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ABSTRACT The stratum corneum (SC) is an effective permeability barrier. One strategy to increase drug delivery across skin
is to increase the hydration. A detailed description of how hydration affects skin permeability requires characterization of both
macroscopic and molecular properties and how they respond to hydration. We explore this issue by performing impedance ex-
periments on excised skin membranes in the frequency range 1 Hz to 0.2 MHz under the influence of a varying gradient in water
activity (a,). Hydration/dehydration induces reversible changes of membrane resistance and effective capacitance. On average,
the membrane resistance is 14 times lower and the effective capacitance is 1.5 times higher when the outermost SC membrane
is exposed to hydrating conditions (a, = 0.992), as compared to the case of more dehydrating conditions (a,, = 0.826). Molec-
ular insight into the hydration effects on the SC components is provided by natural-abundance '3C polarization transfer solid-
state NMR and x-ray diffraction under similar hydration conditions. Hydration has a significant effect on the dynamics of the
keratin filament terminals and increases the interchain spacing of the filaments. The SC lipids are organized into lamellar struc-
tures with ~ 12.6 nm spacing and hexagonal hydrocarbon chain packing with mainly all-frans configuration of the acyl chains,
irrespective of hydration state. Subtle changes in the dynamics of the lipids due to mobilization and incorporation of cholesterol
and long-chain lipid species into the fluid lipid fraction is suggested to occur upon hydration, which can explain the changes of the
impedance response. The results presented here provide information that is useful in explaining the effect of hydration on skin

permeability.

INTRODUCTION

Skin has many functions that are important for body homeo-
stasis. One major function is to serve as a transport barrier
against molecular diffusion. The skin barrier effectively re-
stricts both inward and outward diffusion of most molecules
and thus upholds the water balance and protects us from
harmful substances entering the body (1). Drug delivery
through the skin is attractive for drug therapy, since skin is
easily accessible and this route avoids first-pass metabolism.
For transdermal delivery, where one wants the drug to reach
the systemic circulation, the transport barrier of skin has to
be overcome to obtain effective uptake. Common strategies
that can increase the systemic distribution of transdermal
drugs are to increase skin hydration (e.g., by occluding the
skin) (2,3) or to introduce so-called chemical penetration en-
hancers (4). Physical forces such as electrical voltage, e.g.,
iontophoresis and electroporation, can also be used to over-
come the skin barrier (5). Iontophoresis is a method by
which charged or neutral molecules are transported from
an electrolyte solution into and/or through the skin by appli-
cation of a small electrical current, whereas electroporation
increases skin permeability by applying short high-voltage
pulses that are suggested to induce structural perturbation
of the stratum corneum (SC), allowing for increased drug
transport (6). It is clear that exploration of these methods re-
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lies on good characterization of the electrical impedance
properties of the skin membrane, which also helps in evalu-
ation of mechanisms of drug transport across skin (7,8). A
thorough description of the skin membrane resistance and
capacitance properties is also relevant for commercially
available equipment for assessing skin hydration (e.g.,
SKICON, Corneometer, etc.), which rely on conductance
or capacitance measurements of the skin barrier (9).

The barrier function is assured by the outermost skin
layer, the SC. The SC is only a few micrometers thick and
contains a continuous extracellular matrix of lipid lamellae
that surrounds the keratinized cells (corneocytes) in a three-
dimensional manner (10). The SC lipids comprise a hetero-
geneous mixture of mainly free fatty acids, cholesterol, and
ceramides (11). The intracellular space of the corneocytes is
filled predominantly with keratin filaments, which are en-
closed by a cornified envelope of cross-linked proteins
and covalently bound lipids (12—14). The electrical proper-
ties of skin have been widely studied both in vivo and
in vitro, and it is established that the impedance of skin re-
sides foremost within the SC, whereas the impedance of the
underlying viable layers is orders of magnitude lower (15—
17). A common model of skin impedance characteristics
is an equivalent circuit consisting of a leading resistor in
series with a parallel arrangement of a resistor and a capac-
itor (7,15). The leading resistor (Ry,) models the resistance
from the electrolyte and the underlying viable tissue,
whereas the parallel resistor (Ry,en) is associated with ion-
conductive pathways in the SC, which may include the
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extracellular and intracellular routes, as well as through the
appendages. The capacitor (C) has been associated with re-
striction of ion transfer at low conductive lipid and lipid-pro-
tein domains of the SC (8,16,18,19). In the case of in vitro
studies on excised skin membranes, representative values
of these elements are on the order of Ry, ~ 200 Ohm cm?,
Rinem ~ 10-200 kOhm cm?, and C ~ 10-50 nF cm 2 (7,8,20).

Numerous studies have shown that the SC behaves as a
responding membrane in that its biophysical properties
can be regulated by external parameters, such as relative
humidity (RH) (2,17,21-23). The water gradient across
skin regulates the degree of SC hydration, and we showed
previously that changes in the water gradient can be used
to regulate molecular transport through the skin in a revers-
ible manner (2). In those experiments, the gradient in water
activity across the skin membrane was strictly controlled
and defined by the water activities in the surrounding solu-
tions. In this study, we explore how changes in the water
gradient across the skin membrane affect its electrical
impedance properties by employing similar experimental
conditions. Here, the water activity on the SC side of the
skin membrane varies between a,, = 0.826 and a,, =
0.992, whereas the water activity on the dermal side is kept
at physiological conditions (a,, = 0.992). We measure the
impedance of skin membranes under the influence of a vary-
ing water gradient, and from these measurements we obtain
clear trends in the responding changes in skin membrane
resistance and effective capacitance. We provide molecular
insight into the hydration effects on the SC membrane
from natural-abundance '*C polarization-transfer solid-state
NMR methods (PT ssNMR) (24) and small- and wide-angle
x-ray diffraction (SAXD and WAXD, respectively) measure-
ments. We confirm that hydration has a strong effect on the
skin membrane resistance (17,21,23) and show that these
changes are reversible. We show that hydration increases
the skin membrane capacitance, an effect that is also shown
to be reversible. The observed effects are attributed to hydra-
tion-induced alterations of the SC molecular dynamics, as
shown from PT ssNMR experiments, and subtle alterations
of the molecular organization, as observed by SAXD and
WAXD measurements.

