 (2004)[37] of 90-110% for non volatile
compounds, and also about as high a recovery as we tend to generate in our laboratory with our
volumetric dosing technique. We take this result to indicate that there was no significant

evaporative loss of *C-PR in this study, consistent with its low vapor pressure (Table S2).
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free acid (orange), 50% free acid (gray), 25% free acid (yellow) and 0% free acid (green). The solid black
line is the line of perfect fit, and the dashed line is a linear regression. Experiments with over 100%
recovery are shown as 0% evaporated.

4. Discussion

The analysis presented here reinforces how difficult it is to predict transient skin absorption
phenomena from arbitrary topical applications of a wide variety of chemicals, even with a
complex model. We have had the experimental data considered here for several years. We
published them without analysis in 2022 [17] as a guide to an ongoing computational analysis of
finite dose absorption of cosmetic-relevant chemicals [10]. Our group had previously analyzed
several dose-ranging studies of the dermal absorption of nonelectrolytes including both volatile
liquids [5, 26, 38] and solids [9, 39]. Following the most recent analyses, we considered that we
were finally in a position to quantitatively analyze this dataset, which includes a weak acid and a
weak base, dosed from simple solvent systems over a wide range of skin loads and ionization

states. But the analysis was still difficult.
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The interplay between skin and dose buffer capacity, skin pH and hydration state, and the
dissolution and evaporation rates of solutes deposited on the skin surface was complex. We
explored several scenarios seeking one that could simultaneously handle all of these phenomena.
The scenario presented here includes the following new features not present in our previous
models, nor (to the best of our knowledge) in the myriad modeling alternatives that have sprung
up in the past decade: (1) a skin pH recovery time that depends on both the SC buffer capacity
and the pH and buffer capacity of the applied dose; (2) a slow transfer of protons or carriers
thereof between the skin and weak electrolytes deposited as solid particles on the skin surface;
(3) a hydration state of the skin that depends in a novel way upon the amount of water contained
in the dose solution and its evaporation rate; and (4) a change in saturated vapor pressure of
volatile chemicals applied to the skin depending on their state of solution on the skin surface.
These factors are explored in the discussion below. We realize that the solution presented here
may not be unique and offer in the SI a summary tabulation of the experimental permeation

values to allow others to try their hand at improving upon the present analysis (Table S4).

4.1 Skin pH recovery time

According to Model 4.1, the pH of the entire SC adopts that of the dose solution
immediately following a topical application. The SC and dose solution pH then drift exponentially
back to the natural pH of the SC with a time constant given by Egs. (A1-A4). For small doses the
recovery time can be seconds or a few minutes, whereas for large ones it can be many hours.
Table 1 shows half-lives for SC pH recovery for the permeants and doses applied in the Miller and
Kasting study [17], calculated from Egs. (A1-A4). It should be noted that the half-lives longer than

a few hours are hypothetical for in vivo exposures, as other processes intervene. In such
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situations, skin sloughing, product rub off or product wash off occur after several hours and
surface deposits are removed. However, the shorter half-lives are plausible and may help to
explain why topical drugs such as diclofenac or lidocaine are effective when dosed as salts at low

application levels.

Table 1
Estimated half-lives (h) for SC pH recovery for the experiments in [17]°
Benzoic Acid % free acid
Dose, nmol cm™ 100° 75 50 25 0
11000 362 268 173 77 17.8
1100 36.0 26.8 17.3 7.7 1.8
110 3.53 2.68 1.73 0.77 0.18
11 0.33 0.27 0.17 0.077 0.018
Propranolol % free base
Dose ,nmol cm™ 100° 75 50 25 0
1930 66 50 33 16.7 4.9E-03
193 6.6 5.0 33 1.67 2.8E-04
19.3 0.64 0.50 0.33 0.17 3.8E-05
1.93 0.058 0.05 0.03 0.017 2.9E-06

2Calculated according to Egs. (A1-A4) using the parameter values tabulated in Table S3.
bValues for these solutions calculated assuming entire dose stays in solution.

