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ARTICLE INFO ABSTRACT

Keywords: The integration of biological tissues with conducting polymers is crucial for the advancement of bioelectronics.
Skin Although the potential toxicity of some conducting-ink components is an acknowledged constraint for in vivo use,

Electrochemical impedance spectroscopy a more fundamental limitation is the lack of molecular understanding of how conducting polymers interact with

Ezllﬁz:;:e olvmer biological barriers. This study addresses some of the limitations by presenting a novel method for direct poly-
Nanoporesg poy merization of pyrrole on excised skin in vitro and investigates the evolving skin/conducting polymer interface
Bioelectronics using electrical impedance spectroscopy (EIS), X-ray diffraction, vapor sorption, and complementary analyses.

Direct polymerization of pyrrole on skin is performed by applying an aqueous pyrrole solution to the dermal side
and an oxidant (ferric ion solution) on the stratum corneum (SC) side of the skin membrane fixed in a Franz cell.
EIS measurements show a marked reduction in skin barrier resistance after PPy formation, whereas control
experiments produced the opposite trend, confirming that the resistance drop arises specifically from poly-
merization. Our complementary analyses indicate that polymerization is primarily localized at the solution-SC
interface but also support the formation of an electrically coupled pathway across the barrier. These results
provide molecular-level insight into polymer-SC interactions, imply the formation of a coherent conductive
junction that extends through the SC layers, and inform the design of future skin-integrated bioelectronic

materials.

1. Introduction

The integration of biological and electronic systems in bioelectronics
is driving advances in medical technology, particularly in diagnostics
and therapy. Establishing a seamless interface between electronics and
skin is a critical area of research. In diagnostics, biosensors in wearable
or semi-implantable devices on the skin offer a promising approach,
enabling continuous real-time monitoring of health metrics and early
detection of disease [1,2]. In therapeutic applications, the interface
between electronics and the skin can be leveraged for improved and
controlled transdermal drug delivery [3]. Techniques such as electro-
poration, which applies high-voltage pulses to create temporary pores in
the stratum corneum (SC), and iontophoresis, which uses a low electric
current to drive charged drug molecules through the SC, exemplify
electrical methods used to enhance drug delivery through the skin [4,5].

Importantly, transdermal drug delivery typically requires enhancing the
permeability of the SC [6].

An effective approach to engineering bioelectronic interfaces on the
SC can be achieved by using conducting polymers, such as polypyrrole
(PPy), poly(3,4-ethylenedioxythiophene) (PEDOT) and polyaniline [7,
8]. The polymerization processes occurring within or on the skin barrier
remain poorly understood, yet are essential for the development of novel
epidermal sensors and topical therapeutic applications. However, the in
vivo research is restricted due to the toxicity of monomer components of
polymerization mixtures. While searching for biocompatible conducting
polymer deposition recipes, a good deal of research questions about
conducting polymer/skin interaction and bioelectronics interfacing with
skin can be addressed by in vitro investigations.

This study introduces a novel Franz cell-based method to form net-
works of conducting organic polymers directly on SC, building on recent
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biosensor applications studies [9]. As a model monomer for developing a
skin-conducting polymer interface, pyrrole was chosen due its low mo-
lecular weight (67 g mol’l), good solubility in water (45 g n 01, and
the ability of PPy to reach conductivities in the mS cm™! range and
above when synthesized using FeClz [11,12]. Here, we demonstrate for
the first time the formation of seamless skin-electrode interfaces using
this setup. A pyrrole monomer solution was applied to the dermal side of
porcine skin membranes fixed in a Franz cell, while a ferric ion (Fe®h)
oxidant solution was placed on the outermost SC side. This
pyrrole/skin/Fe>" configuration drove polymerization selectively on
the SC. The Franz cell-based in vitro approach is proven especially
valuable for investigating the polymerization of toxic monomers (e.g.,
pyrrole or aniline), which is often performed with potentially hazardous
oxidants, on skin. It enables characterization of seamless conducting
polymer/skin interaction, while searching for biocompatible recipes
enabling chemical deposition of bioelectronic systems on humans or
animals.

Electrochemical impedance spectroscopy (EIS) was employed to
assess the effects of the polymerization process both on skin resistance
and effective capacitance. For the first time, it allowed us to observe a
manifestation of nanopores through the salt concentration-induced
changes in membrane resistance. Small- and wide-angle X-ray diffrac-
tion was utilized to investigate changes in the molecular organization of
lipids and keratin in the SC due to pyrrole polymerization. Additionally,
Fourier transform infrared (FTIR) spectroscopy was used to determine
the extent of polymerization on SC vs dermal sides of the skin mem-
brane, accounting placement asymmetry of the monomer vs the oxidant.
These techniques have previously been used to study the effects of hy-
dration and Ultraviolet B radiation (UVB) on the skin [13,14]. The
growth of polypyrrole deposits on the skin surface was visually docu-
mented using optical microscopy.

