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Abstract

The stratum corneum (SC) of the skin functions as a barrier between the body and the
environment. Surfactants such as Sodium Dodecyl Sulfate (SDS) are used in skin cleansers and
in skin-care formulations because of their ability to stabilize oil-water emulsions and clean the
surface of the skin. However, they also have adverse effects on the skin barrier, including
enhancing skin barrier perturbation which may lead to a disruption of the protective functions
carried out by the skin barrier. On the other hand, humectants, such as Glycerol, which maintain
the natural water content of the skin and preserve the skin barrier, have been shown to mitigate
surfactant-induced skin barrier perturbation. The primary objective of this thesis was to develop
a mechanistic understanding, including visualization and quantification, of: (i) how aqueous
surfactant solutions, once in contact with the skin, can induce skin barrier perturbation, and (ii)
how surfactant-induced skin barrier perturbation can be effectively mitigated through the
addition of humectants to the aqueous surfactant contacting solutions.

SDS monomers self-assemble to form micelles at a SDS concentration above the Critical
Micelle Concentration (CMC). The SDS skin penetration and associated skin barrier perturbation
is dose-dependent, that is, it increases with an increase in the total SDS concentration above the
CMC of SDS. However, when Glycerol was added to the aqueous SDS contacting solution,
through in vitro quantitative skin radioactivity assays using 1C radiolabeled SDS, I found that
the dose-dependence in SDS skin penetration was almost completely eliminated. This is because
the addition of Glycerol hinders the ability of the SDS micelles to penetrate into the skin barrier
through aqueous pores that exist in the SC. In vitro Mannitol skin permeability and average skin
electrical resistivity measurements, in the context of a hindered-transport aqueous porous
pathway model of the SC, demonstrated that the addition of 10 wt% Glycerol: (1) reduces the
average aqueous pore radius resulting from exposure of the skin to the aqueous SDS contacting
solution from 33+5A to 20+5A, such that a SDS micelle of radius 18.5+1A (as determined using
dynamic light scattering (DLS) measurements) experiences significant steric hindrance and
cannot penetrate into the SC, and (2) reduces the porosity-to-tortuosity ratio of the aqueous pores
in the SC by more than 50%, thereby further reducing the ability of the SDS micelles to penetrate
into the SC and perturb the skin barrier.

In vitro skin electrical current measurements can be used effectively to rank aqueous
contacting solutions containing surfactants and humectants (the enhancer), relative to a PBS
aqueous contacting solution (the control), based on their ability to perturb the skin aqueous
pores. Specifically, an in vitro ranking metric was introduced using the enhancement in the skin
electrical current induced by an enhancer relative to the control. For this study, I considered
aqueous contacting solutions of the following chemicals: (1) humectants — Glycerol and
Propylene Glycol, (2) surfactants — SDS and C;E¢ (Dodecyl Hexa (Ethylene Oxide)), and (3) a



control — PBS. Utilizing the in vitro ranking metric, the aqueous solutions above contacting the
skin were ranked as follows (from the mildest to the harshest): Glycerol < Propylene Glycol <
PBS < C2E¢ < SDS. In order to further develop this ranking methodology, which can potentially
lead to the reduction of several costly operations associated with identifying
surfactant/humectant systems which are mild to the skin, such as, in vivo clinical testing and
trial-and-error screening, it was important to correlate the in vitro ranking metric findings with
direct in vivo skin barrier measurements. For this purpose, in vivo soap chamber measurements
were carried out on human subjects, using the aqueous surfactant/humectant solutions described
above. The results of these in vivo measurements of skin barrier perturbation were found to be
consistent with the ranking results obtained using the in vitro ranking metric for the aqueous
surfactant and humectant contacting solutions considered. In addition, in vivo soap chamber
measurements were carried out for aqueous SDS+Glycerol contacting solutions. These in vivo
measurements indicated that adding Glycerol to a SDS aqueous contacting solution significantly
mitigates SDS-induced in vivo skin barrier perturbation, which is consistent with the results of
my in vitro skin electrical current and Mannitol skin permeability measurements.

In order to visualize the effects of aqueous surfactant/humectant systems on the skin
barrier, an in vitro dual-channel two-photon fluorescence microscopy (TPM) visualization study
was carried out. TPM is a non-invasive imaging technique based on two-photon induced
nonlinear excitations of fluorophores, with the capability for deep-tissue imaging (up to several
hundred micrometers). The following aqueous surfactant and humectant contacting solutions
were studied: (i) SDS, (ii) SDS+Glycerol, (iii) SCI (a mild surfactant), (iv) PBS control, and (v)
Glycerol. Sulforhodamine B (SRB), which is a hydrophilic fluorescent probe, was used to probe
the effect of aqueous contacting solutions (i)-(v) on the skin barrier morphology. The results of
this TPM visualization study revealed that SDS induces corneocyte damage by denaturing
keratins and creating intra-corneocyte penetration pathways. On the other hand, SDS+Glycerol
did not significantly induce corneocyte damage. The dual-channel TPM images corresponding to
aqueous contacting solutions (iii)-(v) showed low SRB penetration into the corneocytes, as well
as localization of the SRB probe within the lipid bilayers surrounding the corneocytes of the SC.
Through a quantification of the amount of SRB that penetrated into the skin as a function of the
skin depth, I found that adding Glycerol to SDS could significantly reduce the SDS-induced
penetration depth of SRB, which provides evidence of the ability of Glycerol to mitigate SDS-
induced skin barrier perturbation.

The fundamental understanding of surfactant-induced skin barrier perturbation in the
presence of humectants developed in this thesis is of particular relevance to the cosmetic industry
in enabling the formulation of mild, non-drying, skin-care products that contain surfactants and
humectants. The novel TPM studies that visualize, as well as quantify, skin morphology upon
exposure of the skin to surfactant/humectant systems, has the potential to be developed into a
high-throughput imaging tool for the screening of new skin-care formulations. Such a strategy
can simultaneously screen the skin-mildness potential of many skin-care formulations, thereby
significantly speeding up the effort and time required to bring new skin-care formulations to the
market. In addition to the practical impact on the formulation of mild skin-care products, this
thesis has also advanced fundamental research carried out in the investigative dermatology and
related health disciplines.

Thesis Advisor: Daniel Blankschtein
Title: Professor of Chemical Engineering
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Chapter 1

1. Introduction

1.1. Research Motivation and Goals

Surfactants are used in skin care formulations because: (1) they can stabilize oil-in-water
emulsions, and (2) being surface active, they can cleanse the surface of the skin. However,
surfactants commonly encountered in skin care formulations can interact with the skin barrier in
a variety of ways. They may first act on the skin surface, then penetrate into the deeper skin
layers, and finally enter the general body circulation through blood capillaries in the dermis (see
Section 1.5 for a discussion of the effects of surfactants on the skin). Since people use skin
cleansers and skin care formulations repeatedly, and at times, very frequently, skin barrier insults
due to surfactants are repetitive and frequent, and can induce a significant extent of skin barrier
pgrturbation (1-5). A significant extent of skin barrier perturbation can, in turn, lead to a loss of
the skin barrier protective functions, which can lead to various pathophysiological consequences
(see Section 1.5). According to an estimate of the US Department of Labor, compensation
benefits from skin diseases accounted for almost $200 million in California alone in 1990, and
this figure has increased steadily in recent years (2). In a separate study, the economic burden of
diseases pertaining to the skin and the skin barrier in the United States alone was estimated to be
$35.9 billion in 1997 (3). In fact, it is widely accepted that skin diseases and disorders are the
second highest of all occupational illnesses reported in the United States (3). However, it is also

believed that skin diseases can, and should, be prevented (1-5). One possible way to achieve this
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goal is to develop a fundamental, mechanistic understanding of the skin barrier responsible for
the protective functions of the skin, whose disruption, for example, by surfactants in skin care
products, may lead to various pathological and health conditions associated with the skin. In this
thesis, I have carried out a mechanistic investigation of how surfactants may perturb the skin
barrier, which may be of particular relevance to the cosmetic industry in enabling the

formulation of milder, non-drying, skin care products that contain surfactants.

Research aimed at pursing the goal of minimizing surfactant-induced skin barrier
perturbation has shown that humectants,’ when present in a formulation with surfactants, can
mitigate deleterious effects of surfactants on the skin barrier (6-15). Such a strategy is of
tremendous practical relevance to a formulator interested in the formulation of milder surfactant-
based skin care products. In order to create surfactant formulations containing humectants that
are milder, or less irritating, to the skin, a fundamental understanding of surfactant-induced skin
barrier perturbation and its mitigation in the presence of humectants must be developed. In this
thesis, I have investigated the mechanism through which aqueous surfactant/humectant systems
may induce a lower extent of skin barrier perturbation when compared to an aqueous contacting
solution containing the surfactant at a similar concentration. Such an understanding will allow
the rational design of new skin care formulations containing appropriate amounts of surfactants
and humectants, or the modification of existing ones, based on fundamental knowledge of what
will induce skin barrier perturbation, and how a surfactant/humectant system can be tuned to

increase the mildness of the formulation.

' Humectants are small molecular weight poly-hydroxy compounds that have the ability to maintain, as well as to
enhance, the water-holding capacity of the skin (13). Typical examples of humectants used in skin care formulations
include Glycerol and Propylene Glycol, whose effects on the skin barrier have been studied in this thesis.
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The central objective of my thesis involves investigating the physical modification of the
morphology of the skin barrier induced by surfactants, humectants, and their mixtures. In this
thesis, I have developed quantitative and visual criteria to assess the physical state of the skin
barrier and its modification upon exposure to surfactants, humectants, and their mixtures (see
Section 1.7.1). Surfactants, such as Sodium Dodecyl Sulfate (SDS), have been shown to promote
a clinically harsh reaction (erythema, or skin redness) in the skin, while other surfactants, such as
Dodecyl Hexa (Ethylene Oxide) Ci;E¢, promote a clinically mild reaction (skin dryness) in the
skin. In addition, other surfactants, such as Sodium Cocoyl Isethionate (SCI), have been shown
to induce minimal erythema and skin dryness. On the other hand, humectants, which aid in
maintaining the water-holding capacity of the skin, have been shown to mitigate surfactant-
induced biological epidermal injury response, that is, erythema and skin dryness, in vivo.
Presently, no clear mechanisms exist that can unambiguously explain the observed surfactant-
skin and humectant-skin interactions. This lack of understanding can be attributed to the very
complex biochemical reactions that surfactants and humectants may trigger once they are able to
penetrate the skin barrier. However, if one was to analyze the simpler process of skin penetration
by surfactants in the presence/absence of humectants (which is upstream to the more complex
biological epidermal injury response), then, more clear mechanisms may be identified to describe
and rationalize the skin penetration of these chemicals. The identification of such mechanisms,
which would involve understanding how these chemicals affect the transport properties of the
skin barrier in addition to understanding the solution properties of the chemicals themselves,
would then allow: (i) predicting if a particular surfactant in the presence of a humectant can

potentially penetrate into the skin barrier and induce a biological epidermal injury response, and
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(ii) devising strategies to minimize skin penetration of surfactants, thereby also mitigating the

biological epidermal injury response.

Because a chemical has to first penetrate into the stratum corneum (SC),2 and at times,
across it, before it can induce biological epidermal injury to the skin, I have focused my
investigation on the skin penetration process of these chemicals. My investigation has also
involved visualization of skin morphological modifications induced by these chemicals, on the
corneocytes and the lipid bilayers which comprise the SC, using two-photon fluorescence
microscopy (TPM) (see Chapter 5). In addition, as part of this thesis, I will present in vivo patch
tests on human volunteers (see Chapter 4) to substantiate the results of the in vitro studies
presented in Chapters 2, 3, and 5.

The central goal of this thesis requires pursuing the following sub-goals:

a) Investigation of the role of the surfactant solution physical chemistry, in the absence and in
the presence of a humectant, in inducing skin barrier perturbation (see Chapter 2).

b) Development of an experimental and a theoretical framework for analyzing the skin barrier
perturbation potential of a mild surfactant, and comparing it to those of a harsh surfactant and
of an appropriate control (see Chapter 3).

c) Ranking of surfactants and humectants relative to an appropriate control based on an in vitro
metric that quantifies the ability of these chemicals to perturb the skin barrier, and comparing
these in vitro ranking results to the ranking obtained using in vivo patch measurements (see
Chapter 4).

d) Visualization of skin barrier perturbation induced by surfactants in the presence/absence of a

humectant using Two-Photon Fluorescence Microscopy (TPM) (see Chapter 5).

% The stratum corneum is the primary constituent of the skin barrier, as discussed in Section 1.4.
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e) Development of a theoretical pore size distribution model to quantify the modification of the
inherent skin barrier morphology induced by a surfactant in the presence/absence of a
humectant (see Chapter 6).

In order to understand the following arguments concerning how humectants may modify
the skin barrier perturbation potential of surfactant solutions, a brief review of the physico-
chemical characteristics of aqueous surfactant and humectant solutions is presented in Sections
1.2 and 1.3 respectively. Section 1.4 provides a description of the morphology of the skin barrier
where transdermal aqueous porous pathways exist to allow passage of hydrophilic permeants,
including a brick-and-mortar representation of this barrier. Subsequently, in Sections 1.5 and
1.6, I discuss what is known about the effects of surfactants and humectants on the skin barrier,
both in vitro and in vivo. Finally, in Section 1.7, I present an overview of the thesis, specifically,
of: (i) the experiments conducted (see Section 1.7.1), (ii) the theoretical framework developed

(see Section 1.7.2), and (iii) an outline of the remaining chapters of the thesis (see Section 1.7.3).
1.2. Surfactant Physico-Chemical Characteristics

Surfactants belong to a class of molecules called amphiphiles (16, 17). These molecules
consist of a hydrophilic, or ‘water-loving’, head, and a hydrophobic, or ‘water-fearing’, tail (see
Figure 1-1). The hydrophobic tail of surfactants is typically a hydrocarbon, such as an alkyl
chain or an alkyl-phenyl chain. Common tails include straight chain alkanes, benzyl-alkanes,
and methyl-branched alkanes. The tails typically consist of at least 8 carbon atoms, resulting in a
distinct domain that is poorly soluble in water (16, 17, 48). Figure I-1 shows a schematic
representation of the surfactant Sodium Dodecyl Sulfate (SDS), with a tail containing 12 carbon

atoms, and an anionic sulfate head.
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Figure 1-1. Schematic representation of a Sodium Dodecyl Sulfate (SDS) surfactant monomer

and a SDS micelle.
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In this thesis, in addition to SDS, I have studied the effect of Sodium Cocoyl Isethionate
(SCI), which is also an anionic surfactant, on the skin barrier (see Chapter 3). Other types of
hydrophilic heads for surfactants include: (i) cationic, (ii) nonionic, and (iii) amphoteric or
zwitterionic (16, 17, 48). Cationic surfactants have a positively-charged head, such as an
ammonium ion, bonded to the tail. Nonionic surfactants, such as Dodecyl Hexa (Ethylene
Oxide) or C3Es studied in this thesis, have a polar group that is soluble in water, such as a poly
(ethylene oxide) group, as their head (48). Amphoteric, or zwitterionic, surfactants have no net
charge, but have an internal charge separation. For example, in a betaine head, there is a
negatively-charged carboxylate group separated from a positively-charged quaternary
ammonium group that is covalently bonded to the surfactant tail (16, 48). As shown in Figure 1-
1, the surfactant head, being hydrophilic in nature, has an affinity for the hydrophilic cellular
protein domains of the skin barrier, while the surfactant tail, being hydrophobic in nature, binds
to the hydrophobic lipoidal domains of the skin barrier (see Section 1.4 for a description of the
morphology of the skin barrier). The surfactant heads, being ionic or polar in character, are
soluble in water while the surfactant tails, being non-polar, are not. Accordingly, there are
competing aqueous solubility tendencies for the surfactant molecules. These competing aqueous
solubility tendencies cause the amphiphilic molecules to display interesting solution behavior in
water (17). Our group has developed molecular-thermodynamic theories to describe and
quantitatively predict the effects of the surfactant chemical structure and the solution conditions
on the surfactant solution physical chemistry for both single and mixed surfactant systems (18,
20), as well as for surfactants mixed with nonionic polymers (21). These theories can predict the
behavior of aqueous solutions containing ionic, nonionic, and even amphoteric linear-chain

surfactants. Of particular relevance to this thesis is the ability to predict the concentrations and
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compositions of the surfactant monomers and of the micelles, for ionic surfactants (SDS, SCI) as
well as for nonionic surfactants (Cj»Es), requiring only the molecular structures of the surfactants
involved and the solution conditions as inputs. Throughout the research presented in this thesis,
our surfactant modeling capabilities were used as a tool to predict the surfactant solution
conditions, such as the monomer concentrations and compositions, and these conditions were

then related to the results of in vitro and in vivo skin barrier perturbation measurements.

One of the most important characteristics of surfactants is the formation of aggregates of
surfactant molecules, called micelles, above a threshold surfactant concentration, known as the
critical micelle concentration or CMC (see Figure 1-2). At concentrations below the CMC, the
surfactant molecules do 1;ot aggregate with each other, and are instead free in solution. These
free surfactant molecules are referred to as surfactant monomers. When the surfactant
concentration exceeds the CMC, it becomes more free-energetically favorable for the surfactant
molecules to aggregate into micelles than to remain in solution as surfactant monomers (16, 17).
The onset of micellization occurs in a fairly sharp manner at the CMC, shown in Figure 1-2,
such that below the CMC there are essentially no micellar species, while above the CMC
micelles coexist with surfactant monomers, with the surfactant monomer concentration
remaining approximately constant. Accordingly, as the total surfactant concentration is
increased beyond the CMC, the concentration of the surfactant monomers remains essentially
flat, while the concentration of the micellar surfactant increases steadily, as depicted

schematically in Figure 1-2.
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Figure 1-2. The concentration of surfactant monomers as a function of the total surfactant
concentration, both below and above the Critical Micelle Concentration (CMC), in an aqueous

surfactant solution.
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The main driving force responsible for surfactant micellization in water is a phenomenon
known as the hydrophobic effect (17). The hydrophobic effect is the result of the hydrophobic
tails of the surfactants disrupting the structure of liquid water, forcing the water molecules to
adopt a free-energetically unfavorable structured shell around these tails. Micelles are formed
with the hydrophobic tails residing in the interior of the aggregates, referred to as the core of the
micelle, with the hydrophilic heads residing at the micelle surfaces, as shown for an SDS micelle
in Figure 1-1. This minimizes the contact between the surfactant hydrophobic tails and water,
thereby releasing the water molecules that were in the structured shell around the hydrophobic
tails, which in turn increases the entropy (or equivalently, decreases the free energy) of the
surfactant solution (17). Competing with this increase in entropy due to the hydrophobic effect,
the free-energy considerations that inhibit micellization include the entropic loss of localizing
several surfactant molecules and any bound counterions (in the case of ionic surfactants like SDS
and SCI) in the micelle, the interfacial free energy between the hydrophobic micelle core and
water, and the repulsions of electrostatic and steric origin between the surfactant heads and any
bound counterions (in the case of ionic surfactants like SDS and SCI) residing at the micelle

core-water interface (17-24).
1.3. Humectant Physico-Chemical Characteristics

Humectants used as moisturizers are chemicals which attract water, mimicking the role of
the dermal glycosaminoglycans and other hydrophilic components of the SC, such as Glycerol
and amino acids (11). Any polyhydroxy small molecular weight organic compound has
humectant properties, for example, Sorbitol, Propylene Glycol, and Glycerol (13). Humectants

can diffuse into the SC from an aqueous solution contacting the skin, and once absorbed within
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the SC, attract water and increase hydration. Humectants draw water largely from the dermis to
the viable epidermis and the stratum corneum and rarely from the environment, when conditions
of relative humidity exceed 70%. Since the ability of the skin to hold moisture varies with the
relative humidity, humectants enable the skin to maintain a higher than normal equilibrium
moisture content. Rhein et al. have determined the effect of Glycerol on a model lipid system
(12). Their studies showed that Glycerol maintained the liquid crystalline state of the lipids at a
relative humidity of 6%. In the absence of Glycerol, the model lipids showed substantial
crystallization and exhibited multiple phases. Therefore, humectants such as Glycerol can
preserve normal hydration of the skin under dry environmental conditions by maintaining the

liquid crystalline structure of the lipid bilayers of the SC.
1.4. The Skin Barrier

Human skin is the largest organ in the body, measuring 1.85 m* in the average man and 1.6
m? in the average woman, and constitutes about 16% of the total body weight (1). The skin is the
primary interface between the body and the surrounding environment, and as such, is the most
important organ of protection. Its protective functions include: (i) water loss prevention, (ii)
maintenance of body temperature, (iii) absorption of harmful UV radiation, (iv) prevention of
carcinogens, for example, chemicals like PAH (poly cyclic aromatic hydrocarbons), from
penetrating into the body, (v) mediation of inflammation through cutaneous metabolism, and (vi)
protection against microbial insults by antimicrobial systems like lipids and iron-binding proteins
(1, 2, 4, 5). These skin protective functions are carried out by the keratinizing epithelium tissue,

which constitutes the skin barrier between the body and the surrounding environment (4, 5).
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1.4.1. The Constituents of the Skin Barrier

Human skin consists of three stratified layers, as shown in Figure I-3. The top most layer
of the skin is called the stratum corneum (SC). The SC is a horny layer made up of non-
nucleated, dead cells called corneocytes, which are embedded in a matrix of highly-ordered lipid
lamellae. These lipid lamellae consist of lipid bilayers alternating with hydrophilic layers. The
repeat distance between two lipid bilayers is 65 A, with the two layers of lipid headgroups
separated by about 10-20 A (29) which is the size of a typical aqueous porous channel (see
Section 1.4.2). The thickness of the SC ranges between 10-20 pm, and typically consists of 15
interlocking layers of corneocytes (30). These corneocytes are mainly flat and hexagonal in
shape, are made up of tough keratin filaments, and are surrounded by a thick, proteinaceous
envelope called the corneocyte envelope. The interlocking of the flat corneocytes with the lipid
lamellae gives rise to the ordered brick-and-mortar structure of the SC (see Figure 1-4. ) and
makes it a very effective permeability barrier (1, 4, 28, 30, 31).