MATERIALS AND METHODS
Materials

Ultragrade poly(ethylene glycol) 1500 Da (PEG) was obtained from Sigma-
Aldrich (St. Louis, MO). NaCl, Na,HPO,e2H,0, KH,PO,, KNO3, and
K>SO, were purchased from Merck (Whitehouse Station, NJ). Phosphate-
buffered saline (PBS) (130.9 mM NaCl, 5.1 mM Na,HPO,e2H,0, and
1.5 mM KH,PO,, pH 7.4) was prepared from Milli-Q water.

Preparation of skin membranes and SC samples

Pig ears were obtained from a local abattoir (Dalsjofors Slakteri, Boras,
Sweden) and stored at —80°C until use. Split-thickness skin membranes
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from the inside of the outer ear were prepared with a dermatome (TCM
3000 BL, Nouvag, Konstanz, Germany) and punched out to fit the Franz
cell used for impedance measurements. The thickness of the skin mem-
branes was ~ 500 um and the diameter was 1.6 cm. SC samples were pre-
pared from dermatomed skin strips placed on filter paper soaked in 0.2%
trypsin in PBS solution for 12 h at 4°C. The SC was removed with forceps
and washed thoroughly with cotton-tipped applicators in PBS solution to
remove underlying tissue; it was then stored dry in a freezer until use.
The SC was equilibrated in PBS solution, a,, = 0.992 (25), or in 65 wt
% PEG in PBS solution, a,, = 0.826 (2), for 24 h at 32°C. Next, the SC
was removed from the formulation and gently wiped with paper tissues
to remove excess formulation and transferred to either a solid-state NMR
or an x-ray diffraction sample cell for measurement. For comparison, pul-
verized SC samples were equilibrated at corresponding relative humidity
(RH) at 32°C for 48 h. NaCl solutions (5.12 and 0.156 mol kg") were
used to control the RH in two desiccators at 80% RH or 99.5% RH, respec-
tively (26). Control experiments are presented in Figs. S4 and S5 in the
Supporting Material.

Impedance spectroscopy measurements of skin
membranes under the influence of a varying water
gradient

Electrical impedance measurements were conducted at 32°C with a
Franz cell equipped with four electrodes and connected to a potentiostat
from Ivium Technologies (Eindhoven, The Netherlands), as shown in
Fig. S1 A. The frequency range was from 1 Hz to 0.2 MHz with five
frequencies per decade. The amplitude of the applied voltage was in the
range 50-100 mV, ensuring low current densities in the lower frequency
range. The experiments were designed taking into consideration the
natural variability in skin membrane impedance, reported previously
(7,20,23,27,28). Our experimental design circumvents this natural site
variability, as it generates experimental data from the same membrane
with the water gradient as the varying parameter. The skin membrane
was mounted in the Franz cell filled with degassed PBS receptor solution.
To allow the skin membrane to be adjusted in terms of temperature and
hydration we waited 1 h before the donor chamber was filled with 1 ml
of 65 wt % PEG in PBS solution. After 24 h the PEG solution was
exchanged for 1 ml neat PBS solution. This cycle was then repeated
(i.e., four consecutive 24-h periods and 96 h total). The water gradient
across the skin membrane is defined by the boundary conditions of the
receptor and donor solutions on either side of the skin membrane. We
express the water gradient in terms of the water activity, a,, defined as
the ratio of the vapor pressure above a solution and the vapor pressure
above pure water at a specific temperature and pressure (ay, = p/po).
The water activity of 65 wt % PEG in PBS solution is a,, = 0.826 (2)
and the water activity of the PBS solution is a,, = 0.992 (25). We stress
the importance of recognizing that the size of PEG (i.e., 1500 Da) assures
that the polymer does not penetrate the SC (29,30) and only acts as a
dehydrating agent. Several impedance measurements were recorded dur-
ing the first and last hours of each 24-h period. Between longer periods
of impedance measurements, the reference and sensing electrodes were
removed to avoid KCl leakage, and the chamber was covered with paraf-
ilm to avoid evaporation of water.

PT ssNMR measurements

The NMR technique used, PT ssNMR (24), provides '*C spectra with suf-
ficient resolution to differentiate molecular segments and gives qualitative
information on the dynamics of the resolved molecular segments (24,31).
In brief, PT ssNMR includes three separate '*C NMR experiments: direct
polarization (DP), refocused insensitive nuclei enhanced by protein
transfer (INEPT) (32), and ramped cross-polarization (CP) (33). In general,
all '3C nuclei are visible in the DP spectrum, whereas the peak intensity in



Effect of Hydration on Skin Impedance

the INEPT and CP spectra depends on the dynamics of the '*C nuclei: the
INEPT spectrum shows mobile molecular segments and the CP spectrum
shows rigid molecular segments. In particular, the relation between the
INEPT and CP signal intensities depends on the motional anisotropy and
the rate of reorientation of the "H-'>C bonds, which can be quantified by
the order parameter |Scy| and the motional correlation time, 7., respec-
tively (24,31). As demonstrated in Fig. 1, the range of 7. can be divided
into four dynamic regimes, which give rise to characteristic relative inten-
sities in the PT ssNMR experiment (31). The CP signal intensity is maxi-
mized in the slow regime, whereas the amplitude from INEPT is zero. In
the intermediate regime the signal from both CP and INEPT is zero. In the
fast-intermediate regime, CP gives signal, whereas no signal is obtained
from INEPT. Finally, in the fast regime, the CP and INEPT signal inten-
sities are independent of 7., but are dependent on the motional anisotropy
given by |Scy|. For anisotropic reorientation, [Scy| > 0.5, the CP signal is
maximized, whereas the INEPT amplitude is zero. For nearly isotropic
motion, |Scy| < 0.01, this relation is reversed, with maximized INEPT
amplitude and zero CP signal. Equal signals from CP and INEPT are
achieved when |Scu| = 0.1.