A different picture arises from analysis of the skin surface pH drift following application of
strong acids and bases in vivo [33-35], as described in the SI. Here, the major effect of dose is
the magnitude of the initial ApH, but the recovery time constant is independent of the applied
dose. We speculate that the immediate neutralization of strong acids and bases in solution
expected from chemical equilibrium combined with enhanced pH recovery kinetics in vivo [17]
leads to different recovery kinetics from those of solvent-deposited weak electrolytes in vitro.

This matter is certainly deserving of further scrutiny.
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4.2  Impact of skin baseline pH on weak electrolyte permeation

As may be anticipated from Eqgs. (A1-A4), the rate of SC pH recovery following a dose of
weak electrolyte depends, in part, on the baseline (or natural) pH of the skin, pHg.. There is
natural physiological variation in pHZ. ranging from about 4.0-6.0 [40] that depends on the
individual and the skin site, with typical values in the range 5.0-5.5. Somewhat higher values
have been reported for axilla (where it depends on sweating activity) [41] and for in vitro studies;
for example, Zhai et al. [34] report pHS,. = 5.6-5.9 in the in vitro studies discussed in the Sl to this
report. In light of this variability and the fact that Miller and Kasting did not measure pHg,. of the
SC samples yielding the data analyzed in this report, we conducted a sensitivity analysis for the
predicted permeation results for BA and PR for pHg, values ranging from 5.5-6.5. In interpreting
these results, one must bear in mind that this analysis is specific for weak acids with pK, values
typical of carboxylic acids and weak bases with pK, values typical of alkyl amines, as the difference

between the pK; of the weak electrolyte and pHg, is central to the problem.

For BA, raising pHg.. tended to decrease the permeation rate; however, the effect was only
significant at the lowest dose, 11 nmol cm~2. Results are shown in Fig. 5a and Panels (a-d) of Fig.
S4. At the 11 nmol cm= dose only, this effect was not monotonic (cf. Fig. 5a), with permeation
slightly increasing for pHg, = 6.0. Analysis showed the local maximum reflected the interplay

between the ionization state of BA and its solubility in the SC.

For PR, permeation increased with increasing pHg. (Fig. 5b and Panels (e-h) of Fig. S4).

Significant increases were seen for doses in the range 1.93-193 nmol cm™. The increase was
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greatest at the smallest dose and reflects the increasing fraction of PR free base at higher skin

pH.
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Fig. 5. Predicted impact of baseline SC pH (pHZ.) on skin permeation of (a) 11 nmol cm™ BA dosed as 0%
free acid; and (b) 1.93 nmol cm™ PR dosed as 50% free base. Curves represent pHZ. values of 5.5 (solid
lines), 6.0 (dashed lines) and 6.5 (dotted lines). Experimental values are shown as open circles.

4.3  Proton transfer between the skin and deposited solids

With or without a mathematical model to quantify the effect, it is evident that deposited
solids in the Miller and Kasting study [17], including both neutral forms and salts, continued to
penetrate into and through the skin well after the ethanol:water vehicle had evaporated. The
penetration of nonionized, lipophilic solutes at low-to-moderate doses was adequately handled

by our previous computational models that include a lipid dissolution layer at the SC/vehicle
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interface [9, 10]; however, penetration of the salts was not. Tonnis et al. [10] assumed a “hard
solid” limit for precipitated salts, i.e. no penetration for these materials once they had
crystallized. This assumption created no issues given the low absorption and high amounts in

skin wash for weak electrolytes in the dataset analyzed in that study.

In order to explain the permeation of deposited salts, a mechanism for slow dissolution of
salt on the skin surface was required. We examined two — the proton transfer mechanism
described in this report and an alternative scheme involving partially hydrated crystals with a
microscopic aqueous film covering the surface of each particle. The latter concept has
considerable precedent in the area of solid state stability [7, 8]. According to the film theory,
crystalline solids slowly dissolve into the aqueous layer, where they are subject to more rapid
degradative processes such as oxidation and hydrolysis. For the present skin disposition problem,
the list of dissipative processes could include absorption and evaporation from such a surface
film. However, details of the stability models are highly dependent on the specific surface area
and hygroscopicity of the crystalline solid, as well as the relative humidity of the environment;
thus, successful quantitative models tend to be compound- and polymorph-specific. For the
present analysis, we had little or no data regarding the crystal properties or the possibility of co-
crystallization of neutral and salt forms. Furthermore, the dissolution of BA or its sodium salt
into an aqueous film led to the prospect of using subcooled liquid vapor pressure for the neutral
species, leading to calculated evaporation rates much higher than those inferred from mass
balance (Fig. 4). We eventually abandoned this scheme in favor of the simpler proton transfer

