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Interpretation of experiments involving transient solute binding to isolated keratin substrates is ana-
lyzed and discussed in terms of their impact on transient permeation of topically-applied compounds
through human stratum corneum. The analysis builds upon an earlier model (Nitsche and Frasch 2011
Chem Eng Sci 66:2019-41) by adding a second level of homogenization (ultrascopic-to-microscopic)
prior to the microscopic-to-macroscopic conversion. Here “ultrascopic” refers to isolated keratin sus-
pensions, “microscopic” to corneocyte interiors and “macroscopic” to tissue-averaged properties in the
stratum corneum. Results are interpreted in the context of current parameterizations of the underlying
ultrascopic binding parameters. The present analysis, which is limited to linear binding isotherms com-
mon in dilute solutions, reveals a maximum in the macroscopic forward binding rate constant as a
function of solute lipophilicity, whereas the underlying equilibrium constant increases monotonically
and the macroscopic reverse binding rate constant decreases monotonically. The size and location of
the maximum depends upon the hydration state of the stratum corneum. Explicit equations expressing
these findings allow both equilibrium and kinetic binding data in isolated keratins to be applied to the
kinetics of transient absorption through the skin. They will enable more quantitative estimation of the
long-recognized stratum corneum reservoir function.

Percutaneous

© 2021 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.

Introduction

Detailed mechanistic understanding of molecular absorption
through the skin is critical to meeting the evolving demands of trans-
dermal and topical drug development,'™> and risk assessment of
chemical exposures.*~® This paper addresses an area of pressing need
in these fields, namely the stark reality that dermal absorption models
still cannot predict the time evolution of most drug/chemical applica-
tions and exposures to the skin, in part because the diffusional transi-
ents usually considered are inextricably intertwined with the kinetics
of solute binding to intracellular keratin protein.”'" This phenomenon
occurs ubiquitously on a time scale comparable to diffusion and has
not been characterized in any comprehensive way. Thus, pivotally
important parameters including lag time and the so-called reservoir
capacity (or depot effect) of the stratum corneum (SC, barrier) layer of
skin are as yet mired in uncertainty. A brief review of the multiscale
architecture of this layer, as well as the current status of modeling and
keratin binding studies, helps to frame the knowledge gap addressed.

* Corresponding author.
E-mail address: nitsche@buffalo.edu (J.M. Nitsche).
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Multiscale, Multiphase Architecture and Physicochemistry of the Stratum
Corneum

The term “macroscopic” here refers to the scale at which the
~15 mm thickness of the SC, regarded as a homogeneous
effective continuum, is discernible (Fig. 1(c)). For any given
i%Lute species, this layer is characterized by a partition coefficient
K relatlve to an aqueous reference solution “w,” diffusion coef-
ficients Di and D ; for motions respectively perpendlcular and
parallel to the skin surface, and a (per-volume) rate expression for
binding of solute to the tissue. At low concentratlons this rate
expression takes the form k C - koffB describing linear
reversible binding. Here C and B represent the macroscopic
average (superficial) concentrations of unbound (free, dissolved,
mobile, diffusible) and bound (immobile) solute, and the two
coefficients multiplying them represent “on” (binding) and “off”
(unbinding) rate constants, respectively. All listed coefficients are
effective (homogenized, coarse-grained) attributes of the tissue
representing average outcomes of transport processes occurring
within its two-phase microstructure, and are distinguished by a
double overbar (=) affix.

0022-3549/© 2021 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.



2094

Nomenclature

Roman letters
a
C

Greek letters

o p

Y
n

=

| D >

J:M. Nitsche, G.B. Kasting / Journal of Pharmaceutical Sciences 111 (2022) 2093-2106

radius (of keratin microfibril or solute molecule)
unbound (free, dissolved, mobile, diffusible) solute
concentration (w/v)

bound solute concentration (w/v)

partition coefficient, or binding equilibrium con-
stant (distinguished by subscript “eq”)

binding rate constant

unbound solute concentration expressed as a mass
ratio (mass solute / mass water)

bound solute concentration expressed as a mass
ratio (mass solute / mass keratin)

bound solute concentration expressed as mass of
solute per keratin surface area

coefficients in property correlations based on octa-
nol/water partition coefficient

empirical scaling factor for binding rate constants
binding equilibrium constant based on per-area
bound concentration

binding rate constant in rate expression based on
per-area bound concentration

ratio of solute to keratin microfibril radii

density

ultrascopic volume fraction within corneocytes
microscopic volume fraction within the SC

Subscripts, superscripts and other affixes

avg

cor
eq
lip

ker

off
on

SC

solute
true

w
no overbar

one overbar

two overbars

subscript distinguishing average (superficial)
concentration representing unbound or bound
solute per total (protein + solution) volume in
an aqueous dispersion of keratin microfibrils,
or per total (corneocyte + lipid) volume in the
SC

superscript referring to the corneocyte phase of
the SC seen at the microscopic scale
subscript  distinguishing binding
constants

superscript referring to the lipid phase of the SC
seen at the microscopic scale

superscript referring to keratin microfibrils seen at
the ultrascopic scale

superscript referring to octanol

subscript distinguishing “off” (unbinding) rate
constants

subscript distinguishing “on”
constants

superscript referring to the SC seen at the macro-
scopic scale

superscript referring to the solute
subscript  distinguishing  unbound
concentration based on aqueous
volume

superscript referring to water
distinguishes ultrascopic properties (applies to
keratin microfibrils)

distinguishes microscopic properties (applies to
lipid and corneocyte phases of the SC)

distinguish macroscopic properties (applies to the
SC)

equilibrium

(binding) rate

solute
solution
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Figure 1. Views of SC tissue at three different scales, progressing from smallest to largest.
(@) Ultrastructure of corneocyte interior. (b) Microstructure of SC, with corneocyte and inter-
cellular lipid phases respectively colored blue and yellow. (c) Macrostructure of SC (homog-
enized effective medium). Green symbols represent parameters of primary importance to
our analysis, namely partition and binding rate coefficients characterizing any given solute
at the three scales considered. In panel (a) the symbol k¥ is used to represent any of the
rate coefficients Kon, Kon,g.Que OF Kon.g.cone- depending on the concentration basis used, with
a corresponding understanding for k};?ﬁ‘ (see text and Fig. 4 below). The ultrastructure of the
lipid phase is not depicted, because there is no solute binding to any constituent of this
phase, i.e., binding occurs only within corneocytes. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

“Microscopic” refers to the scale at which the two phases of
the SC are discernible'? (Fig. 1(b)). It comprises ~15 layers of flat-
tened, interleaved, partially desiccated, keratinized cells (corneo-
cytes, “cor”) which are embedded in a lipid matrix (“lip”) having
an ordered (non-liquid-like) molecular structure in a “brick-and-
mortar” framework. Figure 1(b) lists the microscopic coefficients
describing the two phases seen at this scale, distinguished by a
single overbar (—) affix.

“Ultrascopic” refers to the scale at which the substructures of the
microscopic phases are discernible (Fig. 1(a)). Of particular interest
here is the ultrastructure of the corneocyte phase, which comprises
an aqueous dispersion of keratin intermediate filaments called micro-
fibrils, and represents the primary seat of solute binding to the SC,
although possible perturbations by cornified cell envelope proteins
will also be discussed. The symbols k& and kXe indicated in Figure 1
(a) are shorthand for a number of ultrascopic rate coefficients intro-
duced in our analysis depending on the concentration units used.

For any given solute, the parameters of primary importance to our
analysis, namely partition and binding rate coefficients at the three
scales considered, are distinguished using green font in Figure 1.

Keratin Structure and Effects of Hydration

SC keratin is classified as an a-keratin and at another level as a
soft keratin, distinguishing it from hard «-keratins such as hair, nail
and (notably for this study) bovine horn and hoof (BHH). The “«” des-
ignation refers to the secondary «-helix structure of the assembled
primary filaments, the alternative regular secondary structure being
the B-sheets found in feather, beak and claw.'® Hard and soft keratins
are distinguished chemically by the level of crosslinking, which is in
turn determined by the amount of sulfur-containing cysteine resi-
dues in the primary structure. The soft keratin microfibrils in the SC
are oriented predominately in the plane of the tissue, where they are
moderately crosslinked.'” Crosslinking in the transverse direction is
minimal, allowing the tissue to swell substantially in this direction
when exposed to water.*1°

Much is known about the water binding capacity of both hard and
soft c-keratins. It has long been argued that dry keratin unfolds as it
hydrates, exposing more primary surface area in the process.'®!” Nota-
bly for our analysis, this unfolding process is thought to be largely
complete by the time the water content is 20—30 wt% (see Refs. 15 and
18 and references therein). This conclusion is reached by comparing
data collected by a variety of techniques. This fact underlies the assump-
tion, implicit in our analysis, that the primary difference between the
keratin in partially hydrated (30% w/w water) and fully hydrated
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(78% wiw water) skin lies in the microfibril density, rather than the
nature of the surfaces exposed at these two levels of hydration.