After equilibration, the SC was placed in watertight sample containers
and transferred to 4-mm rotors (Bruker, Karlsruhe, Germany). NMR ex-
periments were performed on a Bruker Avance-II 500 spectrometer,
equipped with a 4-mm CP/magic-angle spinning (MAS) HX probe, at
'H and '*C resonance frequencies of 500 and 125 MHz, respectively.
13C spectra were acquired at a magnetic field of 11.74 T under 68 kHz
two-pulse phase-modulated '"H decoupling (34), with 2048 scans/experi-
ment and a recycle delay of 5 s, using a spectral width of 250 ppm and
an acquisition time of 50 ms. The spinning frequency was set to
wr/2m = 5 kHz. The ">C spectra were externally referenced to the
methylene signal of solid a-glycine at 43.7 ppm. 'H and '*C hard pulses
were applied at w,""“/2mr = 80 kHz. Ramped CP was performed with
the contact time 1 ms, the '*C nutation frequency 80 kHz and the 'H
nutation frequency linearly ramped from 72 to 88 kHz. The delays 7 =
1.8 ms and 7 = 1.2 ms were used in INEPT. The temperature was
32°C, taking into account sample heating induced by MAS and radiofre-
quency pulses. The experimental time-domain data were processed with
line broadening of 30 Hz, zero-filling from 1597 to 8192 time-domain
points, Fourier transform, automatic phase correction (35), and baseline
correction in Matlab (www.mathworks.com) using in-house code partially
derived from matNMR (36).
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FIGURE 1 Dynamic regimes of the PT ssNMR experiments. Theoretical

"H-to-"3C polarization transfer efficiency for a CH, segment at 11.74 T
magnetic field and 5 kHz MAS as a function of correlation time, 7., and
order parameter, |Scy|. The input parameters for the calculated intensities
are equal to the experimental settings. Color codes are given according to
the calculated intensities of the INEPT (red) and CP (blue) polarization
transfer schemes. A total absence of signal for both INEPT and CP is
represented by white. Adapted from Nowacka et al. (31).
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Small- and wide-angle x-ray scattering
measurements

After equilibration, the SC was folded several times and loaded into the
sample holder. The measurements were performed at Maxlab (Lund,
Sweden) at the Swedish-Danish beamline Cassiopeia (1911-4, 4 =
0.91 10\) (37). Data collection was performed for a period of 100 s for
each sample at 32°C. The intensity was corrected for air scattering (empty
cell) and primary-beam intensity changes and plotted as a function of
the scattering vector Q, defined as Q = (4 sin )/A, where 6 and A are
the scattering angle and the wavelength, respectively.

Analysis of impedance data

Impedance data of skin are often modeled with a resistor in series with a
parallel combination of a resistor and a capacitor (7,15). This model with
ideal (linear) elements is attractive due to its simplicity in terms of data
analysis and the fact that the elements can be physically connected to
different SC components in a justified manner, as described in the
Introduction. However, most biological systems, including skin, are asso-
ciated with nonlinear properties (38), and this model therefore fails to
represent the experimental impedance properties accurately. Several
circuits of varying complexity have been proposed to more closely model
the electrical properties of skin (18,39,40). Taken together, there is no
equivalent circuit that unambiguously describes the impedance properties
of skin. In this work, we employed a frequently used circuit for skin
impedance data, consisting of a resistor (solution resistance (Ry)) in
series with a parallel arrangement of a resistor (skin membrane resistance
(Rimem)) and a constant-phase element (CPE) (19,41-43). The CPE is an
empirical element that accounts for the nonlinear distribution of time
constants and can be used to derive an effective capacitance of the skin
membrane (44). The circuit is presented in Fig. S1 B, and the method
used for analyzing the impedance data is presented in the following
text in terms of the equivalent circuit components. Other equivalent
circuits were considered and used for analysis, without providing further
understanding or changing our conclusions; see Supporting Material,
Text A.

Membrane resistance (Rnem) and solution
resistance (Rso1)

All impedance data on skin membranes displayed the same characteristic
pattern of a depressed semicircle when presented as impedance plane plots
(see Supporting Material, Text B, for more details). Ry, and Ry, were
determined by fitting the data in impedance plane plots to the equivalent
circuit using Ivium software. All data were normalized with the skin
membrane area (0.64 cm?) to get units in Ohm cm?>.

Effective membrane capacitance, Cq

The total impedance, Z, of the equivalent circuit is given by Eq. 1.

Rmem
1+ (i27f)* ORmem

Z = Rsol + (1)

Here, 27f is the angular frequency, and Q and « are CPE parameters.
When « equals unity, Q represents an ideal capacitor with units of
F m™2 In this work, « was on the order of ~ 0.70-0.85, consistent with
several impedance studies on skin (19,40,41). The CPE parameters
account for the depression of the semicircle and can be used to estimate
the effective capacitance of the skin membrane when the time constants
describing the impedance response follow a normal distribution across
the skin (41). In this case, an effective CPE coefficient, Q.g, can be derived
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from the high-frequency region where Qg in theory provides a correct
value of Q in the case when « equals unity (44). The CPE parameters «
and Q.g were obtained from the imaginary impedance data according to
a graphical representation method, which does not involve any fitting
(44). In brief, o was determined by plotting the imaginary part of the
impedance as a function of frequency in logarithmic coordinates (Fig. 2
A). o was consistently calculated in the high-frequency region, signifi-
cantly larger than the characteristic relaxation frequency, from the slope
of the decaying region from 6 data points. For the particular data set in
Fig. 2 A, the slope was fitted to the data points corresponding to the filled
markers. Once « was obtained, Q. was determined from the imaginary
part of the impedance, Z;,,, according to Eq. 2:

-1
Zin(f)(27f)"

aT

Ot = sin(—)

. @)

Fig. 2 B shows calculated values of Q. according to Eq. 2, as a function
of frequency in logarithmic coordinates. An average over the values for
the 6 data points of the high-frequency asymptote, corresponding to the
frequencies used to calculate «, was used to determine Q.. Finally,
the effective capacitance, Ceg, of the skin membrane was calculated by
Eq. 3 from the average value of Q.g and the corresponding values of «
and R cm.