The layer immediately below the SC is the Viable Epidermis, referred to hereafter as the
VE. The VE is a cellular and avascular layer having a thickness of 100-150 um and consisting of
living, nucleated cells called keratinocytes (31). These keratinocytes, upon terminal
differentiation, lose their nuclei to form the corneocytes in the SC. The VE constitutes a
hydrophilic environment and is not a major permeability barrier. The keratinizing epithelium,
composed of the SC and the VE, is a perpetually renewing tissue, whose principal function is to

create the SC (1, 4, 28, 31, 69).
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Figure 1-3. Schematic diagram of the skin, showing the three layers of the skin barrier. The
stratum corneum (SC), which has a brick-and-mortar structure, is the primary constituent of this

barrier.

The dermis constitutes the lower most layer of the skin and has a thickness of 2-4 mm
(31). The biological function of the dermis is to mechanically support the epidermis and the
cutaneous appendages, including sweat glands, sebaceous glands, and hair, as well as to supply
nutrients to the basal layer of living cells in the epidermis. Because of its porous and highly-
hydrated structure, the dermis is not a significant permeability barrier (especially to hydrophilic
molecules) (1, 4, 28, 30, 31, 69). The dermis is well networked by blood capillaries, providing a
transport path from the skin to the blood stream. For this reason, it is generally accepted that a
chemical will enter the blood stream if it can permeate through the SC and the VE, and reach the

dermis (4, 28, 30, 31). As a result, when the transepidermal skin permeability of a solute is
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measured experimentally in vitro, often only the SC and the VE are used as the model skin

membrane.
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Figure 1-4. Electron micrograph showing the brick-and-mortar structure of the stratum corneum
(SC), and of the viable epidermis, of formalin-fixed hairless, guinea pig skin (32). Note that the

lipid bilayers in the SC have been stained black, while the corneocytes appear white.

1.4.2. Transdermal Aqueous Porous Pathways in the Stratum Corneum

The highly-ordered structure of the lipid bilayers confers on the SC an impermeable
character. Yu et al. (37, 38) have shown recently, using a novel application of Two-Photon
Fluorescence Microscopy (see Section 1.7.1), that the corneocytes, under passive skin
permeation conditions, essentially act as sinks with respect to the transport of permeants across
the SC. As a result, permeant molecules, under passive skin permeation conditions, do not
traverse the SC through an intra-corneocyte diffusional pathway. Instead, these permeants

traverse the SC by diffusing across the lipid lamellae (27). Although diffusion through lipid
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lamellae can explain the permeation of hydrophobic molecules across the SC, it cannot explain
the permeation of small, excessively hydrophilic, or of larger hydrophilic molecules, across the
SC, as observed in some studies (39-41). Indeed, if no aqueous/hydrophilic porous pathways
existed in the SC lipid domain, then aqueous/hydrophilic permeants could not traverse the SC
solely through lipoidal/hydrophobic pathways that may exist in the lipid bilayer domains in the
SC. The observation that hydrophilic molecules are able to permeate across the SC, even under
passive skin permeation conditions, has led researchers to consider the existence of tortuous,
aqueous porous pathways through the intercellular lipid lamellae in the SC. Although no direct
experimental evidence has been provided to support the existence of these transdermal aqueous
porous pathways, diffusion through such pores is viewed as a plausible explanation for the
observed transdermal transport of hydrophilic solutes under passive skin permeation conditions

(39-42).

Menon and Elias (42) have attempted to establish a morphological basis for the existence
of a pore pathway in the mammalian SC. These authors have applied hydrophilic and
hydrophobic tracers in vivo to murine skin under passive skin permeation conditions, and also
under enhanced skin permeation conditions, including chemical enhancers, a lipid synthesis
inhibitor, sonophoresis, and iontophoresis, and following that, they employed Ruthenium
Tetroxide Staining and Microwave Post Fixation methods to visualize the penetration pathways.
Their results showed that both the hydrophobic and the hydrophilic tracers localized to discrete
lacunar domains embedded within the extracellular lipid lamellar domains. These authors have
also observed that while these lacunar domains remained discontinuous under passive skin
permeation conditions, permeation enhancement resulted in these domains gaining structural

continuity. Hence, lacunar domains have been considered by these authors as providing a
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physical basis for the existence of aqueous pores and polar pathways through the lipoidal domain

in the SC.

Under passive skin permeation conditions, the lacunae between two layers of lipid
headgroups in a lipid bilayer within the lipid lamellae domain of the SC may get filled up with
water, and create an aqueous channel (29). Subsequently, the lipid bilayers may align vertically,
causing these aqueous channels between their headgroups to align and form a tortuous,
continuous aqueous porous pathway through the lipid lamellae domain in the SC (see Figure 1-
5). Skin hydration, and application of other skin permeation enhancers, including chemical
enhancers (for example, harsh surfactants, such as, SDS), may cause these lipid headgroups in a
lipid bilayer to move further apart, thereby leading to an increase in the diameter of these
aqueous porous pathways, as shown schematically in Figures 1-6(a) and 1-6(b). This mechanism
of disorder in the regular structure of the bilayer lipid lamellae leading to an increase in the
separation distance between the bilayer lipid headgroups, and consequently, to an increase in the
diameter of the aqueous channels that may exist between these lipid headgroups, may help
explain how some skin permeation enhancers induce an increase in the permeation rate of
hydrophilic solutes through the SC in the skin. On the other hand, humectants such as Glycerol
can mitigate the extent of disorder in the bilayer lipid lamellar structure, thereby reducing the
diameter of the aqueous channels as well as the permeation rate of hydrophilic solutes through

these channels in the SC (see Chapter 3).
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Figure 1-5. Schematic diagram that visualizes a transdermal aqueous porous pathway which
exists between the lipid bilayers surrounding the corneocytes of the SC. The blue dots represent

polar permeants that can penetrate across the SC through this pathway.

A third view, held by many researchers as the basis for the existence of transdermal
aqueous porous pathways, is that imperfections in the SC lipid bilayers may result in pores in the
SC that may connect to form tortuous, porous pathways responsible for the transport of
hydrophilic solutes through the SC in the skin. These imperfections are believed to result in: (i)
separation of grain boundaries, (ii) fault dislocations, (iii) lattice vacancies, and/or (iv) voids due
to missing lipids or steric constraints placed by corneocytes on lamellar lipid domains (41).
Many researchers have used Atomic Force Microscopy (AFM) and X-Ray diffraction of
supported phospholipid bilayers to study structural defects in these lipid lamellar systems. Based
on X-Ray diffraction, defects have been discovered in lipid bilayers under excess water
conditions. Raphael et al. (43) have postulated that the temporary localized disordering of lipids

may be the cause of lipid bilayer defects. Through AFM images of supported lipid bilayers,
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Malghani et al. (44) have reported the existence of lipid bilayer defects. These studies support
the view that bilayer imperfections may lead to tortuous, aqueous porous pathways in the SC in

the skin.

Figure 1-6 (a). Aqueous porous pathway around a corneocyte, which results from the separation v

between two layers of lipid headgroups under passive permeation conditions.

Figure 1-6 (b). Aqueous porous pathway around a corneocyte, which results from the separation

between two layers of lipid headgroups under permeation enhancement conditions.

The transdermal aqueous porous pathways can be viewed as tortuous, cylindrical pores

through the intercellular lipid lamellar domain in the SC, with the permeant molecules modeled
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as hard spheres in motion through these pores (see Figure /-5). The main aqueous pore pathway
parameters of interest in this thesis are: (i) the aqueous pore radius, (ii) the porosity, which is
defined as the fraction of cross-sectional SC area occupied by the aqueous pores, and (iii) the
tortuosity, which is defined as the ratio of the tortuous length of the aqueous pore to the thickness

of the SC (25, 39-41).

1.5. Effect of Surfactants on the Skin Barrier

The skin barrier is exposed to numerous, frequent, and repeated insults by surfactants
present in skin cleansers and in skin care formulations. These chemicals, due to their surface
activity, can clean the skin surface by removing dirt, but in so doing, are also known to penetrate
into the SC and induce skin barrier perturbation (48-50, 61, 62, 71, 72, 78-81). Surfactant-
induced skin barrier perturbation can lead to a loss of the skin barrier protective functions,
which, in turn, can lead to various pathophysiological consequences, as illustrated in Figure I-7.

The anionic surfactant, SDS (see Figure 1-1), encountered in skin cleansing formulations,
is a harsh skin agent (see below for a definition of a harsh skin agent), and is known to perturb
the skin barrier, to denature keratins, and to compromise the skin barrier resistance (48, 61, 78,
80). Therefore, chemicals which are toxic to the skin, and which under normal circumstances
would be prevented from penetrating into the skin by the skin barrier, are able to penetrate into
skin whose barrier has been compromised by SDS. Accordingly, this compromised skin barrier
resistance can lead to the associated problem of skin irritation. Skin irritation, in turn, may result
in: (i) abnormal skin growth, for example, in parakeratosis — the retention of nuclei by the
corneocytes, (ii) skin redness or erythema, and (iii) highly chapped and scaly skin (48). On the

other hand, some mild skin agents (see below for a definition of a mild skin agent), such as the
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nonionic surfactant C;,E¢, do not elicit a strong irritation response, yet induce skin dryness (48).
Furthermore, there are still milder agents, for example, the anionic surfactant Sodium Cocoyl
Isethionate (SCI), which do not induce either a strong irritation response or a significant extent of

skin dryness (see Chapter 3) (61, 62, 79).

Epidermal Injury
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Figure 1-7. Schematic illustration of various pathophysiological downstream manifestations of
skin epithelial barrier damage induced by surfactants. The epidermis depicted here is composed
of the stratum corneum and the viable epidermis, which together, constitute the keratinizing

epithelial tissue (49).

The SDS-induced dermatitis model is widely used in experimental dermatology as a

mode] for skin irritation. Moore et al. (48, 71) have investigated the skin barrier damaging
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properties of SDS above the CMC. Their studies have shown that SDS-induced skin barrier
damage continues above the CMC. They have attributed this effect to the size of the SDS
micelles by hypothesizing that the SDS micelles are small enough to penetrate into the SC
through the aqueous pores (see Section 1.4.2). Moreover, they have also demonstrated that once
these SDS micelles are complexed with poly (ethylene oxide) chains, they are sterically hindered
from accessing these aqueous pores and, hence, can no longer induce SC barrier damage. Their
studies have unambiguously shown that in addition to the SDS monomers, SDS micelles can also
lead to SC barrier damage provided that they are small enough to penetrate into the SC through
the aqueous pores. However, their studies did not demonstrate how these SDS monomers and
SDS micelles, once inside the SC, induce barrier damage. Specifically, it is still unknown if the
SDS monomers and the SDS micelles, once inside the SC, interact with the keratins and the
corneocytes, and/or if they also partition into the lipid bilayers, thereby disordering the lipid
bilayers in the SC (see Chapter 5 for a TPM visualization study that sheds light on some of these

issues).

The skin irritation response may be modulated by two distinct mechanisms: (i) the direct
interaction of a penetrating skin agent with the keratinocytes in the epidermis, and (ii) SC barrier
disruption induced by the skin agent. Berardesca et al. (72) have hypothesized that SDS-induced
dermatitis proceeds via mechanism (i), that is, by disruption in the secondary and tertiary
structures of keratin in the keratinocytes by SDS, rather than by a delipidization of the SC lipid
bilayers. Wood et al. (73) have found that SC barrier disruption induced by acetone or by tape
stripping can stimulate cytokine production and promote skin inflammation. Their studies have
shown that mechanism (ii), described above, can activate biochemical signals leading to irritant

dermatitis. It is reasonable to assume that in most cases of skin irritation induced by surfactants
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encountered in skin care products and detergents, mechanisms (i) and (ii) both play a role, with
their relative importance being determined by: (a) the self-assembling characteristics of the
surfactant, (b) the hydrophobicity/hydrophilicity of the surfactant, (c¢) the skin membrane
characteristics, including changes in the aqueous pore radius and in the porosity-to-tortuosity
ratio upon exposure to the surfactant solution, and (d) the skin penetration characteristics and the

transdermal permeability of the surfactant.

Mild skin agents will be referred to, throughout this thesis, as those inducing little or no
skin irritation response/erythema upon exposure to the skin (and, consequently, little or no SC
barrier disruption through lipid extraction and interaction with keratin in the keratinocytes and in
the corneocytes). The nonionic surfactant, C;>Es, has been shown: (1) not to induce significant
scaling and skin-roughness upon skin exposure (79), and (2) to be clinically mild to the skin
without eliciting an erythema response, although it may induce skin dryness (48, 80, 81). Harsh
skin agents will be referred to as those inducing a significant irritation response/erythema upon
exposure to the skin (and, consequently, significant barrier damage and/or interaction with
keratin in the keratinocytes and the corneocytes). In particular, SDS has been selected as a model
harsh skin agent for the experiments to be conducted as part of this thesis (48-51, 61, 71, 72, 78-
81). Through the work conducted as part of this thesis, I have investigated, at a fundamental
level, the causes of skin barrier perturbation, that may lead to skin dryness and erythema, through
a consideration of: (i) the molecular and self-assembling characteristics of a harsh and a mild
surfactant, (ii) changes in the skin membrane characteristics (specifically, of the aqueous porous
pathway characteristics) upon exposure to these agents, (iii) the transdermal permeability
characteristics of these agents, and (iv) the partitioning of these agents within the SC following

their penetration into the SC. Utilizing this fundamental understanding, I have also investigated
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effective practical strategies to mitigate skin barrier perturbation induced by these surfactants,
and therefore, to prevent skin dryness and irritation symptoms, such as irritant contact dermatitis

(see Chapter 2).

1.6. Effect of Humectants on the Skin Barrier

The cosmetic industry is interested in the optimal delivery of certain active ingredients to
the skin. Active ingredients, for example, humectants like Glycerol, when delivered to the skin in
the appropriate amount can result in: (i) enhancement in the moisture retentive ability of the skin,
(ii) healing of erythema, (iii) general skin lightening and toning, (iv) SC barrier repair, and (v)
healing of acne (6-15, 74-77). Specifically, cosmetic scientists and researchers have focused on
Glycerol to mitigate/recover the skin barrier damage induced by surfactants because: (1)
Glycerol is a major determinant of SC water retention, and of the mechanical and the
biosynthetic functions of the skin (74), (2) SDS-induced erythema and acanthosis (the benign
thickening of the horny layer in the skin) in guinea pig skin is fully reversed by Glycerol
treatment (75), (3) Loden et al.(76) have observed patients with atopic dermatitis to exhibit
significantly less adverse skin reactions such as smarting (a sharp local superficial sensation)
upon treatment with a 20% glycerin cream compared to a urea-saline cream, and (4) Glycerol
can be regarded as a skin barrier stabilizing and moisturizing compound because it creates a
stimulus for skin barrier repair and improves SC hydration after SC barrier damage induced by
tape stripping and repeated washing with SDS (6).

The importance of Glycerol (or glycerin) in skin care products is well established, and
Glycerol is widely used in cosmetic and pharmaceutical formulations. To explain its benefits,

studies have focused on its humectant and smoothing effects (7), and on its protective functions
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in emulsion systems against skin irritation (8). Researchers have shown that Glycerol diffuses
into the SC, increases skin hydration, and relieves clinical signs of dryness (9-13). However, the
mechanisms by which Glycerol mitigates SC barrier damage and relieves skin irritation and
dryness are currently not well understood. One of the viewpoints held by researchers today is
that Glycerol may influence the crystalline arrangement of the intercellular lipid bilayers. The
bulk of the bilamellar lipid sheets are proposed to be in crystalline/gel domains bordered by
lipids in a fluid crystalline state. In skin exhibiting SC barrier damage, the proportion of lipids in
the solid state may be elevated, and subsequent skin exposure to Glycerol may help maintain
these lipids in a liquid crystalline state at low relative humidity, thereby enhancing SC barrier
function and decreasing SC water permeability (14). A second prevalent viewpoint is that
Glycerol may increase the rate of corneocyte loss from the upper layers of the SC, through a
keratolytical effect due to enhanced desmosome degradation, thereby reducing scaliness of dry
skin and maintaining SC barrier (13, 15) A third, more recent viewpoint proposed by Fluhr et al.
(6) is based on the hygroscopic property of Glycerol. Glycerol, by virtue of its high transdermal
diffusivity, can penetrate into the SC, and, by virtue of its hygroscopic property, is able to bind
water and reduce water evaporation. Therefore, Glycerol, by absorbing water, may modulate
water fluxes in the SC, which, in turn, may lead to a stimulus for SC barrier repair.

As discussed in Section 1.4.1, the brick-and-mortar structure of the SC, with its périodic
interlocking of corneocytes and lipid lamellae, presents the strongest barrier to the delivery of
Glycerol to the skin. Diffusion through the multilamellar lipid domains cannot explain Glycerol
transport to the deeper layers of the skin, including the dermis, because the lipid domains are
hydrophobic while Glycerol is strongly hydrophilic. Hence, it is useful to invoke the existence of

transdermal aqueous porous pathways (see Section 1.4.2) to explain the skin penetration of such
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agents. One of the central goals of this thesis is the analysis of surfactant-skin penetration in the
presence of Glycerol in the aqueous contacting solution, and how such an analysis may help

explain mitigation of surfactant-induced skin barrier perturbation in the presence of Glycerol.

1.7. Thesis Overview

Having defined the overall goal of this thesis along with the thesis objectives, I proceed
next to consider the experimental and theoretical procedures that I have pursued, as part of this
research effort, to achieve these objectives. This section concludes with a brief discussion of the
subsequent thesis chapters, including a discussion of the implications of the central results in

each thesis chapter.

1.7.1. Experimental Framework

Bioengineering Assays to Quantitatively Determine the Macroscopic Extent of Skin
Barrier Perturbation

Skin electrical current has been shown to be a useful quantitative indicator of the
macroscopic extent of skin barrier perturbation induced by aqueous contacting solutions (25, 26,
41, 46-48, 53, 54, 84). An in vitro skin electrical current assay, based on the measurement of
electrical current across pig full-thickness skin (p-FTS) that was exposed to aqueous contacting
solutions of surfactants and humectants in diffusion cells was used to determine the macroscopic
extent of skin barrier perturbation (see Chapter 2). The basis for these measurements is as
follows: the higher the measured current for identical voltage signals, the lower is the skin barrier

resistance, and hence, the greater is the extent of skin barrier perturbation (see Chapter 2).
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Similar to skin electrical currents, permeability of the skin barrier to some permeants, for
example, hydrophilic permeants, such as, Mannitol, can serve as a quantitative indicator of the
integrity of the skin barrier (25, 26, 41, 46-48, 53, 54). Mannitol is: (1) a low molecular weight
monosaccharide (MW=182 Da) (25, 39), and (2) a highly hydrophilic (log Kow = -3.1) chemical
(25, 39), which is not metabolized by the body, and hence, if desired, can also be used for in vivo
skin permeation studies (25, 39). Being small in size and highly hydrophilic, Mannitol can access
similar aqueous pores as do ions in order to transport across the skin barrier. This, in turn, makes
Mannitol a suitable permeant to study in the context of the hindered-transport porous pathway
model of the SC (25, 39, 40, 41, 63). In fact, these experiments quantitatively determine the
cumulative amount of permeant (in our case, Mannitol) that has crossed p-FTS in a given time,
and thereby, characterize the extent of skin barrier perturbation (see Chapter 2). These in vitro
skin permeability assays use '*C radiolabeled Mannitol and detect scintillation counts (number of
radioactive disintegrations per unit time) by a scintillation counter, to quantify the radioactive
permeant concentration in the receiver solution once the permeant has crossed the p-FTS
membrane. These measurements can yield important information about transport characteristics
of the skin barrier, and how these characteristics may be modified upon exposure to aqueous

contacting solutions of surfactants and humectants.

Previous research in this area has shown that surfactants, such as SDS, can induce skin
barrier perturbation upon penetrating into the skin barrier. Hence, if one can quantify the amount
of SDS that may penetrate into the skin barrier upon exposing p-FTS to an aqueous contacting
solution containing SDS, one can estimate the extent of skin barrier perturbation and barrier
integrity. Such a surfactant skin penetration assay determines the extent of skin barrier

perturbation through direct measurement of the amount of surfactant, in our case SDS, that can
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penetrate into the skin barrier from an aqueous contacting solution (48, 71, 78, 83). Specifically,
I have used *C radiolabeled SDS that can penetrate into p-FTS upon exposing p-FTS in
diffusion cells to aqueous contacting solutions containing SDS (see Chapter 2 for a description of
the diffusion cell setup used for this purpose). The viable epidermis (VE) along with the stratum
corneum (SC) was heat-stripped following exposure to the aqueous SDS contacting solution. The
heat-stripped VE+SC was then dissolved using a tissue solubilizer, and the amount of Hc
radiolabeled SDS bound to the VE+SC was determined using scintillation counts by a

scintillation counter as before (see Chapter 2).

In -addition to the in vitro skin electrical current, Mannitol skin permeability, and skin
radioactivity assays discussed above, in vivo measurements were also pursued as part of this
thesis. Specifically, Chapter 4 reports in vivo patch measurements carried out on volar forearm
of human volunteers exposed to test solutions of surfactants, humectants, and their mixtures.
Evaluation of the extent of erythema and skin dryness was carried out by: (i) expert grader
assessments, as well as by (ii) chromameter assessments (85). Transepidermal water loss
(TEWL) measurements, which quantify the extent of skin barrier perturbation in vivo, were
obtained through evaporimeter measurements (86). Skin conductance measurements using a
Skicon conductance meter were carried out to determine the extent of modification of skin
surface hydration upon exposure to the surfactant and humectant solutions contained in the
patches (87). Further details, including the protocol followed, along with a statistical analysis of

these measurements in the context of the in vitro skin assays, will be reported in Chapter 4.
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Visualization of Skin Barrier Morphology Using Two-Photon Fluorescence
Microscopy ‘

Traditional biopsies of tissues, such as human skin and p-FTS, can provide tissue
morphological information with sub-cellular details, and is one of the principal tissue
pathological analysis methods. However, this method has some inherent limitations: (1) the
method involves tissue excision, fixation, and imaging to obtain useful morphological
information, and as such, is of an invasive nature, and (2) much of the cellular biochemical
information is inevitably lost during the surgical and fixation procedures (33). In addition, most
of these imaging methods can only achieve two-dimensional images that do not capture three-
dimensional structures like blood capillaries and sebaceous glands in complex tissues, such as,
the keratinizing epithelium in human skin. Confocal laser scanning microscopy, that can addr_gss
some of these limitations, is limited by: (a) a low penetration depth of scanning due to light
scattering effects, and (b) an accrued tissue sample photo-bleaching and photo-damage due to
repeated laser scanning (34, 35). Electron microscopy, such as, Scanning Electron Microscopy,
has the ability to image with sub-micrometer detail, but this method does not delineate specific

structural morphology using cell-specific markers, such as, fluorescently-labeled antibodies (35).