The results of this study prove that the proposed Franz cell-based
methodology can be adapted to produce and study seamless bio-
electronic interfaces created between skin and conducting polymer. This
in vitro approach can also be further explored on other bio-barrier
models, e.g., viable 3D skin, before progressing towards in vivo studies
on humans or animals.

2. Experimental
2.1. Materials

FeCl3-3H20, pyrrole (98%), HCl (30%) and phosphate-buffered sa-
line (PBS) tablets were purchased from Sigma-Aldrich (St. Louis, USA).
KCl and KH5PO4 were obtained from Merck (Darmstadt, Germany). 500
Da cut-off Spectrum™ Spectra/Por™ Biotech cellulose ester dialysis
membrane (DM) and aniline (99%) was purchased from Fisher Scientific
(Waltham, USA). Deionized water was obtained using Milli Q-plus-
Millipore system (Burlington, USA). PBS (pH 7.4, 140 mM of NaCl, 3 mM
of KCl, 10 mM of phosphate) was prepared by dissolving PBS tablets in
deionized water. Phosphate-buffered KClI solutions of various KCl con-
centrations (0.2 M — 0.01 M) were prepared by dissolving KaHPO4 (1
mM), KCI (concentration between 0.2 M and 0.01 M) in deionized water
and adjusting pH to 7.4 with HCL

2.2. Preparation of porcine skin samples

Porcine ears acquired from a local abattoir and stored at — 80 °C
were used to prepare skin membranes. The ears were residuals from food
preparation, thus ethical permission for working with them was not
required. The skin membranes were prepared as reported earlier [13].
Briefly, defrosted porcine ears were cleaned with cold water and cut into
strips, shaved and sliced to obtain approximately 500 pm thick skin
membranes using a dermatome (TCM 3000 BL, Nouvag, Konstanz,
Germany). The resulting skin samples were punched to obtain circular
membranes (ca. 16 mm diameter). The membranes then were kept at —
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80 °C on filter paper until they were used.

2.3. Modification of porcine skin samples and dialysis membrane with
polypyrrole

Cellulose ester dialysis membranes (DM) and porcine skin mem-
branes were modified with polypyrrole (PPy) by applying Fe>* ions as
oxidant agents in the presence of pyrrole monomers [15]. The biocom-
patibility of PPy has been studied previously, including its influence on
keratinocytes and other cell types [16-18]. To perform the polymeri-
zation of pyrrole on the membranes, the DM or the skin with the SC
upwards were placed in vertical Franz cells. The lower cell compartment
was charged with a 0.15 M pyrrole solution in deionized water. The
upper cell compartment was charged with 0.06 M FeCls solution in
water. Considering that skin has higher permeability for small neutral
molecules than ions [19-21], this arrangement of solutions promoted
polypyrrole polymerization on the top of the skin (SC side, Fig. 1).
Deposition of PPy proceeded for 24 h, resulting in PPy-modified skin
(PPy-skin) or dialysis membranes (PPy-DM), respectively.

2.4. Electrochemical impedance spectroscopy of membranes

Electrochemical impedance spectroscopy (EIS) was used to evaluate
the membranes before and after PPy polymerization (i.e., unmodified
and PPy modified). Measurements were conducted in Franz cells filled
with PBS or a specified electrolyte solution. Initial impedance mea-
surements were done after membrane equilibration in PBS for 1 h, after
which the polymerization of pyrrole was conducted for 24 h. After the
polymerization, the solutions in the Franz cell were replaced with fresh
PBS to allow for the final EIS measurement (recorded within 30 min).
Similar experiments were performed with cellulose membranes, serving
as a reference experiment. The EIS measurements were performed in a
Franz cell equipped with 4 electrodes [13]. Pt wires were used as
working and counter electrodes, while Ag|AgCl (KClsa) electrodes
served as reference and sensing electrodes. EIS spectra were registered
using a potentiostat from Ivium Technologies (Eindhoven, Netherlands)
in 0.01 Hz - 1 MHz frequency range, and an applied AC voltage ampli-
tude of 20 mV at zero DC voltage. EIS spectra of DM and PPy-DM were
registered in PBS. EIS spectra of skin and PPy-skin membranes were
registered in PBS or in 1 mM phosphate-buffered solutions (pH 7.4)
containing various KCl concentrations in the range from 0.01 M to 0.2
M. The “Zview” was used to fit the data to an equivalent circuit model
allowing estimation of solution resistance, membrane resistance and
membrane constant phase element.