The precise structure of SC keratin intermediate filaments is
not as well characterized as that of wool or hair. For the
present analysis we will use the term microfibrils, and regard
them as solid cylindrical objects with a characteristic diameter
of 7.0 nm'?'>!® which reversibly bind solute molecules on
their surfaces.

Overall State of the Art of SC Transport Modeling and Experimental
Characterization

An important use of microscopic diffusion models of the
SC lies in producing accurate homogemzed partmon and
transdermal diffusion coefficients K and D to be slotted
into macroscopic calculators that solve for the transient distribu-
tion of solute within the skin for toxicological and other
applications.’*~?> The most complete models®**~?® incorporate
thle strong diffusional anisotropy of the lipid phase, the diffusivity

D, for solute motion parallel to the plane of the lipid typlcally

being 2—5 orders of magnitude larger than the diffusivity D P for
motion perpendicular to 1tscThe latest advanceS is an extensmn of
the theory to calculate D in addition to D, .*”*® Although a
considerable experimental database exists on steady state
permeability coefficients and lag tlmes for solute motion through
the skin,?*~>? which establishes D __for many solutes, compara-
tively very few determinations of D have been reported.’” >*
Theory and experiments are in agreement on the finding that —
considered as a macroscopic effective continuum — the SC is
strongly anisotropic, as the llplC! phase is microscopically. Theo-
retical predictions of the ratio D /D , in the range from 34 to 39
for fully hydrated skin and 150 to more than 1000 for partially
hydrated skin®® accord with the limited available data.

Solute Binding to Keratin During Transport

Promising as it is, the comparison between theory and experi-
ment just noted illustrates an important current stumbling block.
Application of even the best microscopic models is presently
restricted to two limits: (i) short times (before significant binding
has occurred, so that unbound solute is characterized); and (ii)

Section titled “Fundamental Parameters
and Mathematical Relationships
Characterizing Binding in a Well- Mixed

Aqueous Dispersion of Keratin Filaments”

in this article

long times (after binding equilibrium has been reached, so that
equilibrated total (unbound + bound) solute is characterized).
Thus, for example, Wang et al.’® demonstrate, inter alia, the
inequalities

=SC_calc. —sc t
(D I )Flfle;rbound < (D I )exp

725x1071% < 37x10° < 7.87x10"° cm?/s for solute caffeine,
325x107° < 78x10° < 847x107° cm?/s for solute testosterone,

1

< (55\\c )ca]c. )

free

where the numerical values given here apply to partially hydrated
skin. The short- and long-time limits calculated from a microscopic
model successfully bracket the more complicated transient in real
dermal absorption scenarios, which start with all unbound solute,
and end with equilibrium bound solute, but the match is limited to
such inequalities. Thus, prediction of actual absorption transients is
not yet possible.

A few papers have established the value of adding reversible bind-
ing to diffusion models of transient dermal absorption.”® This step is
taken by introducing a bound (immobile) solute concentration field
B Wthh coevolves with the unbound (mobile) solute concentration
¢’ . Unfortunately, this approach has only been brought to fruition at
the macroscoplc scale to date so that effective “on” and “off” binding
rate constants kon and kOff have been determined only from best fits
to permeation and/or desorption transients.

As represented by the gray arrow in Figure 2, Nitsche and Frasch®
have worked out the micro-macro hnk (homogemzatlon) for linear

reversible binding, and shown how kOrl and koff (see Fig. 1(c)) can be

calculated from the microscopic corneocyte-phase rate constants kOn
and kuff (see Fig. 1(b)). Thus, all the requisite pieces are in place to
assemble, at least in principle, the next generation of microscopic
models capable of fully predicting dermal absorption transients. The
conceptual missing link needed to do so, represented by the upper
blue arrow in Figure 2, is the relationship of ko and ki to the ultra-
scopic rate constants kX' and kker quantified by keratin binding stud-
ies. The present paper establlshes this link.

Keratin Binding Studies
Fundamental keratin binding studies define binding at the ultra-

scopic scale at which individual keratin microfibrils are discernible.
For various types of keratin, numerous studies have established the

Nitsche and Frasch (2011)

Ultrascopic scale

Individual keratin
filaments visible
within corneocytes

visible
—

Microscopic scale

Corneocytes and lipid

Thickness of SC
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Individual keratin
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off [

Equations (41) and (42) in
this article
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not visible
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and/or desorption
transients yields kS
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Figure 2. Scheme indicating the role of the present analysis vis-a-vis previously published work (Nitsche and Frasch (2011) ) m connectmg ultrascopic, microscopic and macro-
scopic descriptions of solute—keratin binding in the SC. Desorption experiments with delipidized SC could shed light on kDn and koﬁ
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dilute-limit equilibrium relationship q = KyernstCirue = (kker /k'g?f‘ )Cirue
between bound solute loading q (mg solute/g protein) and unbound
solute concentration Ceye, as analyzed comprehensively across a
broad spectrum of solutes by Hansen et al. (2011).>° Values of log;,
Knernst for bovine horn and hoof (BHH) keratin tend to be consistently
higher than for delipidized SC and callus keratin by ~ 0.6 log;, units
(factor of ~4), and both correlate with the logarithm of the octanol/
water distribution coefficient ( log;,D°", measure of solute lipophi-
licity) with slopes around 0.3. Thus, a basis exists to estimate binding
equilibrium constants for the SC keratin of interest.

Additionally, Seif and Hansen'® have measured eight values of k‘éffr
(and by inference kK& = KyernstkXEF) for six solutes with BHH keratin,
i.e., the kinetics of the binding process. Their study suggests an
intriguing correlation between kg‘f}r and Knernst for BHH keratin, which
in principle opens the possibility of predicting kX&.

Role and Structure of the Present Analysis

The experimental kinetic study reported by Seif and Hansen,'°
and the correlations suggested by it, are highly significant. The choice
of solutes addressed is propitious and well considered, covering as it
does a wide range of lipophilicities (—0.13 < log,,D*/% < 3.80). (Seif
and Hansen use the symbol Ky for the octanol/water distribution
coefficient D°/W, apparently to underscore the fact that it is measured
at a certain pH.) Nevertheless, the fact that available data are cur-
rently limited to just six solutes underscores the great importance of
further kinetic measurements to broaden the physicochemical spec-
trum considered. The need for such work, as well as comparisons
between rate constants measured for BHH vis-a-vis delipidized
human SC and callus keratin, cannot be filled by theoretical analysis.
Thus, substantially fuller resolution of transient solute—keratin bind-
ing as it occurs in human dermal absorption scenarios must await
completion of a significant body of experiments.

The specific purpose of this analysis is to develop the quantitative
framework needed to understand, utilize and unify the results of ker-
atin binding studies carried out with different types of keratin, with a
view toward ultimately parameterizing dermal absorption models
that explicitly address the interplay between solute diffusion and
binding, and thereby realistically represent the transients character-
izing these combined and coevolving processes. Not least among the
benefits of such a framework is the ability it confers to quantify the
dependence of the effective (homogenized, coarse- gramed)

(binding) and “off” (unbinding) rate constants kon and koff on the
hydration state of the SC, permitting measurements with fully
hydrated SC to be translated into outcomes involving partially

o & @

water

°oQe

(7 the

‘XX

Figure 3. Simplified conceptualization of a dispersion of keratin microfibrils in water
as seen in cross section. Steric (geometric) exclusion of solute centers from an annular
layer of thickness a®!® around each keratin microfibril is represented by a red dashed
circle around one of the microfibrils. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

hydrated SC. To this end, a preliminary theoretical section establishes
fundamental parameters and mathematical relationships characteriz-
ing binding in keratin dispersions. Successive sections below then
summarize theoretical methodology and results entering the analy-
sis, and work out the propagation of kinetic information from ultra-
scopic to macroscopic scales, leading to a useful set of formulas
collected and commented upon in Results and Discussion sections.