concept.
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Our present model for SC lipids, first described in [14], includes a small, size-selective
aqueous pathway through the intercellular lipids we have attributed to either
corneodesmosomes, lipid defects or a combination of both. Protons are highly mobile in aqueous
environments due to a “hopping” mechanism between water molecules [42]; moreover SC lipid
lamellae in the outer skin layers are already in a somewhat degraded state [43]. Thus, it is
plausible that proton transport across the lipid dissolution layer in this model (assumed to be SC
intercellular lipids for in vitro studies with thoroughly washed cadaver skin [9]) could be
significantly faster than the transport of the much larger and less mobile ions present in weak
electrolyte salts. The proton transfer postulate allows small amounts of deposited salts to be
neutralized at the skin surface and to subsequently diffuse into the SC through the surface lipid
layer, without invoking direct transport of the salt through either the agueous channels or (by an
ion pairing mechanism) directly through the SC lipids. Further investigation of this subject to
identify the specific mechanism by which pharmaceutical salts deposited on the skin surface are

gradually neutralized is warranted.

As implemented in Model 4.1, solute flux into the SC due to the proton transfer mechanism
depends only the relative amounts of salt and free electrolyte on the skin surface, not on the
total amount of solid deposited. Consequently, it has stronger impact for smaller doses.
Simulations conducted with and without this mechanism in place are shown in Fig. 6 and Fig. S5.
Proton transfer significantly impacted the RF kinetics of BA and PR only at the two smaller doses
used in this study. We note that at the 11 nmol cm™ dose, only a small amount of BA was
predicted to precipitate on the skin surface, limiting the impact of proton leakage on the

simulation. The largest impact was seen for BA when it was dosed as a salt and for PR when it
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was dosed as a free base because those doses result in the largest pH gradient between the
surface deposit and the SC. Figure 6 shows a comparison of predicted RF kinetics with and
without the proton transfer mechanism for the doses with the largest difference. A comparison

for every dose is shown in the SI (Fig. S5).
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Fig. 6. Predicted impact of proton transfer mechanism discussed in Sect. 4.3 on skin permeation of (a)
110 nmol cm™ BA dosed as 0% free acid, and (b) 1.93 nmol cm™ PR dosed as 75% free base. Solid lines
show the results with proton transfer implemented and dashed lines show those in the absence of proton
transfer. Experimental values are shown as open circles.

4.4  Skin hydration state

In Model 4.1 and its predecessors tracing back to Wang et al. 2007 [30], skin hydration state
impacts both partitioning of solutes into the SC and transport through it. Fully hydrated skin (SC
water content ~78% w/w) is thicker and about three times more permeable than partially
hydrated skin (SC water content ~30% w/w) according to current parameterization of the model.
With one notable exception [44], all of these models limit the skin to these two distinct states

and do not allow for a smooth transition during execution of the codes.
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Partially hydrated SC is usually the state of choice for finite dose absorption studies on
unoccluded skin. However, Tonnis et al. [10] adopted a fully hydrated model for the analysis of
a subset of cosmetic ingredients tested in vitro by Cosmetics Europe and dosed from phosphate-
buffered saline solution with a dose volume of 10 uL-cm™2. There was experimental evidence
that these solutes penetrated skin rapidly and at rates more consistent with the hydrated skin
model for the first few hours of the study; furthermore, evaporation rates estimated from solute
mass balance in the Cosmetics Europe study were considerably lower than the default values
calculated in our model. In the present analysis we employed a partially hydrated skin model for
all test conditions except for the highest BA/sodium benzoate dose (11000 nmol cm~2), which
had a dose volume of 20 pL, 10 plL of which was water. The hydrated skin model provided a
better fit to these data, although we dialed the permeability back down after several minutes as
described in Sect. 2.3.2. We acknowledge that this modification was made on the basis of limited
data, but it is certainly plausible that the hydration state may change with larger aqueous doses.
If one adopts the skin thickness and water uptake parameters described in the skin swelling
model of Li et al. [44] it is shown in the Sl that as little as 3 uL/cm? of water, if completely absorbed
into the skin, is enough to effect the transition from partially hydrated to fully hydrated SC for a
period lasting some tens of minutes. The adjustment was not necessary for high dose PR/PR.HCI
leg (1930 nmol cm™2), for which the dose volume was also 20 pL, only 5 uL of which was water.
Clearly, the incorporation of the transient swelling capability described in Li et al. [44] or an

equivalent approach would be a valuable addition to the present model.
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4.5  Vapor pressure and airflow considerations