2.5. Preparation of SC samples

SC samples were obtained by removing the SC layer from PPy-SC and
unmodified porcine skin membranes using a trypsin solution (0.2 %) in
PBS [13]. Skin membranes were placed on a filter paper soaked in
trypsin solution for 12 h at 4 °C. The SC layer was then separated from
the trypsin-treated skin using a tweezer, wiped with a cotton swab to
remove the underlying tissue, and rinsed with PBS.

Given that EIS measurements of a skin membrane performed in a
four-electrode configuration predominantly reflect the properties of the
densely packed SC layer (as ionic permeation through skin is primarily
restricted by the SC [21-23]) the isolated SC sheets were used in FTIR,
DVS, and X-ray diffraction analyses for deeper characterization of its
structural changes due to development of PPy-SC interface.

2.6. Preparations of polypyrrole flakes

PPy flakes for FTIR analysis and dynamic vapor sorption studies were
prepared by mixing aqueous solutions of pyrrole (0.15 M) and FeCl;
(0.06 M) and allowing the reaction to proceed undisturbed 4 h until PPy
flakes precipitated. The resulting PPy flakes were filtered on Whatman®
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Fig. 1. A - Schematic representation of PPy deposition on the skin surface using a Franz cell setup. Created with BioRender.com (publication license granted to
Sebastian Bjorklund/Malmo University). B - photos of a porcine skin taken during its modification with polypyrrole; indicated time from the start of polymerization
experiment. C - photo of a PPy modified skin membrane after removal of SC by trypsin solution (0.2 % in PBS). Black spots on the skin membrane are residues of SC

that remained after the treatment with trypsin.

filter paper (grade 4, from Sigma-Aldrich, St. Louis, USA) and washed 3
times with deionized water.

2.7. Small- and wide-angle X-ray diffraction (SAXD and WAXD)

SAXD and WAXD studies were performed at 32 °C, using a multi-
purpose Peltier gel-holder stage on a Xeuss 3.0 instrument (Xenocs,
France), with an X-ray beam generated by a CuK, radiation source (A =
1.542 A). Before measurements, samples were stored in a desiccator
containing saturated K;SO4 solution at 97% relative humidity. The
samples, of both PPy-SC and SC, were sandwiched in a gel holder and
sealed between two Kapton films (DuPontTM Kapton®, 0.013 mm
thickness, Goodfellow, England) using an O-ring spacer. A Pilatus3 R
300 K hybrid photon counting detector with a sample-to-detector dis-
tance (STDD) of 800 mm (SAXD) and 285 mm (WAXD) was used. The
samples were exposed for 3 h for SAXD and 1 h for WAXD. The two
STDDs covered the g-range 0.01 < q (mm™H < 18, where q is the scat-
tering vector defined as |q| = g = 42/2 sin (6/2) and 9 is the scattering
angle. Azimuthal integration of the 2D patterns provided the 1D
diffraction curves, which were corrected for background scattering and
normalized to the direct beam, using the Xenocs XSACT software
(version 2.6). Silver behenate was used to calibrate the g-scale. Back-
ground subtraction of two empty Kapton films was performed. The in-
tensity data of SAXD and WAXD measurements were normalized (Eq.
(1)) for a selected range of g values.

Imeasured _ Iminimal .100% (1)

Tnormatized =
Imaximal - Iminimal

Where [ ormaizea — DNormalized value (%) of X-ray scattering intensity,
Ineasured — @ measured value of X-ray scattering intensity, Lyinima and

Inaximat — the smallest and the largest values of X-ray scattering intensity
for a selected range of g.

2.8. Dynamic Vapor Sorption (DVS)

Water sorption-desorption isotherms of SC, PPy-SC and PPy flakes
were recorded at 25 °C using a DVS microbalance (Q5000 SA, TA In-
struments - Waters Sverige AB, Sollentuna, Sweden). Before measure-
ments, samples were dried in desiccator. Dried SC sheets, PPy-SC sheets,
or PPy flakes, weighing 3 mg, were placed in a glass beaker, loaded onto
the DVS microbalance, and sealed in the sample chamber to allow
control of the relative humidity (RH). The sample was first exposed to
dry Ny gas (i.e., 0% RH) at 35 °C until a stable reading was obtained.
Next, the temperature was changed to 25 °C (0% RH) until a stable dry
weight reading was obtained. The RH was then ramped up from 0 to
98% RH in increments of 2%. The mass of the sample was continuously
measured by the DVS microbalance to allow the calculation of water
sorption isotherms; the water content is given in weight percentage
(W%) and calculated by (myor-mdry)/myor, Where myoy is the total mass of
the sample including water at a given time and mgyy is the dry mass of the
sample at 0% RH and 25 °C.