A significant part of the analysis involves the establishment of con-
nections among different concentration units used in keratin binding
and dermal absorption studies at the three scales considered. Certain
aspects of the analysis are partly speculative, and speculative ele-
ments are clearly identified as such. The entire development refers to
the intrinsic properties of defect-free interappendageal SC, ultimately
considered as a homogenized continuum. Thus, possible impact of
appendages such as hair follicles in presenting binding sites and a
macroporous polar pathway through the SC lie outside the scope of
our analysis. However, the results developed could be incorporated
into a broader macroscopic model of the SC that includes appendages.

Fundamental Parameters and Mathematical Relationships
Characterizing Binding in a Well-Mixed Aqueous Dispersion of
Keratin Microfibrils

Equations are developed describing solute—Kkeratin binding equi-
libria and kinetics. They characterize a well-mixed aqueous dispersion
of keratin microfibrils in a keratin binding study, and are later applied
to the microscopic corneocyte phase of the SC considered at the ultra-
scopic scale at which individual keratin microfibrils are discernible.

No assumption is made about the arrangement of microfibrils
aside from the stipulation that they are mostly separated from each
other and therefore do not substantially block binding sites on each
other’s surfaces, i.e., act as independent ‘sticky’ surfaces. This stipula-
tion would require modification for a dense (tightly-packed) disper-
sion. As a convenient visual conceptualization, the dispersion might
be imagined as a square array of parallel microfibrils as shown in
Figure 3, although no such assumption about the arrangement of
microfibrils enters the following analysis.

Structure

The key structural parameters are the microfibril radius aker
(~3.5 nm for human SC'*'° and «-keratin generally'®) and volume
fraction ¢**". In terms of them, the mass of keratin m*® in a given total
volume of the dispersion V®°@ and the aggregated total (lateral, cylin-
drical) surface area of this protein S, are given by the equations

¢ker ker (2)

mker /Vtotal

Sker/mker — 2/(,0keraker)7 (3)

where p*er denotes the protein density (~1.37 g/cm3).*°~** The inverse
(reciprocal) dependence of surface area upon a¥® in Eq. (3) embodies
the fact that — for any given type of shape, here cylindrical — the
smaller the particles of a solid material are the more surface area a
given mass of them presents collectively.

Unbound Solute Concentration

The symbols Cyue (g solute/cm® aqueous volume) and Qe
(g solute/g water) are respectively taken to denote w/v and mass ratio
concentrations of a given solute in the aqueous volume encompassing
one (or more) keratinous objects. They are related by the expression

Crrue = Qtrue P X < (4)

cm? water
cm3 solution

ve)
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in which p" denotes the density of water (= 1 g/cm?) and “[v.c.]” is
introduced as shorthand for the volume correction exhibited within
the large parentheses. Although the factor “[v.c.]” is included in sev-
eral equations below as needed for technical correctness, its numeri-
cal value can be regarded as practically indistinguishable from unity
for the low concentrations assumed here.

It is also useful to consider an average (superficial) concentra-
tion representing the amount of unbound solute per total volume
of the dispersion of keratin microfibrils. Such a concentration is
here called Cue (g unbound solute/cm? keratin dispersion). The
descriptor “total” encompasses both the aqueous domain between
the microfibrils, and the impenetrable microfibrils themselves. The
average is computed as the concentration Cyye multiplied by the
volume fraction 1 — ¢**(1 + 4)? accessible to solute centers, which
yields

Cavg = [1 - ¢ker(1 + /1)2] Cirue, (5)
in which
)= asolum/al(er _ asolutE/(35 A) (6)

denotes the ratio of solute to keratin microfibril radii. Equation (5)
includes the effects of steric (geometric) exclusion of solute cen-
ters from an annular layer of thickness a*°!"¢ around each keratin
microfibril, represented by a red dashed circle around one of the
microfibrils depicted in Figure 3 (see Wang et al.’s*®> Eq. (11) and
surrounding text).

Bound Solute Concentration

In experiments the bound (immobile) amount of a given
solute is commonly quantified per mass of keratin using a
concentration variable q (g solute/g keratin).'®>° In certain appli-
cations an average concentration representing the amount of
bound solute per total volume of the dispersion of keratin microfi-
brils is also useful to consider. Such a concentration is here called
Bavg (g bound solute/cm? keratin dispersion). Ultimately the most
fundamental quantification of bound solute would appear to be
per keratin surface area using a concentration variable here
named s (g solute/cm? keratin surface area). Indeed, one can imag-
ine that a keratinous object of cylindrical (or any other) shape
would tend to bind a definite number of solute molecules per area
if equilibrated with a surrounding solution of a given concentra-
tion Ciye. The reason is that binding occurs as a surface phenome-
non (as opposed to, say, a process distributed throughout the
volume of the protein, which is unlikely because the microfibrils
are very dense). Using Eqs. (2) and (3), the three bound concen-
tration variables discussed can be shown to be related by the
equations

q= (Sker/mker)s _ [2/(pkeraker)]s’ (7)
Bavg _ (mker/vtotal)q _ pl(er¢1<€r q= <2¢ker/aker>5' (8)
Binding Equilibrium

At low solute concentrations the most fundamental binding equi-
librium relationship would appear to be a proportionality between
the bound surface concentration s and the surrounding aqueous-
phase concentration Cirye:

S =1 Cirue- (9)

The bound and unbound solute concentration units used make 7 a
binding equilibrium constant with the dimensions of length. This

most fundamental relationship can be converted into mathematically
equivalent relationships alternately involving g or Bayg on the left-
hand side, and Ciye, Qrue OF Cave On the right-hand side. Thus, for
instance, Eq. (9) leads to the relationships

2n
q= <W> Crue, (10)
————

Keq.q.Crue

_ (2np"vc)
a—( ) Qe (an

pker aker

Keq.q.0rue

2’7 ¢ker
P Ll_ g O .

Keq.Bavg.Cavg

The symbols below the underbraces in these equations define equi-
librium constants appropriate for the types of concentration variables
used. The group labeled as Keq ¢ .. in Eq. (10) is equivalent to Han-
sen et al.'s>® Nernst binding coefficient Kyerns: defined by their Eq. (4)
. The group labeled as Keqq 0. in Eq. (11) is equivalent to Seif and
Hansen’s'® coefficient K;, defined by their Eq. (2), and to Raykar,
Anderson et al.’s***> partition coefficient PCpy, (used by them and
other authors***®%7 with slight notational variations in the context
of SC keratin). Notation indicating the type of bound concentration
(q or Bavg) and unbound concentration (Ceye, Qtrue OT Cave) €ntering
the definition of a binding equilibrium constant Keq is necessarily
complex. Figure 4 details how symbols representing these types of
concentrations are appended to the subscript “eq” to disambiguate
the symbol Keq. Final results are ultimately cast in terms equilibrium
(and also binding rate) constants based on the bound concentration q
and the wunbound concentration Qyu, and abbreviated as
1<ggr = Keq,q,Quer €EC.

Although equilibrium binding data are often reported in terms of
the unbound and bound concentrations Cyye and g, and fitted using
Eq. (10),>° Eq. (9) expressed per keratin surface area represents the
most fundamental quantitative statement of linear reversible binding
equilibrium.

Binding Kinetics
The binding rate expression consistent with Eq. (9) is

ds/dt = Kon Cirue — Koff S, (13)

in which rate constants k., and k¢ have dimensions of velocity and
reciprocal time, respectively. At equilibrium ds/dt = 0, which makes

S = (Kon/Koff) Crrue- (]4)
Comparison with Eq. (9) yields the expected relationship
1 = Kon/Koff- (15)

Based on preceding relationships between different types of
unbound and bound solute concentrations, the most fundamental
rate expression expressed per keratin surface area by Eq. (13) implies
the mathematically equivalent rate expressions

dq 2 Kon
E = <p1<eral<er> Ctrue - @ q (16)
\T“’—/ Koft g Crue
on,q.Cirye
dq 2 Konp™[v.C]
a- (W Qirve — \’io’fL q, (17)
Koft 4.0yrye

Kon,q.0trye



2098 J:M. Nitsche, G.B. Kasting / Journal of Pharmaceutical Sciences 111 (2022) 2093-2106

Keq,q,Qurue (Ké{sr for short)

A A A

1
Unbound solute concentration:
Q,.. = 8 unbound solute / g water

C,.. = & unbound solute / cm® solution (water + solute)

C,., = g unbound solute / total cm® dispersion (solution + keratin)
[

Bound solute concentration:

q = gbound solute / g keratin

B.=8 bound solute / total cm® dispersion (solution + keratin)
I [

Type of coefficient:

K, = binding equilibrium constant

e

k,, =“on” (binding) rate constant
k

off

“off” (unbinding) rate constant

T
N

kOHaQ)Qtrue (k‘(l){flr for ShOrt)

Figure 4. Scheme explaining the notation used to disambiguate the symbols Keq, kon
and ko for binding equilibrium constants, “on” (binding) rate constants and “off”
(unbinding) rate constants, respectively.

dCwg  dBavg  [2kon o
de — dt

aker W} Cavg — k @ Bayg. (18)

off Bavg Cavg
Kon Bavg Cavg

The symbols below the underbraces in these equations define “on”

(binding) and “off” (unbinding) rate constants appropriate for each

type of concentration variable used, following the notational scheme

introduced for binding equilibrium constants (see Fig. 4). Analogously

to Eq. (15), the expected relationships

Keq.q.qime = Kon.gQue / Koff.q.Qme (19)

Keq Boug Covg = Kon Buys. Covs / Koff Bavg Cave (20)

utilized below can be verified by setting dq/dt =0 in Eq. (17)
and comparing the relation that results with Eq. (11), and by setting
dBavg/dt = 0 in Eq. (18) and comparing the relation that results with
Eq. (12), respectively.