Evaporation rates of both solvents and volatile solutes impact solute disposition following
unoccluded topical applications. Although it is difficult to predict these values exactly under
uncontrolled conditions, solute and solvent evaporation are linked by common environmental
factors. Common ways of handling this involve evaporation and gas phase mass transfer

coefficients, kevap and kg, cf. Egs. (A7) and (A8).

The vapor pressure (Py,) of the species of interest has a direct impact on kevgp. Choosing
the correct vapor pressure is critical to the success of the calculation. Vapor pressures of
crystalline solids are considerably less than those of subcooled liquids (which are often calculated
by physical properties estimation programs such as EpiSuite™). The two are related by a
relationship given by Haftka et al. [45] which is employed in our model [9]. Vapor pressures are
also directly proportional to the activity of the solute (or solvent) in solution, a fact that is highly
relevant during the dry down process. We used a commercial thermodynamics package
(COSMOthermX [23]) to estimate the activities of both solute and solvent during this critical stage

of absorption.

Wind velocity (or airflow), u, as well as geometry and molecular weight, contribute to the
gas phase mass transfer coefficient, k5. The dependence of k; on u depends upon the nature of
the airflow. For laminar flow, analytical solutions yield k; ~ u®> [46]. For turbulent flow,
numerical simulations yield an average close to kg ~ u®’8. We continue to apply a turbulent flow
model deriving from a US EPA chemical spills model [47], i.e. Eq. (A8), to Franz cell data, as we
have calibrated this model to our diffusion cell system [25] and also have concerns regarding the

application of laminar flow models to the Franz cell geometry. Closely related heat and mass
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transfer calculations suggest turbulence and even oscillations in such a geometry [48, 49]. Frasch
and Bunge provide a thorough discussion of the EPA model and present a laminar flow model
developed with in vivo exposures to the human hands in mind [46]. We recommend their model
for in vivo exposures, but believe the jury is still out regarding in vitro data from Franz cells or

related diffusion cell systems.

In the present analysis we selected an airflow value of u=0.50 m-s™* as in Tonnis et al. [10],
as it led to a better fit to the calculated evaporation in the BA study (Fig. 2a) than higher values
previously estimated for our apparatus, cf. Sect. 2.3.1. We hypothesize that BA evaporation rates
for the higher doses were slowed by the accumulation of large amounts of precipitated solid on
the skin surface, lowering the effective evaporation mass transfer coefficient. We considered
accounting for this effect with a dose-air contact factor analogous to feontact in Eq. (A11) but lacked
sufficient data to do this in a convincing manner. This is another example of the many ways

experimental conditions can impact evaporation rates.

4.6  Impact of polar pathway (hair follicles and micropores)

Model 4.1, as well as its immediate predecessors [9, 10], implements a polar pathway
through the SC consisting of two components — an appendageal or hair follicle pathway and a
system of micropores through the SC lipid lamellae. These components permit the entry of ions
and large hydrophilic molecules into the SC and subsequent permeation through the tissue. It is
instructive to see how the presence of these components impacts the skin permeation of BA and

