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Abstract

This research focuses on designing polymer membranes as biocompatible materials using
home-built electrospinning equipment, offering alternative solutions for tissue regener-
ation applications. This technological development supports cell growth on biomaterial
substrates, including hepatocellular carcinoma (Hep-G2) cells. This work researches the
compatibility of polymer membranes (fiber mats) made of polyvinylidene difluoride (PVDF)
for possible use in cellular engineering. A standard culture medium was employed to
support the proliferation of Hep-G2 cells under controlled conditions (37 °C, 4.8% CO,,
and 100% relative humidity). Subsequently, after the incubation period, electrochemical
impedance spectroscopy (EIS) assays were conducted in a physiological environment to
characterize the electrical cellular response, providing insights into the biocompatibility of
the material. Scanning electron microscopy (SEM) was employed to evaluate cell adhesion,
morphology, and growth on the PVDF polymer membranes. The results suggest that PVDF
polymer membranes can be successfully produced through electrospinning technology,
resulting in the formation of a dipole structure, including the possible presence of a polar
-phase, contributing to piezoelectric activity. EIS measurements, based on R¢t and Cy; val-
ues, are indicators of ion charge transfer and strong electrical interactions at the membrane
interface. These findings suggest a favorable environment for cell proliferation, thereby
enhancing cellular interactions at the fiber interface within the electrolyte. SEM observa-
tions displayed a consistent distribution of fibers with a distinctive spherical agglomeration
on the entire PVDF surface. Finally, integrating piezoelectric properties into cell culture
systems provides new opportunities for investigating the influence of electrical interactions
on cellular behavior through electrochemical techniques. Based on the experimental re-
sults, this electrospun polymer demonstrates great potential as a promising candidate for
next-generation biomaterials, with a probable application in tissue regeneration.
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1. Introduction

Cell growth is a regulated biological process resulting from a precise equilibrium
between cellular proliferation and degradation and the complex and dynamic interactions
between cells and the extracellular matrix (ECM). The ECM is a three-dimensional net-
work composed of structural proteins and hydrated polysaccharide compounds, providing
mechanical support and biochemical interactions. These interactions are essential for main-
taining cellular function and tissue homeostasis conditions, involving a wide range of
morphological, biochemical, biophysical, and bioelectrical mechanisms. In scaffold-based
tissue engineering, it is fundamental to characterize and optimize the cellular growth rate
for each specific scaffold design. One of the main challenges in studying ECM—cell interac-
tions stems from the complexity of the interface phenomena, including cellular adhesion,
phenotype differentiation, signal transduction, and mechanobiological responses [1-3].
Among the biophysical interactions, the piezoelectric effect is particularly noteworthy for
its ability to convert mechanical stimuli into electrical signals, influencing intracellular
signaling pathways and regulating cellular processes of interest. This electromechanical
transduction plays a critical role in mechanosensing, bone remodeling, and cellular ori-
entation, functions that are especially significant in scaffolds designed to mimic native
tissue environments.

It is worth mentioning that incorporating piezoelectric properties into biomaterials
enhances their functional capabilities, offering advanced strategies for the development
of intelligent scaffolds for tissue engineering and regenerative medicine [4,5]. One such
material is polyvinylidene difluoride (PVDEF), a highly versatile and electroactive polymer
widely studied for its unique properties. The molecular structure of PVDF consists of re-
peating (CH,-CF;), units, where the number of repeating units (n) determines the polymer
chain length, which in turn influences its crystallinity and physical behavior. The presence
of highly electronegative fluorine atoms results in strong polar C-F bonds with significant
dipole moments, conferring PVDF its excellent piezoelectric characteristics. In addition to
its electroactivity, PVDF offers high mechanical strength, exceptional chemical and thermal
stability, as well as excellent flexibility and biocompatibility. It is non-biodegradable and
corrosion-resistant under certain environmental conditions, making it suitable for long-
term biomedical applications [3,6]. PVDF can exist in several crystalline phases, including
non-polar «- and e-phases and polar f3-, y-, and 5-phases. Among these, the 3-phase is
the most electroactive due to its all-trans planar zigzag conformation structure, in which
all dipole moments are aligned in the same direction [6-9]. This arrangement maximizes
spontaneous polarization and is responsible for PVDF’s outstanding piezoelectric behavior.
The B-phase can be induced through various physical and chemical processes, including
mechanical stretching, electrical poling, or advanced fabrication techniques like electro-
spinning. Electrospinning enhances 3-phase formation by applying high electric fields and
intense elongational forces to the polymer jet, aligning molecular chains and promoting
crystallization of the electroactive phase. This technique increases the proportion of the
-phase and produces nanofibrous mats with a high surface area, porosity, and mechanical
flexibility. These features closely mimic the natural ECM, making PVDF electrospun mats
ideal for medical applications [10,11].

In previous studies, authors have demonstrated that polyvinylidene fluoride (PVDF)
is a high-performance polymer known for its superior electroactive properties, primarily
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attributed to the polar -phase, which adopts a specific molecular arrangement where
dipoles are aligned, resulting in a material with strong piezoelectric properties [12,13].
Electrospinning has been extensively applied to PVDF processing, promoting 3-phase
formation through high-voltage-induced stretching and solvent evaporation, enabling
the fabrication of highly aligned nanofibrous mats without post-treatment [14]. These
nanofibers offer not only mechanical strength and flexibility, but also excellent biocompati-
bility and enhanced interfacial electrical interactions, making them promising candidates
for tissue regeneration platforms [15]. In comparison, traditional electroactive polymers
such as polypyrrole (PPy) and polyaniline (PANI) have been explored for similar appli-
cations due to their intrinsic conductivity; however, they often suffer from significant
disadvantages, including poor mechanical properties, limited flexibility, and lower long-
term biocompatibility [16]. Additionally, commonly used biodegradable polymers such
as polylactic acid (PLA), polycaprolactone (PCL), and polyglycolic acid (PGA) demon-
strate excellent biodegradability but lack inherent electrical activity, which restricts their
application in electrically responsive biomedical systems. Compared to these materials,
PVDF offers a unique combination of mechanical robustness, electrical functionality, and
biological compatibility, positioning it as a superior option for multifunctional biomaterials
in tissue engineering [17]. A comparative summary of the characteristics of these polymers,
including PVDEF, is presented in Table 1.

Table 1. Comparative summary of applied polymers in biomedical engineering, focusing on their
chemical structure, applications, and functional properties, including PVDF [6-17].