Use of Keratin Binding Data

Preceding equations make it possible to convert binding parame-
ters determined on one concentration basis to be translated into
another concentration basis. Thus, for instance, determinations of
Keq.q.0mee A0 Kot g gree (Dasis of g and Qurue; cf. Hansen et al.® and Seif

and Hansen'®) could be used to establish the values of Keq vy a0d
Koff Bayg Cave (DASIS OF Bayg and Cayg) via the relationships
ker ker
P ¢
K = - - K , 21
€q,Bavg.Cavg ,OW [V.C.] 1_ ¢ker<1 N 1)2 €q,q,Qurue ? ( )
koff.,Ba\,g,Ca‘,g = koff,q.()_true . (22)

A separate equation for Koy g, c,, 1S NOt needed, because this coeffi-
cient follows immediately from Eq. (20).

Simplified Notation

At this point it is worthwhile to adopt a default convention of
always using average (superficial) concentrations, and — with this
practice understood — dropping the subscripts “avg” on concentra-
tions, and “Bayg, Cavg” On binding equilibrium and rate constants, for
notational simplicity. The reason is that the concentration basis

underlying the diffusion equation formulated at all scales is average
(superficial) per-volume concentration. Therefore, from now on we
make the following notational simplifications:

Cwg = C,

Bwg = B,
Keq,Bavg.Ca‘,g = Req s (23)
konABavg,Cm,g = Eon 3
koff.Ban‘Cavg = Kofr.

The overbars serve as a reminder of the fact that all symbols repre-
sent volume-average attributes of the aqueous dispersion of keratin
microfibrils.

Methods
Octanol/Water Partition Coefficients

Following subsections present correlations giving binding equilib-
rium and rate constants arising in preceding equations, as well as a
partition coefficient also needed below, as functions of log;, of the
octanol/water partition coefficient of the solute (log;,K°/", measure
of lipophilicity). Numerical values of log,,K°/" for three solutes con-
sidered below as examples (theophylline, testosterone, water) are
obtained from the Estimation Program Interface (EPI) Suite, U.S. Envi-
ronmental Protection Agency”® accessed through ChemSpider.”® An
experimental database match is indicated for all three.

Estimation of Partition Coefficients of Microscopic Lipid and Corneocyte
Phases

Numerous authors®?43464751:52 haye presented correlations of
the form

logiok ™" = P 1 B log, Ko/ (24)

(with variations in notation) approximately characterizing the lipo-
philicity dependence of the SC lipid/water partition coefficient. Table 1
lists published best-fit values of the constants /" and A" resulting
from these analyses of various datasets. Following standard conven-
tion, the symbol “K” is used to denote partition coefficients represent-
ing ratios of w/v (per-volume) concentrations in the two phases being
compared. Some of the cited authors**~*’ report partition coefficients
“PC” representing ratios of mass ratio concentrations. They are con-

verted to “K” using Nitsche and Kasting’s>> Eq. (2), namely

K™ — 0.937 pCiP/v, (25)
For illustrative purposes we utilize the latest iterate®>

logioK ™" = 0.12 + 0.67 log,,K°/" (26)
Table 1

Constants Appearing in Published Correlations Having the Formls of Egs. (24) and (30)
Giving (log;, of the) SC Lipid/Water Partition Coefficient log;,K P/ and Keratin Bind-
ing Equilibrium Constant 10g;0Keqq.q.... s Functions of log;oK°/".

Analysis alir Jind acor B
Raykar et al. (1988)* —0.85 0912 0.87 024
Anderson and Raykar (1989)*° 0.75 0.27
Mitragotri (2002)°! 0 0.7

Nitsche et al. (2006)"* ~037 0.81 0.73 027
Wang et al. (2010)*° 0.19° 0.622 0.62 031
Hansen et al. (2011)*°P 0.65 0.32
Hansen et al. (2013)"7 0.0922 0.67° 0.73 0.32
Nitsche and Kasting (2018)°? 0.12 0.67

Boldface type distinguishels values selected to make estimates in this analysis.
3 PCypy is converted to K" using Eq. (25).

b Stated values represent the authors’ “Unified” (“BHH-corr. + CAL + DSC”) fit.
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based on the most comprehensive dataset analyzed to date, which
differs little from earlier formulas proposed by Mitragotri®! and
Hansen et al.*’ The fit is over the range 0 < log;,K®" < 5.5, and
specifically excludes a datum for water. None of the published
correlations can be considered reliable for hydrophilic solutes.

The corneocyte/water partition coefficient K™ is understood
here to characterize only unbound solute. As discussed early on by
Raykar et al.** this coefficient represents solute dissolution in the
water that hydrates corneocytes. It is determined by the fraction of
the volume occupied (and thereby rendered inaccessible) by keratin,
with additional steric exclusion owing to the nonzero radius of the
solute molecule noted in connection with Eq. (5) above. According to
Nitsche et al.’s*> volumetric bookkeeping,

1-0.1928 (1 +A)% (fully hydrated)

1-0.6044 (1+A)* (partially hydrated),
(27)

RCOF/W —1_ ¢ker(1 +l)2 :{

which indicates dependence on the hydration state of the SC (see
Wang et al.’s>® Egs. (11) and (12), and corresponding equations in
their Tables 3 and 4). This formula is synonymous with the factor in
square brackets in Eq. (5) because of the definition of K " which
represents the ratio of the average solute concentration in the cor-
neocyte phase to the solute concentration in an adjacent aqueous
solution at equilibrium. This ratio is precisely Cayg/Cirue in the par-
lance of Eq. (5), because water within corneocytes has the same sol-
vent properties as bulk water.** The solute radius needed to compute
A(see Eq. (6)) is given by the equation

asolute — Stokes—Einstein equivalent radius of solute
{(0.145 A)(Va)*® if V4 <4452, (28)
(0.735 A)(Va)'? if V, > 4452

according to Wang et al.® Here V, denotes the solute molar vol-

ume as a liquid at its normal boiling point in units of cm3/mol, esti-
mated using Schroeder’s method (see Wang et al.’s Eq. (B3) and
following text, or Poling et al.’s”® Eq. (4-10.1) on their p. 4.33). We
note for completeness that a distinct partition coefficient quantify-
ing equilibrium uptake of all (unbound + bound) solute would be
given by”?

(Rcor/w)unbounderound =Ko (1 + Eg?‘r/ﬁg?fr). )

This latter partition coefficient is not a directly useful parameter in
calculations that seek to resolve permeation transients as influenced
by keratin binding kinetics, discussed in the Introduction.