PR as the model is presently constituted.
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Fig. 7 shows simulations of the cumulative permeation of BA and PR for a single dose and
ionization state in the presence and absence of the polar pathway model components. The data
for a low dose of each compound in its 100% free acid or free base form are shown. There is a
stark difference between the two compounds — the polar pathway had little impact on BA
permeation (Fig. 7a), but a large impact on PR permeation. Most of the latter was due to the
micropore component rather than the hair follicles. The difference can be attributed to the much
larger nonionized fraction (fnon) of BA than PR at and near the natural pH of the SC. For example,

at pH 5.5, £,24 =0.047, whereas £FR, = 1.2 x 107 (Table $3). The presence of several percent
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Fig.7. Simulations showing the impact of polar pathway components on the cumulative permeation of a
low dose of nonionized permeant. The experimental data and the default simulations are those in the

top left or second-to-left panels of Fig. 2. (a) 11 nmol cm™2 BA; (b) 19.3 nmol cm™ PR.
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of nonionized BA during the dry down period leads to rapid permeation of BA through the SC
lipid/corneocyte composite matrix [30], whereas PR permeation via this route is limited due to

the low diffusing concentration of the free base.

4.7  Targeted and controlled delivery for leave-on applications

Model 4.1 allows formulators to gain insights for controlled release and targeted delivery
of weak electrolytes. The model can help to quantify SC pH kinetics, and predict not only delivery
phenomena that are currently studied using empirical trial-and-error approaches but also
internal fluxes that are not possible to measure in the physical world. The main controlling
formulation factors for delivery are electrolyte pKs, pH, buffer capacity and dose. They determine
ionized and nonionized mass fractions in the formulation, as well as mass fractions of free
electrolyte and its salt form on the skin surface, which have 3-4 orders of magnitude different
penetration rates according to Model 4.1. The SC pH decays to baseline exponentially based on
the initial formulation pH and its buffer capacity relative to that of the SC. This decay, in turn,
determines the rate of salt formation and dissolution. These complex time dependencies render
the model particularly useful for quantitative guidance that goes beyond qualitative principles
known to formulators.

In the discussion below we treat the salt as an inactive form and consider the free acid or
base form to be the active one.
4.7.1 Dermal/systemic delivery insights

To maximize systemic delivery, dosing electrolytes in their free or nonionized forms is
optimal if they are soluble. For moderate-to-highly soluble materials highly ionized at pH 5.5 high

buffer capacity is recommended; examples include a- or B-hydroxy acids (pKa 2.8-3.8), where
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absorption of large doses with correspondingly high buffer capacities is greatly facilitated at low
pH [50, 51]. For soluble materials substantially nonionized at pH 5.5 low buffer capacity is
acceptable. In both cases these strategies maintain the permeation rate as the pH recovers to
baseline.

For sparingly soluble weak electrolytes at low to moderate doses, using salt is a better
strategy as it increases solubility and results in increased partitioning into the aqueous phase of
the SC. Successful examples of this approach include topical diclofenac sodium [16] and other
diclofenac salts [52]. In addition, for volatile compounds, using salt prevents loss due to
evaporation. However, there is a watch out. If the salt dose is larger than the amount required
to saturate the deposition layer of the SC, the benefit in improved partitioning will be offset by
the lower mobility of the salt compared to the free form. Once deposited on the surface, salt
takes longer to penetrate the skin than free acids and bases because what is already in the
deposition layer of the SC must first diffuse into lower layers, which takes longer for the ionized
permeant. Salt must also convert to its free form before the initial penetration to the SC, making
it slower than deposited free acids or bases.

4.7.2 Surface and SC as the target

For some ionizable over-the-counter drugs, e.g. the antimicrobial chlorhexidine gluconate,

it is desirable to minimize skin penetration. The strategies to achieve this are the inverse of

strategies to maximize delivery beyond the SC.
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5. Conclusions

In this study, we attempted to advance understanding of how weak electrolytes and their
salts penetrate skin after finite dose applications from simple, volatile vehicles. We built a
mathematical framework for predicting how the pH will change over time within the SC after
dosing and how pH affects the dissolution and penetration of deposited solids into skin. Using
that framework, we were able to reproduce the in vitro human skin penetration of a weak acid
and a weak base over a wide range of initial pH and dose sizes. Our analysis highlights how
formulation pH and buffer capacity directly impact cutaneous absorption. If the formulation pH
is not carefully considered, a wide range of outcomes is possible. The analysis could be further
strengthened by experimental measurement of depth- and time-dependent pH values in the SC
following perturbation by topical application of either strong or weak electrolytes. Confocal

Raman or fluorescence techniques with pH-sensitive probes might provide the requisite data.
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Appendix: Mathematical model for weak electrolytes