Cer = QUFRU /e 3)

mem

The values of Rpyem, &, Qes and Cegy, corresponding to the impedance data
in Fig. 2, are compiled in Table S3.
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FIGURE 2 Skin membrane impedance data in logarithmic coordinates
after 24 h, 48 h, 72 h, and 96 h with varying water activities in the donor
solution (aygq). (A) Imaginary part of the impedance as a function of
frequency. (B) Effective CPE parameter, Q.4 as a function of frequency.
Solid symbols represent data points used to determine CPE parameters
o and Qegyp.
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RESULTS

The aim of this study was to investigate the influence of
hydration on the electrical properties of excised skin mem-
branes. Solid-state NMR and x-ray diffraction measure-
ments on SC samples were performed to allow for a
molecular interpretation of the changes in the skin mem-
brane impedance properties. The validity of using excised
skin membranes for impedance measurements and SC
samples in the NMR and x-ray experiments is discussed in
the Supporting Material, Text C.

Impedance measurements on skin membranes
under the influence of a varying water gradient

Skin membranes were placed in the Franz cell separating
two bulk solutions. The water gradient across the skin
membrane was controlled by the water activities in the
surrounding solutions. The water activity on the SC side
of the skin membrane (donor solution) was changed every
24 h between ay, 4 = 0.826 and a4 = 0.992, and the water
activity on the dermis side (receptor solution) was kept con-
stant at a,,, = 0.992.

The water gradient has a pronounced effect
on skin membrane resistance (Rmnem)

The effect of a varying water gradient on the skin membrane
resistance, Ryem, is demonstrated in Fig. 3, A and B, for two
identical experiments using two different skin membranes.
The results illustrate the natural variability of R ., gener-
ally observed for different skin membranes (7, 20, 23, 27,
28). Of more importance, the changes of R, follow the
same qualitative trends under the influence of a varying
water gradient. The experiments start with the lower level
of water activity in the donor solution (i.e., a4 = 0.826).
At first, Ry, increases from time zero to a plateau value
that is reached after a few hours. After 24 h, a,, 4 is changed
from 0.826 to 0.992 (i.e., from PEG to PBS solution) and
Ryem immediately drops down to a substantially lower
value. The lower plateau value is maintained until 48 h,
when the donor solution is again changed and the cycle is
then repeated. Mean values of R, corresponding to the
data points collected over the last 2 h of each time period,
are compiled in Table 1. On average, R, Was ~ 14 times
higher when ay, 4 = 0.826 than when a4 = 0.992.

The water gradient affects membrane capacitance
(Ceff)

The effective membrane capacitance (Cesr) Was determined
from impedance data from each 24 h period. The results
from two different skin membranes are shown as plots of
Cer over time (Fig. 4, A and B) and as average values of
the data points collected over the last hours of each time
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FIGURE 3  Renm as a function of time for two skin membranes (A and B)
with water gradient as a varying parameter. The water gradient was varied
every 24 h by changing the water activity in the donor solution (a, 4) on top
of the skin membrane. The water activity of the receptor solution was con-
stant at ay,, = 0.992.

period (Table 1). The plots in Fig. 4 display a general pattern
with lower values of C.¢ when the ay, g = 0.826 compared to
when ay, 4 = 0.992. On average, C.g was ~ 1.5 times higher
when a4 = 0.992 than when a,,4 = 0.826.

The effect of hydration on the molecular mobility
of SC components as observed by PT ssNMR

To relate the impedance data to the molecular dynamics of
the SC components, we performed PT ssNMR experiments
on SC equilibrated in solutions with either ay, = 0.826 or
ay = 0.992. The complex mixture of molecular species in
the SC is reflected in the multitude of '*C resonances
observed in Fig. 5, which shows overlaid DP (gray), CP
(blue), and INEPT (red) spectra of SC samples. We have
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recently performed a complete assignment of most reso-
nance lines and identified relevant markers for the protein
and lipid components for intact SC (45). The Gly C, (43.7
ppm), Ser C, (56.7 ppm), and Ser Cz (62.4 ppm) peaks
are suitable for probing the terminal domains of the keratin
filaments due to their high abundance in the N- and C-termi-
nal domains of the keratin filaments. Leu Cg and Lys C,
(both at 40.6 ppm) can be used to probe the keratin filament
coiled-coil core, as these residues are highly enriched in this
domain. The lipid carbons represent a minor fraction of the
total number of carbons in SC. However, most of the lipid
species contain very long saturated hydrocarbon chains in
the range C14-C32 (46,47), of which the majority of
carbons give rise to peaks at similar chemical shifts. The
methylene groups with all-frans conformations resonate at
33.4 ppm, and methylene groups exhibiting a distribution
of trans/gauche conformations resonate at 30.5 ppm (48).
In addition to the main methylene carbon peaks, the termi-
nal carbons of the lipid chains, wCHj; (14.6 ppm) and (w-1)
CH, (23.3 ppm), are good markers for the lipid matrix.
These signature peaks, for keratin filaments and lipids, are
labeled in Fig. 5 B.