3. Results and discussion

3.1. Polypyrrole deposition on porcine skin membranes: microscopy and
EIS

In this work, polymerization of pyrrole producing a conducting
polypyrrole (PPy) on the surface of porcine skin was studied in vitro. The
polymerization was carried out in a Franz cell setup (Fig. 1A). The
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pyrrole solution (0.15M) was placed in the lower Franz cell compart-
ment with the dermal side of the skin exposed to the solution. The
oxidant, FeCls solution (0.06 M), was charged into the upper compart-
ment of the Franz cell with the SC side of the skin exposed to the solu-
tion. The polymerization process was easily followed by digital USB
microscope ( x 1000, China), proving that PPy deposits on the top of the
SC. Already, after 18 h of polymerization, the skin membrane appeared
completely black (Fig. 1B).

Upon removal of the SC using trypsin solution in PBS (0.2%), the
underlying tissue revealed its natural color (Fig. 1C), indicating that the
PPy network is primarily connected to the outermost side of the SC. This
observation is further supported by FTIR spectra, which showed PPy
absorbance peaks only on the outermost, FeCls exposed, side of SC
(Fig. S1).

Altogether, these results prove that pyrrole monomers, present on
the dermal side of the skin in the Franz cell, effectively permeated the
skin membrane, including the SC, met the low-permeable Fe3* ions, and
polymerized to PPy right on the top of the SC (Fig. 1A). This interfacial
polymerization resulted in a continuous coating rather than dispersed
particles. A similar phenomenon has been observed in other membrane
systems [24]. A likely explanation is that nucleation sites at the interface
adhere to the surface, promoting continuous polymer growth instead of
free particle formation. To the best of our knowledge, this is the first
disclosure of a Franz cell-based methodology enabling seamless depo-
sition and studies of conducting polymer on skin membranes in vitro. The
approach shown in Fig. 1A was also confirmed to be successful with the
alternative monomer aniline, which formed a deposited polyaniline
layer, demonstrating that the method is applicable in a more general
manner (see Fig. S2). Theoretically, the Franz cell-based approach could
also be applied to oxidative 3,4-ethylenedioxythiophene (EDOT) poly-
merization, as PEDOT has recently attracted significant interest in the

e Skin o PPy-skin

— Fit line
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bioelectronic field [25-28].

Overall, the Franz cell-based setup is suitable for depositing poly-
mers whose monomers penetrate the SC and participate in oxidative
polymerization on the SC side of the skin. This in vitro approach is
especially useful for studying conducting polymer/skin interfaces before
biocompatible recipes are available for creating bioelectronic skins.

To assess the PPy-SC interface, the PPy-modified skin membranes
were extensively studied by EIS. Impedance data of three replicate skin
membranes, denoted as n = 1, n = 2, and n = 3, before and after PPy
deposition are presented as Nyquist plots in Fig. 2. The shape of the
Nyquist plots, corresponding to both unmodified (Fig. 2, filled circles)
and PPy-modified skin membranes (Fig. 2, empty circles), clearly reveal
a single depressed semicircle. The semicircle shape in Nyquist plots is
commonly observed for skin membranes and reflects a combination of
transdermal (resistive) and charging (capacitive) currents flowing in
parallel [13,29]. The general features of the Nyquist plots are similar
across all replicate skin membranes investigated, with a noticeable
decrease in the diameter of the semicircle after PPy deposition. Some
changes are also observed in the data patterns outside the semicircles
(data at low frequencies, points on the right-hand side of the curves,
Fig. 2). However, these changes are inconsistent. Thus, only
high-frequency EIS data were modelled by the equivalent circuit shown
in Fig. 2D, ie., the circuit that captures the main impedance charac-
teristics of skin in electrolyte solutions.

The resistance of the electrolyte solution is represented by the
resistor (Rg). The Ry is connected to a parallel circuit comprised of a
resistor (Ry) and a constant phase element (CPE) representing the
resistance and capacitance properties of skin membrane, respectively.
The CPE accounts for the non-ideal capacitance of the skin membrane.
CPE module value is usually regarded as an effective capacitance (Cegf)
for easy relating to the dielectric constants and geometric dimensions of

D - Equivalent circuit
Rs

4.5 6.0

Fig. 2. Representative EIS data were obtained before and after the modification of skin membranes with polypyrrole; data were obtained from three replicate skin
membranes (n = 1, n = 2, n = 3). The equivalent circuit used to fit and analyze the EIS data is shown in (D) where R; is solution resistance, Ry, is membrane
resistance, and CPE represents a constant phase element used to estimate the effective capacitance (Ces) of the skin membranes.
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skin membranes [30,31]. Considering a low permeability of ions
through SC vs dermal layer of the skin, the values of Ry, and Cef pri-
marily reflect the barrier properties of SC. In simple terms, Ry, represents
the resistance to transdermal (through SC) transport of ions [22,23]. Ce
reflects double-layer charging of ion-impermeable interfaces made of SC
lipids, lipid matrix, and lipid-protein domains. The dielectric proper-
ties/constants these biomaterials strongly influence Cegr, Eq. (2) [13,29,
32-34].