Al SC and formulation pH

In Model 4.1, because the dose solution or vehicle is in intimate contact with the SC and may
temporarily overwhelm its buffer capacity [17], the pH of the SC (pH2,) is initially set to that of
the vehicle (pHY,,,). Here the superscript “0” represents time post-dose. Over time, both values
are allowed to gradually return to the natural SC pH, herein designated pHZ., until the solvent
comprising the vehicle has completely dissipated. The rate of return is governed by several
factors including the buffer capacity of the applied dose (B;0s¢), the dissolution rate of any
precipitated solid, and the loss of either free acid or free base by penetration or evaporation [17].
Here Bose is defined as the number of nanomoles of strong acid or base required to bring the pH
of the specific dose of test formulation (in puL-cm™2) to pHZ.. For the case in which f;,s. dominates

the pH recovery kinetics we propose a first-order recovery with a rate constant k,. given by

k, = 20l (A1)

ﬁdose

where S, is the effective buffer capacity of the SC for small doses of test formulation and a, is a
proportionality constant related to the rate of resupply of protons to the SC. Miller and Kasting
estimated f,. to be 10-20 nmol cm~2, we show below that ayhas a value of about 2 h™, yielding
aopB,, values of approximately 20-40 nmol-cm~hl. Note: Although times here are expressed in

h for convenience, all calculations are conducted with time in s for consistency with flux.

The combination of Eq. (A1) with the initial conditions described above leads to a pH drift in

both the vehicle and the SC having the form
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PHyen (t) = pHgo(t) = pHg + ApHO-e‘th (A2)
where

ApH® = pHy,;, — pHE (A3)
The half-life of the pH recovery process is thus

In (2
tryy = “k(r> (A4)

A2 Transient governing equations
The evolution of the mass on the skin surface for each component i of the formulation is given

by Eq. (A5):

—dM}

d—iurf:]évap +]sic+]/£ol ,i=1,2 (A5)

Wherejévap is the flux evaporating, JL.is the flux entering the SC, and ]}Ol is the flux entering hair
follicles. Here i = 1 represents the solute and i = 2 the solvent. Model 4.1 is limited to two
diffusing species; hence the solute and solvent are treated as single components. An exception
is made for precipitated solute on the skin surface as described in Sect. A.5. Because protonated
and non-protonated forms of the solute can interconvert, it is convenient in Model 4.1 to express
mass in moles rather than grams. This choice represents a departure from our earlier models.
Thus, the units of all terms in Eq. (A5) are nmol-cm™2s™t. Although the general equation does not
change throughout a simulated experiment, how each of the fluxes is calculated will change
throughout dry down as the surface environment changes. For the remainder of this section we

will omit the superscript i and consider only the fate of the solute (i = 1).
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Yu et al. 2022 [9] imposed a surface roughness limitation to define how Js changes
throughout the dry down process. If the vehicle is thicker than 25 um, solutes are considered to
be well mixed throughout the vehicle; thus they diffuse within the vehicle at an effectively infinite
rate. The flux in this case is described by Yu et al 2021 [24]. But when the vehicle becomes
thinner, Jr) drops abruptly to near zero because the solvent separates into discontinuous
puddles. Permeants are no longer able to reach the entrance to the follicle unless they are

directly above it.

A.3  Solute fully dissolved in the vehicle
While all solute is dissolved in the vehicle, the weak electrolyte will ionize based on the
pH of the solvent. Js is defined so that the activity of the permeant in the vehicle is equal to that

at the surface of the SC.

lonized solute is assumed to have zero vapor pressure, so only the neutral solute can

evaporate. The evaporation flux is given by [53]:

a

]evap = kevapp (_) (A6)

Asat

where a is the thermodynamic activity of the dissolved solute and asq: its activity in a saturated
solution. Here pis the solute density expressed in nmol-cm™ and Kevqp is the evaporation mass

transfer coefficient (cm s2), given by [5]

kgPy
kevap =103 - ﬁ (A7)
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Here Py, is in Pa, R = 8.314 J-mol™*k™* and T is temperature in K. The constant 10% adjusts for the
mixture of Sl and cgs units. The vapor pressure, Py, (Pa), of the subcooled liquid is used for a

dissolved solid. The gas phase mass transfer coefficient, kg (cm s7), is given by [5]

1.756u%78
ky =~ (A8)

MW3
where u is the ambient air flow rate in m-s™.