From Fig. 5, qualitative information on the molecular
mobility is obtained by comparing the signal enhancement
efficiency of INEPT (red) and CP (blue) with respect to
the DP (gray). First, we conclude that the SC samples equil-
ibrated at a,, = 0.826 (Fig. 5 A) or a,, = 0.992 (Fig. 5 B)
display almost identical spectra compared to the SC samples
equilibrated at 80% RH or 99.5% RH in Fig. S4, A and B.
This is an important observation and proves that the exper-
imental method used to regulate the water activity (i.e.,
adding a polymer to the donor solution) is sound. This
observation also implies that the different type of medium
used for equilibration (i.e., buffered solution or nonbuffered
vapor phase), which in principle could lead to different
effects related to the pH (49), does not seem to influence
the molecular dynamics. In other words, it is reasonable to
assume that the observed effects on the skin membrane
impedance properties are governed by the degree of hydra-
tion, determined by the gradient in water activity across the
skin membrane.

In general, the majority of the SC components are rigid
(high anisotropy and/or in the slow regime), as indicated
by the dominating CP signal for most of the spectral range
under both experimental conditions. A clear effect of the

TABLE 1 Average values of Ryem and Ces

Membrane A Membrane B
Donor formulation Ay.d Ripem (KOhm cm?) Cepr (nF cm™?) Rpem Cefp
PEG (22-24 h) 0.826 1482 = 1.2 229 + 0.7 1164 = 1.0 229 £ 1.0
PBS (46-48 h) 0.992 74 = 0.1 31.1 = 0.3 6.6 £ 1.5 404 = 0.9
PEG (70-72 h) 0.826 1199 = 1.0 232 £ 0.1 473 £ 53 26.5 £ 0.5
PBS (94-96 h) 0.992 10.6 = 0.2 269 = 0.6 57 £02 40.1 = 0.7

Values are given as the mean + SD of n = 3-8 data points.

Biophysical Journal 104(12) 2639—2650



2644
A 45
—o-q,, 4=0.826
40 =g, 4=0.992
o 35
5
e X‘\
~ 25 .'—"
5 X\g
20
15
B
40
o 35
§
w 30 %D\@
c
~ 25
=
ow 20 ao\ﬂf
i —o—q,, 4=0.826
=g, 4=0.992
10
0 24 48 72 9

Time/h

FIGURE 4 C. as a function of time for two skin membranes (A and B)
with water gradient as a varying parameter. The water gradient was varied
each 24 h by changing the water activity in the donor solution (a,,4) on top
of the skin membrane. The water activity of the receptor solution was con-
stant at ay,, = 0.992.

water activity on the dynamics of the terminal domains of
the keratin filaments is observed. The INEPT signal from
the peaks corresponding to Gly C,, Ser C,, and Ser Cg res-
onances is completely absent in the spectrum in Fig. 5 A
(awy, = 0.826), whereas these peaks are significantly
enhanced in the spectrum in Fig. 5 B (ay, = 0.992). This
proves that the terminal domains of the keratin filaments
are immobilized at a,, = 0.826 (i.e., the slow regime and/
or high anisotropy in Fig. 1), whereas they are highly mobile
at a, = 0.992 (i.e., low anisotropy in the fast regime in
Fig. 1). INEPT and CP peaks with identical line shapes
and comparable amplitudes are generally observed for
anisotropic liquid crystalline phases (24,31). However,
none of the Gly C,, Ser C,, or Ser Cg INEPT resonances
are accompanied by a CP peak, suggesting that these molec-
ular segments are in a nearly isotropic microenvironment at
ay = 0.992. The CP signal enhancement from the Leu Cg
and Lys C, resonances (40.5 ppm) is more pronounced in
the spectrum of Fig. 5 A (a,, = 0.826), as compared to the
spectrum in Fig. 5 B (a,, = 0.992). This implies that the
mobility of residues in the coiled-coil core of the keratin
filaments is increased by hydration, thus rendering the CP
enhancement less efficient.

Turning to the lipid lamellae, it is seen that the enhance-
ment of the CP signal from the all-frans (CH,),, peak at
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FIGURE 5 Molecular dynamics of SC components using DP (gray), CP
(blue), and INEPT (red) pulse sequences for signal enhancement of molec-
ular segments in either rigid (CP) or mobile (INEPT) microenvironments.
13C spectra of SC equilibrated in solutions with a,, = 0.826 (the peak marked
with a dot is from PEG) (A) and a,, = 0.992 (B). Resonance lines from SC
lipids and amino acid residues of the SC proteins are labeled in B. The inten-
sity is scaled to give an equal DP signal of the peak centered around
32.8 ppm due to the different amounts of SC sample in each experiment.

33.4 ppm is prominent in both spectra, showing that the
majority of the methylene chain carbons remain in a rigid
all-trans configuration. Three minor INEPT peaks are pre-
sent in Fig. 5 A (a,, = 0.826), corresponding to the trans/
gauche (CH,),, (w-1)CH,, and wCHj; resonances, proving
that a minor fraction of the lipids are mobile even in the
less hydrated SC membrane. The enhancement efficiency
of the INEPT signal from these molecular segments is
similar in Fig. 5 B (ay, = 0.992).

A final remark is that the enhancement efficiency of the CP
signal over the complete spectral range is weaker from the
sample equilibrated at a,, = 0.992 (Fig. 5 B) compared to
the sample equilibrated at a,, = 0.826 (Fig. 5 A), suggesting
that the molecular dynamics is, in general, characterized by
faster reorientation and/or lower anisotropy at a,, = 0.992.
This is in agreement with proton NMR studies on the SC,
showing a gradual increase in the mobile components of
the SC upon hydration (50,51). It is noteworthy that the rela-
tive intensity ratio of the CP and DP signals from the main
methylene peak at 33.4 ppm is lower at a,, = 0.992, implying
that the rigidity of the lipids decreases upon hydration.