Cor = coery )
where C (F) is effective capacitance, ¢, - the permittivity of free space
(8.854 x 10712 F~m’1), & is a relative dielectric permittivity of the
medium (biomaterials) separating the charges, A (mz) and d (m) are the
surface area and the thickness of the capacitive domains in the SC,
respectively.

The impedance parameters of three replicate skin membranes, ob-
tained by fitting the EIS data to the equivalent circuit (Fig. 2D), are
presented in Fig. 3 and Table S1. The Ry, and Cefr values vary consid-
erably for each replicate skin membrane. This variability is typical for
skin due to biological differences in molecular composition of the SC, the
number of hair follicles and sweat glands [31,35,36]. Despite this
variability, the changes in impedance properties of the skin after PPy
modification are well-defined. Firstly, PPy modification causes a
decrease in Rp,. Secondly, an increase in Cegr is observed for all skin
membranes (Fig. 3). These changes should be due to the deposition of
conducting PPy on the skin membranes since the same changes were
reproduced in control experiments done with cellulose membranes
(Fig. S3 and Table S2).

Notably, the general shape of the high-frequency semicircle (Fig. 2)
remained similar before and after PPy modification, despite changes in
radius, with the CPE n value showing no systematic variation (Table S1).
This indicates that no additional EIS feature (e.g., PPy charging/dis-
charging) emerged in this range, such that the spectrum remains
dominated by the SC's barrier to ion transport — the most resistive pro-
cess. Additionally, the conductive properties of PPy on skin were
confirmed by a 100-fold reduction in surface resistance of PPy-coated
membranes (see Supplementary Information).

The decrease in R, and the increase in Ces observed after modifying
skin with PPy might be related not only to the formation of PPy on the
SC, but also to prolonged exposure to aqueous solutions [37-39].
Therefore, control experiments were performed by exposing skin
membranes in Franz cells for 24 h to: (i) pyrrole solution (0.15 M) on
both sides of the skin (Fig. S4A), (ii) deionized water on both sides of the
skin (Fig. S4B), and (iii) FeCls (0.06 M) solution on the SC side and

Il Unmodified
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deionized water on the dermal side of the skin (Fig. S4C). All three
control studies (i, ii, and iii) resulted in increased Ry, and increased Ceft
(Fig. S5). These control experiments confirm that the observed decrease
in Ry, (Fig. 3A) is related to the PPy modification and not to prolonged
exposure of the skin membrane to aqueous solutions. However, the in-
crease in Cefr after PPy modification (Fig. 3B) can be attributed to both
the formation of the PPy network and the hydration of the SC,
contributing to an increased dielectric constant of the PPy-SC mem-
branes, Eq. (2).

3.2. Impedance characteristics of porcine skin in solutions with varying
KCl concentrations: Evidence of apparent nanopores in skin

To understand the structural details of the PPy/skin interface, we
addressed the hypothesis that the observed changes in the impedance
properties of skin membranes after PPy deposition might arise from PPy
occupying nanoscopic defects in the SC lipid matrix, which can form
dynamically through grain-boundary separations and lattice vacancies
that generate multimolecular voids.

According to the four permeation pathways model [21], the diffusion
of small hydrophilic molecules and ions, in our case Fe>*, can occur
through nanosized defects in the SC lipid matrix [40]. Thus, it is plau-
sible that pyrrole molecules permeate lipid lamellae structures of SC and
encounter the ferric ions in SC nanopores, causing immediate PPy
deposition in the nanopores. This would result in reduced R, and
increased Ceg. Alternatively, pyrrole monomers, due to their small size
and relative lipophilicity, can diffuse into the lipid lamellae of the SC.
Upon reaching regions containing Fe3*, in situ oxidative polymerization
may occur. Such localized polymer growth at the SC/Fe>* interface
could disrupt lipid packing and generate structural defects (e.g., cracks
or pore-like discontinuities) that enhance ionic permeability and may
propagate toward deeper SC layers.