A4 Saturated solution
As the solvent dries down, the concentration of the solute increases until it becomes saturated.
Depending on the pH, the solubility of a weak electrolyte may be limited by the free acid or base

or the corresponding salt. The total solubility of the solute in the vehicle, S,, is given by Eq. (A9):

S, = min (S, ,,,—freey (A9)

salt’ fron

where fqon is the nonionized fraction of the solute at the vehicle pH. Once the concentration
reaches this limit, the solute will begin precipitating quickly enough to maintain saturation (no
supersaturation is allowed in Model 4.1). The solute will penetrate and evaporate based on the
ratio of the activity of the free (nonionized) permeant to its saturated activity. If the solubility is
limited by the free permeant, this ratio will be unity. If it is limited by the salt solubility, the ratio

will be less than 1 as the free solute remains undersaturated.

A5 Only solid remains on skin surface
Once no more solvent remains on the surface of the skin, solute on the surface is no longer
assumed to have continuous contact with the SC. The ratio of ionized to nonionized material is

consequently no longer determined by the pH of the SC. Instead of tracking the total flux of a
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permeant and calculating the amount of ionized and nonionized species based on the pH,

deposited salt and free acid or base are tracked separately.

Yu et al. 2022 detail a model for predicting penetration of solids deposited on the surface
of the skin [9]. In that model, the mass transfer of a deposited solid into the SC is limited by the
rate of dissolution into and penetration through a thin lipid barrier with thickness §,;,, given by

Eq. (A10):

Klip/w

J5c(0,8) = ey [K'PS,, — (") Coc (0,6)] (A10)

Here K;;, is the mass transfer coefficient in the lipid layer (cm s™), Sw is the permeant’s solubility
in water (nmol-cm™3), K""W is its lipid/water partition coefficient, K°* is its SC/water partition
coefficient, and Cs(0,t) is the concentration at the top of the SC (hmol-cm™). For an in vitro
experiment, the lipid barrier is assumed to have the properties of the SC lipids and Ky, is

determined as

_ ktrans‘S
Klip - ] contact (All)
6llp

where kirans (cm s71) is the transverse mass transfer coefficient of the permeant across SC lipids
and § is the width of a single lipid bilayer, 13 nm or 1.3 x 10°® cm [30]. The factor feontact is the
fraction of the surface of the skin in contact with the solid. We note parenthetically that the
secretion of sebum on the skin surface is likely to change the composition of the surface lipid
film. This matter was considered by Yu et al. [9], who proposed an alternative to Eq. (A11) forin
vivo exposures in which the SC lipid properties were replaced by those related to a skin surface

lipid film comprised largely of sebaceous lipids. We refer the reader to Yu et al. for details.
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Yu et al. 2022 used Egs. (A10) and (A11) to describe a single solid on the skin surface.
Because a deposited salt may have very different properties from its corresponding free acid or
base, we treat each state of the deposited solid as a different species with the total flux given by

the sum of the flux of each individual state:

]sc(o’ t) = ffree](o’ t)free + (1 - ffree)](ox t)salt (A12)

Here ffee is the fraction of solid on the skin surface that is free acid or base. This is analogous to
the fraction nonionized in solution, fa.on, Which is used to determine the flux of a permeant
dissolved in a vehicle. We assume that K" for a salt will approach zero compared to a
moderately lipophilic free acid or base, leading to J(0,t) = O for the salt form in Eq. (A10). Eq.

(A12) can then be simplified to

Jsc 0,t) = ffree]sc (0, t)free

lip/w

_ lip Ky

- ffreeKlip,free [K reéwsw,free - <Ksrce/$v ) fnon,scCsc (0; t)] (A13)
free

where f;5n s¢Csc (0, t) gives the nonionized concentration at the top of the SC (z = 0).