Estimation of Ultrascopic Binding Equilibrium Constant

Table 1 includes published values of the constants o and 8
appearing in published correlations of the form

10g10Keq.q.0me = @ + B logoK™ (30)

approximately characterizing the lipophilicity dependence of the
binding equilibrium constant Keq ¢ q,..- The superscript “cor” affixed
to the constants reflects the fact that they derive wholly or partly
from fits of data measured with delipidized human SC. The meaning
of our symbol Keqqq... iS synonymous with that of Seif and Han-
sen’s'® symbol K, and Raykar, Anderson et al.’s***> symbol PCp,
(used by them and other authors***64” with slight notational varia-
tions). Its numerical value is practically indistinguishable from that of
Keq.q.Curoe (€alled Knernse by Hansen et al.*?) owing to the relation

K
Keqaoe = i et (1)

(which derives from Eqs. (10) and (11)) together with the fact that
p% =1 g/cm? and [v.c] = 1. Thus all the constants a" and 8" listed
in Table 1 effectively characterize the dependence of 10g;0Keq.q.0ume
(or 10g;oKeq.q,ce ) ON 10g 10K/,

None of the fits represented in Table 1 differs substantively from
Raykar, Anderson et al.’s pioneering and prescient original analy-
sis,**%5 so there is not much to choose between them. We settle on

Hansen et al.’s*” formula
10810Keq.0.00e = 0.73 + 0.32 log;oK°/™ (32)

for illustrative calculations below for two reasons. First, it is based on
the most comprehensive equilibrium binding dataset analyzed to
date. Second, the fitting incorporates a significant and useful finding
emerging from Hansen et al.’s earlier analysis,*® namely that Keq ...
for bovine horn and hoof keratin exhibits essentially the same lipo-
philicity dependence (8°") as that for human delipidized SC and cal-
lus, but is consistently larger by ~0.6 log;, units (i.e., a factor of
about 10%% = 4.0). In equation form,

10810 (Keq.q.Que Jprn = 0.6 + 10810Keq g.Qie (33)

in which bovine horn and hoof keratin is distinguished with the sub-
script “BHH.”

Estimation of Ultrascopic “Off’ (Unbinding) Rate Constant

To our knowledge, direct measurements of binding rate constants
do not exist for human SC keratin (as either delipidized SC or callus).
For bovine horn and hoof keratin, Seif and Hansen'® observe a strong
correlation between measured values of their rate constant k. and the
binding equilibrium constant (r2 = 0.994) based on eight data points for
six solutes with —0.13 < log;oD*% <3.80. Some ambiguity arises
because both w/v (per-volume) and mass ratio concentrations appear in
various of their equations. Whether their symbol k. represents the for-
mal equivalent of (Ko g g, JBrH OF (Koff.q,Crue )ByH 1S @ MOOL point, how-
ever, because these two parameters are identical (cf. Egs. (16) and (17)).
In present notation their best-fit correlation is expressible as

7(""“*‘1-9"363 BHH — [25.75 + 0.459 (Keq.q.me o] (34)
min
(cf. their Eq. (10)). As commented by Seif and Hansen, “solutes exhibiting
higher [(Keq,q,0ue )pyy ] at the same time will have smaller [ (Kof g e )BHH
(or adsorb to a greater extent and take longer to desorb).”
Seif and Hansen also present an equation giving (Kofr g gy )Jpyn i1
terms of the octanol/water distribution coefficient, namely

(Koff .0 ) -1
#f““ - [25.75 +8.35 (Ko/W)034 (35)

in present notation (cf. their Eq. (11)), although the correlation is not
as good.

Ultra-to-Micro Homogenization of Binding Kinetics

Eqs. (20)—(22) are used to obtain the microscopic corneocyte-
phase properties (with an overbar) from the ultrascopic properties
(with no affix) measurable at least in principle via keratin binding
studies. In terms of the simplified notation defined by Eq. (23), and
with the superscript “cor” signifying application of the theory to the
microscopic corneoctye phase, these equations may be cast in the
form

Tcor _ pker . ¢k5f
o Pvve] 1 —gfr1 4

2 konvq‘eruw (36)

ful(ra — micro
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+-cor

Kot = Koff g Quue - (37

Here qbker represents the volume fraction of keratin microfibrils
within corneocytes, the value of which is ~0.19 and ~0.60 in fully
and partially hydrated SC, respectively.*® If needed, the microscopic
corneocyte-phase binding equilibrium constant can be determined
by taking the ratio of Eqs. (36) and (37) (cf. Eq. (20)).

The derivation of these equations, presented in the preceding sec-
tion, is based on the assumption that the solute is well mixed through-
out the aqueous medium between keratin microfibrils. This condition
is likely to be satisfied in keratin binding studies due to intentional stir-
ring. Given the slowness of the binding process and the small (ultra-
scopic) distances over which dissolved solutes need to diffuse to reach
the surfaces of keratin microfibrils, the effect of diffusional resistance
on binding kinetics within corneocytes is also likely to be small.

Micro-to-Macro Homogenization of Binding Kinetics

With cosmetic changes to suit the present notation, Nitsche and
Frasch’s® Eq. (59a,b), namely

=sc _CO' K o —cor
Kon = <¢lipK11P/W —corK‘-'Ol'/W Kon (38)

fumicro - macro

=SC —

Kor = Kot (39)
are used to obtain the macroscopic rate constants (with a double
overbar) from the microscopic rate constants (with a single overbar).
Here ¢'"P and g = 1 — %' denote the volume fractions of the micro-
scopic lipid and corneocyte phases, respectively. The value of 3P is
~0.032 and ~0.093 for fully and partially hydrated SC, respec-
tively.*’ If needed, the macroscopic binding equilibrium constant can
be determined by taking the ratio of Egs. (38) and (39).

Ultra-to-Macro Homogenization of Binding Kinetics

The link between binding rate constants at ultrascopic and macro-
scopic scales is achieved by sequential application of Eqs. (36) and
(37), and then Eqgs. (38) and (39).

Results
Rate Constants for Linear Reversible Binding

The outcome of the two-step up-scaling from ultrascopic
to macroscopic scales just described is the following pair of
formulas giving the effective macroscopic “on” (binding) and
“off” (unbinding) rate constants in terms of their ultrascopic
counterparts:

isc _ 7corK601/w . pker . ¢ker L .
- . —cor 0on,q,Qrrue »
on ¢11pK1'p/W +¢corKC°1/W ,OW[V‘C‘] 1_ ¢l<er(1 +/1)2 a
Smicro— macro %fultra — micro
(40)
—=sc
Kofr = Koff g Qe (41)

These equations provide the link between the observable (volume-
average) rate constants which would enter the SC diffusion compo-
nent of a dermal absorption calculator that explicitly represents
transient binding, and the keratin mass—based rate constants that
would be measured in an in vitro keratin binding study.

Table 2
Properties of the SC in Fully and Partially Hydrated States Entering Eq. (42), Drawn
From Nitsche et al.’s** Table 1 With Slight Changes in Notation.

Property Value in fully Value in partially
hydrated state hydrated state

oV 1.0 g/cm3

pker 1.37 g/em?

v.c] 1 (approximation for dilute solutions)

P 0.1928 0.6044

gl 0.0316 0.0927

o =1-glp 0.9684 0.9073

More significant digits are given than in statements in the text.

Eq. (41) (and also earlier Eqgs. (16)—(18), (22), (37) and (39)) show
that the concentration basis used for bound solute (per keratin mass, or
per total keratin dispersion or tissue volume) does not affect the “off”
(unbinding) rate constant. This outcome is consistent with the notion
that the mean survival time of a bound solute molecule as an entity
stuck to the surface of a keratin microfibril, and therefore the first-order
kinetics of its detachment, would appear to be an attribute of the
adsorption process independent of the volumetric distribution and
number density of microfibrils. However, the “on” (binding) rate con-
stant is strongly influenced by the concentration basis used (see factors
labeled fijra — micro a0 finicro — macro @ppearing in Eqs. (36), (38) and (40)).

Eq. (40) may be rewritten in a convenient alternate form by divid-
ing both numerator and denominator by g, making use of Eq. (27)
and substituting numerical values from Table 2 to arrive at

7 1.37 0" Kong.0u _ numerator
on (alip/q—ocor)Rlip/W+] _¢ker(1 +2)? " denominator
_HO/'VZV641 Konq Qume (fully hydrated)
0.0326K"™" +1-0.1928 (1 + 1)

0.8280 kon,g,0uree

—mym 5 (partially hydrated).
0.1022K +1-0.6044 (1+4)

(42)

It is important to emphasize that the observable binding kinetics in
skin reflects a volume average over the two phases making up the SC,
embodied by the denominators in Egs. (40) and (42), which include
terms characterizing both corneocyte and lipid phases. In contrast,
keratin binding experiments with a powdered substrate reflect the
protein within the corneocyte phase only, embodied by the rate con-
stant ko g0 1N the numerators.