Polymer Chemical Formula Principal Applications Significant Properties

Sensors, energy collectors, High chemical stability,

PVDF (Polyvinylidene fluoride) (CoHyFy)n tissue envineerin piezoelectricity (3-phase),
& & excellent biocompatibility
Biosensors. drue deliver Intrinsic conductivity, poor
PPy (Polypyrrole) (C4H3N), neural, in tergfaces Y mechanical flexibility,
limited biodegradability
Conductive coatings Conductive, environmental
PANI (Polyaniline) (C¢HsNH), sensors. neural electr%) (ies instability, poor mechanical
! strength
. Biodegradable, good
PLA (Polylactic acid) (C3H4O00)n Blocﬁfg?cdjzlﬁ Sf:i{(s)lds’ mechanical properties,
p lacks electrical activity
Long-term implants, Slow biodegradation,
PCL (Polycaprolactone) (CeH1002)n drug delivery flexible, electrically inert
. Rapid biodegradation,
R Fast-degrading sutures,
PGA (Polyglycolic acid) (CoH209)n . good strength, no
tissue scaffolds piezoelectricity

In tissue regeneration, PVDF-based mats offer unique electroactive, mechanical, and
structural properties. The electrical charges generated via piezoelectric effects stimulate
essential cellular functions in biological systems, such as adhesion, proliferation, and
differentiation, and promote the immediate regeneration of complex tissues in bone and
neural systems. PVDF has been successfully utilized in artificial organs, including artificial
hearts, kidneys, and blood pumps [7,18,19], thanks to its durability, biocompatibility, and
chemical stability in demanding physiological environments. Its piezoelectric behavior
facilitates electrical transport and activation of biological responses in implanted systems.
Moreover, PVDF can be processed into fibrous and porous bulk structures that support
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cellular growth and guide tissue formation, enabling scaffolds to replicate the architecture
of the regenerated target tissue [7,11-24].

Cell membranes can store electrical charges and participate in many cellular interaction
processes, which are studied by changes in the membrane potential. Impedance analysis
provides valuable insight into the surface response that influences membrane morphology
and functionality. Most vertebrate cells exhibit limited proliferative potential due to telom-
ere shortening, a process known as cell senescence. Telomerase, the enzyme responsible for
maintaining telomere integrity, is inactive in most somatic cells, resulting in progressive
telomere degradation with each division. Despite these limitations, biomaterials in contact
with biological fluids or tissues can influence a wide range of cellular responses, collectively
defining their “biocompatibility.” This term encompasses all interactions between materials
and cells. Among such materials are synthetic polymers, including polyethylene, polyvinyl,
polyamide, polysulfone, and polyvinyl difluoride (PVDF) [3,6,8,25].

Finally, electrospinning remains a novel technology for producing nanofibrous mats
with high surface-to-volume ratios and ECM-like structures. This approach has gained
significant attention in tissue engineering due to its ability to produce nano- and microscale
fibers that enhance cell adhesion, proliferation, and differentiation. The process involves
applying a high-voltage electric field to a polymer solution, which results in the forma-
tion of solidified fibers. Its adaptability makes it ideal for fabricating functional scaffolds
for biomedical use, particularly in tissue engineering. In this study, Hep-G2 cells were
cultured using EMEM (Eagle’s Minimum Essential Medium), which was supplemented
with 10% fetal bovine serum. A piezoelectric PVDF polymer was chosen as a scaffold for
culturing Hep-G2 cells due to its relevance in replicating both healthy and pathological
tissue behavior. Studying 3D scaffold environments provides valuable insights into the
evolution of natural tissues and offers a promising platform for testing regenerative treat-
ments, such as skin repair therapies. This research aims to evaluate the biocompatibility
behavior of electrospun PVDF polymer membranes in cell culture using the electrochemical
impedance spectroscopy (EIS) technique, focusing on cell growth and behavior of Hep-G2
cells deposited on the fabricated PVDF mat.

This work also contributes to the growing field of piezoelectric biomaterials by pro-
viding a comparative perspective on the performance and applicability of the developed
scaffold to existing materials, such as PZT and PVDF-TrFE. PZT exhibits strong piezoelec-
tric properties; however, it is not recommended due to its high toxicity resulting from lead
content. The proposed scaffold prioritizes biocompatibility and biodegradability, aligning
with the biomedical requirements noted by Li et al. (2019) and Bai et al. (2021) [26,27]. In
contrast to PVDF-TrFE, which has been widely studied for its flexibility and processability,
electrospun PVDF material exhibits an enhanced piezoelectric response and improved
surface properties that favor cellular adhesion and proliferation [27]. Furthermore, in
contrast to traditional non-piezoelectric scaffolds that function passively by providing
only mechanical support, this new scaffold actively generates localized electric stimuli
in response to physiological movements. This electromechanical interaction significantly
promotes tissue regeneration and cell differentiation, which has been demonstrated as an
advantage of piezoelectric scaffolds in regenerative medicine [25,28,29]. Therefore, the
scaffold presented in this study stands out as a multifunctional and safer alternative that
links the gap between bioactivity, electrical functionality, and structural support.

2. Materials and Methods

This study investigates the behavior of a specific cell line (Hep-G2, a human liver carci-
noma cell line) that typically resides in native tissues and is exposed to non-homogeneous
media conditions. However, the Hep-G2 cell line was intentionally selected as a primary
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biological cell model due to its robust adhesion capacity, high proliferation rate, and well-
characterized response in vitro, which makes it suitable for assessing biocompatibility and
cell-material interactions of the PVDF membranes. The cells were cultured on a polyvinyli-
dene difluoride (PVDF) mat consisting of randomly oriented nanofibers, which replicates
the structural complexity of the extracellular matrix. This fibrous substrate is specifically de-
signed to mimic the irregular and multidirectional arrangement of ECM architecture, which
is an essential factor for promoting cell adhesion, proliferation, and functional activity
within dynamic biological environments. In this context, electrospinning has emerged as a
leading technique for producing polymeric nanofiber membranes. Its simplicity, adaptabil-
ity, and capacity for precise control over process parameters during membrane fabrication
make electrospinning particularly well suited for developing biomedical scaffolds in tissue
engineering, providing a promising tool for applications in regenerative medicine.

The polyvinylidene difluoride (CoH,F,), polymer used in powder form in this study
was purchased from Sigma-Aldrich (Burlington, Massachusetts, USA) (CAS No. 24937-79-9),
with a molecular weight of approximately 534,000 g/mol and density of 1.74 g/mL at
25 °C. The dimethylformamide (DMF, CAS No. 68-12-2) and acetone (CAS No. 67-64-1)
solvents used for polymer dissolution were also purchased from Sigma-Aldrich (Burlington,
Massachusetts, USA), analytical reagent grade. The Hep-G2 cell line (ATCC® HB-8065™)
was obtained from the American Type Culture Collection (ATCC) (Manassas, Virginia, USA)
and cultured following the supplier’s recommended protocol using DMEM supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.