The effect of hydration on the lipid lamellae
and protein components of the SC as observed
by SAXD and WAXD

SAXD and WAXD measurements were performed in a
manner similar to that used for NMR measurements to
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investigate the molecular organization of the lipid lamellae
and the soft keratin components. We start by concluding
that the diffraction curves of the SC samples equilibrated
at ay, = 0.826 or at ay, = 0.992 (Fig. 6, A and B) are similar
compared to the corresponding diffraction curves of the SC
samples equilibrated in vapor with 80% RH or 99.5% RH
(see Fig. S5, A and B).

In general, the peaks in Fig. 6 A from the SAXD measure-
ments are broad and weak. The low Q range is dominated by
strong scattering mainly attributed to protein structures of
the SC (52,53). The diffraction curve from the SC sample
equilibrated at a,, = 0.992 (Fig. 6 A, upper curve) shows
diffraction peaks/shoulders centered around Q = 0.5 nm ™"
(12.6 nm in d-spacing), @ = 1.0 nm ™' (6.3 nm in d-spacing),
0 =14nm ' (45 nm in d-spacing), and Q = 1.8 nm !
(3.4 nm in d-spacing). This is in agreement with previous
diffraction studies on pig SC (53) and suggests that the
lipids are organized according to at least one lamellar phase
with repeat distances of ~ 12.6 nm. The diffraction curve
corresponding to the SC sample equilibrated at a, =
0.826 is similar. However, the peak around Q = 1.4 nm~!
is slightly shifted to a smaller d-spacing of 4.3 nm and the
diffraction peaks are in general weaker. One exception to
this is the peak at Q = 1.8 nm ™', which is more prominent.
This peak indicates phase-separated crystalline cholesterol,
which has been observed in intact pig SC (53), occasionally
in human SC (54,55), but not typically in mouse SC (56—
58). Studies on extracted SC ceramides, palmitic acid, and
cholesterol have shown that the appearance of phase-sepa-

>

Log intensity (a.u.)
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Intensity (a.u.)

4 6 8 10 12 14 16 180 (nm™)
FIGURE 6 SAXS (A) and WAXS (B) data on SC at a,, = 0.826 and a, =
0.992. Numbers associated with an arrow give the d-spacing (nm). Chol is
crystalline cholesterol.
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rated cholesterol is sensitive to both lipid composition and
hydration state (59,60). Taken together, the variation in
intensity of the peak at Q = 1.8 nm ™' in Fig. 6 A may be
related to an altered fraction of phase-separated crystalline
cholesterol due to the difference in hydration state. How-
ever, we note that the SC sample at a,, = 0.992 (Fig. 6 A)
has a weak peak at Q = 1.8 nm ', whereas the correspond-
ing SC sample at RH = 99.5% does not (Fig. S5 A). This
implies that phase-separated cholesterol may also be depen-
dent on SC variability or how the sample was prepared.
Even though it is beyond the scope of this study, we per-
formed an experiment showing that the sample history can
influence the appearance of crystalline cholesterol, as shown
in Fig. S6.

The WAXD results in Fig. 6 B show a clear peak around
Q = 152 nm~ ' (0.41 nm in d-spacing) corresponding to a
hexagonal packing of the lipid hydrocarbon chains, which
is in agreement with previous studies on pig SC (53). The
broad diffraction peak with a maximum around Q = 6.2—
6.5 nm ' is attributed to the interchain packing of the soft
keratin structures (61,62). The d-spacing of this peak is
~0.97 nm at a,, = 0.826 and ~ 1.01 nm at a,, = 0.992, which
suggests that the soft keratin structures are more densely
packed in the less hydrated SC sample as compared to pack-
ing in the fully hydrated SC sample. Considering that the
preparation of the SC samples involves full hydration, com-
plete dehydration, and final hydration at either a,, = 0.826
or a,, = 0.992, it is likely that the change in interchain
d-spacing is reversible and determined by the SC hydration
state (61,62). In general, the diffraction from amorphous
keratin is poor. However, a very weak shoulder is observed
at Q ~ 12nm~"' (0.52 nm in d-spacing), which may indicate
that a minor portion of the SC proteins have a-helical
secondary structure (63).

DISCUSSION

The water gradient affects the skin membrane
resistance (Rnem) in a reversible manner

The parameter R, reflects the resistance of ion transport
encountered inside the skin membrane at frequencies
approaching zero. The results show that the water gradient
has a clear and reversible effect on R, (Fig. 3). On
average, Ry.m is 14 times lower when the water gradient
is Zero (A, = Ayq = 0.992). It should be noted that Rep,
in general is gradually decreased over time, but the qualita-
tive trends remain unaffected. To explain the changes in
Rpem, it is appropriate to start by considering where the
ions are distributed in the SC and how this distribution is
affected by the varying water gradient. Several investigators
have suggested that ions are primarily transported and hence
distributed in the extracellular domains (64,65). It has also
been shown that prolonged hydration times (as in this study)
can lead to both intracellular and extracellular accumulation
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of ions (65). The dramatic change in R, implies that
changes of the molecular organization and/or changes of
the molecular dynamics of the SC components occur. If
the ions are primarily distributed in the continuous extracel-
lular lipid regions, the data imply that hydration influences
the properties of theses domains. If the ions are also distrib-
uted in the intracellular domains, then the effect of hydration
on the protein structures also needs to be considered. To
distinguish between these possibilities, the data on mem-
brane resistance are evaluated together with the character-
ization of the molecular structure and the dynamics of the
SC components.