Dependence of Macroscopic “On” (Binding) Rate Constant on Hydration
State

Eq. (42) can be applied to calculate kon for both partlally and fully
hysdrated states of the SC. Figure 5 shows the ratio (kon)parm”y hydrated/
(K on)fully hydratea Of the results implied by this calculation as a func-
tion of solute lipophilicity, quantified by log,oK°", for three
fixed values of the solute size, quantified by its molar volume V,
or radius a*®Ut¢, The key assumption underlying Figure 5 — that the
intrinsic binding properties of keratin microfibrils are independent of
hydration state — is commented on in the Discussion section. The
usefulness of the graph lies in that it suggests how rate constants
determined from in vitro experiments with either partially or fully
hydrated states might translate to the in vivo condltlcons of ultimate
interest. The broad conclusion_scis that (ko) partially hydrated
approaches roughly 7—11 times (Kop,)guy nydratea in the limit of
highly hydrophilic solutes over the size range considered, and the
two rate constants become equal in the limit of highly lipophilic
solutes.
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SC SC
(kon )panial!y hydrated / (kon L)fully hydrated
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loglO Kow

Figure 5. Ratio of macroscopically observable “on” (binding) rate constants EZ; for
partially to fully hydrated SC as a function of solute lipophilicity (quantified by
log,oK°"), as predicted by Eq. (42) and other equations listed in Table 3, for three
fixed values of the solute size (quantified by its molar volume V, or radius g®lute),
Solid, dashed and dotted curves correspond to Vs = 21 cm?/mol (@'t = 0.90 A, the
size of water), V4 = 168 cm3/mol (a*°t¢ = 3.14 A, the size of theophylline) and V, =
350 cm?/mol (as°ute = 4.87 A, the size of testosterone), respectively. Filled triangles
represent the examples of solutes theophylline (log;,K®" = —0.02 on the dashed
curve) and testosterone (log;oK°" = 3.32 on the dotted curve) presented at the end of
the Discussion section.

Dependence of Macroscopic “On” (Binding) Rate Constant on
Lipophilicity

As opposed to the ratio comparing hydration,states just discussed,
a definitive statement of the absolute value of k,, for human SC must
await experimental studies with this tissue or keratin deriving from
it. Nevertheless, the preceding analysis makes it possible it to formu-
late useful speculations about human SC keratin based on Seif and
Hansen’s kinetic studies with BHH keratin.'® Two facts serve as our
starting point. The first is their kinetic characterization of BHH kera-
tin embodied in either Eq. (34) or Eq. (35). The second is Hansen
et al.’s*® finding that

Keq.q.0me = 107°¢ (Keq,q.Quue JBHH
or kon.q,Qmm _ 10—0.6 <k0n,q‘the) , (43)
Koff Qe Koft g Qe / B

as noted above (cf. Eq. (33)). Here the equals signs (=) represent an
average characterization of large datasets on human delipidized SC
and callus Kkeratin vis-a-vis BHH Kkeratin, subject to scatter, as
opposed to a literal mathematical equality applicable to any particu-
lar solute.

One might ask, how does it come to pass that the binding equilib-
rium constant for human SC keratin is 1096 ( ~ 4) times smaller than
that for BHH keratin? Among the infinite set of possible explanations,
a particularly simple case stands out: it might be that kong . =
107 (Konq.Quee ) s 309 Kot g.0uue = (Koff.q.0uee ) g 1-€- the “on” (bind-
ing) rate constant is ~ 4 times smaller, and the “off” (unbinding) rate
constant is the same. The most general statement of such a relation
would be

Case A (Koff q.0,n fOr human SCkeratin = Kof 4 g, for BHH keratin):

konq.0me = 107° ¥+ (Kon.g.uue ) s (44a)

and  Koft g Quee = ¥+ (Koff .Quue ) Bratt° (44b)

where y is an arbitrary positive number. Another intriguing possibil-
ity is to take Eq. (34) at face value as a characterization of relative
unbinding rates of different solutes for keratins generally, so that it
would apply equally to human SC keratin, i.e.,

Case B (relationship between Kk g g, aNd Keqq0n. 1S identical
for human SC and BHH keratins):

Koft.q.0me _
min

Y+ [25.75 + 0.459 Keq q.0cne (45)

Again, this equation quantifies Seif and Hansen’s'® observation that
the desorption rate decreases with increasing strength of equilibrium
binding. The speculation here is that this equation might describe the
effects of variations in Keq .0, arising from both solute lipophilicity
and type of keratin. In both Eqs. (44) and (45) the factor y allows for a
possible adjustment of absolute values of rate constants for human
SC vis-a-vis experimental data as they become available.

The two panels of Figure 6 show how the macroscopically
observable binding rate constants are predicted to depend on
log;oK°% based on Eqs. (41) and (42) for cases A and B, for three
fixed values of the solute size. No adjustments of the absolute values
are attempted (y =1). For case A Koqq.. 1S calculated from
Eq. (44b), with (Koff g 0 )eun giVen by Eq. (35), whereas for case B
Kot g.0uee 1S Calculated from Eq. (45), with Keq g0, given by Eq. (32).
For both cases kongo.. IS subsequently obtained as the product
Keq.q,0me X Koff g.0me (€€ EQ. (19)), With Keq g 0. &1ven by Eq. (32). For
both cases kon g,g. 1S found to exhibit a pronounced maximum at an
intermediate lipophilicity. Changing y would change the magnitude
of all the calculated values of ko, .o, ut would not alter the shape
of the curve. Thus, the maximum seems to be a robust feature of the
theory. At the current state of knowledge we regard case B as the
more plausible of the two parameterizations of rate constants pro-
posed above.

Discussion

The main results of our analysis are Eqs. (41) and (42) linking the
macroscopically observable (volume-average) rate constants charac-
terizing solute binding to keratin in human SC, and the keratin mass
—based rate constants that could be measured in in vitro binding
studies. In principle, these equations would allow results of such
binding studies to be built into model-based predictions of transient
dermal absorption outcomes. They would also allow fundamental
ultrascopic kinetic paramegers characterizing human SC keratin to be
deduced from values of k, and k. fitted to the results of transient
permeation and/or desorption experiments. Kinetic studies across a
spectrum of solutes are called for to establish a broadly validated
parameterization of ki g, SPecific to human SC keratin for use
with the theory presented here (cf. Eqs. (44b) and (45)). Such studies
are the subject of ongoing research.

The real impgrsg of our analysis lies in its quantitative elucidation

of variations in k, that necessarily follow from variations in keratin
density (i.e., the amount of keratin per unit volume) inside corneocytes
at different states of hydration. Furthermore, withoyt doing the math
there would be no way to know that a maximum in k , at an intermedi-
ate solute lipophilicity is a natural, logical consequence (i.e., homoge-
nized or coarse-grained outcome) of the underlying microscopic
physics. Thus, our analysis furnishes the theoretical framework needed
to properly understand and interpret experimental kinetic studies. In
this context Figures 5 and 6 can be regarded as presenting experimen-
tally testable hypotheses. Any deviations from the trends they exhibit
would suggest the involvement of a physicochemical factor additional
to the average keratin density within corneocytes.
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Ultra-to-Micro Homogenization of Binding Kinetics

The derivation of Eqgs. (20)—(22) is presented in a self-contained
way in the preliminary section titled “Fundamental Parameters and
Mathematical Relationships...” above. We have checked that the
same results are obtained by repurposing Nitsche and Frasch’s the-
ory® (asymptotic analysis of unit-cell eigenvalue problem character-
izing time evolution of zeroth moment of solute distribution) to
address the ultrascopic-to-microscopic homogenization. This check
requires a generalization to surface (as opposed to volumetrically dis-
tributed) binding seen at the ultrascopic scale (theoretical calcula-
tions not shown). The derivation presented here represents a simpler
way of arriving at these results.

Effects of Hydration
For highly lipophilic solutes PR 5 5ok in the denomi-
nator of Eq. (40). Also, owing to Eq. (27), K in the numerator can-

cels 1 — ¢*™"(1 + 1)? in the denominator. Thus,

=sC —cor ker
7] 1%
k on ~ (7 .

S Pw  p¥[v.c]

-¢k“)kon‘q.om (46)
(Y

Interpretation of the factor g ¢*® /oliP as

Tk __corneocyte vol.  keratin vol. lipid vol.
giP  total SC vol. corneocyte vol. / total SC vol.
keratin vol.
= Tipid vol. @)

shows that it is, in fact, independent of the amount of water that
hydrates the corneocytes. This logic explains why the curves in Figure 5
all asymptotically approach unity at large values of log;oK/¥.