2.1. Design of PVDF Fiber Mats

The fiber mats investigated in this study are predominantly composed of polyvinyli-
dene difluoride (PVDF), a chemically inert electroactive polymer. These PVDF polymeric
membranes were produced through the electrospinning technique with a custom-built
laboratory apparatus, as illustrated in Figure 1. This apparatus is equipped with a DC
power supply capable of delivering voltages ranging from 0 to 25 kV, which generates the
high-voltage electric field required to induce electrostatic forces that draw the polymer
solution into ultrafine fibers [30]. In this particular case, a voltage of 15 kV is applied to
achieve the desired polymer deposition on the aluminum substrate by electrospinning. As
denoted in Figure 1a, the positive DC terminal (anode) is connected to a syringe filled with
a 3 cm? volume of reservoir and a hypodermic needle (0.8 mm x 40 mm), which delivers
the polymeric solution. The negative terminal (cathode) is attached to a grounded collector
substrate. In this configuration, the syringe acts as the anode, generating a continuous jet
of polymer solution directed toward the collector substrate. The collector consists of an alu-
minum foil sheet mounted on a copper plate, serving as a conductive cathode electrode and
providing a suitable surface for fiber deposition. The collector, measuring 10 cm x 15 cm,
acts as the charged substrate onto which the electrospun fibers accumulate, as shown
in Figure 1b.

The precursor reagent was prepared by dissolving 10 pellets of PVDF, each weighing
0.06 g, in 2.4 g of solvent (N, N-dimethylformamide-DMF (CHj3),N-CHO) to achieve a
polymer concentration of 20% (w/w). The mixture reagent was heated at 110 °C for 1.5 h
prior to electrospinning to ensure complete dissolution and homogeneity. During the
electrospinning process, the distance between the needle tip and the collector substrate
was 9 cm. After deposition, the electrospun PVDF membranes underwent a post-treatment
heat process at 100 °C for 24 h to improve polymer crystallinity. The membrane thickness
and pore size were controlled by adjusting the electrospinning time, enabling the creation
of tailored membrane structures. Consistent with findings reported in the literature [6,8],
the resulting membranes predominantly exhibited the characteristic 3-phase, which is
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favorable for electroactive applications. The fabricated membranes typically presented a
thickness ranging from 90 to 100 nm and an elliptical shape deposition profile, with a major
axis measuring approximately 9 cm and a minor axis of 7.5 cm. The fiber diameters were
distributed within a range of 50 to 700 nm, reflecting the influence of the electrospinning
parameters on fiber formation.

(a) /\/ 110 Vac-15KVac + ANODE
Fuse Diode bridge \

0

—
Capacitor

LV

Plug power
F
DC input S
Electrical

transformer

/ - CATHODE
(b) l Polimeric Solution

| Needle tip —» :

Collector

High Stream-jet
Voltage =
Supply
; A <.
—-= éd K Collector
: substrate

Figure 1. Schematic illustration of the electrospinning system setup, depicting (a) the electrical circuit
configuration used for high-voltage conversion and (b) the polymer ejection mechanism driven by
the applied electric field through electrode connections [30].

2.2. Cell Culture

The methodology for the Hep-G2 cell culture involves carefully preparing sterile
laboratory environment and maintaining optimal conditions to support cell growth. For
the experimental procedure aimed at promoting the growth of hepatocellular carcinoma
Hep-G2 cells, a 0.5 cm? sample was obtained from the electrospun PVDF membrane, which
had been previously prepared, as described in Section 2.1. The PVDF membrane and
all cell culture equipment were sterilized inside a laminar flow cabinet using ultraviolet
(UV) light exposure for 2 h to ensure aseptic conditions. The Hep-G2 cells were cultured
under suitable conditions using Dulbecco’s Modified Eagle Medium (DMEM), enriched
with elevated concentrations of amino acids and vitamins, supplemented with 10% fetal
bovine serum (FBS), and fortified with antibiotics to prevent contamination. A quantity
of 500 uL of Trypsin-EDTA solution was added to the cultures for 5 min to facilitate cell
detachment and prevent agglutination. Experimental cultivation was conducted in T-flask
containers with surface areas ranging from 25 to 175 cm?, containing 6-8 mL of culture
medium per flask. Typically, the cells grow to approximately 1 x 107 adherent cells and
1 x 10® cells in suspension, providing a practical scale for space in an incubator and
performing repeated passages necessary for cultivation [31]. A 0.5 cm? section of the
electrospun PVDF fiber mat was used for scaffold evaluation, and the experiment was
organized into three groups. The first group involved culturing cells on a glass substrate
in direct contact with the fiber mat, the second used a cell-adherent plastic container with
the PVDF fiber mat, and the third served as a control, cultured solely in a plastic container
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without the fiber mat. This arrangement was designed to assess cell adhesion behavior
on PVDF fibers within two different environments: glass and cell-adherent plastic. All
cultures were incubated under standard conditions at 37 °C, with 95% humidity and
5% CO,, to ensure proper physiological conditions [32]. Cell adhesion and proliferation
were periodically monitored using an inverted phase-contrast microscope (Olympus IX-71,
Nagano, Japan) to evaluate confluence, morphology, and cell adhesion to the substrate.

2.3. Cell Growth Control and Viability

According to the literature [27], cell growth and viability were monitored using an
inverted microscope equipped with a 10 x magnification objective lens, tracking the devel-
opment of the cell culture over four days. Three distinct culture setups were prepared to
evaluate cell behavior under three different substrate conditions. A quantity of 200 uL of
Methylene Blue was applied to each sample for 1-3 min to facilitate cell visualization. The
first culture (C1) was placed in a glass T-flask with a PVDF fiber mat. Since cells typically
exhibit poor adhesion to the glass surface, this condition allowed for the assessment of
cell attachment exclusively to the fiber surface. The second culture (C2) involved a plastic
T-flask containing a PVDF fiber mat, which allows for the evaluation of cellular prolifera-
tion on the polymeric fibrous surface in a favorable adhesion environment. The third cell
culture (C3), which served as the control, utilized a plastic T-flask without any additional
substrate. In this condition, cells were expected to naturally adhere directly to the native
plastic surface of the flask. These three conditions (C1, C2, and C3) were strategically
designed to confirm the cellular growth on the PVDF fiber mat and to isolate the effects
of the flask substrate material. As shown in Figure 2, this comparative analysis enables a
more precise interpretation of cell-material interactions. After the staining process, any
excess of Methylene Blue was carefully removed from each sample by repeated rinsing
with distilled water to prevent interference during microscopic analysis.

Figure 2. Experimental setup process for preparing and staining Hep-G2 cell culture. (a) Careful
handling of a PVDF membrane under a biosafety cabinet to ensure a contamination-free environment;
(b) essential materials and instruments required for the experiments; (c) schematic representation of
the three distinct cell experimental conditions (Cl—cells cultured on a PVDF fiber mat placed inside
a glass T-flask); (C2—cells cultured on a PVDF fiber mat placed in a plastic T-flask); and (C3—cells
grown directly in a plastic T-flask as the control group).