Two-Photon Fluorescence Microscopy (TPM), an important invention in biological
imaging (36), has overcome these diagnostic limitations. TPM is a non-invasive, three-
dimensional imaging technology based on two-photon induced nonlinear excitation . of
fluorophores (see Chapter 5). It has the capability for deep-tissue imaging (up to several hundred
micrometers) and reduced photo-damage, even for opaque and highly scattering tissues, such as,
human skin (33-38). In the past, studies have demonstrated the viability of using TPM as a new,

exciting tool to study skin barrier morphology (37, 38). Because the inherent skin chromophores,
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such as, NADH and flavoproteins, fluoresce in the green spectrum, while the Rhodamine-based
fluorescent probes, such as Sulforhodamine B (SRB), fluoresce in the red spectrum, an
appropriate filter set can be used to collect the skin autofluorescence signal in the green channel
and the probe fluorescence signal in the red channel (see Chapter 5). With this in mind, using
dual-channel TPM, the inherent skin barrier morphology detection in the green channel has been
shown to provide a fingerprint relative to the fluorescent probe spatial distribution, as detected in
the red channel, in the same piece of skin (see Chapter 5). Hence, not only does such an imaging
procedure provide a novel approach to visualize the skin barrier, but it also provides an exciting
way to visualize the spatial distribution of model fluorescent probes, such as Sulforhodamine B
(SRB), in the skin barrier. In Chapter 5, dual-channel TPM was used to visualize the morphology
of the skin barrier upon exposure to aqueous contacting solutions of surfactants and humectants,
followed by exposure to aqueous SRB contacting solutions. In addition, Chapter 5 provides

experimental details, including a schematic of the TPM apparatus.

1.7.2. Theoretical Framework

Although surfactant-induced skin barrier perturbation is a well-accepted phenomenon of
biological and medical significance, no satisfactory quantitative models presently exist that can
characterize and subsequently predict the extent of skin barrier perturbation and associated
damage that may result from exposure to surfactants. Hence, most of the research accomplished
in pharmaceutical and cosmetic laboratories, and biological laboratories in universities, across
this country relies heavily on trial-and-error screening studies. In addition, lack of predictive
models results in a significant amount of costly and time-consuming in vivo testing operations on
human subjects as well as on animals, which can be potentially minimized through the

development of integrated models which have the capability of determining, as well as of
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predicting, the extent of skin barrier perturbation induced upon exposure to a surfactant solution

of a certain concentration.

Humectants, such as Glycerol, have been shown to mitigate surfactant-induced skin
barrier perturbation (see Section 1.6). It is not only an important fundamental problem, but it is
also one of great practical significance to develop models that can quantify, as well as predict,
the extent of skin barrier perturbation induced by surfactants, in the absence as well as in the
presence of humectants. Such a prediction may shed light on the mechanisms through which
humectants, such as Glycerol, can mitigate surfactant-induced skin barrier perturbation. The
identification of such mechanisms can also provide useful guidelines to formulating
pharmaceutical and cosmetic products that are mild to the skin barrier and that do not induce

erythema or skin dryness.

These novel, integrated models have been developed utilizing a fundaxﬁental
understanding of surfactant solution physical chemistry, in the absence and in the presence of
humectants, along with transport characteristics of the skin barrier (25, 39-41, 63-68). For this
purpose, hindered-transport aqueous porous pathway models that employ a distribution of pore
sizes to quantify the extent of skin barrier perturbation have been developed and validated in

Chapter 6 of this thesis.

1.7.3. Outline of the Thesis Chapters

The remainder of this thesis is divided into the following chapters. Chapter 2 describes the
results of an in vitro investigation that determines how SDS affects the skin barrier properties in
the presence of Glycerol. In this chapter, I have proposed a plausible hypothesis for how

Glycerol may mitigate SDS-induced skin barrier perturbation that is based on the relative sizes of
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the SDS micelles and the skin aqueous pores. Chapter 3 develops an experimental/theoretical
framework for analyzing the skin barrier perturbation potential of SCI, a mild surfactant,
including explaining its well-known skin mildness characteristics in vivo. Chapter 4 presents the
development of an in vitro ranking metric to rank surfactants (SDS and C\,E¢), the control
(PBS), and humectants (Glycerol and Propylene Glycol) based on their ability to perturb the skin
barrier. The in vitro ranking metric developed in Chapter 4 was compared with in vivo patch
measurements that were carried out to clinically determine the extent of erythema and visual
dryness induced by aqueous solutions of the control, the surfactant, and the humectant solutions
considered above. In Chapter 5, dual-channel TPM was used to visualize the morphology of the
skin barrier upon contact with aqueous solutions of: (i) SDS, (ii) SCI, (iii) Glycerol, (iv)
SDS+Glycerol, and (v) PBS (the control). The TPM visualization studies provided direct visual
evidence that SDS could interact with the keratins of the corneocytes in the SC and induce
corneocyte damage, which resulted in the creation of localized transport regions, LTRs. Upon
adding Glycerol to a SDS aqueous contacting solution, the ability of SDS to penetrate into the
SC and to induce corneocyte damage was significantly minimized. An analysis of the amount of
fluorescent probe that penetrated into the SC as a function of the depth of the SC upon contacting
p-FTS separately with the five aqueous contacting solutions considered showed that SDS
enhanced the probe partition coefficient the most, and that the extent of SC barrier perturbation
induced by these chemicals follows the order: (iii) < (v) < (ii) < (iv) < (i), which is consistent
with the results of the ranking study presented in Chapter 4. In Chapter 6, a pore size distribution
model was developed to gain more fundamental insight, beyond that attained through the
average pore radius analysis presented in Chapter 2, into the nature of the pores induced by SDS

and by SDS+Glycerol aqueous contacting solutions. The pore size distribution model results
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revealed that adding Glycerol to the SDS aqueous contacting solution induces a shift in the pore
size distribution — from one having larger pores to one having smaller pores. Finally, Chapter 7
summarizes the important results of this thesis, and discusses future research directions in the

area of skin barrier perturbation induced by surfactants in the presence of humectants.
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Chapter 2

2. The Role of Sodium Dodecyl Sulfate Micelles in
Inducing Skin Barrier Perturbation in the

Presence of Glycerol

2.1. Introduction and Significance

Human skin consists of three stratified layers, the stratum corneum, the viable epidermis,
and fhe dermis (1). The stratum corneum (SC), which is the top most layer of the skin, possesses
an ordered brick-and-mortar structure, which consists of the flat corneocytes (the cellular bricks),
interlocked with the lipid lamellae (the intercellular mortar) (2-5). Compared to the porous
structure of the viable epidermis and the porous-and-hydrated structure of the dermis, the rigid
and ordered structure of the stratum corneum makes it a very effective permeability barrier that
is primarily responsible for the skin barrier function (2-4). The lipid lamellae of the SC consist of
lipid bilayers alternating with aqueous, hydrophilic layers (1-4). Under passive skin permeation
conditions, permeants traverse the SC through diffusion across the lipid lamellae. Although

diffusion through the “oily” lipid lamellae can explain the permeation of hydrophobic molecules
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across the SC, it cannot explain the permeation of hydrophilic molecules across the SC, as

observed in many earlier studies (6-9).

Indeed, if no aqueous/hydrophilic transport pathways existed within the SC oily lipid
domain, then aqueous/hydrophilic permeants, for example Mannitol (6-9), could not traverse the
SC solely through the lipoidal/hydrophobic pathways that exist in the lipid bilayer domains in the
SC. The observation that hydrophilic solutes are able to permeate across the SC, even under
passive skin permeation conditions, has led researchers to propose the existence of tortuous,
aqueous porous pathways through the intercellular lipid lamellae in the SC. In fact, Menon and
Elias have established a morphological basis for the existence of a pore pathway in the
mammalian SC (10). Menon and Elias applied hydrophilic and hydrophobic tracers in vivo to
murine skin under passive skin permeation conditions, and also under enhanced skin permeation
conditions, including chemical enhancers, a lipid synthesis inhibitor, sonophoresis, and
iontophoresis, and following that, utilized Ruthenium Tetroxide Staining and Microwave Post
Fixation methods to visualize the resulting penetration pathways (10). Their results revealed that
both the hydrophobic and the hydrophilic tracers localized to discrete lacunar domains
embedded within the extracellular lipid lamellar domains (10). Menon and Elias also observed
that under skin permeation enhancement conditions, the lacunar domains exhibited an increasing
extent of structural continuity when compared to passive skin permeation conditions (10). Hence,
structurally continuous lacunar domains have been considered by Menon and Elias as providing
a physical basis for the existence of aqueous pores and polar pathways through the intercellular
lipoidal mortar in the SC (10). These aqueous pores in the SC provide the primary skin barrier

penetration and transport pathways for hydrophilic chemicals, which would otherwise not be
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able to penetrate into the skin barrier through the lipoidal, hydrophobic pathways that exist in the
SC (6-11).

In general, surfactants commonly encountered in skin-care formulations are known to
reduce the barrier properties of the skin (11-15). It is well-accepted that surfactants have to first
penetrate into the skin barrier before they can reduce the skin barrier properties. Therefore, if a
formulator can minimize surfactant-skin penetration, this should also minimize the ability of the
surfactant to reduce the skin barrier properties. Sodium Dodecyl Sulfate (SDS), an anionic
surfactant and a model skin irritant, penetrates into and disrupts the skin barrier upon contacting
it from an aqueous solution. The SDS monomers self-assemble to form micelles at
concentrations above the Critical Micelle Concentration (CMC). Studies show, both in vitro and
in vivo, that the SDS-induced skin barrier disruption is dose-dependent, and that it increases with
an increase in the total SDS concentration above the CMC of SDS (11-13). This important
observation contradicts the well-accepted Monomer Penetration Model (MPM), which attempts
to explain surfactant-skin penetration by considering solely the role of the surfactant monomers
which can penetrate the skin barrier through the aqueous pores in the SC (11-23). The MPM
does not consider the possibility that surfactant micelles may also contribute to surfactant-skin
penetration, and consequently, to surfactant-skin barrier disruption, since it considers the
micelles to be too large to penetrate through the aqueous pores that exist in the SC. In her
comprehensive review of surfactant-skin interactions, Rhein stated that the observed dose
dependence of surfactant-induced skin irritation beyond the CMC cannot be explained solely by

| the contribution of the monomeric surfactant (14). Indeed, Agner and Serup had earlier observed
that the severity of the transepidermal water loss (TEWL) induced by SDS increased as the SDS

concentration increased beyond the CMC of SDS (8.7 mM) (13). In separate studies,
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Ananthapadmanabhan et al. (15) and Faucher et al. (16) observed that as the SDS concentration
increased beyond the CMC, the extent of SDS-skin penetration also increased.

Through in vitro SDS-skin penetration studies, Moore et al. (11) provided substantial
evidence which indicates that the amount of SDS that can penetrate into the skin barrier is dose-
dependent, and furthermore, that the SDS surfactant in micellar form also contributes to SDS-
skin penetration. In addition, Moore et al. demonstrated conclusively that the contribution of the
SDS micelles to SDS-skin penetration dominates that of the SDS monomers at concentrations
above the CMC, which are typically encountered in skin-care formulations (11).

In this chapter, I have further investigated, from a mechanistic perspective, how SDS
micelles may contribute to SDS-skin penetration, thereby leading to the previously observed
dose-dependence of SDS-induced skin barrier perturbation (11-23). Specifically, I will provide
new evidence, through in vitro transdermal permeability and skin electrical current
measurements, in the context of a hindered-transport porous pathway model of the SC (6-9, 42),
that the aqueous pores in the SC increase both in size and in porosity-to-tortuosity ratio when
skin is exposed to an aqueous SDS contacting solution, such that the average pore radius is larger
than the SDS micelle radius. As a result, SDS micelles, contrary to the view put forward by the
MPM, are not sterically hindered from penetrating into the skin barrier through these pores.

Inspired by the proposed mechanistic understanding of how SDS micelles may contribute
to SDS-induced skin barrier perturbation, I have also investigated in vitro whether the addition of
Glycerol, a well-known humectant and skin beneficial agent, to the aqueous SDS contacting
solution can minimize the observed contribution of the SDS micelles to SDS-skin penetration.
Although not within the scope of this chapter, if shown to be valid in vivo, such a strategy can

also significantly reduce the amount of SDS that can penetrate into the skin barrier and induce
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skin barrier perturbation in vivo. The in vitro results presented in this chapter are compared with
in vivo results in Chapter 4

My approach considers exposing skin in vitro to aqueous mixtures of Glycerol and SDS.
The importance of Glycerol (or glycerin) in skin care products is well established, and Glycerol
is wideiy used in cosmetic and pharmaceutical formulations (24-31). To explain its in vivo
benefits, studies have focused on its humectant and smoothing effects (25) and on its protective
functions in emulsion systems against skin irritation (26). Researchers have shown that Glycerol
diffuses into the SC, increases skin hydration, and relieves clinical signs of dryness (27-29). One
of the views regarding the effect of Glycerol on the skin held by researchers today is that
Glycerol may influence the crystalline arrangement of the intercellular lipid bilayers. The bulk of
the bilamellar lipid sheets are proposed to be in crystalline/gel domains bordered by lipids in a
fluid crystalline state. In skin exhibiting SC barrier damage, the proportion of lipids in the solid
state may be elevated, and subsequent skin exposure to Glycerol may help maintain these lipids
'in a liquid crystalline state at low relative humidity, thereby enhancing SC barrier function and
decreasing SC water permeability (30). A second prevalent view is that Glycerol may increase
the rate of corneocyte loss from the upper layers of the SC, through a keratolytical effect due to
enhanced desmosome degradation, thereby reducing scaliness of dry skin and maintaining SC
barrier (31). A third, more recent view advanced by Fluhr et al. is based on the hygroscopic
property of Glycerol (24). Glycerol, by virtue of its high transdermal diffusivity, can penetrate
into the SC, and, by virtue of its hygroscopic property, is able to bind water and thus reduce
water evaporation. Therefore, Glycerol, by absorbing water, may modulate water fluxes in the

SC, which, in turn, may lead to a stimulus for SC barrier repair.
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However, it is still not well understood how Glycerol may mitigate surfactant-induced SC
barrier perturbation induced by a formulation containing aqueous mixtures of Glycerol and a
surfactant, such as SDS. Most of the studies discussed above (24-31) considered the application
of Glycerol to forearm skin in vivo, either: (1) as dilute aqueous solutions containing 5-15 wt%
Glycerol, or (2) as cosmetic formulations, such as barrier creams, containing a similar range of
Glycerol concentrations. With this in mind, using such an aqueous mixture of SDS and 10 wt%
Glycerol, I will demonstrate in vitro that the addition of Glycerol eliminates almost completely
the contribution of the SDS micelles to SDS-skin penetration. Using dynamic light scattering
(DLS) measurements, I will show that the addition of 10 wt% Glycerol to an aqueous SDS
contacting solution does not increase the size of the SDS micelles, which if increased, could
explain the observed reduced ability of SDS (present in the larger SDS micelles) to penetrate into
the skin and induce less skin barrier perturbation in the presence of Glycerol. Furthermore, using
surface tension measurements, I will show that the addition of 10 wt% Glycerol to an aqueous
SDS contacting solution does not decrease the CMC, and hence, does not reduce the
concentration of the SDS monomers contacting the skin, which if reduced, could explain the
observed reduced ability of SDS (present in monomeric form) to penetrate into the skin and
induce less skin barrier perturbation in the presence of Glycerol. Finally, using in vitro Mannitol
skin permeability and skin electrical current measurements, in the context of a hindered-transport
porous pathway model of the SC (6-9, 42), I will show that a plausible explanation of my
findings is that the addition of 10 wt% Glycerol to an aqueous SDS contacting solution reduces
the size and the porosity-to-tortuosity ratio of the aqueous pores in the SC relative to the SDS

micelle size, such that the SDS micelles present in the contacting solution are sterically hindered
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from penetrating into the SC. This, in turn, leads to significantly less SDS-induced skin barrier

pérturbation upon the addition of 10 wt% Glycerol.

2.2. Experimental

2.2.1. Materials

Sodium Dodecyl Sulfate (SDS) was purchased from Sigma Chemicals (St. Louis, MO).
Analytical-grade Glycerol was purchased from VWR Chemicals (Cambridge, MA). '*C-
radiolabeled SDS and *H-radiolabeled Mannitol were purchased from American Radiolabeled
Chemicals (St. Louis, MO). All these chemicals were used as received. Water was filtered using
a Millipore Academic water filter (Bedford, MA). Phosphate buffered saline (PBS) was prepared
using PBS tablets from Sigma Chemicals (St. Louis, MO) and Millipore filtered water, such that
a phosphate concentration of 0.01 M along with a NaCl concentration of 0.137 M were obtained

atapH of 7.2.

2.2.2. Preparation of the Skin Samples

Female Yorkshire pigs (40-45kg) were purchased from local farms, and the skin (back)
was harvested within one hour after sacrificing the animal. The subcutaneous fat was trimmed
off using a razor blade, and the full-thickness pig skin was cut into small pieces (2cm x 2cm) and
stored in a —80 °C freezer for up to 2 months. The surfactant penetration experiments were

performed using pig full-thickness skin, referred to hereafter as p-FTS.
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2.2.3. In Vitro Transdermal Permeability Measurements

Vertical Franz diffusion cells (Permegear Inc., Riegelsville, PA) were utilized in the in
vitro transdermal permeability measurements (see Figure 2-1). All the experiments were
performed at room temperature (25°C). Prior to each experiment, a p-FTS sample was mounted
in the diffusion cell with the SC facing the donor compartment. Both the donor and the receiver
compartments were filled with PBS, and the p-FTS sample was left to hydrate for 1 hour before
the beginning of the experiment to allow the skin initial barrier property to reach steady state. At
this point, the skin electrical current across the p-FTS sample was measured (see below), and
only p-FTS samples with an initial skin current <3 pA were utilized in the permeation studies (a
well-accepted criterion for selecting suitable in vitro skin samples (6, 7)). The PBS in the donor
compartment was then replaced with either 1.5 ml of an SDS aqueous solution or 1.5 ml of an
SDS+10 wt% Glycerol aqueous solution. The solution in the donor compartment, referred to
hereafter as the contacting solution, contacted the p-FTS sample for 5 hours. Note that a 5-hour
exposure of the skin was chosen because this is a sufficiently long time to allow significant SDS-
skin penetration, yet a short enough time to prevent the saturation of the skin with SDS.
Subsequently, the contacting solution was removed and the donor compartment along with the p-
FTS sample were rinsed 4 times with 2 ml of PBS to remove any trace chemical left on the skin
surface and in the donor compartment. The receiver compartment was stirred with a ma}gnetic
stirrer at a speed of 400 rpm throughout the experiment to eliminate permeant bulk concentration

gradients.
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Figure 2-1.  Vertical Franz diffusion cell experimental setup to measure Mannitol skin

permeability, skin electrical current, and/or skin radioactivity in vitro.

Following the SDS and the SDS+10 wt% Glycerol aqueous contacting solutions
treatments of the skin, the p-FTS samples in the diffusion cells were exposed to a contacting
solution of *H-radiolabeled Mannitol in PBS (1-10 uCi/ml) for 24 hours. Mannitol is: (1) a low

molecular weight monosaccharide (MW=182 Da) (6, 7), and (2) a highly hydrophilic (log Kow
= -3.1) chemical (7), which is not metabolized by the body, and hence, if desired, can also be

used for in vivo skin permeation studies (6, 7). Being small in size and highly hydrophilic,
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Mannitol can access similar aqueous pores as do ions in order to transport across the skin barrier.
This, in turn, makes Mannitol a suitable permeant to study in the context of the hindered-
transport porous pathway model of the SC (6-9). Pretreatment of p-FTS with (1) SDS or (2)
SDS+10 wt% Glycerol aqueous contacting solutions in this manner, followed by passive
Mannitol skin permeation, allowed for a controlled comparison of the skin barrier perturbation
potential of solutions (1) and (2) at fixed exposure times of 5 hours. Throughout these
experiments, solution samples were withdrawn from both the receiver (r) and the donor (d)
compartments every two hours, and the concentrations of the radiolabeled permeant (Mannitol)
in the two compartments (C; and Cy4, respectively) were measured using a liquid scintillation
counter (Packard, Sheldon, CT). When the transport of Mannitol attained steady state, the

Mannitol skin permeability, P, was calculated as follows (6, 7):

I[AQKU 0

A

where V, is the volume of the receiver compartment, 4 = (1.77 cm?) is the area of the SC
exposed to the Mannitol solution in the donor compartment, and ¢ is the exposure time.

Equation (1) is based on the following two assumptions: (i) the concentration of the
permeant in the donor compartment is high, and does not deplete with time, and (ii) the
concentration of the permeant in the donor compartment is always much higher than that in the
receiver compartment. In the experiments reported here, assumptions (i) and (ii) were both
satisfied because less than 2% of Mannitol in the contacting solution permeated across the p-FTS

samples.

73



2.2.4.In Vitro Skin Electrical Current and Skin Electrical Resistivity
Measurements

During each skin permeation experiment, two Ag/AgCl electrodes (E242, In Vivo
Metrics, Healdsburg, CA) were placed in the donor and in the receiver compartments to measure
the electrical current and the electrical resistivity across the p-FTS sample (see Figure 2-1). A
100 mV AC voltage (RMS) at 10 Hz was generated by a signal generator (Hewlett-Packard,
Atlanta, GA), and was applied across the two electrodes for 5 s. The electrical current across the
skin was measured using an Ammeter (Hewlett-Packard, Atlanta, GA). This ammeter was used
to measure low AC currents and was accurate in the 0.1 pA range. The electrical resistance of
the p-FTS sample was then calculated from Ohm's law (7). Because the measured skin electrical
resistance is the sum of the actual skin electrical resistance and the background PBS electrical
resistance, the latter was subtracted from the measured skin electrical resistance to obtain the
actual skin electrical resistance. The skin electrical resistivity was then obtained by multiplying
the actual skin electrical resistance by the skin area (A=1.77 cm?). The skin electrical resistivity,
being an intrinsic electrical property of the skin membrane, is a preferred measure in this analysis
over the skin electrical resistance which is an extensive electrical property of the skin membrane
(33). Therefore, by using the skin electrical resistivity, it will be easier to compare differences in
the electrical properties of the skin barrier upon exposure of the skin to the SDS and to the
SDS+10 wt% Glycerol aqueous contacting solutions. Skin electrical current and resistivity
measurements were carried out before and during the permeation experiments at each
predetermined sampling point. For each p-FTS sample, an average skin electrical resistivity was
determined over the same time period for which the steady-state skin permeability, P, was

calculated using Eq.(1). This average skin electrical resistivity, R, was then analyzed along with
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the corresponding skin permeability, P, in the context of the theoretical framework presented

below in the Theoretical Section.