Even though pore size in SC has been related to membrane resistance
in past research [41], to the best of our knowledge, the behavior of skin
nanopores in electrolytes of different concentrations has not been
studied using EIS to date. Nevertheless, this approach is well-established
for analyzing electrolyte-filled nanopores in silica [42]. Essentially, the
method involves resistance measurement of nanopore-containing
membranes at different electrolyte concentrations. At high electrolyte
concentrations, C, the Ry, follows a 1/C dependence as described by
general R vs 1/C Eq. (3) and illustrated in Fig. 4.

l 1 l
Ripz a FZZI'U{C,’.Z (3)

R is aresistance (Q), p — resistivity of the solution (Q m), z; — charge of an

Il Unmodified
[ PPy-modified

Fig. 3. Values of (A) Ry, and (B) Ce¢ obtained for skin before and after PPy deposition; Ce is assumed to be equal to Q value of CPE. Three replicate skin membranes

are denoted asn = 1, n = 2, and n = 3. Errors represent the uncertainty of the

R and Cegr values obtained during the fit of impedance data shown in Fig. 2.
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Dependence of nanopore-comprised membrane
resistance on salt concentration

Fig. 4. Schematic representation of EDL dimensions (4p) at nanopore walls and electrolyte ion concentration in nanopores vs bulk electrolyte. ¢g and ¢, represents
the potential at the surface of solid phase (skin) and in the liquid phase (KCl solution), respectively. Ap - Debye length (thickness of the diffuse layer of EDL). At high
salt concentration (small Ap), the conductivity of the solution in a nanopore is similar to the conductivity of the solution outside the nanopore (we can call this a
volume conductivity). However, with the decrease of the electrolyte concentration, the Debye length at the nanopore inner wall/solution interface increases and
leads to overlapping EDL. At this condition, the conductivity inside the nanopore is higher than that of the surrounding diluted electrolyte. The conductivity is
dominated by surface-confined ions. Created with BioRender.com (publication license granted to Sebastian Bjorklund/Malmo University).

ion, F — Faraday's constant (96 485.3 C mol™), u; - mobility of an ion
(7.62 x 10 8m?s ' v ! forK* and 7.91 x 10 8 m?s 1 v for Cl),ci—
concentration of the ions (K™ and Cl~, in case of electrolyte made only of
KCl solution). [ is the path length for the ion flow, which is equal to the
distance between the potential measuring electrode probes (~2.5 cm)
for the case of assessing solution resistance (no membrane), or [ is the
thickness of the SC layer (~10 pm) in the case of assessing membrane
resistance. A — cross-sectional area (0.64 cm?) of the Franz cell, which
defines the skin membrane area in contact with the electrolyte solution.

The effect of nanopores on EIS parameters of skin can be assessed by
diluting the electrolyte in a Franz cell. This leads to an extension of the
electrical double layers (EDL) at the nanopores in SC, eventually causing
EDL overlap (Fig. 4). At the overlap, due to the need for screening of the
charges on nanopore walls, the electrolyte concentration within the
nanopore cannot be easily reduced by further electrolyte dilution. This
results in a much weaker Ry, dependence on 1/C, as illustrated in Fig. 4.
The electrolyte concentration, at which the linearity the Ry, vs 1/C no
longer holds, can be used to estimate the EDL dimension (Debye length)
at the EDL overlap, Eq. (4). Consequently, and simplistically, the
nanopore dimensions could be estimated as two times the Debye length.

_ e0&rRT
=\ 2pc )

In Eq. (4), Ap is the Debye length (m) and C is the concentration of KCl in

solution (mol m’s), while all other parameters follow Egs. (2) and (3).
Eq. (4) can be applied to calculate Ap for a symmetric monovalent
electrolyte.

To test the hypothesis that PPy might deposit in SC nanopores and to
explore the EIS approach for assessing nanopore presence in skin
membranes, we conducted EIS measurements on unmodified and PPy-
modified skin membranes in KCI solutions of different concentrations,
ranging from 0.2 M to 0.01 M. Raw impedance data (Figs. S6 and S7)
were fitted to the equivalent circuit (Fig. 2D), yielding Ry, dependencies
on the KCl concentration, Fig. 5.