2.4. Characterization of Hep-G2 Cells Cultivated on PVDF Fiber Mats
2.4.1. Scanning Electron Microscopy and Elemental Composition Analysis

The morphology and microstructure of the electrospun fiber mats were character-
ized using a scanning electron microscope (SEM, JXA-8200, JEOL, Tokyo, Japan), which
was employed to capture high-resolution surface images. The SEM was operated at an
accelerating voltage of 15 keV to optimize image contrast and resolution of the surface
topography analysis. Prior to imaging, the samples were sputter-coated with a thin layer of
gold to enhance surface conductivity and minimize charging effects during electron beam
exposure. Additionally, elemental distribution on the fiber mats was examined using an
energy-dispersive X-ray spectroscopy (EDS) technique coupled to the SEM. EDS analysis
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provided semi-quantitative information about the elemental composition of the fiber mats.
The resulting spectra allowed the identification of the primary chemical elements present
in the fibers, contributing to a comprehensive assessment of the material’s structural and
compositional integrity.

2.4.2. Electrochemical Impedance Spectroscopy Analysis

Electrochemical tests of PVDF fiber mats with cultivated Hep-G2 cells supported as
described in the experimental C2 condition were conducted in a physiological environment,
using a 0.9% sodium chloride (NaCl) saline solution, which is commonly used in biomedical
applications to restore electrolyte salts lost through dehydration. Squared samples of the
C2 fiber mats with cells deposited were analyzed in an electrochemical cell design, as
shown in Figure 3. A conventional three-electrode configuration was used [33-35]; at
the top of the cell, an Ag/AgCl reference electrode (RE) was connected in parallel with a
platinum wire, which was connected in series to a 33 uF/10 mV capacitor element. This
arrangement mitigates signal distortion caused by high-frequency interference, a prevalent
problem in piezoelectric materials. The counter electrode (CE) consisted of a graphite
bar, whereas, at the bottom of this cell, the test sample (electrospun PVDF fiber mat)
acted as the working electrode (WE) with an exposed active surface area of 0.8 cm? to the
electrolyte solution. Electrochemical measurements were performed using a PARSTAT-4000
potentiostat/galvanostat (Princeton Applied Research, Oak Ridge, TN, USA), which was
connected to a computer and controlled by VersaStudio software (v.6) for data acquisition.
The experimental sequence began with an open-circuit potential (OCP) monitoring for
10,000 s, allowing the system to reach a thermodynamic equilibrium state without applying
a current pulse. Subsequently, an alternating current (AC) signal with a small amplitude
was used as a perturbation signal to conduct electrochemical impedance spectroscopy
(EIS). The EIS measurements were carried out over a frequency range from 10° to 103
Hz, with a 10 mV signal amplitude and 10 data points recorded per decade. The resulting
impedance data obtained were represented as Nyquist plots (Zreal vs. —Zimag), and
analyzed through fitting with various equivalent electrical circuit (EEC) models. A total of
five distinct EEC models were proposed to better explain the electrochemical behavior of
the system. Measurements were performed after immersion periods of 5, 24, 72, 120, and
168 h to monitor time-dependent changes in electrochemical performance.

Ag/AgCl (KCl sat)-RE

Mounting
bolts

Acrylic
structure

Sealing ring

Testing

sample-WE
Figure 3. Schematic representation of the three-electrode electrochemical cell configuration, de-
signed explicitly for EIS testing of electrospun PVDF fiber mats under physiological conditions
(NaCl 0.9%) [33-35].
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3. Results and Discussion
3.1. Cell Culture Dynamics on Different Substrate Materials

Figure 4 shows the results obtained from cell culture experiments conducted on various
substrates, including an electrospun PVDF fiber mat. The images illustrate the behavior
of Hep-G2 cells in terms of adhesion, spatial distribution, and morphology after four
days of incubation under DMEM culture conditions. Additionally, Figure 4a displays the
structure of the PVDF membrane before cell culture, exhibiting visible spherical aggregates
of polymeric fibers integrated into a continuous, thin film that grows uniformly on the
entire surface of the metallic substrate. The cells assumed a notably lower adhesion density
when cultured on a glass substrate (test condition C1), as depicted in Figure 4b. The
smooth and rigid surface of glass typically results in unfavorable cell adhesion. In contrast,
Figure 4c provides a macroscopic view of the PVDF fiber mat used in test condition C2.
The mat exhibits a porous, fibrous structure composed of thin and flexible polymeric fibers.
This fibrous and porous architecture promotes better cell adhesion and even uniform
distribution. Hep-G2 cells appeared to grow along the fibers, closely mimicking the natural
extracellular environment matrix (ECM). This behavior supports better adhesion and
the potential for enhanced cell differentiation. In the control condition (C3-Figure 4d),
where cells were cultured on a standard plastic T-flask substrate, cells appeared randomly
scattered and exhibited an epithelial-like morphology. Certain regions displayed more
intense staining in groups, suggesting localized zones of strong adhesion and homogeneous
cellular growth. These observations highlight the significant impact of substrate material
on cellular behavior, demonstrating that electrospun PVDF fiber mats provide a favorable
environment for Hep-G2 cell growth. This supports their potential application as scaffolds
in biological and biomedical research.

Deposit

(b)

Figure 4. Optical microscopy images captured at 10X for a Hep-G2 cell culture under different
conditions: (a) non-cell culture on PVD-fiber mat, (b) Hep-G2 cell supported on PVDF membrane
with glass, (c) Hep-G2 cells on a PVDF membrane supported by a plastic, and (d) Hep-G2 cell culture
with a plastic support as a control.

The better adhesion of Hep-G2 cells on the plastic substrate compared to the glass
is mainly due to differences in surface properties. Plastic surfaces often exhibit a slightly
hydrophilic nature and a microscopically rougher texture, which promotes better protein
adsorption from the culture medium, a critical step for cell attachment. The adsorbed
proteins provide attachment sites for nucleation on the cell membrane, facilitating adhesion
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and subsequent cell spreading. In contrast, the glass surface is typically smoother and more
hydrophobic, which limits protein adsorption and consequently reduces the number of
adhesion sites for cells. This observation is supported by the experimental results shown
in Figure 4b, which indicate a lower concentration of attached protein groups, resulting
in reduced cell adhesion on glass substrates. The PVDF fiber mat provides an even more
favorable environment by mimicking the natural extracellular matrix (ECM) due to its
fibrous and porous structure. It offers a high density of attachment points that enhance cell
distribution and growth, thereby supporting improved cell-matrix interactions.

3.2. Control and Growth of Hep-G2 Cells

Based on the favorable results observed with the plastic substrate, Figure 5 presents
optical microscopy images of Hep-G2 cells cultured after four days of incubation under
standard DMEM conditions. Each image captures the cellular morphology and distribution
at different magnifications for the most favorable growth environment, which was for the
C2 condition. The cells exhibit well-defined morphology, are densely distributed, and
proliferate across the observed area. The absence of contamination, high confluence, and
strong adhesion to the substrate also characterize them. This optimal cellular behavior can
be attributed to the plastic surface’s physicochemical properties, which efficiently support
cellular adhesion and proliferation. The growth kinetics of Hep-G2 cells on the plastic
substrate follows a well-defined progression. Within the first 24 h, cells adhere and begin
spreading across the substrate surface. By the second day, cells enter an exponential growth
phase, marked by rapid cell division and the formation of dense cellular clusters. The
plastic’s relatively developed hydrophilic surface nature and suitable surface texture pro-
mote enhanced interaction between the cells and substrate, facilitating uniform distribution
while minimizing segregation. By the fourth day, the culture reaches a high confluence
rate, forming a consistent monolayer indicative of strong substrate adhesion and effective
nutrient absorption from the DMEM medium. These results highlight the synergistic role
of favorable substrate properties and a nutrient-rich culture medium, DMEM, in support-
ing cell viability, sustained proliferation, and maintaining the characteristic epithelial-like
morphology of Hep-G2 cells.
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Figure 5. Optical microscopy images were captured at 10X and 20X magnifications for a Hep-G2 cell
culture with plastic support as a control. The images highlight cellular morphology (a), adhesion (b),
and confluence (c) after four days of incubation under DMEM conditions.