2.2.5. In Vitro Skin Radioactivity Measurements

The p-FTS samples were mounted in vertical Franz diffusion cells, as was done in the
case of the skin transdermal permeability measurements described above. Following a similar
protocol, p-FTS samples were now exposed to aqueous contacting solutions containing 1.5 ml of
SDS or 1.5 ml of SDS+10 wt% Glycerol. Each of these contacting solutions also contained about
1 uCi/ml of **C-SDS.

Diffusion of SDS into the skin took place for 5 hours, as before, and subsequently, the
aqueous contacting solutions were removed and the donor compartment along with the p-FTS
sample were rinsed 4 times with 2 ml of PBS to remove any trace chemical left on the skin
surface and in the donor compartment. The p-FTS samples were then heat-stripped following a
well-known procedure (11). Briefly, a p-FTS sample was placed in a water bath at 60°C for two
minutes, and subsequently, the epidermis (the SC and the viable epidermis) that was exposed to
the contacting solution was peeled off from the dermis. The exposed epidermis was then dried
for two days in a fume hood and weighed. The dried epidermis was dissolved overnight in 1.5
ml of Soluene-350 (Packard, Meriden, CT). After the epidermis dissolved, 10 ml of Hionic
Fluor scintillation cocktail (Packard) was added to the Soluene-350, and the concentration of
radiolabeled SDS was determined using the Packard scintillation counter. Note that we did verify
that the concentration of radiolabeled SDS in the contacting solution did not change appreciably
during the 5-hour exposure to the skin. The concentration of radiolabeled SDS in the contacting
solution was determined by using approximately 100 pl of the contacting solution and assaying

for the radioactivity of *C-SDS using the scintillation cocktail assay described above.
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Knowing the concentration of SDS in the contacting solution, Cspg , the radioactivity of
the contacting solution, C,z40n0r » the dry weight of the epidermis, m , and the radioactivity of the
epidermis, C,uq5n » | Was able to determine the concentration of SDS in the dried epidermis,
Csps;skin » using the following equation (11):

C _ Crad,.s-kin 'C.s'/)s o)
SDS ,skin — ( )

C -m

rad ,donor

2.2.6. Dynamic Light Scattering Measurements

The aqueous SDS and SDS+10wt% Glycerol solutions were prepared in Millipore
filtered water with 100 mM of added NaCl. Note that 100 mM NaCl was added to screen
potential electrostatic repulsions between the negatively-charged SDS micelles while performing
the Dynamic Light Scattering (DLS) measurements (11, 34, 36-39). After mixing, the solutions
were filtered through a 0.02 um Anotop 10 syringe filter (Whatman International, Maidstone,
England) directly into a cylindrical-scattering cell to remove any dust from the solution, and then
sealed until use. Dynamic Light Scattering (34) was performed at 25°C and a 90° scattering
angle on a Brookhaven BI-200SM system (Brookhaven, Holtsville, NY) using a 2017 Stabilite
argon-ion laser (Spectra Physics) at 488 nm. The autocorrelation function was analyzed using
the CONTIN program provided by the BIC Dynamic Light Scattering software (Brookhaven,

Holtsville, NY), which determines the effective hydrodynamic radius, ﬁh , of the scattering

entities using the Stokes-Einstein relation (35):

kT
6znD

©)

h

where kg is the Boltzmann constant, T is the absolute temperature, 1 is the viscosity of the

aqueous salt solution, and D is the mean diffusion coefficient of the scattering entities.
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In order to measure the size of the SDS micelles in the aqueous SDS and in the SDS+10
wt% Glycerol solutions, while eliminating the effects of interparticle interactions, the effective
hydrodynamic radii were determined at several different SDS concentrations, and then
extrapolated to a zero micelle concentration, which corresponds to the CMC of SDS, 8.7 mM
(11, 34, 36-39). Note that the viscosity of a 10 wt% Glycerol aqueous solution is similar to that

of water, and hence, viscosity effects did not play a significant role in these measurements.

2.2.7. Surface Tension Measurements

We utilized surface tension measurements to determine the critical micelle concentration,
CMC, of the SDS and of the SDS+10 wt% Glycerol aqueous micellar solutions. It is well-known
that as the surfactant concentration, X, is increased, both the hydrophobicity of the surfactant
tails and the high water-air surface free energy promote the adsorption of the surfactant
molecules onto the surface (40). The increase in the surface pressure due to surfactant surface
adsorption leads to a lowering of the surface tension, ¢. Beyond a certain threshold surfactant
concentration, the CMC, it becomes more favorable, from a free energy point of view, for the
surfactant molecules added to the solution to form micelles, rather than to continue to adsorb at
the surface. This is reflected in a negligible change in surface tension, o, with increasing
surfactant concentration, X, beyond the CMC. The "break" in the ¢ versus X curve, therefore,
approximates the concentration at which micellization first takes place (40). In order to
determine this "break”, the equilibrium surface tensions of SDS in water and of SDS in water+10
wt% Glycerol were measured as a function of the logarithm of the SDS solution concentration
using a Kruss K-11 tensiometer (Charlotte, NC) with a platinum plate. Additional experimental

details can be found in reference (41). The experimental uncertainty in the surface tension
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measurements was approximately 0.05 dyn/cm. The temperature was held constant at
25.01+0.1°C by a thermostatically-controlled jacket around the sample.

A plot of o as a function of the logarithm of the surfactant concentration, X, was
generated using the procedure outlined above for the SDS and for the SDS+10 wt% Glycerol
aqueous micellar solutions. Linear regression was utilized to determine the best fit line on either
side of the break in the curve, and the value of the SDS concentration at the intersection of these

two best-fit lines was taken as the experimental CMC value.

2.3. Theoretical

2.3.1. Determination of the Radius and the Porosity-to-Tortuosity Ratio of the
Skin Aqueous Pores Using Hindered-Transport Theory

Tang et al. (7) have recently demonstrated the existence of a linear-log relationship
between the Mannitol skin permeability, P, and the average skin electrical resistivity, R.

Specifically, within statistical error, the following relation holds (7):

logP=log C-logR “

where C = (kgT/2Z°Fcioneo)*( D} H(4,)! D

ion

H(Z;0n) is a constant that depends on the average

skin aqueous pore radius, Ipore, through H(Ap) and H(Aion), as follows (7, 8, 63): 3

H(\;) = 0;(1- 21044, +2.089)% - 0.948)% ) , for 1,<0.4 )

* It is noteworthy that the skin aqueous pores have a distribution of pore radii (41). In this chapter, we imply the
average pore radius to be the mean of this distribution of pore radii, and denote this as the radius of the aqueous
pores.
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where i = p (permeant, in our case, Mannitol) or ion, ryere = pore radius, A; = Ii/Tpore , and ¢; (the
partition coefficient of i) = (1-A;)>. Note that Eq.(5) considers only steric, hard-sphere particle (p
or ion)-pore wall interactions, and does not account for longer-range interactions, such as,
electrostatic and van der Waals interactions (7). Although the ions (and the permeant molecules)
in the contacting solutions may be charged, Tang et al. have shown that Eq.(5) is valid provided
that the Debye-Hiickel screening length — the length scale associated with the screening of
electrostatic interactions between the ions (or between the charged permeants) and the
negatively-charged skin aqueous pore walls — is much smaller than the average skin aqueous
pore radius, Ipoe (7). Tang et al. also showed that for the PBS control contacting solution
containing Na’ and CI” ions, and also for the Mannitol aqueous solution, the Debye-Hiickel
screening length < 7 A, which is much smaller than the typical average skin aqueous pore radii,
that is, than the sizes of the aqueous pores, of approximately 15-25 A (7). The quantities,

D} and D, , appearing in C refer to the permeant and to the ion infinite-dilution diffusion

coefficients, respectively (note that these quantities correspond typically to the bulk diffusion
coefficients of the permeant and of the ion in the dilute donor contacting solutions used in the in
vitro transdermal permeability and electrical resistivity measurements).

According to the hindered-transport theory (42), the hindrance factor for permeant or ion
transport, H(A;), is a function of both the permeant/ion type and of the skin membrane
characteristics. The four intrinsic membrane characteristics of the skin barrier are: (1) the
porosity, £, which is the fraction of the skin area occupied by the aqueous pores, (2) the
tortuosity, 7, which is the ratio of the permeant diffusion path length within the skin barrier to the

skin barrier thickness, (3) the average pore radius, I'pye, and (4) the skin barrier thickness, AX.
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Based on these four membrane characteristics, one can express the permeability, P, of a

hydrophilic permeant, such as, Mannitol, through the skin aqueous pores as follows (6, 7, 42):

(2ot
= ©
Therefore, from Egs. (4)-(6), once one can determine P and R upon exposure of p-FTS to
contaéting aqueous solutions of SDS and SDS+10 wt% Glycerol, one can also determine the
radius of the aqueous pores as the average skin pore radius, rpoe, and the ratio of porosity-to-
tortuosity, defined as €/t if all the other parameters, such as AX, are known (see the appendix,
where we illustrate how to deduce ryre and €/1 when p-FTS is contacted with SDS aqueous
soiutions). The porosity-to-tortuosity ratio, €/t, is proportional to the number of tortuous
aqueous pores per unit cross sectional area of the SC, that is, to the pore number density (see
Chapter 4). In the context of the hindered-transport aqueous porous pathway model of the SC, an
increase in the porosity, €, and/or a decrease in the tortuosity, T, which increases the porosity-to-
tortuosity ratio, €/1, of the aqueous pores can be interpreted as an increase in the number of
tortuous aqueous pores per unit cross sectional area of the SC (see Chapter 4).*

A harsh surfactant like SDS can induce skin barrier perturbation by modifying the SC
aqueous porous pathways as follows: (1) increasing the size of the existing aqueous pores in the
SC, and/or (2) increasing the number density of the existing aqueous pores in the SC, or both. It
then follows, in the context of the hindered-transport aqueous porous pathway model, that
mechanism (1) involves increasing rpore, While mechanism (2) involves increasing

e/1(6-9,42). In Table 2-1, 1 report rpoe values resulting from the exposure of p-FTS to

* This statement is true provided that the increase in the porosity-to-tortuosity ratio, &/t, of the aqueous pores is not
due to a significant increase in the average aqueous pore radius, Iy (see Chapter 4).
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contacting solutions of: (a) SDS in water, (b) SDS+10 wt% Glycerol in water, (c) PBS control,
and (d) 10 wt% Glycerol in water. Note that in Table 2-1, I have reported the €/t values resulting
from the exposure of p-FTS to the contacting solutions (a)-(d) normalized by the e/t value
resulting from the exposure of p-FTS to contacting solution (c), which I have denoted as
(&/Tnomal- It then follows that when (€/T)norma >1, it indicates that the contacting solution creates
more aqueous pores in the SC relative to those created by the PBS control, while when (&/%)nomal

<1, it indicates that the contacting solution creates fewer aqueous pores relative to those created

by the PBS control.

2.4. Results and Discussion

2.4.1. Effect of Glycerol on SDS-Induced Skin Barrier Perturbation

In order to quantify the effect of the SDS concentration in the skin aqueous contacting
solution on the skin barrier in the absence and in the presence of Glycerol, I utilized the in vitro
transdermal permeability and the skin electrical current measurements discussed above. The
physical basis for these measurements is as follows: a large skin electrical current or transdermal
permeability, which results from a high transfer rate of permeant molecules (Mannitol in our
case) or of ions, respectively, across the skin, is indicative of a large extent of skin barrier
perturbation in vitro (1-7). Therefore, if upon exposure of the skin to an aqueous contacting
solution of SDS or of SDS+10 wt% Glycerol, one observes a high skin electrical current
(corresponding to a low average skin electrical resistivity) or permeability, one may cbncludé
that the contacting solution has induced skin barrier perturbation, thereby compromising the skin

barrier.
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With the above expectation in mind, I conducted skin electrical current measurements for
aqueous contacting solutions of SDS ranging in SDS concentrations from 1 mM to 200 mM.’
The fesults of these measurements are shown as striped bars in Figure 2-2. As can be seen, the
extent of skin barrier perturbation, quantified in terms of the skin electrical current, continues to
increase with an increase in the SDS concentration in the contacting solution above the CMC of
SDS (8.7 mM).® According to the monomer penetration model (MPM) adopted by many
researchers in the past, only the surfactant monomers are able to penetrate into the skin barrier
and ihduce skin barrier perturbation, while the micelles, due to their larger size re}ative to that of
the monomers, are not able to do so. Hence, according to the MPM, the skin barrier perturbation
induced by a surfactant contacting solution should not increase significantly upon increasing the
total surfactant concentration above the CMC.” However, the skin electrical current results
clearly show that an increase in the SDS concentration in the contacting solution above the CMC
induces a significant increase in the skin electrical current (see Figure 2-2). This observation is
consistent with the results reported by other researchers in previous studies (11-19). For
example, Moore et al. (11) found that SDS micelles contribute to SDS-skin penetration.
Thefefore, it is natural that SDS micelles should also contribute to skin barrier perturbation, as I

have demonstrated experimentally through these skin electrical current measurements. Indeed,

* Note that 1 wt% SDS = 35mM, and that the CMC of SDS = 8.7mM = 0.25wt%.

¢ Recall that the CMC is the threshold total surfactant concentration above which the concentration of the surfactant
monomers remains approximately constant, while that of the surfactant micelles increases upon increasing the total
surfactant concentration. This is because, above the CMC, any new surfactant molecules added to the solution self-
assemble to form micelles, a process that is thermodynamically more favorable than to remain as free monomers in
the surfactant solution.

" This statement implies that a surfactant monomer, or a micelle, has to first penetrate into the skin barrier in order to
induce skin barrier perturbation. Consequently, if one can minimize, or prevent altogether, penetration of surfactant
into the skin, one should be able to minimize skin barrier perturbation induced by the surfactant monomers or by the
micelles.
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these measurements indicate unequivocally that SDS micelles contribute to skin barrier

perturbation, as reflected in the observed increase in the skin electrical current above the cMC.®
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Figure 2-2. Comparison of the in vitro skin electrical currents induced by SDS aqueous
contacting solutions (striped bars) and by SDS+10 wt% Glycerol aqueous contacting solutions

(filled bars). The error bars represent standard errors based on 6-10 p-FTS samples.

1tis noteworthy that the skin electrical current induced by PBS (phosphate buffered saline), which served as the

control for these experiments, was 11+4 uA, which is comparable to that induced by a 1 mM SDS solution (see
Figure 2-2).
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Next, I measured skin electrical currents upon exposing p-FTS to aqueous contacting solutions of
SDS (1-200 mM) + 10 wt% Glycerol. The results of these measurements are shown as filled bars
in Fi iguré 2-2 v(see above).

Figure 2-2 clearly shows that the filled bars (corresponding to the skin electrical currents
induced by the SDS+10 wt% Glycerol aqueous contacting solutions) are much shorter than the
striped bars (corresponding to the skin electrical currents induced by the SDS aqueous contacting
solutions). This important finding clearly shows that the addition of 10 wt% Glycerol to an SDS

“aqueous contacting solution significantly reduces SDS-induced skin barrier perturbation, as
quantified by the skin electrical currents.

Finally, I measured in vitro Mannitol skin permeabilities upon exposing p-FTS samples
to aqueous contacting solutions of SDS(1-200 mM) and of SDS(1-200 mM)+10 wt% Glycerol.
The results of these measurements are shown in Figure 2-3. In Figure 2-3, the diamonds
correspond to the permeability values resulting from exposure to the SDS aqueous contacting
solutions, and the triangles correspond to the permeability values resulting from exposure to the
SDS+10 wt% Glycerol aqueous contacting solutions. These measurements seem to indicate that:
(1) the SDS micelles, in general, do contribute to skin barrier perturbation, as reflected in the
increasing P values with increasing SDS concentration above the CMC of SDS (8.7 mM), and
(2) the addition of Glycerol minimizes SDS micelle-induced skin barrier perturbation, as

reflected in the triangles lying below the diamonds in Figure 2-3.
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Figure 2-3. Comparison of the in vitro Mannitol skin permeability induced by SDS aqueous
contacting solutions (diamonds) and by SDS+10 wt% Glycerol aqueous contacting solutions
(triangles). The dotted vertical line at an SDS concentration of 8.7 mM denotes the CMC of

SDS. The error bars represent standard errors based on 6-10 p-FTS samples.
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2.4.2. Effect of Glycerol on SDS-Skin Penetration

I developed the skin radioactivity assay discussed above to directly quantify the amount
of SDS that can penetrate into the skin barrier from an SDS aqueous contacting solution in the
absence and in the presence of 10 wt% Glycerol (see Section 2.2.5). Use of this assay allows one
to directly measure the contribution of the SDS micelles, in the absence and in the presence of 10
Wt% Glycerol, to SDS-skin penetration. The results of our measurements are shown in Figure 2-
4.

The concentrations of SDS in the skin barrier (in wt%) resulting from the exposure of p-
FTS to aqueous contacting solutions of SDS (1-200 mM) correspond to the diamonds in Figure
2-4. One can clearly see that upon increasing the total SDS concentration in the contacting
solution above the CMC (8.7 mM), the concentration of SDS in the skin barrier increases
significantly. In Figure 2-4, the contribution of the SDS monomers to SDS skin penetration
above the CMC remains approximately constant above 8.7 mM (the CMC value), and
corresponds to the horizontal solid line. On the other hand, the total SDS contribution to SDS
skin penetration increases above the CMC, and corresponds to the dashed line, drawn as a guide
to the eye. Clearly, the difference between the dashed and the solid lines at any given total SDS
concentration corresponds to the contribution of the SDS micelles to SDS skin penetration. Note
that below the CMC, only the SDS monomers are available for penetration into the skin.
Consequently, the diamonds and the triangles overlap below the CMC (see Figure 2-4). These
results are in excellent agreement with the SDS-skin penetration results reported by Moore et al.
(11). Indeed, these authors showed earlier that: (i) there is a significant SDS micellar
contribution to SDS skin penetration, and (ii) the SDS micellar contribution increases with an

increase in the total SDS concentration above the CMC.
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Figure 2-4. Comparison of SDS-skin penetration in vitro induced by aqueous contacting
solutions of SDS (diamonds) and of SDS+10 wt% Glycerol (triangles). The dotted vertical line at
an SDS concentration of 8.7 mM denotes the CMC of SDS. The dashed line passing through the
diamonds is drawn as a guide to the eye. The error bars represent a standard error based on 6-10

p-FTS samples.

87



However, in this chapter, I have demonstrated in vitro, for the first time, that the
significant SDS micellar contribution to SDS-skin penetration also leads to a large extent of SDS
skin barrier perturbation, as quantified by the observed increases in the skin electrical currents
and in the Mannitol skin permeabilities (see Figures 2-2 and 2-3, respectively). These in vitro
results suggest, from a practical, formulation design point of view, that any strategy designed to
minimize skin barrier perturbation induced by surfactants like SDS, in addition to minimizing the
penetration of the surfactant monomers into the skin, as was done in the past, may also benefit
from minimizing the penetration of the surfactant micelles into the skin. In this chapter, I have
investigated in vitro such a simple and useful practical strategy by using mixtures of SDS and
Glycerol, which we discuss next.

Specifically, I conducted skin radioactivity assays using '“C-SDS in the presence of 10
wt% added Glycerol in aqueous solution to measure the amount of SDS that may penetrate into
the skin barrier in the presence of Glycerol (corresponding to the triangles in Figure 2-4). It is
interesting to observe that the triangles and the diamonds overlap below the CMC in Figure 2-4.
At an SDS concentration below the CMC of SDS (8.7 mM), the SDS aqueous contacting
solution essentially consists of SDS monomers contacting the skin. Therefore, upon adding 10
wt% Glycerol to the SDS aqueous contacting solution, one can observe that the SDS monomers
are not hindered from penetrating into the skin. However, the addition of 10 wt% Glycerol to the
SDS aqueous contacting solution at concentrations above the CMC significantly impacts SDS-
skin penetration. Indeed, as can be seen, the presence of 10 wt% Glycerol in the SDS contacting
solution eliminates almost completely the amount of SDS that can penetrate into the skin barrier
from the high SDS concentration contacting solutions. The significant difference between the

diamonds (or the dashed line) and the triangles (which lie very close to the SDS monomer

88



contribution corresponding to the solid line) clearly shows that SDS micelles, which would have
contributed to skin penetration in the absence of 10 w% Glycerol, cannot do so in the presence of
10 wt% Glycerol in the contacting solution. These in vitro results suggest that the addition of 10
wt% Glycerol to the SDS contacting solutions may also represent a simple, yet very useful,
practical strategy to mitigate SDS-induced skin barrier perturbation in vivo by preventing the
SDS micelles from penetrating into the skin barrier.

In Section 2.4.3, I put forward several hypotheses to explain, from a mechanistic
viewpoint, why Glycerol, without affecting the skin penetration ability of the SDS monomers, is
able to significantly reduce the ability of the SDS micelles to contribute to SDS-skin penetration

in vitro.

2.4.3. Possible Hypotheses to Explain the Effect of Glycerol on the Observed

In Vitro Dose-Independence of SDS-Skin Penetration

Using micelle stability arguments put forward by Patist et al. (43), Moore et al. have
shown that the kinetics of micelle dissolution cannot be invoked to explain the observed dose-
dependence of SDS-skin penetration (11). Moore et al. have also compared the time constant for
the breakup of SDS micelles to replenish the decreased SDS monomer supply to the SC as the
SDS molecules penetrate into the skin with the time constant for SDS diffusion across the skin.
This comparison has unambiguously shown that the rate-determining step for SDS-skin
penetration is governed by the diffusion, or the penetration, through the SC and not by the
micelle kinetics (11). Furthermore, Moore et al. have shown that micelle disintegration upon
impinging on the SC and subsequent absorption by the skin barrier also does not seem to be a
plausible mechanism to explain the observed dose-dependence of SDS-skin penetration (11, 44,

45). With all of the above in mind, according to Moore et al., a consistent hypothesis to explain
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the observed dose-dependence of SDS-skin penetration considers the ability of SDS micelles to
penetrate into the SC, based on a size limitation (11). Without directly measuring the skin
aqueous pore radius, Ipor , and the porosity-to-tortuosity ratio, €/t, Moore et al. hypothesized o
that a free SDS micelle, being smaller than the aqueous pore, is able to penetrate into the SC,
while a PEO-bound SDS micelle, being larger then the aqueous pore, is not able to do so (11).
My hypothesis to explain the observed dose-dependence of SDS-skin penetration in the absence
of Glycerol is similar to that of Moore et al. (11), the difference being that I have further
substantiated this hypothesis by directly determining the average skin aqueous pore radius, Ipor ,
and the pore number density, €/t, of the skin aqueous pores induced by SDS.