We note at this point that the treatment of weak electrolytes as deposited solids on the
skin surface differs from that when they are dissolved in the SC. On the surface, the free acid or
base and its salt are treated as two distinct species, where in solution they are treated as one
diffusing solute with pH-dependent properties. The free notation in the solid phase (rather than
fron as in solution) is introduced as a reminder that the solid species on the skin surface are not
necessarily in equilibrium with each other, unlike ionized and nonionized species dissolved in an
aqueous environment. We furthermore note that the simplification of Eq. (A12) to yield Eq. (A13)
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means that we have invoked the pH-partition hypothesis at this step, i.e. we assume that only
the nonionized form partitions into the lipid dissolution layer. This choice is discussed in Sect.

4.3.

The evaporation flux, Jevap, is calculated using Eqgs. (A6) and (A7) as in the dissolved stages
of dry down, except the vapor pressure of the solid is used instead of that of the subcooled liquid.
As with the flux into the SC, the salt and free species are treated separately and added together
to find the total flux. Most salts of weak electrolytes, including sodium benzoate and propranolol
hydrochloride, have vapor pressures much lower than their corresponding free species, so the

evaporation flux can be approximated as
]evap = kevapfreep (A14)
where kevapfree is calculated from Egs. (A7) and (A8) using the properties of the free acid or base.

Because free acids and bases will in general evaporate and penetrate more quickly than
their corresponding salts, the fraction of salt on the surface will increase over time. Meanwhile,
the pH in the SC will approach pH® according to Egs. (A2) and (A3). Because the deposited solid
and the SC are not in chemical equilibrium, a pH gradient and corresponding chemical potential
gradient for protons will develop across the solid/SC interface. We postulate that a small proton
flux through the lipid boundary layer, cf. Egs. (A10) and (A11), will occur in response to this
gradient. Although the contact between the deposited solid and the SC is not perfect, the ratio
of salt and neutral species in the deposited solid will slowly drift toward the ratio within the SC
as salt is converted to free acid or vise/versa. This is modeled by adding a proton flux term

accounting for the conversion, Ju+, to Egs. (A5), i.e.

39



deree

dt :]evap + Jsc +]fol + Ju+ (A15)
dMsq
Tlt :]evap + Jsc +]fol — Ju+ (A16)

where Ju. is given by the equation

Jusy = %(pHsc - pHsurf,eff) (A17)

Here a, (nmol cm~s™) is a to-be-determined proportionality constant, Z is the valence of the
weak electrolyte, pHsusefr is the effective pH of the surface deposit based on the remaining
amounts of free acid or base and salt. We estimate pHsufef from the usual Henderson-

Hasselbalch equation; thus

PHgurferr = PKq + logqg (%) weak acid (A18)
f ree
PHgyrrerr = PKq +10g10 (#ﬁ%) weak base (A19)

The value of pHsurfef is limited to a maximum and minimum value based on the pH of solutions
of pure free acid or base or pure salt. The calculation of these pH values is described in Sect.

2.3.1. The estimation of the constant, a,, is discussed in Sect. 2.3.3.

The assertion of a proton flux, Ju., across the lipid dissolution layer is an alternative to
invoking another mechanism such as ion pairing that leads to absorption of deposited salt. We
choose the proton flux alternative because it is a non-specific mechanism that applies to all weak
electrolytes, and it is also consistent with our SC lipid permeability model that already allows ion

transport via corneodesmosomes and/or lipid defects [14].

40



A.6. Only salt remains on surface
As the free acid or base depletes, eventually only salt is left on the surface. In this case, salt
continues to convert to free permeant according to Egs. (A15) and (A16). If the sum of fluxes of
free permeant leaving the surface is greater than the flux converting from salt, free permeant
will not accumulate, and because it cannot further deplete, dMgee/dt = 0. In this situation,
according to Eq. (A15), the sum Jevap + Jsc + Jror must be balanced by J4:. The split between
evaporation and penetration is estimated based on the ratio of the fluxes that would be observed

if Msee were greater than zero:

]evap,maxfree

]evapfree (AZO)

]evap,maxfree+]sc,maxfree

Jsc,max free

Jsesree (A21)

]evap,maxfree Fsemax free

When a large dose of salt is applied (taken to be M > 50 nmol-cm™), precipitated salt is
considered to occlude the surface and prevent newly formed free acid or base from evaporating.

In this case, the penetration flux, Jsc + Jro, is equal to the conversion flux, Jy..
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