3.3. Membrane Staining with Methylene Blue

After staining the membranes with Methylene Blue reagent, it was observed that
Hep-G2 cells successfully adhered to and proliferated on the PVDF membrane fabricated
by electrospinning technology. The staining process allowed for enhanced visualization of
cell distribution and morphology, confirming effective cell attachment and growth. General
microscopy analysis of the membrane (test condition C2) is shown in Figure 6, where images
were captured at magnifications of 10x, 40, and 60 %, clearly demonstrating the formation
of confluence cell groups adhered firmly to the PVDF membrane. The analysis of Figure 6a
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revealed a uniform staining pattern, indicative of homogeneous cell layer formation. At
the same time, variations in color intensity suggested localized differences in cell density
across the polymer membrane. Additionally, the presence of circular morphology may
correspond to cellular debris resulting from the staining procedure. These findings confirm
that the PVDF membrane provides a suitable environment for Hep-G2 cell adhesion and
proliferation, thus demonstrating its possible use as a scaffold for cell culture applications.
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Figure 6. Optical microscopy analysis of the PVDF membrane at (a) 10x, (b) 40x, and (c) 60x
magnifications, showing Hep-G2 cell adhesion, distribution, morphology, and structural integrity.

The structural analysis of the fiber mats suggested that the resulting membranes
predominantly consisted of the electroactive polar 3-phase, which is favored by the combi-
nation of the polymer’s intrinsic dipolar nature and the high-voltage conditions applied
during the electrospinning process [12,13]. This 3-phase is known to be the most electroac-
tive, and it is characterized by a polar crystalline configuration that develops a considerable
electric dipole moment in a single direction, imparting a significant piezoelectric effect
to the membranes. The presence of the 3-phase facilitates the alignment of dipoles in
the polymer chains, particularly when exposed to a strong electric field. This alignment
contributes to enhanced electrostatic interactions, increased surface charge density, and
improved hydrophilicity. These factors collectively promote protein adsorption, which is
essential for cell adhesion and proliferation, principally for Hep-G2 cells.

In Figure 6b,c, microscopy images reveal the structure of cell nuclei in an elliptical
and circular shape within the fibrous structure, with measured major and minor radii
of approximately 19 um and 7.5 um, respectively. These features correspond to vesicle-
like particles adherent to Hep-G2 cells, indicating effective cell attachment. Additionally,
Figure 6a shows a highly nano-porous structure and the rough surface texture appearance
of the fiber mat with the cell culture. Such porosity and surface roughness are advanta-
geous in fiber mats and are desirable effects in scaffolds because they promote cell culture
adherence to the scaffold. However, the combination with the 3-phase provides enhanced
bioactivity, a characteristic that supports cell adhesion, differentiation, and proliferation.
Furthermore, the piezoelectric response of PVDF membranes promises to be used in electri-
cally stimulated tissue regeneration, mimicking the native bioelectrical signals present in
biological tissues.

3.4. Scanning Electron Microscopy (SEM) Analysis

Figure 7 presents two representative micrographs obtained by scanning electron mi-
croscopy (SEM) at magnifications of 750x and 1500, illustrating the morphology of
Hep-G2 cells cultured on an electrospun PVDF fiber mat (substrate). A high density of
cells is observed, growing heterogeneously and distributed well across the entire substrate
surface, and showing predominantly spherical morphology. This suggests that during the
electrospinning process, the fibers tend to agglomerate due to electrostatic interactions,
insufficient solvent evaporation, and surface tension forces. At 750 x magnification, several
cells interact with the polymer’s underlying fibers. A closer view of the cells at 1500 x
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magnification reveals their preferential adhesion sites and distinct cell-fiber interactions.
The observed variability in cell size and shape is significant, which is critical for under-
standing cell-material interactions, as the presence of a fibrous structure may guide cell
attachment and orientation, making an ideal scaffold suitable for biomedical applications.
As shown in Figure 7a, the PVDF fibers range in diameter from approximately 50 to 700 nm
and are randomly oriented. As seen in Figure 7b, Hep-G2 cells successfully adhered to
these fibers, suggesting that the topographical and morphological characteristics of the mat
play a crucial role in promoting effective cell-substrate interactions.

¥ L
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Figure 7. High-resolution SEM images of the electrospun PVDF fiber-mat, illustrating surface
morphology and structural characteristics at different magnifications: (a) 750 x and (b) 1500%. The
images highlight the fiber distribution and cell-substrate interactions relevant to Hep-G2 cell culture.

3.5. Energy-Dispersive X-Ray Spectroscopy (EDS) Analysis

Hep-G2 cell culture on the PVDF membrane was further analyzed using the Energy
Dispersive X-ray Spectroscopy (EDS) technique. Figure 8 displays a view of the PVDF
membrane at a 2200 x magnification, where a green cross mark indicates the specific
EDS analysis on a selected spherical fiber. The corresponding EDS spectrum is shown
in Figure 8, and the elemental composition results are summarized in Table 2. The EDS
analysis revealed the presence of important elements associated with the polymeric fiber
mat and biological matter, including carbon (C), fluorine (F), oxygen (O), phosphorus (P),
sodium (Na), magnesium (Mg), and chloride (Cl). The presence of biologically relevant
elements (O, P, Na, Mg, and Cl) suggests successful cell adhesion and interaction with the
PDVF polymer scaffold. Meanwhile, the prominent fluorine signal confirms the presence
of PVDF on the membranes deposited by electrospinning, validating its function as the
principal component of the scaffold material.

e  Carbon (C) and fluorine (F): These elements are characteristic of the PVDF polymer,
confirming the integrity and presence of the polymer matrix.

e  Oxygen (O), phosphorus (P), and sulfur (S): Probable chemical elements derived from
cellular components such as phospholipids, proteins, and nucleic acids or potentially
from surface modifications introduced during processing.

e Sodium (Na) and chlorine (Cl): These elements may originate from residual compo-
nents of the cell culture medium.

e  Silicon (5i): Element possibly associated with metal-based coatings applied to enhance
the bioactivity of the membrane.

e  Aluminum (Al): Signal detected from the aluminum foil substrate (Al-foil) that sup-
ports the PVDF membrane.
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Figure 8. SEM micrograph and corresponding EDS analysis of the PVDF membrane. The green
marker indicates the location of the EDS analysis. Point “a” corresponds to the EDS spectra obtained
from the aluminum foil substrate, while point “b” represents the EDS spectra of a spherical particle
observed on the PVDF membrane.