Considering the skin penetration of both the SDS monomers and the SDS micelles, I have
investigated in vitro the following three hypotheses to explain the ability of Glycerol to minimize
the contribution of SDS micelles to SDS-skin penetration: (1) the addition of 10 wt% Glycerol to
the SDS aqueous contacting solution reduces the concentration of the SDS monomers contacting
the skin, and/or (2) the addition of 10 wt% Glycerol to the SDS aqueous contacting solution
increases the SDS micelle size relative to that of the skin aqueous pores, such that the larger SDS
micelles can no longer penetrate through these aqueous pores into the SC, and/or (3) the addition
of 10 wt% Glycerol to the SDS aqueous contacting solution reduces the radius, rpor , and the
porosity-to-tortuosity ratio, €/, of the skin aqueous pores, such that the SDS micelles, which are
on average larger than the skin aqueous pores, can no longer penetrate into the SC and contribute

to SDS-skin penetration. According to Hypothesis 3, in addition to the decrease in the radius of

® Note that Moore et al. (11), to their credit, compared micelle sizes for free SDS micelles and PEO-bound SDS
micelles, using DLS measurements similar to those reported here, and found that the PEO-bound SDS micelle had a
larger hydrodynamic radius than the free SDS micelle. This observation, along with the observation that the PEO-
bound SDS micelle, unlike the free SDS micelle, did not contribute to SDS-skin penetration, formed the basis for
their hypothesis that SDS micelles can penetrate into the SC, based on a size limitation. However, Moore et al. did
not measure the effect of SDS on the radius and on the porosity-to-tortuosity ratio of the skin aqueous pores directly,
as is done here.
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the aqueous pores, the decrease in the porosity-to-tortuosity ratio should further limit the ability
of the SDS micelles to penetrate into the SC through these aqueous pores.

I have investigated Hypothesis (1) by conducting surface tension measurements (see
Section 2.2.7) to deduce the CMC of SDS in aqueous solution in the absence and in the presence
of 10 wt% Glycerol. Hypothesis (2) was investigated through DLS measurements to determine
the SDS micelle hydrodynamic radius in aqueous solution in the absence and in the presence of
10 wt% Glycerol (see Section 2.4.5). Finally, I investigated Hypothesis (3) by determining the
radius and the porosity-to-tortuosity ratio of the skin aqueous pores induced by aqueous SDS
contacting solutions in the absence and in the presence of 10 wt% Glycerol through the average
skin electrical resistivity and Mannitol skin permeability measurements, in the context of the
hindered-transport porous aqueous pathway model (see Sections 2.2.3, 2.2.4, and 2.3.1). I

discuss the results of studies (1)-(3) above in the following three sections.

2.4.4. Results from the Surface Tension Measurements to Determine the CMC

Recall that the CMC of a SDS aqueous contacting solution is the threshold total SDS
concentration above which the concentration of the SDS monomers remains approximately
constant, while that of the SDS micelles continues to increase upon increasing the total SDS
concentration. Therefore, if the addition of 10 wt% Glycerol to the SDS aqueous contacting
solution results in a lowering of the CMC, one may conclude that the number of SDS monomers
contacting the skin decreases in the presence of Glycerol, which may explain why Glycerol
reduces SDS-skin penetration. However, my surface tension results indicate that the CMC of
SDS in the presence of 10 wt% Glycerol is 9.2 mM, which is slightly larger than the CMC of
SDS in the absence of Glycerol (8.7 mM). Our CMC value in the presence of Glycerol is in

excellent agreement with previously reported CMC values of SDS in water/glycerol binary
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mixtures (46). Therefore, based on the CMC values of SDS in water and in a 10 wt% Glycerol
aqueous solution, one may conclude that Hypothesis 1 is not valid, and therefore, cannot explain

the observed ability of Glycerol to reduce SDS-skin penetration.

2.4.5. Results from the Dynamic Light Scattering (DLS) Measurements to

Determine the Size of the SDS Micelles

Using DLS, I determined the sizes of the SDS micelles in aqueous solutions, in the
absence and in the presence of 10 wt% Glycerol. Figure 2-5 shows the results of the DLS
measurements in terms of the SDS micelle hydrodynamic radii in: (a) water and (b) 10 wt%
Giycerol aqueous solutions. The SDS micelle hydrodynamic radii were determined by
extrapolation to a zero micelle concentration, which corresponds to the CMCs of SDS solutions
corresponding to (a), 8.7 mM (see the diamonds in Figure 2-5), and to (b), 9.2 mM (see the
triangles in Figure 2-5). Using a linear regression analysis, I determined that the hydrodynamic
radius of the free SDS micelles corresponding to (a) is /9.5+14, while that corresponding to (b)
is 18.5+#14. The SDS micelle hydrodynamic radii corresponding to (a) reported here are in
excellent agreement with the values reported previously by Moore et al. (11) and by Almgren et
al. (47). Therefore, these results indicate that the SDS micelle size is slightly smaller, not
larger, in the SDS aqueous solution with 10 wt% added Glycerol, and hence, cannot explain how
Glycerol minimizes the SDS micellar contribution to SDS-skin penetration. In other words,

Hypothesis 2 is not valid either.
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Figure 2-5. Measured effective radii of SDS micelles in aqueous solutions in the absence
(diamonds) and in the presence (triangles) of 10 wt% Glycerol plotted versus the SDS
concentration minus the CMC, which corresponds to the concentration of the SDS micelles,
using DLS measurements at 25°C. The SDS micelle radii were determined using a CONTIN

analysis. The error bars reflect standard errors based on 6 samples at each SDS concentration.
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2.4.6. Results from an Analysis of the Hindered-Transport Aqueous Porous
Pathway Model to Determine the Radius and the Porosity-to-Tortuosity Ratio
of the Skin Aqueous Pores

I quantified the extent of skin barrier perturbation using the average aqueous pore radius
and the porosity-to-tortuosity ratio, as quantitative descriptors of the SC morphological changes
upon exposure to: (a) an aqueous solution of SDS (1-200 mM) and (b) an aqueous solution of
SDS (1-200 mM)+10wt% Glycerol. Specifically, an increase in the radius and/or in the porosity-
to-tortuosity ratio of the aqueous pores corresponds to an increased perturbation in the skin
barrier (1,6, 7, 10, 42). The radius and the porosity-to-tortuosity ratio of the skin aqueous pores
resulting from the exposure to contacting solutions (a) and (b) above were determined using the
hindered-transport model of the skin aqueous porous pathways, along with the in vitro Mannitol
transdermal permeability and the average skin electrical resistivity measurements. For
completeness, I also conducted similar measurements on p-FTS which was exposed to: (c) the
PBS control, and to (d) 10 wt% Glycerol aqueous contacting solutions.

In Figure 2-6, I have plotted the log of the Mannitol skin permeability, P (cm/h), against
the log of the average skin electrical resistivity, R (kohm-cm?), over the same exposure time,
exhibited by p-FTS samples exposed to solutions (a), the diamonds, and (b), the triangles, above.
Each diamond/triangle represents a log P value of one p-FTS sample at steady state and the
corresponding log R (the log of the average skin electrical resistivity value). The slopes of the
best-fit curves resulting from linear regressions, the dashed line for (a) and the solid line for (b),
are not statistically different from the theoretically predicted slope value of -1, thereby indicating
consistency with the hindered-transport aqueous porous pathway model analysis for p-FTS

samples exposed to contacting solutions (a) and (b) above (6, 7). Also, note that the dashed line
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has a larger intercept value than that corresponding to the solid line, which reflects a larger
average pore radius, Inoe, for p-FTS samples exposed to (a) than to (b).

Having determined ryore, the porosity-to-tortuosity ratio, €/t, was determined using Eq.(6),
in which all the parameters, except €/t are known in advance (recall that AX=15pm) 6, 7).
Using the model described above, I found that the average pore radius does not depend on the SC
thickness, AX, while the porosity-to-tortuosity ratio is directly proportional to AX. The aqueous
porosity-to-tortuosity ratio, €/t, values resulting from exposure of the p-FTS samples to
contacting solutions (a)-(d) above were normalized by the €/t value resulting from exposure of
the p-FTS samples to the PBS control solution, solution (c), which served as the baseline, and
have been denoted as (&/T)nomar (see the Appendix, where I illustrate how to obtain ryee and
(&/T)normar for p-FTS samples exposed to (a)).

The deduced values of rpore and (€/7)normal cOrresponding to solutions (a)-(d) above are
reported in Table 2-1. As can be seen, the average pore radius, Iy , corresponding to (a) is
33454, while that corresponding to (b) is 2054, which is similar to the average pore radius
corresponding to (c), 20£34. In addition, the normalized porosity-to-tortuosity ratio, (€/T)normal »
corresponding to (a), 7%, is about twice that corresponding to (b), 3#/. Interestingly, one can
also see that a 10 wt% Glycerol aqueous solution (contacting solution d) reduces rpoe and

(&/T)normal by about 50% relative to the PBS control.
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Figure 2-6. Experimental correlation between the in vitro Mannitol transdermal permeability, P
(cm/h), and the in vitro skin electrical resistivity, R (kohm-cm?), exhibited by p-FTS samples
exposed to an aqueous solution of SDS (1-200 mM), the diamonds, and to an aqueous solution of
SDS (1-200 mM)+10 wt% Glycerol, the triangles. Each data point corresponds to a log P value
of one p-FTS sample at steady state and the associated log R, the log of the average skin
electrical resistivity value over the same time period. The slopes of the best-fit curves resulting
from a linear regression are: (1) -0.98+0.06 for SDS (1-200 mM), with R%=0.9636, shown as the
dashed line, and (2) -1.050.06 for SDS (1-200 mM)+10 wt% Glycerol, with R?=0.9653, shown
as the solid line. Note that these slope values are not statistically different from the theoretically

predicted value of -1.
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The results in 7able 2-1 indicate that a SDS aqueous contacting solution containing
micelles, in the presence of 10 wt% Glycerol, induces a lower extent of skin barrier perturbation,
as reflected in the lower average pore radius and normalized porosity-to-tortuosity ratio, when
compared to an SDS aqueous contacting solution, in the absence of Glycerol. In fact, in the
absence of Glycerol, a SDS micelle of /9.5+I4 hydrodynamic radius experiences no steric
hindrance in penetrating through aqueous pores in the SC that have an average pore radius of
33454 (see Table 2-1). However, in the presence of 10 wt% Glycerol, a SDS micelle of /8.5+#14
hydrodynamic radius experiences significant steric hindrance in penetrating through smaller

aqueous pores in the SC that have an average pore radius of 2054 (see Table 2-1).

Table 2-1. Skin aqueous pore characteristics induced by various aqueous contacting solutions:

(a) SDS, (b) SDS+10 wt% Glycerol, (c) PBS Control, and (d) 10 wt% Glycerol. Note that we
have reported €/t values resulting from the exposure of p-FTS to the contacting solutions (a)-(d)
normalized by the €/t value resulting from the exposure of p-FTS to contacting solution (c),

which we have denoted as (&/T)normal-

Type of Aqueous Average Pore Normalized Porosity-to-
Contacting Solution Radius, ryy (A) Tortuosity Ratio, (&/%)nomal
(a) SDS 335 7+1
(b) SDS + 10 wi% Glycerol 2045 3+1
(c) PBS Control 20+3 1
(d) 10 wt% Glycerol 1114 0.5+0.1

97



Moreover, the presence of 10 wt% added Glycerol in the SDS aqueous contacting
solution reduces the (€/T)norma Value from 7+1 to 3+1, which is more than a 50% reduction in the
normalized porosity-to-tortuosity ratio. Hence, adding 10 wt% Glycerol to an aqueous SDS
micellar contacting solution minimizes the micellar contribution to SDS-skin penetration in vitro
by minimizing both the average pore radius and the porosity-to-tortuosity ratio of the skin
aqueous pores.

The results of this study indicate that the data is consistent with Hypothesis 3: Glycerol
reduces both the radius of the aqueous pores in the SC relative to that of the SDS micelles, as
well as the porosity-to-tortuosity ratio, which if not reduced, would allow SDS micelles to

contribute to SDS-skin penetration in vitro.

2.4.7. Possible Structural Modes of Interaction of Glycerol and SDS with the

Skin Barrier

These results indicate that the addition of 10 wt% Glycerol to an aqueous contacting
solution of SDS mitigates skin barrier perturbation in vitro by reducing the skin aqueous pore
radius and the aqueous porosity-to-tortuosity ratio. I propose two scenarios to rationalize these
results. According to the first scenario, it is well-accepted that because of its strong hygroscopic
property and ability to modulate water fluxes in the SC, Glycerol can diffuse into the SC and
bind water within the SC (24, 28, 29). In fact, researchers have observed a significant positive
correlation in vivo between the skin-moisturizing ability of Glycerol, as determined through skin
conductance measurements, and the corresponding amount of Glycerol found in the skin barrier
(52). As a result, water-binding by Glycerol in the SC reduces the mobility of water within the
SC. The limited mobility of water within the SC may result in lacunar domains, as observed by

Menon and Elias (10), losing structural continuity, partially or completely, within the
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extracellular lipid bilayers of the SC. I suggest that a partial loss in the structural continuity of
lacunar domains is responsible for a reduction in the radius of the corresponding aqueous pores,
while a complete loss in continuity of lacunar domains is responsible for the elimination or
closing of the corresponding aqueous pores, that is, for a reduction in the overall number density
(or equivalently, the porosity-to-tortuosity ratio) (see Chapter 4) of the aqueous pores in the SC.
Figure 2-7 illustrates schematically a combination of lacunae that are continuous under normal
skin hydration conditions, resulting in an aqueous pore, but may become discontinuous upon
exposure of the skin to Glycerol, thereby resulting in a size reduction, or a closing, of the
aqueous pore. A second scenario describing how Glycerol may result in partial, or complete, loss
of the structural continuity of lacunar domains considers the ability of Glycerol to maintain the
intercellular lipid mortar in a liquid crystalline state, as opposed to a solid crystalline state (30).
Froebe et al. have shown that addition of 10 wt% Glycerol to a mixture of SC lipids in vitro
inhibited the transition from liquid to solid crystals, which could maintain the intercellular lipid
mortar in the SC and potentially minimize the size, as well as the continuity, of the lacunar
domains within the SC (30). Most likely, both scenarios may play a role in inducing partial,
and/or complete, loss of structural continuity of the lacunar domains, thereby resulting in a
reduction in the radius, and/or in the number density, and thereby the porosity-to-tortuosity ratio,
of the aqueous pores in the SC. On the other hand, in vitro as well as in vivo studies document
that surfactants like SDS have an opposite effect on the SC lipids and on the corneocyte keratins.
SDS has been shown to induce direct alteration to the structure of the intercellular lipid mortar
(48, 49), as well as to disrupt the keratin structure of the corneocytes in the SC (16, 50, 51). Both
of these effects can induce the formation of additional lacunar domains, as well as enhance the

structural continuity of existing lacunar domains.
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Figure 2-7. Schematic illustration of possible structural modes of interaction of aqueous lacunar
domains in the hydrated skin barrier with Glycerol. Aqueous lacunar domains, shown in grey,
gain structural continuity in hydrated skin to form an aqueous pore. However, when Glycerol is
added to the hydrated skin barrier, lacunar domains shown in black lose structural continuity due
to Glycerol binding water and minimizing water mobility, either partially, resulting in a smaller

aqueous pore, or completely, resulting in a closed aqueous pore.
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This is how SDS may induce an increase in the radius, and/or in the porosity-to-tortuosity
ratio, of the aqueous pores in the SC. A mixture of SDS and Glycerol in an aqueous contacting
solution will result in: (1) Glycerol reducing, while (2) SDS increasing the radius and the
porosity-to-tortuosity ratio of the aqueous pores in the SC. These considerations may help
rationalize how adding 10 wt% Glycerol to a SDS aqueous contacting solution can reduce the

radius and the porosity-to-tortuosity ratio of the aqueous pores induced by SDS in the SC.

2.5. Conclusions

According to a well-accepted view in the cosmetics literature, surfactant micelles cannot
penetrate into the skin due to size limitations, and as a result, surfactant-induced skin barrier
perturbation should be determined solely by the concentration of the surfactant monomers (11-
23). Moore et al. (11) have recently shown that this is not the case for a model skin irritant, the
surfactant SDS. Instead, they hypothesized that SDS micelles can penetrate into the skin barrier
and induce skin barrier perturbation. In this chapter, for the first time, using Mannitol
transdermal permeability and average skin electrical resistivity measurements in the context of a
hindered-transport aqueous porous pathway model, I have demonstrated in vitro that SDS
induces an increase in the average radius of the skin aqueous pores, from 2034 to 33£54, such
that the SDS micelles of size 19.5#14 can penetrate into the SC through these aqueous pores. In
addition, SDS induces a 7-fold increase in the porosity-to-tortuosity ratio of these aqueous pores,
thereby significantly enhancing the SDS micellar contribution to SDS-skin penetration and to
skin barrier perturbation in vitro.

Using in vitro skin radioactivity measurements, I demonstrated that adding 10 wt%

Glycerol to an aqueous SDS micellar contacting solution significantly reduces: (i) the total extent
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of SDS-skin penetration, and (ii) the SDS micelle contribution to SDS-skin penetration. This is
due to the fact that Glycerol eliminates almost completely the contribution of the SDS micelles
to SDS-skin penetration. Through Dynamic Light Scattering measurements, I have verified that
Glycerol does not increase the size of the SDS micelles, which if increased, could have
minimized the SDS micellar contribution to SDS-skin penetration. In addition, through surface
tension measurements that were used to determine the CMC values of SDS in water and in a 10
wt% Glycerol aqueous solution, I have shown that Glycerol does not reduce the concentration of
the SDS monomers contacting the skin, which if reduced, could have minimized the SDS
monqmeric contribution to SDS-skin penetration. Using in vitro transdermal permeability and
average skin electrical resistivity measurements upon exposure of the skin to aqueous contacting
solutions of SDS and of SDS+10 wt% added Glycerol, in the context of a hindered-transport
aqueous porous pathway model, I have conclusively demonstrated that the addition of 10 wt%
Glycerol prevents SDS micelles from penetrating into the skin barrier by: (1) reducing the radius
of the skin aqueous pores induced by the SDS aqueous contacting solution, from 33£54 to
20454, such that a SDS micelle of radius /8.5#/4 in an aqueous SDS micellar solution with 10
wt% added Glycerol experiences steric hindrance and cannot penetrate into the SC, and (2)
reducing the porosity-to-tortuosity ratio of the skin aqueous pores by more than 50%, thereby
further reducing the ability of the SDS micelles to penetrate into the SC and induce skin barrier

perturbation.

In the next chapter, Chapter 3, I investigate the well-known skin mildness of the anionic
surfactant, Sodium Cococyl Isethionate (SCI), used in syndet (synthetic detergent) bars, by

examining the size of the SCI micelles relative to that of the skin aqueous pores.
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2.6. Appendix

2.6.1. Determination of the Radius and the Porosity-to-Tortuosity Ratio of the
Skin Aqueous Pores Resulting from Exposure of p-FTS to SDS Aqueous

Contacting Solutions

Average skin electrical resistivities, R, and Mannitol skin permeabilities, P, were
measured upon exposure of p-FTS to SDS aqueous contacting solutions, as discussed in the text,
and the resulting log P vs. log R plot is shown in Figure 2-6 (see diamonds and the dashed line).

It is noteworthy that the slope of the best-fit straight line (the dashed line) through the
diamonds in Figure 2-6 is 0.98+0.06, which is statistically similar to the theoretical value of -1
(see Eq.(4)). The R? value is 0.96, which is close to 1. Hence, these results lend further support to
the validity of the hindered-transport skin aqueous porous pathway model developed by Tang et

al. (7). The intercept value in Figure 2-6 is -2.90+0.03.

The infinite-dilution diffusion coefficient of Mannitol, D: , is 0.672x10” ¢cm?/s at 25°C

(6, 7). The hydrodynamic radius of Mannitol, t,, is 4.44A (6, 7). Because skin electrical currents
were measured in PBS that contained Na" and Cl” as the dominant ions, the Na" ions were used
to model the current carrying ions present in the solution. The infinite-dilution diffusion

coefficient of the Na* ions, D2, , is 1.33x10”° cm®/s at 25°C (7). The hydrodynamic radius of the

Na' ion, Tin, is 2.2A (7). In addition, I have used the following parameter values in C (see Eq.(4)
in the Theoretical section): kg=1.38x10"* J/K (Boltzmann constant), T=298 K, F=9.6485x10*
C/mol (Faraday constant), z = 1 (in the PBS solution, since NaCl is the dominant electrolyte),

Cion=0.137 M, and e;=1.6x10""° C. Using these parameter values, along with the experimentally
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determined value of C, I was able to determine the value of the ratio: H(A,)/H(Aion) (see the
expression for C in Section 2.3.1). Next, using: (i) Eq.(5), (ii) the hydrodynamic radii values of
Mannitol and Na®, that is, 4.44 and 2.2A, and (iii) the value of the ratio H(A,)/H(Aion), I was able
to numerically solve for the average pore radius, rpore. The average pore radius, rpore, was found to
be 33+5A, which I have taken as the radius of the skin aqueous pores. Note that H(A,) and
H(ion) are each less than 0.4, which is necessary for Eq.(5) to be valid (6, 7, 42). Having
determined the aqueous pore radius, rpere , the porosity-to-tortuosity ratio, €/, was determined
using Eq.(6), in which all the parameters, except for €/1, are known in advance (since AX=15um)
6, 7).