The values of Ry, even at the highest KCI concentrations (Fig. 5),
showed no linear relation to the reciprocal of the KCI concentration,
which confirms a considerable role of EDL in nanopores in determining
Ry Meanwhile, the values of Ry across the entire experimental con-
centration range (Fig. S8) were linearly related to 1/C of the KCl con-
centration as expected for resistance defined by bulk conductivity. The
individual values for the three investigated replicate membranes (n =1,
n = 2 and n = 3) are listed in Tables S3-S5. In supplementary infor-
mation we attempted modelling of Ry, vs 1/C for one of membrane
giving a satisfactory result assuming that the membrane contains 1.2 x
108 nanopores with a radius of 1 nm and 1 x 107 nanopores with a
radius of 6 nm (Fig. S9). These dimensions are bigger than diameters of
0.5-1.6 nm SC nanopores that were estimated previously [43,44]. It is
very likely that due to assumptions of surface potentials, lengths, and
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Fig. 5. Dependence of skin membrane resistance on C* (concentration of KCI).
The R,, was determined by EIS measurements of skin membranes placed in
Franz cells, in contact with equimolar KCl solutions on both sides of the skin. A,
C and E - R, of unmodified porcine skin membranes (n =1, n =2, andn =3
are three replicate skin membranes). B, D and F - Ry, of corresponding skin
membranes after modification with PPy.

density of the nanopores in SC (see SI) we overestimate the diameter by
2-3 times. It is not excluded that freezing of skin membranes for their
storage increases dimensions of nanopores and number of nano defects.

The data in Fig. 5 show that the PPy-modified skin has similarly
shaped Ry, vs 1/C dependency as unmodified skin membranes. This
might suggest that PPy modification has no considerable effect on the
size of the nanopores or nano defects in the SC. However, the Ry, values
are significantly lower, being approximately 6 + 5 kQ for PPy-modified
skin vs 18 + 3 kQ for unmodified skin. It is possible that PPy modifi-
cation enhances charge transfer through nanopores/defects, e.g. via
charge carriers along the polymer backbone, leading to increased skin
conductivity (e.g., as modelled in SI assuming higher value of nanopore
surface potential). Alternatively, PPy modification might increase the
number of nanopores. Both factors (increased number of nanopores and
pore conductivity) are expected to contribute to increased skin con-
ductivity. It is important to note that both effects indicate that nanopore
and nano defect structures in SC are involved in building skin/PPy
interfaces.

3.3. DVS and X-ray diffraction analysis of PPy modified stratum corneum

To gain deeper insight into the mechanism by which pyrrole poly-
merizes within the SC composite membrane, we conducted comple-
mentary Dynamic Vapor Sorption (DVS) and Small-Wide Angle X-ray
Diffraction experiments. These techniques probe functional and struc-
tural aspects of both the lipid matrix and the keratin filaments of the SC.
Pyrrole is a low-molecular-weight, hydrophobic molecule (K,/p = 5.6
[45]) and is therefore expected to permeate the SC predominantly
through the lipid lamellar regions via free-volume diffusion, a
well-established pathway for small organic molecules with molecular
radii <0.4 nm and K,/p > 1 [21,37]. This transport mechanism predicts
a relatively homogeneous penetration of pyrrole through the lipid ma-
trix. Consequently, if pyrrole were to polymerize primarily within the
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lipid lamellae, substantial alterations in the molecular organization of
the SC lipid matrix would be anticipated. Conversely, if polymerization
predominantly involved the keratinous corneocytes, changes in the
characteristic diffraction peak associated with soft keratin would be
expected.

The water sorption—desorption isotherms obtained from DVS mea-
surements of intact SC and PPy-modified SC sheets (PPy-SC) show that
PPy modification has only a minor effect on the SC hydration process
(Fig. 6). Specifically, the PPy modification results in a slight reduction in
water sorption. However, the overall shape of the water content versus
relative humidity curve is similar for both intact SC (Fig. 6A) and PPy-
modified SC (Fig. 6B), exhibiting a steep increase in water content at
relative humidities above approx. 60% which is typical for porcine (and
human) SC [33]. Meanwhile, in case of DVS measurement of PPy flakes
(Fig. 6C), it is obvious that PPy retains much less water than SC
(Fig. 6A). The low water uptake by pure PPy flakes (Fig. 6C) indicates
rather weak interactions between PPy and water, being consistent with
the fact that chloride-doped PPy exhibits a contact angle with water
between 80° and 90° [34], making it neither strongly hydrophilic nor
strongly hydrophobic.

It is also worth noting that the keratin-rich corneocytes in SC (of
human or pig) have been associated with the formation of water pools in
the intercellular regions, and are considered to be the main component
determining the water content in SC at different relative humidities
[35-38]. Therefore, the comparison of water sorption isotherms of
porcine SC vs PPy modified SC is expected to reflect substantial change
of water retention ability of keratin structures due to their PPy modifi-
cation. Considering that the overall water sorption characteristics of the
SC within the PPy-modified SC remain largely unaffected by the PPy
modification, it can be concluded that PPy does not disturb the keratin
structures in SC. The slight decrease in water content observed in
PPy-modified SC (Fig. 6B) compared with intact SC (Fig. 6A) can be
attributed to the lower relative mass of SC in the PPy-SC sheets due to
the presence of PPy, rather than direct interaction or disruption of
keratin structures.