Table 2. EDS results show the elemental analysis in terms of mass percentage and the dispersal of

energy in keV.
Location Elemental Composition in Mass %
Region of C (0] F Al S Cl P Si Na
EDS Carbon Oxygen Fluorine Aluminum Sulfur Chlorine  Phosphorus  Silicon Sodium
Energy-Kev ~0.28 ~0.52 ~0.68 ~1.49 ~2.31 ~2.62 ~2.02 ~1.74 ~1.04
a 35.98 1.29 33.87 28.85 — — — — —
b 57.23 27.45 13.08 — 1.6 043 0.10 0.06 0.05

a PDVF membrane substrate. b Spherical fiber particle.

The SEM images provide information about the distribution and morphological char-
acteristics of the cultured Hep-G2 cells. At the same time, the EDS spectra confirm the
biologically relevant elements associated with cellular adhesion and proliferation on the
polymeric PVDF scaffold. These findings support the potential use of electrospun PVDF
membranes in biomedical scaffolds for liver tissue engineering and regenerative medicine.
Moreover, their application could be extended to restoring damaged tissues in severe
skin wounds or burns, where nanofibrous polymeric films can facilitate healing and

tissue regeneration.

3.6. Electrochemical Impedance Spectroscopy Analysis; Application
3.6.1. Electrical Circuit Model Analysis

In this study, EIS was employed to evaluate the biocompatibility of PVDF membranes
used as support mats for Hep-G2 cell growth and structural regeneration. The measure-
ments were conducted in a physiological electrolyte solution (NaCl 0.9%), which maintains
a pH between 7.0 and 7.4. This solution simulates the ionic composition of biological
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fluids, providing a conductive and controlled environment that mimics in vitro conditions
for cellular metabolism. Impedance variations were monitored over time to assess cell
adhesion, proliferation, and surface modifications induced by cellular activity on the PVDF
membrane. The EIS data obtained are shown in the form of Nyquist and Bode plots,
which represent the transient response of the electrochemical system. This behavior can be
described using an equivalent electrical circuit (ECC) model, which allows for the character-
ization of surface electrochemical changes associated with the presence and development
of the cell film on the PVDF substrate.

In this study, four different ECC models were proposed to analyze the behavior of the
EIS data obtained after exposing the PVDF fiber mat at different times in the electrolyte
test solution. These models are based on combinations of resistors (R) and capacitors (C)
arranged in series and parallel configurations, as described below. The simplest model
(Figure 9a) represents a basic Randles-type circuit comprising a single resistor and capacitor
in parallel, which is suitable for describing systems with minimal interfacial complexity. In
contrast, the more advanced models (Figure 9b—d) incorporate multiple RC units, indicating
the presence of several electrochemical relaxation processes occurring at different depths
of the electrode interface. These additional elements are necessary to represent the more
complex behavior of the system, such as the interaction between cells and the PVDF
substrate. All proposed models include the solution resistance (Rs), which accounts for
the ionic conductivity of the electrolyte. The capacitance of the cell layer (C.) represents
the dielectric response of the PVDF cell interface, while the corresponding resistance (R.)
simulates ionic transport through the cell layer, both of which collectively define the total
impedance of the biological cell layer.

Furthermore, the charge transfer resistance (Rct) and the double-layer capacitance (Cq;)
are introduced to characterize the electrochemical interactions at the cell-substrate interface.
Rt quantifies the resistance to electron transfer across the electrode—cell interface, and Cg;
reflects the capacity of the electrical charge storage at the interface due to the formation
of an electric double layer. These parameters provide valuable insights into the surface
reactions and bioelectrochemical behavior of PVDF scaffolds that support the growth of
Hep-G2 cells.

Model R(CR). Figure 9a depicts the simplest equivalent electrical circuit (ECC), con-
sisting of a capacitor (Cg;) connected in parallel with a resistor (R¢) and then connected
in series with another resistor element (Rs). This configuration represents two impedance
components (Z; and Z,). Equation (1) describes the total impedance, which governs the
behavior of the kinetic reaction at a frequency-dependent system and is derived from the
R(CR) circuit model, where Ry denotes the electrolyte resistance in () (accounting for the
ionic conductivity of the electrolyte), Rt models the charge transfer resistance ((2), associ-
ated with the kinetics control of electron transfer at the electrode—electrolyte interface, Cq;
is the double-layer capacitance (F), resulting from the capacitance formed due to the charge
separation at the electrode—electrolyte interface. Z; refers to the interfacial impedance, and
7, is the total impedance of the system that describes the kinetics of the electrochemical
reaction at the interface. j = +/—1 is the imaginary unit and w is the angular frequency
of the applied AC signal w = 2mf, where f is in Hz. This circuit provides valuable
information related to the electrochemical response of the biomaterial PVDF membrane
during Hep-G2 cell culture. It also monitors the changes in interfacial capacitance, which
can be attributed to protein adsorption and cell attachment. This circuit was also used to
study cell adhesion on biomaterials and could indicate variations in the capacitance charge
of electrons at the interface due to the adsorption of a group of cell attachments on the
fiber mat.
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¢ Biosensor, batteries, and fuel cell analysis.
e Electron charge transfer.
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_____________________________________

2) e Evaluation of protective (multilayer coatings).

¢ Biosensors and tissue engineering studies.
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e Evaluation of protective coatings.

¢ Biosensors application and energy storage.
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Figure 9. Comparative analysis of electrical equivalent circuit (EEC) models used to interpret the
electrochemical impedance spectroscopy (EIS) data in biomaterial tested in 0.9% NaCl physiological
solution. (a) R(CR) model, (b) R(CR)(CR) model, (c¢) R(C(R(RC))) model, and (d) R(RC(CR)).
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Model R(CR)(CR). Figure 9b shows an equivalent electrical circuit (ECC) model com-
prising the combination of two parallel resistors (R) and a capacitor (C) element connected
in series. This configuration accounts for multiple impedance contributions labeled as Z;
(PVDF interface), Z, (coating resistance), Z3 (electrical capacitance), and Z4 (solution resis-
tance). The behavior of this multilayer system is mathematically described by Equation (2),
which models the electrochemical interactions at different structural levels of the membrane
and cell interface.