The porosity-to-tortuosity ratio, €/1, for p-FTS exposed to the PBS control aqueous
solution was determined using a calculation similar to the one for p-FTS exposed to the SDS
aqueous contacting solutions presented in this appendix. Finally, the porosity-to-tortuosity ratio,
¢/t, resulting from the exposure of p-FTS to the SDS aqueous contacting solutions was
normalized by the €/t value resulting from the exposure of p-FTS to the PBS control aqueous

solution. I calculated this normalized value, (€/T)normat » t0 be 7%1 (see Table 2-1).
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Chapter 3

3. Why is Sodium Cocoyl Isethionate (SCI) Mild
to the Skin Barrier? An In Vitro Investigation
Based on the Relative Sizes of the SCI Micelles

and the Skin Aqueous Pores

3.1. Introduction

Sodium Cocoyl Isethionate (SCI) is an important surfactant ingredient in personal
washing bars, and is known to be milder, or less irritating, to the skin than harsher skin agents,
such as other anionic surfactants like Sodium Dodecyl Sulfate (SDS) and soap (sodium salts of
fatty acids such as stearic and palmitic acids) (1-8). In vivo and in vitro studies have shown that
SCI does not significantly reduce the barrier properties of the skin (1-23, 39, 41). Several factors
have been proposed to explain the mildness of SCI relative to the harshness of other skin agents
used in skin cleansers, including: (i) a lower critical micelle concentration (CMC) value for SCI
resulting in a lower SCI monomer activity with the skin barrier (1-3, 15), (ii) reduced penetration
of SCI into the skin barrier (1-5), and (iii) decreased binding of SCI to proteins and lipids in the
stratum corneum (SC), which is the primary constituent of the skin barrier, resulting in a lower

skin irritation response (3-9).
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The interactions of SCI with the SC proteins have been studied extensively (1, 3, 15, 42).
These studies have shown that one of the factors responsible for skin mildness/harshness of a
surfactant solution is the charge density of the surfactant polar head group. For example, it has
been shown that SCI has a lower charge density than SDS, and therefore, binds less strongly to
the SC proteins (1, 42). The CMC of the SCI aqueous solution was considered as another
important factor. Specifically, Ananthapadmanabhan et al. (1) observed that SCI has a lower
CMC than SDS and binds to proteins in the SC only about one-fifth as much as SDS under
similar solution conditions and exposure times. The interaction of SCI with SC lipids has also
been investigated to shed light on the mechanisms of SCI-induced skin barrier perturbation.
Specifically, nonionic surfactants such as alkyl polyglucosides, which do not interact strongly
with SC proteins, have been shown to dissolve stearic acid and cholesterol to a much greater
extent than mild anionic surfactants like SCI (42). Because SCI does not selectively remove fatty
acids and cholesterol from the lipid bilayers in the SC, it does not induce significant biological
damage through the modification of lipid biosynthetic functions due to changes in the relative
levels of various lipids in the SC (17-20).

It is well-accepted that surfactants have to first penetrate into the skin barrier before they
can reduce the skin barrier properties. Therefore, if a formulator can minimize surfactant-skin
penetration, this should also minimize the ability of the surfactant to reduce the skin barrier
properties. Previous research has investigated the process of SDS skin penetration from an
aqueous contacting solution by itself (11), as well as when mixed with: (i) a polymer — Poly
Ethylene Oxide (PEO) (11), (ii) a nonionic surfactant — Dodecyl Hexa (Ethylene Oxide) C;;Es
(12), and (iii) a humectant — Glycerol (13). It is well-known that the SDS monomers self-

assemble in aqueous solution to form micelles at SDS concentrations which are greater than the
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CMC of SDS. Due to the hydrophilic nature of the resulting SDS micelles, they are expected to
penetrate into the SC through aqueous pores that exist in the SC (11, 13). These aqueous pores in
the SC are located in the lacunae and other aqueous regions surrounded by polar lipids in the
lipoidal mortar between the corneocyte bricks that comprise the brick-and-mortar structure of
“the SC (24, 25). It has been shown recently that the SDS micelles are smaller in radius than the
average radii of these aqueous pores, and therefore, contribute to SDS skin penetration and
induce skin barrier perturbation (11-13). Strong evidence that the SDS micelles do indeed
contribute to SDS skin penetration is also provided by the observed dose dependence of SDS
sk‘ir;‘ penetration and barrier perturbation, which was found to increase as the total SDS
concentration was increased beyond the CMC of SDS (8-13). In cases (i) and (ii) above, where
PEO and Cj,E¢ were added separately to aqueous SDS contacting solutions, the SDS micelle
radius increased relative to the aqueous pore radius, such that the larger SDS micelles became
sterically hindered from penetrating into the SC through the aqueous pores (11, 12). On the other
hand, in case (iii), when Glycerol was added to an aqueous SDS contacting solution, I found that
the average aqueous pore radius decreased relative to the SDS micelle radius, such that the SDS
micelles became sterically hindered from penetrating into the SC through the smaller aqueous
pores (13).

In this chapter, I hypothesize that the well-documented skin mildness of SCI is due to the
inability of the SCI micelles to contribute to skin penetration and induce skin barrier
perturbation. To test this hypothesis, I have determined the average radius and the porosity-to-
tortuosity ratio, of the aqueous pores in the SC when an aqueous solution of SCI contacts the
skin. To this end, I have conducted in vitro Mannitol skin permeability and skin electrical current

measurements in the context of a hindered-transport aqueous porous pathway model of the SC. I
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have also carried out dynamic light scattering (DLS) measurements to determine the radius of the
SCI micelles present in the aqueous solution contacting the skin. Such a combined in vitro
investigation can explain the well-documented in vivo and in vitro skin mildness of SCI (1-3, 42)
by showing that the radius of an SCI micelle is significantly larger than that of the skin aqueous
pores. As a result, SCI in micellar form is unable to penetrate into the SC through these aqueous
pores. Finally, I have also measured the penetration of SCI into the skin using in vitro '*C-
radiolabeled SCI skin radioactivity assays. Because only the SCI monomers can contribute to
SCI skin penetration, due to the inability of the SCI micelles to do so based on the size limitation
discussed above, I will show that the SCI skin penetration is dose independent, an important

finding which further validates this hypothesis.

3.2. Experimental

3.2.1. Materials

Sodium Cocoyl Isethionate (SCI) from BASF was provided to me by UNILEVER
(Edgewater, NJ). '“C-radiolabeled SCI and *H-radiolabeled Mannitol were purchased from
American Radiolabeled Chemicals (St. Louis, MO). Sodium Chloride (NaCl) was purchased
from Sigma Chemicals (St. Louis, MO). All these chemicals were used as received. Water was
filtered using a Millipore Academic water filter (Bedford, MA). Phosphate Buffered Saline
(PBS) was prepared using PBS tablets from Sigma Chemicals (St. Louis, MO) and Millipore
filtered water, such that a phosphate concentration of 0.01 M along with a NaCl concentration of

0.137 M were obtained at a pH of 7.2.
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3.2.2. Preparation of the Skin Samples

Female Yorkshire pigs (40-45kg) were purchased from local farms, and the skin (back)
was harvested within one hour after sacrificing the animal. The subcutaneous fat was trimmed
off using a razor blade, and the full-thickness pig skin was cut into small pieces (2cm x 2cm) and
stored in a —80 °C freezer for up to 2 months. The surfactant penetration experiments were

conducted using pig full-thickness skin, referred to hereafter as p-FTS.

3.2.3. In Vitro Transdermal Permeability Measurements

Vertical Franz diffusion cells (Permegear Inc., Riegelsville, PA) were utilized in the in
vitro transdgrmal permeability measurements (11, 12, 31). Prior to each experiment, a p-FTS
sample was mounted in the diffusion cell with the SC facing the donor compartment. Both the
donor and the receiver compartments were filled with PBS, and the p-FTS sample was left to
hydrate for 1 hour before the beginning of the experiment to allow the skin initial barrier
property to reach steady state. At this point, the skin electrical current across the p-FTS sample
was measured, and only p-FTS samples with an initial skin current <3 pA were utilized in the
permeation studies (11, 12, 28, 31). The PBS in the donor compartment was then replaced with
1.5 ml of an SCI aqueous solution. The diffusion cell was then transferred to a temperature-
controlled oven, with the temperature set at 35°C to prevent SCI precipitation from the
contacting solution in the donor compartment of the diffusion cell (42). The donor compartment
of the diffusion cell was covered by para-film to prevent water evaporation at this temperature.
The SCI aqueous contacting solution in the donor compartment contacted the p-FTS sample for 5
hours (11, 12). Subsequently, the contacting solution was removed and the donor compartment

along with the p-FTS sample were rinsed 4 times with 2 ml of PBS to remove any trace chemical
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left on the skin surface and in the donor compartment. The receiver compartment was stirred
with a magnetic stirrer at a speed of 400 rpm throughout the experiment to eliminate permeant
bulk concentration gradients.

Following the SCI aqueous contacting solution treatments of the skin, the p-FTS samples
in the diffusion cells were exposed to a contacting solution of *H-radiolabeled Mannitol in PBS
(1-10 pCi/ml) for 24 hours (24, 27, 31). Throughout these experiments, solution samples were
withdrawn from both the receiver (r) and the donor (d) compartments every two hours, and the
concentrations of the permeant (Mannitol) in the two compartments (C; and C,, respectivély)
were measured using a liquid scintillation counter (Packard, Sheldon, CT). When the transport of
Mannitol attained steady state, the Mannitol skin permeability, P, was calculated as follows (24,

27, 31):

1 (d(C, v, )J .

Tuc, a

where V, is the volume of the receiver compartment, A4 is the area of the SC exposed to the

Mannitol solution in the donor compartment, and ¢ is the exposure time.

3.24.In Vitro Skin Electrical Current and Skin Electrical Resistivity
Measurements

During each skin permeation experiment, two Ag/AgCl electrodes (E242, In Vivo
Metrics, Healdsburg, CA) were placed in the donor and in the receiver compartments to measure
the electrical current and the electrical resistivity across the p-FTS sample (31). A 100 mV AC
voltage (RMS) at 10 Hz was generated by a signal generator (Hewlett-Packard, Atlanta, GA),
and was applied across the two electrodes for 5 s. The electrical current across the skin was

measured using an Ammeter (Hewlett-Packard, Atlanta, GA). This ammeter was used to
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‘measure low AC currents and was accurate in the 0.1 pA range. The electrical resistance of the
p-FTS sample was then calculated from Ohm's law (31). Because the measured skin electrical
resistance is the sum of the actual skin electrical resistance and the background PBS electrical
resistance, the latter was subtracted from the measured skin electrical resistance to obtain the
actual skin electrical resistance. The skin electrical resistivity was then obtained by multiplying
the actual skin electrical resistance by the skin area (A=1.77 cm?). Additional details about this
procedure are provided in (13). Skin electrical current and resistivity measurements were carried
out before and during the permeation experiments at each predetermined sampling point. For
each p-FTS sample, an average skin electrical resistivity was determined over the same time
period for which the steady-state skin permeability, P, was calculated using Eq.(1). This average
skin electrical resistivity, R, was then analyzed along with the corresponding skin permeability,

P, in the context of the hindered-transport aqueous porous pathway model of the SC (26, 27, 31).

3.2.5. In Vitro Skin Radioactivity Measurements

The p-FTS samples were mounted in vertical Franz diffusion cells, as was done in the
case of the skin transdermal permeability measurements described above. Following a similar
protocol, p-FTS samples were now exposed to aqueous contacting solutions containing 1.5 ml of
SCI (see Chapter 2). Each of these contacting solutions also contained about 1 pCi/ml of Hc.
SCI. Diffusion of SCI into the skin took place for 5 hours, as before, and subsequently, the
concentration of SCI in the skin barrier was determined using a previously published skin

radioactivity assay protocol (11-13).
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3.2.6. Dynamic Light Scattering Measurements

The aqueous SCI solutions were prepared in Millipore filtered water with 100 mM of
added NaCl. Note that 100 mM NaCl was added to screen potential electrostatic repulsions
between the negatively-charged SCI micelles while performing the Dynamic Light Scattering
(DLS) measurements (11, 13, 35-37). After mixing, the solutions were filtered through a 0.02
pm Anotop 10 syringe filter (Whatman International, Maidstone, England) directly into a
cylindrical-scattering cell to remove any dust from the solution, and then sealed until use.
Dynamic Light Scattering was performed at 35°C and a 90° scattering angle on a Brookhaven
BI-200SM system (Brookhaven, Holtsville, NY) using a 2017 Stabilite argon-ion laser (Spectra
Physics) at 513.5 nm. The autocorrelation function was analyzed using the CONTIN program
provided by the BIC Dynamic Light Scattering software (Brookhaven, Holtsville, NY), which

determines the effective hydrodynamic radius, Ry, of the scattering entities using the Stokes-

Einstein relation (35):

R, = fol
6znD

2

where kg is the Boltzmann constant, T is the absolute temperature, n is the viscosity of the
aqueous salt solution, and D is the mean diffusion coefficient of the scattering entities. For

simplicity, we refer to ﬁh as the micelle radius. Additional details can be found in references

(11-13).
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3.3. Theoretical

3.3.1. Determination of the Average Radius and the Porosity-to-Tortuosity
Ratio of the Skin Aqueous Pores in Skin Exposed to the Aqueous SCI
Contacting Solutions

Tang et al. (31) developed a hindered-transport aqueous porous pathway model of the SC
that can be used to determine the average radius and the porosity-to-tortuosity ratio of the
aqueous pores in the SC following exposure of the skin to aqueous solutions containing chemical
enhancers, such as surfactants, or following exposure of the skin to physical enhancers, such as
ultrasound. I have recently utilized this model to determine the average radius and the porosity-
to-tortuosity ratio of the aqueous pores in skin (p-FTS) that was contacted by an aqueous
solution of SDS (see Chapter 2 and (13)). Similarly, I have utilized this model here to determine
the average radius and the porosity-to-tortuosity ratio of the aqueous pores in skin (p-FTS) that
was contacted by an aqueous solution of SCI. A comparison of the values of the average radii
and the porosity-to-tortuosity ratio resulting from skin exposure to: (i) the SCI contacting
solution (referred to hereafter as solution (a)), (ii) the SDS contacting solution (referred to
hereafter as solution (b)), and (iii) the PBS control (referred to hereafter as solution (c)) is
presented in Table 3-1. Note that the average radii and the porosity-to-tortuosity ratio
corresponding to solutions (b) and (c) are reproduced from reference (13) (also see Chapter 2). In
ref. (13), I discussed in detail the application of the hindered-transport aqueous porous pathway
model to determine the average radius and the porosity-to-tortuosity ratio of the aqueous pores
upon skin exposure to surfactant aqueous contacting solutions. With this in mind, here, I will

only summarize briefly the main assumptions and key equations of this model.
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The fundamental underlying assumption of the porous pathway model is that hydrophilic
permeants, such as Mannitol, as well as current-carrying ions, traverse the SC through the same
tortuous, cylindrical aqueous pores. Other model assumptions include: (i) the permeants/ions
behave as hard spheres that experience solely steric, hard-sphere particle (permeant or ion)-pore
wall interactions, and (ii) the anions and the cations in the electrolyte solution have the same
valence, z, and similar diffusion coefficients. Although the ions (and the permeant molecules) in
the contacting solutions may be charged, Tang et al. showed that assumption (i) is valid provided
that the Debye-Hiickel screening length — the length scale associated with the screening of
electrostatic interactions between the ions (or between the charged permeants) and the
negatively-charged skin aqueous pore walls — is much smaller than the average skin aqueous
pore radius, Ipoe (31). Tang et al. also showed that for the PBS control contacting solution
containing Na* and CI ions, and also for the Mannitol aqueous contacting solution, the Debye-
Hiickel screening length < 7 A, which is much smaller than the typical average skin aqueous
pore radii (approximately 15-25 A) (31). Furthermore, because the Na' and the CI ions are the
two dominant current-carrying ions in the PBS electrolyte solution, which have the same valence
and similar diffusion coefficients, assumption (ii) is also satisfied. When assumptions (i) and (ii)
are satisfied, the hindered-transport aqueous porous pathway model indicates the existence of a
linear-log relationship between the Mannitol skin permeability, P, and the average skin electrical
resistivity, R. Specifically, within statistical error, the following relation holds (31):

logP=1log C - logR (3)

where C = [kBT/2ZZFCioneo]*[D: H(A,)! D;, H(Zin)] is a constant that depends on the average

ion

skin aqueous pore radius, Ipor, through H(Ap) and H(Aien), as follows (24, 27, 31):
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H(.,) = 0;(1-2.1044, +2.089)3 ~0.948)3 ), for A<0.4 @)

where i = p (permeant, in our case, Mannitol) or ion, r; is the radius of solute i, A; = ri/Tpore , H(A)
is the hindrance factor for permeant or ion transport, and ¢; (the partition coefficient of solute i) =

(l-ki)z. The quantities, D, and D?

~ , appearing in C refer to the permeant and to the ion infinite-
dilution diffusion coefficients, respectively (note that these quantities correspond typically to the
bulk diffusion coefficients of the permeant and the ion in the dilute donor contacting solutions
used in the in vitro transdermal permeability and electrical resistivity measurements). In addition,
in C, kp is the Boltzmann constant (1.38x1072 J/K), T is the absolute temperature (298 K), F is
the Faraday constant (9.6485x10* C/mol), cion is 0.137 M, and ey is 1.6x10"° C.

According to the hindered-transport theory (26), one can express the permeability, P, of a

hydrophilic permeant, such as, Mannitol, through the skin aqueous pores as follows:

N (2 )z H(a,)

T

AX &)
where ¢ is the porosity, which is the fraction of the skin area occupied by the aqueous pores,
ris the tortuosity, which is the ratio of the permeant diffusion path length within the skin barrier
(the SC) to the thickness of the skin barrier (the SC), AX. Therefore, using Egs.(3)-(5), once P
and R are determined experimentally upon exposure of p-FTS to contacting aqueous solutions of
SCI, one can also determine the average skin aqueous pore radius, Ipore, and the ratio of porosity-
to-tortuosity, defined as €/, if all the other parameters, such as AX, are known (see ref. (13) for
an illustration of how to deduce rpore and €/t when p-FTS is contacted with an aqueous SDS

solution). The porosity-to-tortuosity ratio, &/t, can be related to the pore number density, which

corresponds to the number of tortuous aqueous pores per unit cross-sectional area of the SC (see
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Chapter 4). In the context of the hindered-transport aqueous porous pathway model of the SC, an
increase in the porosity, €, and/or a decrease in the tortuosity, t, which results in an increase in
the porosity-to-tortuosity ratio, €/t, of the aqueous pores can be interpreted as indicating an

increase in the pore number density of the SC (see Chapters 2 and 4, and (13, 24, 27, 31)).

3.4. Results and Discussion

3.4.1. Determination of the Average Radius and the Porosity-to-Tortuosity

Ratio of the Skin Aqueous Pores

I quantified the extent of skin barrier perturbation using the skin average aqueous pore
radius and the porosity-to-tortuosity ratio as quantitative descriptors of the morphological
changes in the SC that occur upon skin exposure to aqueous SCI contacting solutions (0.2-200
mM).'® Specifically, the average radius and the porosity-to-tortuosity ratio of the skin aqueous
pores were determined using the hindered-transport model of the skin aqueous porous pathways,
along with the in vitro Mannitol transdermal permeability and the average skin electrical
resistivity measurements. To gain additional insight, I have also compared the results
corresponding to the aqueous SCI contacting solution (solution (a)) with those corresponding to
the aqueous SDS contacting solution (solution (b)) and to the PBS control (solution (c)) [see
Table 3-1] (13).

The results of the skin electrical current and the Mannitol transdermal permeability
measurements are shown in Figures 3-1 and 3-2, respectively. Note that a large (or small) skin
electrical current or transdermal permeability, which results from a high (or low) transfer rate of

permeant molecules (Mannitol in our case) or of ions, respectively, across the skin, is indicative

19 Note that for SCI, 1 mM=0.03 wt%.
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of a large (or small) extent of skin barrier perturbation in vitro (3, 13, 27-33). In Figures 3-1 and
3-2, one can clearly see that the values of the skin electrical current and of the Mannitol
transdermal permeability both increase sharply as the SCI concentration increases from 0.2 to 1
mM (the CMC of SCI), but do not continue to increase significantly with an increase in the SCI
concentration in the contacting solution beyond the CMC (1 mM). According to the monomer
penetration model (MPM) adopted by many researchers in the past (1-15), only the surfactant
monomers are able to penetrate into the skin barrier and induce skin barrier perturbation, while
the micelles, due to their larger size relative to that of the monomers, are not able to do so.
Hgnce, according to the MPM, the skin barrier perturbation induced by a surfactant contacting
solution should not increase significantly upon increasing the total surfactant concentration
‘beyond the CMC. Therefore, these in vitro measurements clearly show that the skin barrier

perturbation induced by SCI is dose independent and follows the MPM.
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Figure 3-1. Skin electrical currents induced in vitro by SCI aqueous contacting solutions (0.2 to
200 mM). The dashed line passing above the filled bars is drawn as a guide to the eye. There is a
sharp increase in the skin electrical current upon an increase in the SCI concentration from 0.2 to
1.0 mM (the CMC of SCI). However, an additional increase in the SCI concentration beyond the
CMC of 1.0 mM does not result in an increase in the in vitro skin electrical current. The error

bars represent standard errors based on 6 p-FTS samples.
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"Figure 3-2. Mannitol skin permeability induced in vitro by SCI aqueous contacting solutions
(triangles). The dotted vertical line at an SCI concentration of 1.0 mM denotes the CMC of SCI.
 The dashed line passing close to the triangles is drawn as a guide to the eye. There is a sharp
increase in the Mannitol skin permeability upon an increase in the SCI concentration from 0.2 to
1.0 mM. However, an additional increase in the SCI concentration beyond the CMC of 1.0 mM
does not result in an increase in the Mannitol skin permeability. The error bars represent standard

errors based on 6 p-FTS samples.
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In Figure 3-3, 1 have plotted the experimental correlation between the Mannitol
transdermal permeability, P (cm/h), and the average skin electrical resistivity, R (kohm-cm?),
over the same exposure time, exhibited by p-FTS samples exposed to the aqueous SCI contacting
solutions (0.2-200 mM). Each triangle represents a log P value of one p-FTS sample at steady
state and the corresponding log R value (the log of the average skin electrical resistivity value).
The slope of the best-fit curve resulting from a linear regression (R?=0.91) is not statistically
different from the theoretically predicted slope value of -1, thereby indicating the validity of
utilizing the hindered-transport aqueous porous pathway model in the SCI case (13, 27, 31). The
average aqueous pore radius, Ipoe, Was determined from the intercept value of the dashed line
with the log P axis (see Figure 3-3) (13, 27, 31). Having determined 1y, the porosity-to-
tortuosity ratio was determined using Eq.(5), in which all the parameters, except e/t, the
porosity-to-tortuosity ratio, are known [recall that AX=15um] (13, 31). Using the model
described above, I found that the average pore radius does not depend on the SC thickness, AX,
while the porosity-to-tortuosity ratio is directly proportional to AX. The porosity-to-tortuosity
ratio, €/t, resulting from exposure of the p-FTS samples to aqueous SCI contacting solutions
were normalized by the g/t value resulting from exposure of the p-FTS samples to the PBS
control solution, which served as the baseline, and have been denoted as (€/T)noma. Note that the
Ipore and the €/t values for the aqueous SDS contacting solution (1-200 mM) (solution (b)) and

for the PBS control solution (solution (c)) are reproduced from reference (13) (also see Chapter

2).
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Figure 3-3. Experimental correlation between the Mannitol skin permeability, P (cm/h), and the

average skin electrical resistivity, R (kohm-cm?), exhibited by p-FTS samples exposed to

aqueous contacting solutions of SCI (0.2-200 mM), the triangles. Each data point corresponds to

a log P value of one p-FTS sample at steady state and the associated log R, the log of the average

skin electrical resistivity value over the same time period. The slope of the best-fit curve

resulting from a linear regression is -0.98+0.06 with R>=0.91, shown as the dashed line. Note

that the slope value is not statistically different from the theoretically predicted value of -1.
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The deduced values of tpore and (€/T)nomar corresponding to solutions (a)-(c) above are
reported in Table 3-1. Specifically, the deduced average aqueous pore radius, Ipoe »
corresponding to solution (a) is 29#54, which is smaller than the deduced Ipore Vvalue
corresponding to solution (b) (33£54). The normalized porosity-to-tortuosity ratio, (€/T)normai »
corresponding to solution (a), 2#/, is less than half that corresponding to solution (b), 74#I.
Therefore, not only does the mild SCI surfactant induce smaller aqueous pores, but it also results

in a lower porosity-to-tortuosity ratio of these aqueous pores when compared to the harsh SDS

surfactant.
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Table 3-1. Skin aqueous pore characteristics resulting from skin exposure to: (i) the SCI aqueous
contécting solution considered here (solution (a)), and (ii) the SDS aqueous contacting solution
‘(solution (b)), and the PBS control aqueous contacting solution (solution (c)), along with the
corresponding surfactant solution characteristics, including the micelle radii and the CMCs. Note
that the results for solutions (a) and (b) are reproduced from reference (13). The hindered-
transport aqueous porous pathway model was used, along with the in vitro Mannitol transdermal
permeability and average skin electrical resistivity measurements, to determine the average pore
'radius, Ipore » and the porosity-to-tortuosity ratio, /7, resulting from skin exposure to solutions
(a), (b), and (c). Note that I have reported €/t values resulting from the exposure of p-FTS to
contacting solutions (a)-(c) normalized by the €/1 value resulting from the exposure of p-FTS to
contacting solution (c), which I have denoted as (&/T)norma. The SCI micelle radius was

determined using dynamic light scattering (DLS) measurements at 35°C. The CMC of SCI at

35°C was provided by the BASF Company.