Figure 5 assumes that the intrinsic binding properties of keratin
microfibrils are independent of hydration state. At higher concentra-
tions of keratin (in particular, for partially hydrated SC), close prox-
imity or contact of microfibrils might lead to effective occlusion of
some binding sites, reducing the overall (surface— or mass—average)
binding rate at a fixed value of «,, for isolated microfibrils. Further-
more, as remarked by Hansen et al.*® (p. 1385) citing Yadev et al,'®
“[i]t has been argued that with swelling keratin uncoils and exposes
additional binding sites.” Both mechanisms would tend to decrease
the partially/fully hydrated ratio in Figure 5. However, as noted in the
Introduction, the unfolding process is thought to be largely complete
by the time the water content is 20—30 wt% (see Refs. 15 and 18 and
references therein), and so would not affect the comparison between
partially and fully hydrated states. Ultimately, the extent of these
phenomena cannot be ascertained by theoretical argument, and
should be informed by experiment.

Maximum in the Dependence of EZ; Upon log,K°/"

_. The most prominent feature of Figure 6 is the maximum in
k., the “on” (binding) rate constant observable in skin, at an inter-
mediate value of log,,K°/". It results from an interesting interplay
between the differing rates of increase of the numerator and
denominator in Eq. (42) with increasing K®". As noted above, the
numerator reflects the intrinsic kinetics of solute binding to protein
within the corneocyte phase only, which would be observed in ker-
atin binding experiments with a powdered substrate. The denomi-
nator reflects the volume averaging needed to describe the
macroscopically observable outcome of the binding process as it
plays out in the two-phase system considered as an effective con-
tinuum.

First, the ultrascopic “on” (binding) rate constant kop g g, aPp€ar-
ing in the numerator of Eq. (42) increases weakly with increasing

K°/W, For example, according to Eq. (45) representing case B together
with Eq. (19),

.1
Keq,q.0me - MIN

konq Qe = Keag@ne Koffaane =V 7575 1 0,450 Keg g

(48)

in which we take y = 1 (no adjustment of Seif and Hansen’s corre-
lation'?). The binding equilibrium constant Keq 4 g, inCreases with
increasing K°V, as K%V raised to the power 0.32 according to
Eq. (32). Owing to the smallish exponent and because Keq g0y
appears in both the numerator and denominator in Eq. (48), the
increase of the “on” (binding) rate constant kop g q,.. (and therefore
the numerator in Eq. (42)) is weak, and it asymptotically
approaches the value 0.4597' = 2.18 for highly lipophilic solutes
(KoY > 1).

Second, the denominator in Eq. (42) also increases with
increasing K°/% owing to the first term containing K" However,
the character of the increase is different. For hydrophilic solutes
(small values of K°% and therefore th/w) the term containing
K"™" is negligible compared with 1-¢*"(1+ )%, making the
denominator essentially constant. For lipophilic solutes (large val-
ues of K% and therefore th/w) this term becomes dominant, mak-
ing the denominator increase strongly, as K°/¥ raised to the power
0.67 according Eq. (26).

Figure 7 shows the numerator and denominator in Eq. (42)
separately as functions of log;,K°", illustrating the trends
described above for both. For definiteness, the curves shown are
calculated for partially hydrated SC and for a solute having the size
of tracer water (V4 =21 cm3/mol, a®tte =090 A, 1=0.026),
although any other size could also have been used. For small values
of K°/¥ (left side of Figs. 6 and 7) the weak increase in the numera-
tor dominates over the negligible increase in the denominator,
causing k., to increase with increasing K®". For large values of
K°/W (right side of Figs. 6 and 7) the strong increase in the denomj-
nator overwhelms the weak increase in the numerator, causing k,
to decrease, i.e., come back down. This competition between the
numerator in Eq. (42) (reflecting intrinsic kinetics of solute-keratin
binding) and the denominator (embodying the volume average
over corneocyte and lipid phases needed to characterize the SC
macroscopically) is what produces the maximum in k, at an inter-
mediate value of K/%,

It is worth noting that the maximum at an intermediate value of
log,oK°" is not unique to k,, i.e., to binding kinetics. The macro-
scopically observable binding equilibrium constant obtained by tak-
ing the ratio of Eqs. (42) to (41), i.e.,

—sc 7“0/'364] Keq.0.Qme (fully hydrated)
= Koy ) 0.0326K"" +1-0.1928(1+2)° 49)
eq = =S¢ T 0.8280 Keq,g,0rue

K off = (partially hydrated),

0.1022K"™™" +1-0.6044 (1 + A)

also exhibits this feature, as shown in Fig. 8, for the same basic reason
as that enunciated for k.

Other Binding Sites
Hansen et al.*® allow for a contribution to solute—protein binding
from the cornified cell envelope*'”*>° (their ()¢pe compartment) in
addition to intracellular keratin, although it is considered only in
terms of a Langmuir isotherm (equilibrium binding, no kinetics), and
only by parametric study given the complete lack of experimental
data on its binding properties. Our analysis does not address this pos-
sible bound solute compartment because any theoretical results
derived would be entirely speculative at the current state of knowl-
edge. We can, however, estimate the mass of cornified cell envelope
(CE) proteins relative to intracellular keratins. Assuming the CE to be
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(a)

0.5 A

l=<(5,(f1 (partially hydrated)

k¢ / (min™")

0.0 T T T T T T T 1
-3 -2 -1 0 1 2 3 4 5

log]() KO'\\'

(b)

0.5 1

0.4 1 , k35, (partially hydrated)

ks¢ / (min")

logm Kow

Figure 6. Macroscopically observable rate constants Ef:, and Echf for human SC as
functions of solute lipophilicity (quantified by log;oK°/%), as predicted by Eq. (42)
and other equations listed in Table 3, for three fixed values of the solute size (quanti-
fied by its molar volume V, or radius a*°'t¢), Panels (a) and (b) represent cases A (see
Eq. (44)) and B (see Eq. (45)) discussed in the text, respectively. Significance of solid,
dashed and dotted curves, as well as filled triangles, is exactly the same as for Figure
5. Red, blue and black curves represent k,, for the fully hydrated state, k, for the
partially hydrated state, and k , (the same for both states), respectivelﬁygcRed ﬁ_llsgd
circles and black open circles represent experimental determinations of k., and k .,
respectively, reported for water’ (log;oK®¥ =—-138) and theophylline’
(log,oK°" = —0.02). (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)

15—20 nm thick and to completely encase a 40 um diameter disk-
shaped corneocyte having a thickness of 0.8 ;m, the volume ratio of
CE to corneocyte interior is on the order of 1:25 to 1:19. If we take
the protein volume fraction of the CE to be 0.8 and that of the par-
tially hydrated corneocyte interior to be 0.6044 (Table 2) and (fur-
thermore consider the protein densities to be equal, then the mass
ratio of CE proteins to intracellular keratin would be 1:19 to 1:14.
Surface area available for exogenous solute binding may slant even
more heavily towards intracellular keratin due to the higher CE pro-
tein density and the fact that acylceramides are covalently bound to
the CE exterior and keratins to the CE interior. Consequently we
would expect the contribution of CE proteins to solute binding by SC
proteins to be no higher than 5—7% of the total.

3 -
%sc _ _numerator
O denominator

log), (denominator)

log,, (numerator)

log,, (numerator), log,, (denominator)

-2 T T T T T T T 1
-3 -2 -1 0 1 2 3 4 5

Iogm Ku w

Figure 7. Numerator and denominator in Eq. (42) as functions of solute lipophilicity
(quantified by log;oK®"). The curves shown correspond to the solid blue curve in
Figure 6(b), i.e., partially hydrated SC parameterized according to case B (see Eq. (45))
with solute molar volume fixed at the value V, = 21 cm?/mol.

Comparison with Experimental Data

_ Figure 6 includes the only two available data points for E::] and
k . determined by fitting permeation and/or desorption transients
measured with fully hydrated human SC for water’ and theophyl-
line.° Water represents an exceptional case because “the phenome-
non of keratin binding simply establishes two states for the water in
the corneocyte phase; it does not involve a favorable bound state
increasing corneocyte-phase holdup” of another solute molecule.*?
Therefore, our analysis does not strictly apply to water, and the
datum for it is included only as an order-of-magnitude indicator of
binding rate constants for a hydrophilic solute.