Rc Rct

Z;=R : , 2
4= T T jwC R, T T jwCy Ry @)

Model R(C(R(RC))). As illustrated in Figure 9c¢, this ECC model is a more complex
derivation, as described by Equation (3), with a pair of R and C networks connected in

parallel. One pair includes the capacitor C4 and resistor Ret, which describe the elec-
trochemical double-layer interface formed between the cell and the PVDF surface. The
second pair consists of C. and R, which are attributed to the properties of the PVDF
coating. Rs is also included to account for the electrolyte resistance. This configuration
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facilitates a more detailed interpretation of the interfacial and bulk properties of the scaffold

PVDF membrane. R
Re+ )

R 3
. c
1+ ](/JCC (Rc + 71 +jwclect>

Z4:Rs+

Meanwhile, the model R(RC(CR)) of Figure 9d is derived from the previous configura-
tions and mathematically designed (Equation (4)) to describe the double-layer capacitance
and the charge transfer resistance of the PVDF membrane immersed in the electrolyte. In
addition, this circuit reflects the contribution of the dipole moment induced by the 3-phase
of PVDEF, which enhances Hep-G2 cell proliferation. The presence of this electroactive phase
influences the dielectric response of the system and modifies the scaffold’s permittivity con-
stant due to cell adhesion. This model can describe the biocompatibility and ion transport
exchange at the membrane—cell interface, and also be used to study the cell adhesion and
the biocompatibility of the biofilm with the system (scaffold-PVDF membrane) under test.

1 " 1 @)
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These electrical equivalent circuit (ECC) models are essential tools for analyzing the

Z4:Rs+

electrochemical behavior of complex systems, particularly in studying reaction mechanisms
and biomaterial interactions. Each model represents a different level of electrochemical
complexity, allowing the interpretation of charge transfer kinetics, capacitive behavior,
and diffusion phenomena. The selection of an appropriate circuit model is determined by
the structural and electrochemical characteristics of the system under study. For instance,
simple circuits such as the one shown in Figure 9a are ideal for systems with single-layer
coatings and relatively in contact with electrochemical interfaces, where the dominant
parameters are charge transfer resistance and double-layer capacitance. In contrast, more
sophisticated models illustrated in Figure 9b—d incorporate additional resistances and
capacitances to simulate multilayered protective coatings, complex biomaterial interactions,
and advanced physiological applications such as tissue engineering. These advanced circuit
models offer a more realistic and detailed representation of electrochemical environments,
which is particularly valuable for applications in tissue engineering and regenerative
medicine. By more accurately modeling cellular adhesion, proliferation, and scaffold per-
formance, they enhance the understanding of bioelectrochemical interfaces and contribute
to the development of optimized biomaterials for clinical use.

3.6.2. Electrochemical Characterization Results

Figure 10 illustrates the electrochemical behavior of the polymeric surface at the open-
circuit potential (OCP) as a function of the activation potential E (mV), measured in a 0.9%
NaCl solution that simulates physiological saline conditions. The measurements were
collected at five different immersion time intervals (5 h, 24 h, 72 h, 120 h, and 168 h) without
an externally applied current signal, using an Ag/AgCl reference electrode. These OCP
data provide information about the spontaneous electrochemical stability of the PVDF
membrane over time. According to previous studies, Hep-G2 cells demonstrated favorable
adhesion and proliferation when cultured on PVDF fiber mats, indicating that this polymer
material provides optimal conditions for cellular growth and performance.
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Figure 10. Open-circuit potential transients of the PVDF fiber mat with Hep-G2 cells, recorded over a
continuous exposure period of 168 h in a 0.9% NaCl solution, simulating physiological conditions.

Consequently, Figure 10 presents the OCP curves for the PVDF fiber mat containing
Hep-G2 cells that were cultured. The curve labeled 1 corresponds to the OCP transient after
5 h of immersion in a 0.9% NaCl solution. The curve displays significant signal fluctuations
during the 10,000 s evaluation period, suggesting a stochastic electrochemical reaction
process. These unstable potential variations, fluctuating between —710 and —730 mV,
indicate an initial dynamic surface interaction. Notable changes in the potential value are
observed, probably attributed to the ingress of chloride ions into the PVDF structure, which
causes surface salt hydration and possibly activates the charge transfer mechanism. This
behavior is likely influenced by ionic exchange mobility and adsorption at the interface,
given the bioelectrical activity properties of the Hep-G2 cells, indicating their metabolic
processes as mentioned in Table 3.

Specifically, hydroxide compounds progressively ingress into the polymeric structure.
This observation suggests that the surface activation process is rapidly driven by ion trans-
fer, which predominates during the initial hours of immersion in the system under study.
This signal behavior is described by the following mathematical equation (Equation (5)):

V(t) = Vee "4 Asin(w + @) +1(t) ()

where V, is the initial transient voltage amplitude, T expresses the characteristic time
constant associated with the exponential decay of the signal, Asin(w + ¢) denotes the
small amplitude oscillatory component as a function of angular frequency w, and n(t)
describes the random noise function imposed on the system response. The signal labeled
number 1 exhibits periodic oscillations, which are modeled using the approximate signal
based on a Fourier series, expressed as } ;> ; Ancos(ywt + ¢,), where A, represents the
Fourier coefficients representing the amplitudes of the distinct frequency components that
model the periodic oscillations, and ¢, represents the corresponding phase shifts. This
mathematical approach effectively characterizes the complex oscillatory behavior observed
during the early stages of surface activation and ion transport phenomena (Equation (6)),
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where Fourier deconvolution is particularly effective in separating the intrinsic material
response from external perturbation during the OCP measurements.

V(t) = Z:ozl Apcos(nwt + @) +n(t) (6)

Table 3. Description of open-circuit potential (OCP) transients for the PVDF fiber mat with Hep-G2
cells cultured after continuous exposure to a 0.9% NaCl physiological solution for 168 h.

Signal Trasient Response Characteristic

NI
1 J f,ﬁ\w) \rIL J\(\ﬂw}(kf/ \f l\ )

Stochastic process.

Transient potential fluctuation.

Charge transfer process.

PVDF fiber mat interacting with Hep-G2 cells.

e  Surface reactions on PVDF-based coating.
e  Capacitive charging/discharging effects.
2-3 . | » A A AA e Jon exchange and bioelectrical activity
: V1 A ([ N causing signal fluctuations.
M/ VUl AV I Wl { e  Stochastic electrochemical reactions

e  Bioelectrical signals (ionic movement across
the membrane).
4-5 e  Electron transfer mechanism by the ion
adsorption process.
e  Cellular activity on PVDF membrane.

For immersion times of 24 h and 72 h (curves 2 and 3), the recorded signals exhibit
pronounced higher-frequency fluctuations ranging from approximately —740 to —770 mV.
This behavior suggests that the system could be influenced by perturbations associated
with active electrochemical reactions like fast charge transfer kinetics and ion diffusion
processes occurring on the PVDF membrane surface, indicative of capacitive charging
effects. Additionally, certain sections of the signals display a possible periodicity pattern,
which is further analyzed using the Fourier transform technique to identify and charac-
terize the dominant frequency components that lead to the observed oscillatory behavior
(Equation (7)).