Type of Aqueous | Average Aqueous Norme?llzed Micelle Critical Micelle
X . Porosity-to- . .
Contacting Pore Radius, Tortuosity Ratio Radius, Concentration,
Solution Foore (A) ’ (A) CMC (mM)
(e T)norma.L
(a) SCI 29+5 2+1 33.5 +1 1.0
(b) SDS 3315 7+1 19.5 +1 8.7
(c) PBS Control 2043 1 N/A N/A
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3.4.2. Determination of the SCI Micelle Size Using Dynamic Light Scattering

(DLS)

Using DLS, I determined the size (radius) of the SCI micelles in aqueous solutions, as
shown in Figure 3-4 (for details, see references (11-13)). The SCI micelle radius was determined
by extrapolation to a zero SCI micelle concentration. Using a linear regression analysis, we

found that the SCI micelle radius is 33.5+14.
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Figure 3-4. Measured radii of the SCI micelles in aqueous solutions (triangles) plotted versus the
SCI concentration minus the CMC, corresponding to the concentration of the SCI micelles, using
DLS measurements at 35°C. The SCI micelle radii were determined using a CONTIN analysis.

The error bars represent standard errors based on 6 samples at each SCI concentration.
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3.4.3. Plausible Explanation for the Skin Mildness of SCI

SCI is a mild skin agent that is not known to significantly induce skin barrier perturbation
in vivo. In order to provide a plausible explanation for the observed skin mildness of SCI, it will
be- instructive to examine the micelle size and the CMC of SCI, along with the SCl-induced
average skin aqueous pore radius and the porosity-to-tortuosity ratio. As discussed above, the
average aqueous pore radius, Ipore , induced by an aqueous SCI contacting solution is 29454,
while the radius of the SCI micelle is 33.5+#14 (see Table 3-1). Therefore, the larger SCI micelle
experiences significant steric hindrance in penetrating through aqueous pores that have, on
average, a smaller radius.'' On the other hand, a SDS micelle having a radius of 79.5+14
experiences no steric hindrance in penetrating through aqueous pores in the SC that have an
average pore radius of 33254 (see Table 3-1 and reference (13)). In addition, the normalized
porosity-to-tortuosity ratio, (€/T)normal » corresponding to the aqueous SCI contacting solution
241, is less than half that corresponding to the SDS aqueous contacting solution, 7#1.

With the above findings in mind, my explanation for the observed dose independence of
SCI skin penetration and associated skin barrier perturbation is based on a comparison of the
radius of a SCI micelle with the average radius of the skin aqueous pores induced by the aqueous
SCI contacting solutions. Specifically, the SCI micelle radius is larger than the average aqueous
pore radius, and therefore, the SCI micelles are sterically hindered from penetrating into the SC

through these skin aqueous pores.

' In fact, the skin aqueous pores have a distribution of pore radii (13, 41). The average pore radius is the mean of
this distribution of pore radii. In Chapter 6, the size distribution of skin aqueous pores upon exposure to SDS (1
wt%) and to SDS (1 wt%) + Glycerol (10 wt%) have been modeled using single-parameter exponential and
truncated normal distribution functions.
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As a result, SCI in micellar form does not contribute to skin penetration and associated
skin barrier perturbation.'? Note that in providing this plausible explanation regarding the skin
mildness of SCI, I have implicitly assumed that a surfactant monomer, or a micelle, has to first
penetrate into the skin barrier in order to induce skin barrier perturbation, an assumption which
has been validated by in vivo studies (1-10, 14-16). Because the concentration of the SCI
monomers is approximately constant above the CMC (1 mM) while that of the SCI micelles
increases, a natural manifestation of our explanation of the skin mildness of SCI should be a dose
independence of the SCI skin penetration (see Section 3.4.4), which should reflect primarily the
penetration of SCI in monomeric form, rather than in micellar form, into the skin barrier. I have
determined that the SCI skin penetration is indeed dose independent through a 1C-radiolabeled

SCI skin assay, and discuss this important finding in the Section 3.4.4.

3.4.4. Verification of the Explanation for the Skin Mildness of SCI Using the
SCI Skin Radioactivity Assay

I developed the skin radioactivity assay discussed in Section 3.2.5 to directly quantify the
amount of 'C-SCI that can penetrate into the skin barrier from an SCI aqueous contacting
solution. Use of this assay allows one to directly measure the contribution of the SCI micelles to
SCI skin penetration. The concentrations of SCI in the skin barrier (in wt%) resulting from the
exposure of p-FTS to aqueous contacting solutions of SCI (0.2-200 mM) correspond to the

triangles in Figure 3-5. In Figure 3-3, one can clearly see that the SCI concentration in the skin

2 The CMC of SCI is 1 mM which is much lower than the CMC of SDS (8.7 mM), which is a well-known harsh
skin agent. Therefore, at a surfactant concentration above the CMC, SCI has a much smaller concentration of
monomers that come in contact with the skin than SDS. Hence, not only does SCI form larger micelles (relative to
SDS) that cannot penetrate into the SC, but it also has a lower concentration of monomers contacting the skin
(relative to SDS) that can penetrate into the SC and induce skin barrier perturbation.
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SCI Concentration in the Skin Barrier (wt%)

barrier increases significantly as the SCI concentration in the aqueous contacting solution is

increased from 0.2 mM to about 5 mM, which is close to the CMC of SCI (1 mM).
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Figure 3-5. Skin penetration of SCI in vitro induced by aqueous contacting solutions of SCI
(triangles). The dotted vertical line at an SCI concentration of 1.0 mM denotes the CMC of SCL

The error bars represent standard errors based on 6 p-FTS samples.
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However, upon increasing the total SCI concentration in the contacting solution to higher
values, 50-200 mM, the concentration of SCI in the skin barrier does not increase significantly. I
quantified the relative contributions of the SCI monomers and the SCI micelles to SCI skin
penetration by using a multiple linear regression (MLR) analysis of the experimental data
presented in Figure 3-5. The following relation is applicable and forms the basis of the MLR
analysis (please see reference (11) for additional details):

Con=0-C,.,+5-C,. 6)

skin
where Cg, is the concentration of SCI in the skin barrier (mmol/g), Cy,n is the concentration of
the SCI monomers in the aqueous contacting solution, and C,,;. is the concentration of the SCI
micelles in the aqueous contacting solution. The value of Cp,, was set to 1 mM (the CMC of
SCI) while the value of C,,;. was obtained using a mass balance (Csc; ot — Cmon), Where Cscytoral
is the total concentration of SCI in the aqueous contacting solution . The regression coefficients,
a and B, in Eq.(6), which quantify the contributions of a SCI monomer and a SCI micelle,
respectively, to SCI skin penetration, were determined using the MLR analysis. Specifically, 1
found that: o= 1.6x102+8.4x10™* and f=6.8x10°+9.8x10° (R?>=0.93). Since « is more than
two orders-of-magnitude larger than S (a/=238), this result clearly demonstrates that a SCI
monomer, when compared to a SCI micelle, is the predominant species contributing to SCI skin
penetration. This, in turn, results in the observed dose independence of SCI skin penetration.
Interestingly, a similar MLR analysis performed by Moore et al. (11) for SDS skin penetration
showed that the value of the SDS monomer-to-micelle contribution ratio, our &/, is 3.25, which
is much smaller than the SCI monomer-to-micelle contribution ratio of 238. Therefore, this

quantitative comparison indicates that unlike a SDS micelle, a SCI micelle does not penetrate

I conduct a similar analysis in Chapter 6 and find that the value of /3 for SDS skin penetration is 4.163, which is
close to 3.25 determined by Moore et al. (11).
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sigﬁiﬁcantly into the skin, and hence, leads to a dose independent skin penetration in the SCI
case. The amount of SCI that penetrates into the skin barrier in vitro from aqueoﬁs contacting
solutions was found to be approximately ten-fold lower than that of SDS (11, 13), which
provides further evidence that the SCI micelles, unlike the SDS micelles (11, 13), do not
contribute significantly to skin penetration.

In summary, the results in Figure 3-5, as well as the MLR analysis, clearly show that SCI
in micellar form does not contribute significantly to SCI skin penetration, which in turn, leads to
the observed dose independence of SCI skin penetration. This observation is consistent with my
explanation of the skin mildness of SCI proposed above.'* The SCI skin radioactivity results
reported here are also consistent with recent studies (1, 42). For example, Ananthapadmanabhan
et al. found that SCI binds to human SC to a lower extent than SDS, and also that SCI binding,

unlike SDS binding, does not increase above the CMC of SCI (1).

3.5. Conclusions

Using Mannitol transdermal permeability and skin electrical resistivity measurements in
the context of a hindered-transport aqueous porous pathway model of the SC, I determined that
the average aqueous pore radius resulting from skin exposure to an aqueous SCI contacting
solution is 29#54. Using dynamic light scattering measurements, I found that the SCI micelle
radius is 33#/4. These results provide a plausible explanation for the well-documented skin

mildness of SCI. Indeed, since the SCI micelles are larger in size than the average skin aqueous

' In fact, Moore et al. have shown that micelle kinetics as well as micelle disintegration upon impinging on the SC
and subsequent absorption by the SC do not affect surfactant-skin penetration (11).
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pores, they are sterically hindered from penetrating into the SC through the smaller skin aqueous
pores.

A natural manifestation of my explanation for the skin mildness of SCI is that the SCI
skin penetration should also be dose independent. Using '*C-radiolabeled SCI and in vitro skin
radioactivity measurements, I demonstrated that SCI penetrates into the SC in a dose
independent manner. Furthermore, through in vitro skin electrical current and Mannitol
transdermal permeability measurements, I demonstrated that SCI induces skin barrier
perturbation in a dose independent manner. On the other hand, I have observed in previous
studies that the harsh skin agent SDS, which is also an anionic surfactant like SCI, penetrates
into the SC and induces skin barrier perturbation in a dose dependent manner because the SDS
micelle, being smaller in size than the average skin aqueous pores, can penetrate into the SC
through these pores (11, 13). Furthermore, the amount of SCI that penetrates into the skin barrier
in vitro from an aqueous contacting solution was found to be significantly lower than that of SDS
(11, 13), which may be related to earlier in vitro and in vivo observations that SCI is mild, while
SDS is harsh, to the skin barrier (1, 10-17, 23, 42). Finally, an aqueous SCI contacting solution
results in a 60% lower porosity-to-tortuosity ratio in vitro than an aqueous SDS contacting
solution, which is also consistent with the fact that SCI is known to be mild to the skin barrier
and is also known to induce low skin barrier perturbation in vivo.

In the next chapter, Chapter 4, I develop an in vitro ranking metric capable of ranking
aqueous surfactant/humectant systems based on their perturbation of the skin aqueous pores, and

validate the results through in vivo skin barrier measurements.
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Chapter 4

4. Ranking of Aqueous Surfactant-Humectant
Systems Based on an Analysis of In Vitro and
In Vivo Skin Barrier  Perturbation

Measurements

4.1. Introduction

In Chapters 2 and 3, macroscopic in vitro skin barrier measurements, including average
skin electrical resistivity (R) and Mannitol skin (transdermal) permeability (P), were used in the
context of a hindered-transport theory, to calculate the average pore radius (7o) and the
porosity-to-tortuosity ratio (£/7) of the skin aqueous pores (1-6). Specifically, it was possible to
quantify the extent of in vitro skin barrier perturbation that an aqueous surfactant/humectant
system induces by examining the modifications of 7,,. and &7 relative to an in vitro PBS
(Phosphate Buffered Saline) control. The harsh surfactant Sodium Dodecyl Sulfate (SDS) was
shown to induce significant skin barrier perturbation in vitro relative to the PBS control, while
the humectant Glycerol was shown to preserve the skin barrier in vitro and to mitigate skin
barrier perturbation (see Chapter 2 and (7-11, 16-19, 25-30)). It is of practical value to be able to

extend these findings to other aqueous surfactant/humectant systems. For example, if a
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correlation is observed between the extent of skin barrier perturbation in vivo and the
modification to the skin aqueous pores that an aqueous surfactant/humectant system induces in
vitro relative to a control, then this would allow one to rank these chemicals based on their

ability to perturb the skin aqueous pores in vitro.

With the above in mind, a ranking metric that combines the characteristics of the skin
aqueous pores will be developed (see Section 4.2.6), which can potentially: (i) redupe, or
eliminate altogether, several costly and time-consuming operations, such as, human and animal
testing and trial-and-error screening, and (ii) simultaneously screen and rank many surfactants
and humectants for use in skin-care formulations, thereby significantly speeding up the effort and
time required to bring new skin-care formulations to the market. In addition, a suitable ranking
metric that uses the skin electrical currents induced in vitro relative to an in vitro PBS control
can be combined with corresponding Mannitol skin permeability measurements, in the context of
a hindered-transport aqueous porous pathway model. Specifically, the hindered-transport model
will allow for the quantification of the modifications of: (i) the average pore radius, and (ii) the
pore number density, induced by aqueous surfactant/humectant systems relative to the in vitro
PBS control, thereby shedding light on the mechanism of in vitro skin barrier perturbation
induced by the aqueous surfactant/humectant system considered (see Section 4.2.6). Knowledge
of the mechanism of in vitro skin barrier perturbation induced by aqueous surfactant/humectant
systems can be valuable in designing skin-care formulations containing these chemicals that are
mild to the skin and that minimize, or eliminate altogether, skin barrier perturbation (17-19, 23,

24, 28, 32).

This chapter is devoted to the development of an in vitro ranking metric, using skin

electrical current measurements relative to an in vitro PBS control, that is capable of ranking
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aqueous surfactant/humectant systems based on their ability to perturb the skin aqueous pores in
vitro. In addition, Mannitol skin permeability measurements were conducted that allowed: (i)
further in vitro validation of the conclusions reached from the ranking metric study, and (ii)
combination, with the skin electrical current measurements conducted as part of the ranking
study, in the context of the hindered-transport aqueous porous pathway model, to determine the
average pore radius and the pore number density values induced by the aqueous
éurfactant/humectant systems in vitro. For this purpose, the anionic surfactant SDS and the
nonionic surfactant Ci;E¢ (Dodecyl Hexa (Ethylene Oxide)), and the humectants, Propylene
Glycol (PG) and Glycerol (G), were selected (see Section 4.2). The enhancements in the average
pére radii and pore number densities induced by these two surfactants and two humectants
relative to the in vitro PBS control were analyzed to gain mechanistic insight into their skin

barrier perturbation/mitigation characteristics.

SDS is known to induce skin erythema (8-11, 17), while C3E¢ is known to induce skin
dryness when exposed to human skin in vivo (16, 18 19). On the other hand, PG and G are both
humectants which are known to preserve the skin barrier, and to maintain the water content of
the skin when applied to human skin in vivo (27-31). The in vitro ranking of the two surfactants
and the two humectants relative to the in vitro PBS control was compared with various in vivo
skin barrier measurements (see below), and the correlation between the in vitro ranking metric
analysis and the in vivo skin barrier measurements was investigated (see Sections 4.4.2 and

4.4.3).
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The well-accepted in vivo soap chamber test ° was utilized to carry out the following
measurements: (1) Transepidermal water loss (TEWL) to determine the moisture vapor flux over
the skin as measured by an evaporimeter, which serves as an excellent quantitative indicator of
skin barrier perturbation in vivo (see Section 4.3.1), (2) Visual skin dryness scores determined by
an expert grader to clinically assess the extent of skin dryness (see Section 4.3.2), and (3) Skin
erythema (redness) determined by the colorimetry scale of a chromameter to assess the extent of
clinical irritation symptom (see Section 4.3.3). The results of these measurements are
summarized, and compared with the in vitro measurements, in Section 4.4.3. In Section 4.4.4, the
results of a comparative study between the in vitro skin barrier mitigation characteristics induced
upon adding 10 wt% Glycerol to SDS aqueous contacting solutions, reported in Chapter 2, and
the in vivo measurements conducted upon adding 10 wt% Glycerol to a 1 wt% SDS aqueous
contacting solution are presented. Finally, the main conclusions of the studies reported in this

chapter are presented Section 4.5.

4.2. In Vitro Skin Barrier Studies

4.2.1. Materials

Sodium Dodecyl Sulfate (SDS) was purchased from Sigma Chemicals (St. Louis, MO).
Analytical-grade Glycerol (G) and Propylene Glycol (PG) were purchased from VWR
Chemicals (Cambridge, MA). H-radiolabeled Mannitol was purchased from American
Radiolabeled Chemicals (St. Louis, MO). Dodecyl Hexa (Ethylene Oxide), C,Eq, was purchased

from Nikko Chemicals (Tokyo, Japan). All these chemicals were used as received. Water was

' The in vivo soap chamber test was conducted by CyberDERM Clinical Studies in Broomall, PA, in collaboration
with Neutrogena Corporation, Los Angeles, CA, using a well-accepted and previously published protocol (12, 13,
20-23). See Section 4.3 for additional details.
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filtered using a Millipore Academic water filter (Bedford, MA). Phosphate buffered saline (PBS)
was prepared using PBS tablets from Sigma Chemicals (St. Louis, MO) and Millipore filtered
water, such that a phosphate concentration of 0.01 M along with a NaCl concentration of 0.137

M were obtained at a pH of 7.2.

4.2.2. Preparation of the Solutions

For the in vitro skin barrier studies, the following aqueous solutions were prepared: (i) an
anionic surfactant solution — SDS (1 wt%), (ii) a nonionic surfactant solution — C;3E¢ (1 wt%),
(iii) a control solution — Phosphate Buffered Saline (PBS), (iv) a humectant solution — Propylene

Glycol (PG) (10 wt%), and (v) a humectant solution — Glycerol (G) (10 wt%).

4.2.3. Preparation of the Skin Samples

Female Yorkshire pigs (40-45kg) were purchased from local farms, and the skin (back)
was harvested within one hour after sacrificing the animal. The subcutaneous fat was trimmed
off using a razor blade, and the full-thickness pig skin was cut into small pieces (2cm x 2cm) and
stored in a —80 °C freezer for up to 2 months. The in vitro experiments involve contacting pig
full-thickness skin (p-FTS) with aqueous surfactant-humectant and PBS control solutions (i)-(v)

(see Section 4.2.2).

4.2.4. Mannitol Transdermal Permeability Measurements

Vertical Franz diffusion cells (Permegear Inc., Riegelsville, PA) were used for the
Mannitol skin permeability measurements (see Chapter 2). All the experiments were performed
at room temperature (25°C). The p-FTS samples were mounted in the diffusion cells with the SC

facing the donor compartments. Both the donor and the receiver compartments were filled with
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PBS, and the p-FTS samples were left to hydrate for 1 hour before the beginning of the
experiment to allow the skin initial barrier property to reach steady state (see Chapter 2). At this
point, the skin electrical current across the p-FTS sample was measured, and only p-FTS samples
with an initial skin current < 3 pA were utilized in the Mannitol skin permeability studies (see
Chapter 2). PBS in the donor compartments was then replaced separately with 1.5 ml of aqueous
contacting solutions (i)-(v) (see Section 4.2.2), and left in contact with the SC of the p-FTS
samples for 5 hours (see Chapter 2). Subsequently, aqueous contacting solutions (i)-(v) were
removed and the donor compartments along with the p-FTS samples were rinsed 4 times with 2
ml of PBS to remove any trace chemical left on the skin surface and in the donor compartments.
Subsequently, the p-FTS samples in the diffusion cells were exposed to aqueous contacting
solutions of *H-radiolabeled Mannitol in PBS (1-10 pCi/ml) for 24 hours. For additional
experimental details, including a discussion of the liquid scintillation counting method used to

determine the Mannitol skin permeability, see Chapter 2.