To investigate the effect of PPy modification on the molecular
structure of SC, both unmodified and PPy-modified SC samples were
analyzed using small and wide-angle X-ray diffraction (SAXD and
WAXD). The results are presented in Fig. 7A and B, respectively. Briefly,
the SAXD data show broad shoulders around q-values of 0.5 nm ™! and 1
nm?}, as well as a weaker diffraction shoulder at 1.5 nm™". This is
consistent with previous diffraction studies on porcine SC [13,46,47],
suggesting that the SC lipid matrix is organized into at least one lamellar
phase with repeat distances of 13 nm. The WAXD data in Fig. 7B show a
clear peak around q = 15.2 nm ™! (0.41 nm in d-spacing), corresponding
to a hexagonal lateral packing of the SC lipid acyl chains [13,47]. The
broad diffraction peak with a maximum around q = 6 nm ™! (0.95 nm in
d-spacing) is attributed to the distance between adjacent protein chains
(interatomic vectors), providing an estimate of the interchain separation
of protein monomers in soft keratin filaments [48,49].

A closer analysis of the normalized intensity indicates that PPy
modification of SC sheets results in a slight decrease in the scattering
intensity from the lipid lamellar structures in the SAXD regions (Fig. 7C)
and of the diffraction peak corresponding to lipids with a hexagonal
lateral unit cell (Fig. 7E). This suggests that the polymerization process
causes minor disordering of the SC lipids. The normalized intensity of
the broad diffraction peak from soft keratin remained unaffected
(Fig. 7D), indicating that PPy modification does not influence the ker-
atin structures of the corneocytes. These findings are in line with the
DVS data (Fig. 6), showing that the overall water sorption characteristics
of the SC sheets remain largely unaffected by the PPy modification (i.e.,
the sorption-desorption characteristics are dominated by the keratin).
Therefore, the X-ray diffraction data indicate that the PPy modification
primarily affects the structure of the lipid layer of the SC, rather than the
keratin.

Although the X-ray data are based on a single sample per condition
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and should therefore be interpreted with caution, the observations align
with the EIS results. Together, the experimental data suggest that PPy is
present not only on the SC surface but also forms a continuous con-
ducting junction across the SC, which may account for the weakened
diffraction peaks associated with the lipid matrix — the only continuous
structural phase of the SC composite membrane. Optical microscopy of
cross-sections of PPy-modified porcine skin (Fig. S10) confirms that PPy
covers the SC, with occasional aggregates observed in the dermal region.
Tape-stripping experiments (Fig. S11) further show that detectable PPy
remains on the skin even after 40 consecutive strips, indicating strong
adhesion to the SC and deposition within appendages and furrows that
protect the polymer from mechanical removal. However, these images
provide no evidence for homogeneous polymerization within the skin
layers. Thus, the reduction in SC resistance following PPy formation is
likely explained by the development of microscopic conductive path-
ways within the SC - potentially following the lipid matrix — that
together form a coherent conductive junction across the barrier.

4. Conclusions

This study presents a novel approach to modify porcine skin mem-
branes with the conducting polymer polypyrrole, significantly altering
membrane electrical properties. For the first time, direct pyrrole poly-
merization on skin membranes has been demonstrated using a Franz
cell-based methodology. The evolving bioelectronic structure is char-
acterized by seamless conducting polymers/skin interphase. Strongly
diminished PPy-skin membrane resistance and increased effective
capacitance suggest that PPy forms a conductive network across the
stratum corneum, enhancing transdermal charge transfer and improving
the ion storage capabilities of PPy-skin membranes.

For the first time, electrochemical impedance measurements are
used to study the manifestation of skin nanopores in electrolytes of
different concentrations. Our findings indicate that PPy modification
likely increases the number of nanopores/defects within the SC. This
study uniquely integrates EIS, dynamic vapor sorption, and SAXD/
WAXD to demonstrate that PPy influences the molecular lipid organi-
zation in the SC, mainly affecting structures which are in close contact
with the electrolyte solution at the skin/electrolyte interface.

The innovative methodology and insights from this study present a
novel in vitro approach for advancing future research on organic
electronics-skin interactions. We emphasize that developing and
refining new in vitro methods is important to minimize the reliance on in
vivo studies that may lack sufficient in vitro validation. The approach also
enables studies of bioelectronic systems on skin made of toxic compo-
nents thus providing data and methodology which should be helpful in
searching for biocompatible solutions. The described methodology is
expected to facilitate the study and optimization of seamless interfaces
between electronics and skin, focusing on key aspects such as adhesion,
stability, and biocompatibility of conducting polymers on skin.
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