The NMR data show that the majority of the methylene
carbons in the SC lipid chains are in a rigid all-frans con-
figuration at both water activities investigated, and that
only a minor fraction of the lipids are fluid (Fig. 5). Further-
more, for both water activities, the diffraction data show
lipid lamellar structures with similar repeat distances
(Fig. 6 A) and a hexagonal packing of the lipid hydrocarbon
chains (Fig. 6 B). The combination of the results in Fig. 5
and Fig. 6 suggests that the organization of the lipid
lamellae is similar at both hydration conditions. However,
an increased fraction of mobile lipids upon hydration has
been observed in infrared, electron spin resonance, and pro-
ton NMR studies of the SC (21,66,67), suggesting that the
dynamics of the SC lipids is affected by hydration. We
have recently explored the effect of hydration of the SC
and observed a gradual increase in the enhancement effi-
ciency of the INEPT lipid signature peaks between 0%
RH and 90% RH, whereas hydration above 90% RH re-
sulted in a slight decrease in INEPT enhancement efficiency
of these peaks (45). The proposed explanation is that the
dynamics of the mobile SC lipids first increase and then
gradually slow down due to changes in the chemical
composition of the fluid lipid phase. Between 0% RH and
90% RH, short-chain and more polar lipids are fluid, and
above 90% RH, the fluid fraction contains long-chain lipids
and cholesterol. In support of this interpretation, we note
that the intensity of the diffraction peak from crystalline
cholesterol decreased upon hydration (Fig. 6 A). This effect
is most clear in Fig. S5 A, where the cholesterol peak is pre-
sent in the diffraction curve for the SC equilibrated at 80%
RH, but completely absent at 99.5% RH. This implies that
the fraction of phase-separated crystalline cholesterol is
reduced by being incorporated into the lamellar structures
upon hydration. This is in line with the observed phase
separation of cholesterol in a dehydrated lipid mixture of
extracted SC ceramides, palmitic acid, and cholesterol, as
compared to the same mixture in the hydrated state, where
no phase separation was observed (59). As cholesterol and
long-chain lipids have a slower reorientation rate, they
will slow down the rate of the smaller molecules by
increasing the viscosity of the fluid lipid phase, which
decreases the INEPT signal from the fluid lipid signature
peaks. Fig. 5 also shows that the CP over DP signal inten-
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sity ratio of the main methylene peak is lower at higher
hydration, showing less lipid rigidity. Considering these
data together, we suggest that the majority of the lipids
remain in a rigid lamellar structure with all-trans configura-
tion, whereas a minor fraction of fluid lipids is present that
increases upon hydration. It is possible that the mobilization
of lipids may accommodate stress caused by swelling of
corneocytes. The spatial distribution of the fluid lipid
domains cannot, however, be determined from the PT
sSNMR results and thus remains unclear. Considering the
drastic decrease in Ryem, We suggest that microdomains
of fluid lipids can contribute to conductive regions, which
then increase in size and/or become more interconnected
in the fully hydrated SC, leading to the observed decrease
in Ryem-

If the ions are also distributed in the intracellular
domains (65), we need to consider the effect of hydration
on the corneocytes. When the SC membrane is less hydrat-
ed (awq = 0.826), the amino acid residues of the keratin
filaments are highly rigid, as seen from the dominant
enhancement of the CP signal and the absence of INEPT
signal (Fig. 5 A). Further, the interchain packing of the
keratin filaments is more dense (Fig. 6 B). A likely conse-
quence of these observations is that any intracellular ions
will be more restricted in the less hydrated state. When
the SC is fully hydrated (ayg = 0.992), the keratin fila-
ments are more mobile, as observed from the prominent
enhancement of the INEPT signal from the glycine and
serine resonances and the relatively weaker enhancement
of the CP signal (Fig. 5 B). The packing of the keratin fil-
aments is slightly expanded with a larger interchain spacing
(Fig. 6 B), which can be related to a nearly isotropic reor-
ientation of the terminal domains (Fig. 5 B). These results
imply that the conductive domains in the intracellular
regions are increased in size and may have a higher concen-
tration of mobile ions in the hydrated state. However, this
alone cannot explain the observed decrease in Ryeny, as
the reduction of zero-frequency resistance in all cases
will depend on the restriction of ion transport across the
whole SC, which includes both the isolated corneocytes
and the continuous extracellular lipid lamellar structures.
In respect to this, it may be relevant to consider the pres-
ence of corneodesmosomes, which potentially can repre-
sent an interconnected passage acting to decrease Ryem,
especially in the deeper regions of the SC where they are
more abundant (68).

We note, finally, that R, can be affected by the solution
resistance (7,8), which in this work varied between R, ~
1500 Ohm (65 wt % PEG in PBS solution) and Ry, ~
200 Ohm (neat PBS solution). To investigate this further,
we performed two control experiments. In conclusion,
the results show that the mechanisms responsible for the
changes in Ry, as a consequence of a varying water
gradient, cannot simply be explained by the variations of
R (see the Supporting Material, Text D).
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The water gradient affects the membrane effective
capacitance (Cq) in a reversible manner

The capacitance of the skin membrane has been attributed
mainly to the dielectric nature of lipid structures that impede
transport of ions in the SC membrane (8,16,18,19). In sup-
port of this, it has been shown that elevated temperatures
affect the skin membrane capacitance; it remains fairly con-
stant below 30°C and increases abruptly at temperatures
>~ 60°C (8,18,69). The abrupt increase in skin capacitance
above 60°C correlates with the generally observed major
thermal event occurring around this temperature in DSC
measurements of the SC (66,70), which has been shown to
be associated with a phase transition occurring in the extra-
cellular lipid domains (71). However, to our knowledge, it
has never been shown that a varying water gradient can
induce a similar but less pronounced effect on the skin
membrane capacitance. The results in this work show that
on average, C is 1.5 times higher in the case of a fully
hydrated skin membrane (Fig. 4).