4.2.5. Skin Electrical Current and Resistivity Measurements

During each Mannitol skin permeability experiment, two Ag/AgCl electrodes (E242, In
Vivo Metrics, Healdsburg, CA) were placed in the donor and in the receiver compartments to
measure the electrical current and the electrical resistivity across the p-FTS samples (see Chapter
2). A 100 mV AC voltage (RMS) atv 10 Hz was generated by a signal generator (Hewlett-
Packard, Atlanta, GA), and was applied across the two electrodes for 5 s. The electrical current
across the skin was measured using an Ammeter (Hewlett-Packard, Atlanta, GA). The electrical
resistance of the p-FTS sample was then calculated from Ohm's law (see Chapters 2 and 3). The
skin electrical resistivity was obtained by multiplying the actual skin electrical resistance by the

skin area (A=1.77 cm?®) (see Chapter 2 for additional details). Skin electrical current and
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resistivity measurements were carried out before and during the permeation experiments at each
predetermined sampling point. For each p-FTS sample, an average skin electrical resistivity was
determined over the same time period for which the steady-state Mannitol skin permeability, P,

‘was calculated (see Chapter 2).

4.2.6. Development of an In Vitro Test to Rank Aqueous
Surfactant/Humectant Systems

The central objective for developing an in vitro ranking metric is to rank aqueous
surfactant-humectant contacting solutions (i), (ii), (iv), and (v), relative to the in vitro PBS
control (iii), based on the extent of their perturbation to the skin aqueous pores. For this purpose,
I chose skin electrical current induced by aqueous contacting solutions (i)-(v), relative to the in
vitro PBS control (contacting solution iii), as the preferred in vitro ranking test. Specifically, I
adopted the following in vitro ranking metric (RM):

II:

RM ==L
1.

(1)
where E denotes the enhancer (that is, aqueous contacting solutions (i), (ii), (iv), and (v)), C
denotes the control (that is, the in vitro PBS control (iii)), /¢ denotes the skin electrical current
induced by E, and I denotes the skin electrical current induced by C. Note that RM in Eq.(1)

corresponds to the enhancement in the skin electrical current.

The in vitro skin electrical current measurements reported in Chapters 2 and 3 show that
these measurements are: (i) extremely sensitive to small changes in the extent of skin barrier
perturbation, (ii) highly reproducible, and (iii) simpler to implement, less time consuming, and

safer than typical skin permeability measurements which make use of radioactive materials and
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involve relatively complex assaying procedures. In addition to benefits (i)-(iii), I will show that
the in vitro skin electrical current measurements correlate well with the in vivo skin barrier

measurements reported in this chapter (see Section 4.4.3).

As shown in Chapter 2, skin electrical current measurements can also be related to
average skin electrical resistivity, R, values, which, in turn, can be combined with Mannitol skin
permeability, P, values, in the context of the hindered-transport aqueous porous pathway model
(1-5). Specifically, by analyzing Log P as a function of Log R, two important characteristics of
the skin aqueous pores can be obtained: (i) the average pore radius, 7,0, and (ii) the porosity-to-
tortuosity ratio, &7 In order to determine if aqueous contacting solutions (i)-(v) induce skin
barrier perturbation by increasing the average pore radius and/or the pore number density
(number of pores/unit area) of the aqueous pores in the SC (see Section 4.1), it is important to

consider the relationship between r,,,. and &/7. Specifically,

N,)(mr? )
& N ) pr) wrﬁ(lj:( al Jnr = mprl,, @)

T atolal T atota/ T

where N, is the number of aqueous pores contained within a SC cross-sectional area of a,, and
p is the number of tortuous pores/unit area = (Np/aomit) = pore number density. Interestingly,
Eq.(2) shows that &/Tincreases linearly with pand quadratically with r,,,.. Because aqueous
contacting solutions (i)-(v) may modify either r,,.. and/or p, an analysis of the ranking metric to
obtain mechanistic insight on the extent of perturbation of the skin aqueous pores should
incorporate changes in both 75, and p. Once 7por and &7 are determined using the theoretical

analysis involving the Log P and Log R values (see Chapter 2), Eq.(2) can be used to obtain p.
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The skin permeability (P) of a hydrophilic permeant, such as Mannitol, can be modeled
by considering transport of the hydrophilic permeant through the skin aqueous pores (see
Chapter 2 and (1-4)). Specifically, this results in the well-known relationship between P and the

aqueous pore characteristics, given by (1-6):

P= (;)[%Z]H(A,,) 3)

where D;’ is the permeant (p) infinite-dilution diffusion coefficient, L is the thickness of the SC,

and H(4,) is the hindrance factor experienced by permeant p as it partitions into the SC from the
aqueous contacting solution and diffuses across the SC. The hindrance factor, H(4,), is a
nonlinear function of 4, where 4, is the ratio of the permeant radius, r,, and the average pore
radius, 7pore, that is, 4, = 7p/Fpore (5, 6). By combining Egs.(2) and (3), it follows that P is a

function of both p and 7, for a specific hydrophilic permeant, such as Mannitol. Specifically,

o0

D
P=(mpr?, {—”]H(A,) @)

L

Because P is inversely proportional to [RH(A)/H(A,) 7,'® and R is inversely proportional to the
skin electrical current, 7, P is directly proportional to [IH(A,)/H(A;)] (see Chapter 2 and (1-4), as
well as Eq.(5) below). Therefore, the ranking metric adopted here, which corresponds to the
enhancement in the skin electrical current, can also be expressed as an enhancement in the
Mannitol skin permeability, within the context of the hindered-transport aqueous porous pathway

model (1-5). Specifically,

'® Note that analogous to A, 4; = 7/p.r, Where i represents the current-carrying ion (1).
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g
where [ have used Eq.(3), and the fact that (D} /L)g = (D /L)c. 17

It is instructive to consider the following characteristics of the in vitro ranking metric,
RM: (1) RM is numerically equal to unity for the in vitro PBS control (iii), and (2) increasing
values of RM indicate an increase in the extent of perturbation to the skin aqueous pores, and
hence, an increase in the extent of skin barrier perturbation. In addition, it is also worth noting
the following implications regarding the ranking metric when analyzed in the context of the
hindered-transport aqueous porous pathway model:'® (i) it scales linearly with the skin
permeability (P) of a hydrophilic permeant,'® (ii) it is a linear function of p and a nonlinear
function of 7,0, and (iii) because it depends on both pand 7p.e, it can shed light on the
mechanism of skin barrier perturbation; specifically, one can determine if an aqueous contacting
solution induces a high ranking metric value by increasing 7pore, o, Or both. The results of the in
vitro ranking metric study are presented in Section 4.4.1, and are compared with in vivo skin

barrier measurements in Section 4.4.3.

17 Because D: /L does not depend on the nature of the aqueous contacting solution, and depends solely on thé
choice of the permeant (Mannitol in the present case) and the skin model used (p-FTS in the present case), it follows
that (D, /L)z = (D, /L)c.

'® It is important to note that RM, which is defined as the enhancement in the skin electrical current induced by E
relative to C (see Eq.(1)), is independent of the hindered-transport aqueous porous pathway model. However, the
hindered-transport aqueous porous pathway model can be used to further analyze the RM to determine 7, and p.

1 Because the skin electrical resistivity (R) scales linearly with P (see Chapter 2 and (25)) and P scales linearly with
the ranking metric, the ranking metric also scales linearly with R.
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4.3. In Vivo Skin Barrier Studies

The in vivo skin barrier studies were carried out by CyberDERM Clinical Studies in
Broomall, PA, in collaboration with Neutrogena Corporation, Los Angeles, CA. The objective of
this study was to conduct quantitative in vivo skin barrier perturbation measurements upon
contacting volar forearm skin test sites of human volunteers with aqueous solutions (i), (ii), (iv),
and (v) (see Section 4.2.2). The control for these in vivo measurements was a skin test site that
was not occluded and that was not exposed to aqueous contacting solutions (i)-(v), and therefore,
had no in vivo reaction induced by aqueous contacting solutions (i)-(v). This control will be
referred to hereafter as the in vivo control to differentiate it from the in vitro PBS control (iii).
Note that this in vivo control was adopted because studies have shown that natural hydration of
the skin in vivo can be mimicked in vitro by contacting skin with a PBS solution that has a pH =
7-7.4 (the in vitro control, see Section 4.2.2), which is similar to the in vivo pH of the hydrated
SC (8-12). The in vivo skin barrier perturbation studies were carried out using a modified soap
chamber test (7, 12, 13). The modified soap chamber test involved application of patches
containing aqueous contacting solutions (i), (ii), (iv), and (v) to skin test sites on the volar
forearms of 96 female volunteers (4 groups of 24). The volunteers were interviewed to verify
that they had no known allergies to soaps or fragrances, and that they were not using any
medications that could have interfered with the results of the study. In addition, the
transepidermal water loss rate (TEWL), discussed in Section 4.3.1, for these volunteers was less
than 10 g/m*hr at the beginning of the study.?® Following the appropriate selection of the

volunteers, the extent of in vivo skin barrier perturbation on a volar forearm skin test site was

20 Note that the equivalent in vitro selection criterion used was a skin current <3 pA at the beginning of the study
(see Section 4.2.5 and Chapter 2).
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evaluated using various in vivo measurements (see Sections 4.3.1-4.3.3) on Day 1 (prior to
treatment). Subsequently, the patch containing one of aqueous contacting solutions (i), (ii), (iv),
and (v) was applied to the skin test site for 5 hours. After approximately 18-20 hours (on Day 2),
the skin test site was re-evaluated, according to the in vivo measurements discussed in Sections
4.3.1-4.3.3. Some of the skin test sites were not exposed to the patches, and were left non-
occluded to serve as the in vivo control. The in vivo measurements will be reported as deviations
from the baseline measurements (see Section 4.4.2), which include initial measurements prior to

exposure of a test site to a contacting test formulation.

4.3.1. Measurement of Transepidermal Water Loss Using an Evaporimeter

Transepidermal water loss (TEWL) measurements provide a noninvasive instrumental
assessment of the skin barrier function in vivo. Specifically, skin barrier perturbation may lead to
a disruption of the intercellular lipid bilayers in the SC, thereby resulting in elevated water loss
rates. Such elevated water loss rates can, in turn, lead to the skin becoming dry and chapped,
thereby enhancing skin dryness (15-19).

The TEWL measurements were made using an evaporimeter (Broomall, PA) with probes
manufactured by Cortex Technology (Hadsund, Denmark) and available in the US through
CyberDERM, Inc. (Broomall, PA). This instrument is based on the vapor pressure gradient
estimation method as designed by Nilsson and initially utilized by the Servo Med Evaporimeter
(20). The probes contain two sensors that measure the temperature and relative humidity at two
fixed points along the axis normal to the skin surface. This arrangement is such that the device
can electronically derive a value that corresponds to evaporative water loss from the skin surface
expressed in g/m*hr. Additional details on the TEWL measurements using an evaporimeter can

be found in (21 and 22).
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The TEWL measurements were conducted following a 15-30 minute acclimation period
in a cqntrolled environment with the relative humidity maintained at less than 50% and the
temperature maintained at 21+1°C. At baseline (that is, with no exposure to a contacting test
formulation), TEWL measurements were conducted for each of the skin test sites. Any
individuals with TEWL values outside the normal range (>10 g/mzhr) were excluded at this time.
The test formulations were then applied to the test sites under occlusive soap chambers. On Day
2 (approximately 18-20 hours after patch removal), TEWL measurements were conducted for

each of the skin test sites as described above.

4.3.2. Evaluation of Visual Skin Dryness by an Expert Grader

The visual skin dryness on the volar forearm test sites of each candidate were evaluated
by an expert grader using the grading scale described in Table 4-1. Intermediate grades were
allowed so that finer distinctions could be made. To conduct the study in an objective manner
with no biases, the expert grader was not made aware of the contents of the patches containing
aqueous contacting solutions (i), (ii), (iv), and (v). One should note that the range [0-2] contained
all the visual skin dryness scores (see Table 4-1 and Section 4.4.2). Although these scores
correspond to the mild range, the expert grader was nevertheless able to effectively discriminate
between the observed low levels of visual skin dryness.

Table 4-1. Expert grader score system used to determine the visual skin dryness as part of the in

vivo soap chamber skin barrier measurements.

Slight flaking/uplifting of flakes (patchy and/or powdered appearance)
Moderate flaking/uplifting flakes (uniform) and/or slight scaling
Severe flaking/scaling, uplifting of scales and/or slight fissuring
Severe scaling/uplifting scales; with severe fissuring/cracking
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4.3.3. Measurement of Skin Erythema Using a Chromameter

Skin erythema was measured instrumentally by a Minolta CR-200 Chromameter that is
based on a standardized reflectance technique using a tristimulus system. The tristimulus system
makes use of color reading values on three independent axes: (i) L* axis, reflecting the tone of
lightness/darkness, with positive values indicating lightness and negative values indicating
darkness, (ii) a* red/green axis, reflecting the extent of redness/greenness, with positive values
indicating a reddish tinge and negative values indicating a greenish tinge, and (iii) b*
blue/yellow axis, reflecting the extent of blueness/yellowness, with positive values indicating a
bluish tinge and negative values indicating a yellowish tinge. Specifically, the color reading
values were translated into the L*a*b* coordinates whose spacing correlates closely with color
changes perceived by the human eye. For the evaluation of skin erythema using a chromameter,
only values along the a* red/green axis that can capture the extent of redness (erythema) of the
skin were considered. Sets of three a* readings from each of the volar forearm test sites were
taken on Day 1 (prior to exposure, which served as the baseline), as well as on Day 2
(approximately 18-20 hours after patch removal), and the average a* value was calculated for
each site at each time point. A positive a* value along the red/green axis, relative to the baseline
measurements, indicates that the patch containing the aqueous contacting solution has induced

skin redness (erythema) (13). Additional details can be found in (13 and 14).
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4.4. Results and Discussion

4.4.1. Results of the In Vitro Skin Barrier Measurements in the Context of a
Ranking Metric

The average skin electrical currents induced by aqueous contacting solutions (i)-(v) are
reported in Figure 4-1. It is important to note that the measurement of skin electrical currents in
vivo is different from the measurement of skin electrical currents in vitro. The in vivo skin
electrical current (or conductance) measurement is carried out on dry skin, with a low value
indicating less hydrated skin that displays a greater extent of skin barrier perturbation (15). On
the other hand, the in vitro skin electrical current measurement is performed on skin in contact
with a PBS solution (see Section 4.2.5 and Chapter 2). Consequently, a high skin electrical
current in vitro indicates that the skin barrier has been compromised because ions can traverse
the barrier more freely (see Chapter 2 and (15, 24)).

The skin electrical currents induced by aqueous surfactant solutions (i) (1 wt% SDS) and
(ii) (1 wt% C2Eg) are significantly higher than those induced by the in vitro PBS control solution
(iii) and by the aqueous humectant solutions (iv) (10 wt% PG) and (v) (10 wt% G). Clearly, and
perhaps as expected, these results indicate that surfactants induce the greatest extent of
perturbation to the skin aqueous pores through which ions can cross the skin barrier, thereby
resulting in the largest observed skin electrical current values.”! In addition, aqueous contacting

solution (v) (10 wt% G) induces a lower skin electrical current than aqueous contacting solution

2l Note that 1 wt% SDS induces a larger skin electrical current in vitro, and consequently, a greater extent of
perturbation to the skin aqueous pores in vitro than that induced by 1 wt% C,,E in vitro. This finding is consistent
with SDS inducing a greater extent of erythema than C,Es, although C;E¢ does induce skin dryness (see Section
4.4.2 and (16-19)).
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(iv) (10 wt% PG).?* This is consistent with the observation that G is able to diffuse into the SC,
increasing skin hydration and relieving clinical signs of erythema and skin-dryness, more readily

than PG and the in vitro PBS control (iii) (see Chapter 2 and (25-30)).
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Figure 4-1. Skin electrical currents induced by aqueous solutions (i)-(v) upon contacting p-FTS

in vitro in diffusion cells. The error bars represent standard errors based on 6 p-FTS samples.

More specifically, the following effects of Glycerol on the skin barrier have been

reported in the literature: (i) Glycerol affects the crystalline arrangement of the intercellular lipid

22 A student-t test with a significance (p<0.05) indicates that each of the bars in Figure 4-1 is statistically different
from the other bars.
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bilayers, thereby enhancing SC barrier function and decreasing SC water permeability (29), (ii)
Glycerol increases the rate of corneocyte loss from the upper layers of the SC, through a
keratolytical effect on desmosome degradation, thereby reducing scaliness of dry skin and
'maintaining SC barrier (28), and (iii) Glycerol can penetrate into the SC, and, due to its high
hygroscopic property, is able to bind water and thus reduce water evaporation (25).

The Mannitol skin permeability values induced by aqueous contacting solutions (i)-(v)
are repoﬂed in Figure 4-2. As can be seen, aqueous contacting solution (i) (1 wt% SDS) induces
the largest Mannitol skin permeability in vitro. Because the 1 wt% aqueous SDS contacting
solution (i) induces the largest perturbation to the skin aqueous pores relative to the other
aqueous contacting solutions ((ii)-(v)), the Mannitol skin permeability values are the largest for
SDS. This result is consistent with those of the skin electrical current measurements (see above).
In addition, the 1 wt% Ci3E¢ aqueous contacting solution (ii) induces a significantly larger
Mannitol skin permeability relative to the in vitro control (iii) and also relative to the aqueous
humectant solutions (iv) and (v). This result is consistent with those of the in vivo skin barrier
measurements which show that a 1 wt% C;2E¢ aqueous contacting solution induces a larger
extent of erythema and skin dryness than a 10 wt% PG and a 10 wt% G aqueous contacting
solution (see Section 4.4.2). It is important to note that aqueous contacting solution (v) (10 wt%
G) induces the smallest extent of perturbation to the skin aqueous pores relative to the other
aqueous contacting solutions (i)-(iv), as reflected in both the in vitro skin electrical current and
the Mannitol skin permeability measurements (see Figures 4-1 and 4-2). This finding is
consistent with the in vivo skin barrier measurements which show that Glycerol is indeed the

mildest to the skin barrier (see Section 4.3).%

2 A student-t test with a significance (p<0.05) indicates that each of the bars in Figure 4-2 is statistically different
from the other bars.
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Figure 4-2. Mannitol skin permeability induced by aqueous solutions (1)-(v) upon contacting p-

FTS in vitro in diffusion cells. The error bars represent standard errors based on 6 p-FTS

samples.

The results of the in vitro ranking metric, RM, corresponding to the enhancement in the
skin electrical current values relative to the in vitro control (iii), are reported in 7able 4-2. The
skin electrical current values were converted to skin electrical resistivity values according to the
procedure described in Section 4.2.5, and detailed in Chapter 2. The Mannitol skin permeability
values, P, and the skin electrical resistivity values, R, were then analyzed in the context of the
theoretical model presented in Section 4.2.6 to obtain the average pore radius (7,0r.) and the pore

number density (p), which are reported in Table 4-2.
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Table 4-2. Ranking Metric (RM) values, permeability enhancements, average pore radii, and
pore number density enhancements induced by aqueous solutions (i)-(v) upon contacting p-FTS
in vitro in diffusion cells. Note that the error bars represent standard errors based on 6 p-FTS

samples. Note that ‘E’ indicates enhancer (aqueous contacting solutions (i), (ii), (iv), and (v)) and

‘C’ indicates the in vitro PBS control (iii).

Type of Aqueous Ranking Metric Permeability Average Pore Pore Number Density
Contacting Solution | RM (=1g/1c) | Enhancement (=Pg/Pc) | Radius, r pore (A) | Enhancement (=pe /pc)
(i) 1 wt% SDS 7.6£1.0 9.842.0 3345 2.6£1.0
(i) 1wtk C , E 3.5+1.0 4.7+1.0 3843 0.7£0.5
(iii) PBS Control 1.0 1.0 2043 1.0
(iv) 10 wt% PG 0.8+0.2 0.7+0.2 18+2 0.9+0.3
) 10wt% G 0.6£0.1 0.34£0.1 1114 1.7£0.8

Recall that Eq.(1) indicates that if the RM value corresponding to an aqueous contacting
solution is less than one, then that aqueous contacting solution induces a lower extent of skin
barrier perturbation relative to the in vitro PBS control (iii). Conversely, if the RM value
corresponding to an aqueous contacting solution is greater than one, then that aqueous contacting
solution induces a larger extent of skin barrier perturbation relative to the in vitro PBS control
(iii). An examination of Table 4-2 reveals that aqueous humectant contacting solutions (iv) and
(v) induce a lower extent of skin barrier perturbation because their RM values are both less than
one, while aqueous surfactant contacting solutions (i) and (ii) induce a larger extent of skin
barrier perturbation because their RM values are both greater than one. In addition, Table 4-2
reveals the following order of ranking for aqueous contacting solutions (i)-(v) (from the harshest
to the mildest): (i) (1 wt% SDS) > (ii) (1 wt% C;2Es) > (iii) (in vitro PBS control) > (iv) (10 wt%

PG) > (v) (10 wt% G).

162



It is important to note that the ranking of the permeability enhancement, Pr/Pc (see the
third column in 7able 4-2) follows the order of ranking obtained using the in vitro ranking metric
(RM), which corresponds to the skin electrical current enhancement, /z/I¢. This result indicates a
strong correlation between skin electrical current and Mannitol skin permeability measurements

in vitro.

Table 4-2 also reveals that 1 wt% C3E¢ (aqueous contacting solution (ii)) induces the
largest average pore radius, 7,0, value when compared to aqueous contacting solutions (i)-(v).
Nevertheless, 1 wt% Ci,Eq ranks below 1 wt% SDS in terms of skin barrier perturbation, as
reflected in both the RM and Pz/Pc values in Table 4-2. This reflects the fact that 1 wt% SDS
induces a much larger pz/pc value than that induced by 1 wt% C,3E¢, which more than offsets
the larger 7,0 value induced by 1 wt% C,Es. In addition, Table 4-2 reveals that the ranking
metric (RM) value corresponding to 1 wt% C3E¢ (aqueous contacting solution (ii)) is
significantly larger than the RM values corresponding to the in vitro PBS control (iii) and to the

aqueous humectant contacting solutions (iv) and (v).

Transmission electron microscopy studies (16, 19) have provided evidence that nonionic
surfactants like C;E¢ can disorder, and at times, disrupt the ordered intercellular lipid bilayers in
the SC. The disordering of the lipid bilayers of the SC can in turn result in a compromised skin
barrier, and may also result in skin dryness (8-11, 16-20). Another interesting observation from
Table 4-2 is that 10 wt% PG (aqueous contacting solution (iv)) induces a smaller pg/poc value,
yet a larger RM value compa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>