Frasch et al.’s best-fit value EZ; = (0.466+0.147)h~' = (0.0078 =
0.0025)min~" for theophylline is smaller than the value (25.75)"
min~! = 0.039 min~! implied by Egs. (34) and (33) for a hydrophilic
solute for BHH keratin. However, the ratio k,/k & = 1.40 measured

10 -

sC
eq

0 T T T T T T T 1
-3 -2 -1 0 1 2 3 4 5

lOg 10 Ko,'\\'

Figure 8. Macroscopically observable binding equilibrium constant R:: = EZ; /k :cff as
a function of solute lipophilicity (quantified by log;oK°/%), as predicted by Eq. (49) and
other equations listed in Table 3. The blue curve corresponds to the example consid-
ered in Figure 7, namely partially hydrated SC with solute molar volume fixed at the
value Vi =21 cm?/mol. The red curve shown for comparison corresponds to fully
hydrated SC with the same value of V,. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Table 3 e -
Summary of Equations Needed to Estimate the Macroscopically Observable (Volume-Average) Rate Constants k,, and k . Characterizing Solute Binding to Keratin in Human SC.
Property Equation Eq. no. Notes
in text
SC lipid/water partition coefficient logw?"p/w =0.12 + 0.67 log,oK°/" (26) a
4 06
gsolute _ (0.145 A)(VA) if Va <4452, (28)
Solute radius (0.735 A)(Va)'? if V, > 4452
A =a®lte /(35 A) (6)
Ratio of solute to keratin microfibril radii
longé‘g' =0.73 + 0.32 log; (KW (32) a,b
Ultrascopic binding equilibrium constant min-!
Jeker — 4 o5 (35), (44b) b, c
. s . 25.75 + 8.35 (Ko/w)™
Ultrascopic “off” (unbinding) rate constant (case A estimate) y min-!
Jeker — . 45 b, c
Ultrascopic “off” (unbinding) rate constant (case B estimate) off ™ 25.75 + 0.459 Kig* o)
Ultrascopic “on” (binding) rate constant kker — ke jeker (19) b
S e g =sc 0.2641 kker
Macroscopic “on” (binding) rate constant for fully hydrated SC kon = — o (42) b
0.0326 K ™" +1-0.1928 (1+ 1)
v . =s¢ 0.8280 kker
Macroscopic “on” (binding) rate constant for partially hydrated SC on = -y (42) b
0.1022 K +1-0.6044 (1+1)°
H “ y B : . =SsC
Macroscopic “off” (unbinding) rate constant (same for fully and partially hydrated SC) ko = k‘;?{ (41) b

Two input parameters are needed for any solute. The first is log;, of the octanol/water partition coefficient (log;oK°"), which can be obtained from the Estimation Program Inter-
face (EPI) Suite, U.S. Environmental Protection Agency®® accessed through Chngpider.SD The second is the solute’s molar volume as a liquid at its normal boiling point in units of
cm3/mol (V,), which is estimated using Schroeder’s method (see Wang et al.’s>® Eq. (B3) and following text, or Poling et al.’s>® Eq. (4-10.1) on their p. 4.33).

2 This equation could be replaced by any preferred variant represented in Table 1.

b This entry uses simplified notation for the ultrascopic parameters replacing the symbols Keq g gye+ Kong.0me aNd Kot ¢,0ue With Kg‘g", kker and k‘gff", respectively.
¢ At the current state of knowledge we suggest refraining from making any adjustments to the correlations given by Seif and Hansen'° (i.e., suggest setting y = 1), and regard case B

as the more plausible of the two parameterizations of kX§.

in an independent binding experiment, which was used to properly
constrain the permeation data fitting, is matched reasonably well by
the value of 1.72 implied by Egs. (19), (32), (41) and (42) for fully
hydrated SC (see Fig. 6). Co-fitting of a binding rate constant and a
diffusion coefficient to transient permeation data is generally subject
to some uncertainty, because many combinations of parameters
might offer reasonable fits.

All told, the match between the very limited data and theory is at
the order-of-magnitude level only, although within the observed
level of scatter for equations such as Eq. (32) (cf. Hansen et al.’s*®
Fig. 3 and Hansen et al.’s*” Fig. 4). More comprehensive experimental
characterization of human SC keratin binding kinetics is called for to
establish solute lipophilicity and SC hydration state dependencies
speculated on in this paper. Our analysis establishes the variations in
k,, logically attributable to variations in the amount of keratin per
unit volume in the SC, barring intervention of other physicochemical
factors.

Table 4

Upshot, Examples, and Significance for Topical and Transdermal
Therapeutics

_g Table 3 summarizes all the equations needed to estimate Ezcn and
k . based on our analysis. The presentation utilizes the simplified sym-
bols KX, kker and k¥er for the ultrascopic binding equilibrium and rate
constants in lieu of Keqg.omer Kong.me AN Koff g 0mer T€SPECtively (see
Fig. 4). These constants appear in the binding isotherm q = Ké‘ngtme =
(K&er /kker) Qurye and rate expression dq/dt = k& Qire — kXETq that would
be determined in a keratin binding study such as Seif and Hansen’s'’
(cf.Egs.(11)and (17)).

The filled triangles in Figures 5 and 6 represent the solutes the-
ophylline (log;(K®%¥ = —0.02, V5 = 168 cm?/mol) and testosterone
(log;oK°/W = 3.32, Va =350 cm?/mol) considered as illustrative
examples, for which the equations in Table 3 yield the calculated
results listed in Table 4. These examples may be used to check any
computational implementation of Table 3.

Calculated Properties of the Solutes Theophylline (log;oK°% = —0.02, V4 = 168 cm?/mol) and Testosterone (log;oK®/" = 3.32, V4 = 350 cm?/mol) Presented as Examples Illustrat-

ing the Use of the Equations Listed in Table 3.

Property Theophylline Testosterone
Value for Value for Value for Value for
case A case B case A case B
K 128 221 % 10?
asoute (A) 3.14 487
y) 0.090 0.139
Kier 5.29 6.20 x 10'
Kker (min—') 294x 1072 3.55x% 1072 7.24 x 1073 1.84 x 1072
kker (min-1) 1.56 x 107! 1.88 x 107! 449 x 107" 1.14
= -2 -2 -2 -2
k: fully hydrated (min-) 5.06 x 10 6.10 x 10 1.49 x 10 3.79x 10
— -1 -1 -2 -2
k;; partially hydrated (min-') 3.12x 10 3.77 x 10 1.63 x 10 415% 10
294 x1072 3.55 x 1072 7.24x 1073 1.84 x 1072

K. both fully and partially hydrated (min")
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The significance of our analysis for topical and transdermal
therapeutics is that it directly facilitates the incorporation of tran-
sient drug binding to the substantial amount of keratin within
corneocytes into model predictions of dermal absorption out-
comes. It does so specifically by providing order-of-magnitude
estimates of the rate constants appearing in the binding terms of
the macroscopic equations

=SC —=SC —=SC —=sC —=SC —scC
aC /ot =D Joz% — <konc — kogB )

=SC =sc (50)
- koffB

=SC =sC

—sc
9B /ot = K C
binding terms

describing solute transport in the SC barrier layer of skin. These terms
are missing from the SC transport models embedded in existing der-
mal absorption calculators, such as NIOSH’s Finite Dose Skin Perme-
ation Calculator®” and the skin permeation model built into the open-
source PK-Sim® platform for physiologically based pharmacokinetic
modeling.?> Transient keratin binding is known to substantially
influence permeation and desorption transients, e.g. to the extent of
causing major changes in parameters fitted to data that will be used
to make subsequent predictions.”® However, until now there hgs
been no direct logical link between the rate constants k, and k
needed to include this binding in dermal absorption models on the
one hand, and the results of in vitro keratin binding studies on the
other hand. Equally lacking has been any broad basis for understand-
ing the trends that these rate constants might be expected to exhibit
as functions of drug lipophilicity, and parameterizing them in a rea-
sonable way based on existing knowledge. Our analysis fills these
needs, and provides a framework for understanding and unifying
future experimental studies illuminating transient keratin binding in
human SC.

The higher binding rate constants for partially vis-a-vis fully
hydrated SC (see Fig. 5, and blue versus red curves in Fig. 6) suggests
that drug—keratin binding should equilibrate faster in partially
hydrated skjn than in fully hydrated skin. The maximum in the depen-
dence of k., upon log;oK°" additionally suggests that — for a given
hydration state — drug—keratin binding might equilibrate fastest for
drugs for which 0 < log;oK°" < 2. This maximum was not evident
in Nitsche and Frasch’s previous analysis® because neither Seif and
Hansen’s binding kinetics dataset'® nor the ultrascopic-to-microscopic
homogenization needed for its broad application to dermal absorption
existed at the time of writing.

Kinetics of solute binding to keratin in skin has long been recog-
nized as the SC reservoir, as reviewed by Seif and Hansen.!° The new
framework developed here allows quantitative estimation of this prop-
erty, and the associated time scale for release from the tissue, based on
molecular size and lipophilicity of the permeating solute. We encour-
age others to test and better parameterize these predictions.
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