If the C. is attributed solely to the lipid domains in the
skin membrane, then these domains can be visualized as a
dielectric medium between the corneocytes. In this case,
the capacitance (F cm_z) depends on the thickness, d, and
the dielectric constant, ¢, of these domains, according to

&€

Corr = C)

where g, is the permittivity of vacuum (8.9 x 10~ '
Fcm™ ). As shown in this study (Fig. 6 A), which confirms
results of previous studies (53,61), the swelling of the lipid
lamellar structures is minor upon hydration. Thus, it is
reasonable to assume that d is not affected by hydration.
For dry skin, the corneocyte thickness is ~ 0.8 um and the
thickness of the lipid domain between two corneocytes is
~ 0.075 um (72,73). The thickness of the SC is ~ 15 um
(74,75), which means that the total thickness (d) of the lipid
domains should be ~ 1.3 um, assuming that the corneocytes
and lipid domains are stacked upon each other in a repeating
manner. Ceg Was on average 24 nF cm 2 when awq = 0.826
and 35 nF cm > when awa = 0.992. Then, it follows from
Eq. 4 that the dielectric constant of the capacitive domains
is € ~ 35 when a4 = 0.826 and ¢ ~ 51 when a4 =
0.992. This estimate gives values in agreement with
those previously suggested for the dielectric constant of
SC: e ~ 10 for dry SC (76) and & ~ 49 for hydrated SC in
contact with a buffered electrolyte solution (conditions
similar to those applied here) (41). Even if the calculated
values of & are only rough estimates from a simplified
model, they indicate that hydration affects the dielectric
properties of the SC components. As discussed above, we
suggest that the fraction of fluid lipids increases upon hydra-
tion, which implies that the dielectric constant increases in
these domains upon incorporation of water molecules. In
addition, the fatty acids in the SC lipids can be affected
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by hydration in that the dissociation equilibrium changes.
It is therefore possible that the local proton concentration
in the lipid lamellar structures is affected by the degree of
hydration (49). This may result in a higher charge density
in the headgroup regions of the lipid lamellae in the case
of the fully hydrated skin membrane, which could increase
C.gr by providing more charged sites for double-layer capac-
itance. We note that increased charge density of fatty acids
at elevated pH has been shown for lipid lamellar structures
containing extracted SC ceramides, palmitic acid, and
cholesterol (77). However, as the solutions in contact with
the skin membrane in this work are buffered, it is unclear
whether this effect is relevant here.

The estimated values of € (~ 35-51) are in strong contrast
to the dielectric constant of lipids, which is in the range ¢ ~
2—4. On the other hand, if € is assumed to be 3, then the
average thickness of the capacitive domains is ~ 0.11 um
when ay, 4 = 0.826 and 0.08 um when a4 = 0.992 (calcu-
lated with the average values of Ceg). This line of reasoning
indicates that the capacitive domains in the SC are either
considerably smaller than the expected total lipid lamellar
thickness or that the dielectric constant is considerably
larger than for a hydrocarbon bilayer. The latter implies
that components of the SC other than the lipid lamellae
contribute to the capacitive currents. For example, a dou-
ble-layer capacitance may be due to charged species of
the SC, which are balanced by electrolyte ions, as previ-
ously suggested (40). This mechanism might be of partic-
ular relevance in the case of a fully hydrated SC
membrane, considering that the interchain packing of the
keratin filaments is expanded (Fig. 6 B) and that the terminal
domains undergo nearly isotropic reorientation at ayg =
0.992 (Fig. 5 B). In other words, any charged amino acid
residues present in the mobile terminal domains are more
freely accessible for double-layer charging in the fully
hydrated SC membrane and may contribute to the observed
increase in Cegr at increased SC hydration.

The relation between skin impedance
and permeability

Previous investigations have demonstrated an inverse linear
relationship between passive diffusion (permeability coeffi-
cient) of highly hydrophilic molecules (e.g., water (16), urea
(78), mannitol (79,80), inulin (80), and sodium ions (81))
and membrane resistance in logarithmic coordinates. This
correlation is only moderate for hydrophobic molecules,
such as corticosterone and estradiol (80). In a similar
manner, there is a relationship between the changes of the
skin membrane electrical properties observed in this study
and the steady-state flux of model drugs under the influence
of a varying water gradient (2). When the skin membrane is
more hydrated, it has a lower membrane resistance, higher
effective capacitance, and higher drug permeability. The
opposite is true for a less hydrated membrane. This shows
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that impedance measurements provide important and
complementary information on how skin permeability is
affected by external parameters such as the water gradient,
which may prove to be useful in future investigations.

CONCLUSIONS

We have investigated the effect of a varying water gradient
on the electrical properties of skin membranes. We per-
formed '*C PT ssNMR and x-ray diffraction measurements
on SC samples to obtain information regarding their molec-
ular structure and dynamics under similar hydration condi-
tions. The main conclusions are as follows.

1. The SC lipids are organized into lamellar structures with
~ 12.6-nm spacing and hexagonal hydrocarbon chain
packing with a mainly all-frans configuration of the
acyl chains, irrespective of hydration state. A fraction
of fluid lipids is present and is suggested to increase
upon hydration due to mobilization and incorporation
of cholesterol and long-chain lipids.

2. Keratin filaments are rigid structures with closer inter-
chain spacing in the dehydrated state. Hydration in-
creases the dynamics of the keratin filament terminal
domains and the interchain spacing.

3. Impedance measurements show that R, and C.g are
affected by hydration due to changes in the water
gradient and that the effect is largely reversible.

4. The strong decrease of Ry, indicates that ion transfer
inside the SC becomes less restricted upon hydration.
Increased ion transfer can be related to hydration-
induced lipid mobility in the extracellular continuous
lamellae.

5. The changes in mobility of the intracellular protein
components upon hydration/dehydration may influence
the mobility of intracellular ions. However, the effect
of this on R, is in all cases dependent on the ability
of ions to cross the extracellular lipids (see conclusion 4).

6. The observed increase in Cgg indicates that the dielectric
properties of the capacitive domains are affected by
hydration. We attribute this effect to hydration-induced
lipid fluidity and/or contributions to double-layer capac-
itance from a larger fraction of accessible and charged
amino acid residues of the keratin filament terminals
upon hydration.
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