V(t) = Ve T+ Z:;l Apcos(nwt + ¢n) +1(t) )

Stochastic electrochemical reactions suggest that the system undergoes continuous
dynamic changes due to surface modifications and cellular activity. Ion exchange and
bioelectrical processes contribute to signal fluctuations, reflecting the interactions between
the PVDF membrane and the surrounding electrolyte. After 120 h (curve 4) and 168 h
(curve 5) of immersion, a stable potential is observed, indicating that no significant changes
on the surface were observed. The recorded signals appear to have small amplitude
fluctuations with irregular downward peaks that suggest cell confluence and functional
adaptation on the PVDF matrix, driven by cellular metabolic activity. This system maintains
a relatively stable potential in the range of —770 to —790 mV. Over the extended immersion
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period of 168 h, the OCP becomes progressively more stable, suggesting that the polymeric
fiber mat undergoes no significant surface degradation under physiological conditions.
Moreover, the increasingly negative shift in potential with immersion times indicates
that the surface exhibits an active electron transfer mechanism, likely associated with the
ion adsorption process. This facilitates surface activation and the formation of a dense,
biocompatible monolayer film, indicative of a favorable biocompatibility response. These
findings imply that the system reaches a steady state characterized by stable metabolic and
electrical activity. This behavior is promising for biomedical applications, where the PVDF
mat provides a suitable environment for Hep-G2 cell adhesion, proliferation, and cellular
integration that will be in continuous interaction with body fluids. Therefore, this system
demonstrates significant potential for applications in tissue engineering.

3.6.3. Electrochemical Impedance Spectroscopy (EIS)

The EIS displayed in Figure 11 are depicted as Nyquist and Bode plots, illustrating the
ionic charge transfer and diffusion processes occurring at the PVDF material and electrolyte
interface. The impedance measurements show two distinct time constants: the first, located
at high frequency, is associated with surface-related phenomena, such as the presence of
pores within the PVDF matrix; the second time constant corresponds to the charge transfer
processes involving ions at the interface between the PVDF/Hep-G2 cell, the test sample,
and the surrounding electrolyte. At 120 and 168 h of immersion, the EIS curves indicate a
progressive charge transfer process occurring at the polymeric interface, beginning from the
initial tests at 5 h and continuing up to 168 h of exposure in NaCl solution. A distinct time
constant is observed at high frequencies and is associated with electrochemical phenomena
occurring at the PVDF material-electrolyte interface. After 5 h of immersion, the system
exhibits a semicircle arc with an amplitude of nearly 60 kQ-cm?, which subsequently
decreases sharply to around 30 kQ-cm? and eventually stabilizes at about 10 kQ-cm?. This
behavior suggests that C1~, Na*, and OH™ ions progressively pass through the polymeric
matrix through its porous structure, as shown in curves 1, 2, 3, and 4. Simultaneously, the
amplitude of a second time constant diminishes with increasing immersion time, leading
to better consolidation of the porous surface by hydration products. This leads to a lower
charge transfer resistance (Rct), indicating less resistivity to electron flow compared to the
initial value, thereby facilitating the accomplishment of the electrochemical reactions at the
PVDF interface.

Pore hydration promotes the structural consolidation of the interface, enhancing the
surface properties of the emerging biofilm and facilitating the transport of ionic species.
Consequently, a change in the dielectric constant of the interface occurs due to pore hy-
dration and imperfections in the developing biofilm. Nyquist plots typically exhibit a
significant second semicircle at high frequencies, corresponding to the charge transfer
resistance (R.t) across the surface of the PVDF membrane. The diameter of these semicircles
directly correlates with load transfer resistance; a larger diameter indicates greater stability
of the material due to the formation of a hydrated biofilm. The Bode plots shown in
Figure 11 further understand the mechanisms of charge transfer as a function of frequency,
providing detailed information about the reaction kinetics and the processes controlling
charge and mass transport. In this case, the magnitude of the absolute impedance (1 Z1) and
the phase angle () of the sinusoidal signal applied to the interface are plotted throughout
the measured frequency range.
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Figure 11. EIS response of the PVDF polymer/Hep-G2 cell samples during exposure to 0.9% NaCl
solution, presented in (a) Bode plot and (b) Nyquist plot formats, recorded at different immersion
periods: 5,24, 72,120, and 168 h.

It is understood that, through EIS measurements, a differential electrical pulse induces
the movement of aligned electric dipoles within the polymer structure. These dipoles can
reorient their position, facilitating polarization at the interface. This allows electron charge
accumulation at the membrane interface when it is implanted in a biological environment,
a property essential in biomaterials. The impedance diagrams indicate that longer exposure
time in the physiological medium promotes more efficient polarization, allowing the
membrane to better adapt to its environment. This dipole reorientation, accompanied by
atomic or ionic disorder, suggests the possibility of mechanical deformation in the structure,
leading to the manifestation of the piezoelectric effect. Currently, there are no specific
references in the literature reporting the use of electrochemical techniques, particularly
electrochemical impedance spectroscopy (EIS), to analyze the electric potential behavior of
PVDF polymer material.

3.6.4. Electrical Circuit Modeling

In Figure 12, an equivalent electrical circuit (ECC) model is proposed to simulate
the interfacial mechanisms by using a combination of resistors and capacitors connected
in series or parallel, depending on the surface conditions. The configurations are based
on the concept of an RC network. However, their complexity may vary; five circuits
are configured using R and C element combinations to model the physical and chemical
processes occurring at the material/electrolyte interface. This validation approach ensures
the samples’ structural and electrochemical integrity as a biomaterial with the possibility
of functioning as a regenerative scaffold. The theoretical impedance response of the fitted
circuit is represented in the Nyquist plot of Figure 12a for the circuit configuration of R(CR),
which produces a well-defined semicircle shape. This semicircle response is characteristic of
charge transfer resistance (Rt), and its diameter directly measures R¢. For the EIS system
modeled using the R(CR)(CR) equivalent circuit, shown in Figure 11b, the simulated
data plot shows the imaginary impedance component (Z”) against the real impedance
component (Z’), allowing the identification of three different electrochemical behaviors;
curve 1 corresponds to a system with lower impedance values, curve 2 represents an
intermediate impedance response, and curve 3 exhibits the highest impedance response.
The corresponding simulation data are summarized in Table 4.
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Figure 12. Equivalent electrical circuit (EEC) used to model the impedance behavior of biomaterial
after 168 h of exposure in a 0.9% NaCl solution. Rs: solution resistance; Ce: coating capacitance;
Ret: charge transfer resistance; Q: constant phase element (CPE). (a) R(CR) model, (b) R(CR)(CR)
model, (¢) R(C(R(RC))) model, and (d) R(RC(CR)).

Table 4. Electrochemical parameters obtained from the fitting procedure of EIS data using the
equivalent electrical circuit ECC proposed in Figure 9.

Data Circuit Circuit Circuit Circuit
R(CR) R(CR)(CR) R(C(R(CR))) R(CR(CR))
Modelling 1 2 3 1 2 3 1 2 3
Rs [O-cm?] 10 10 10 10
Cc [F/em?] - 1x107® 1x10° 1x107* 1x107% 1x107® 1x10°° 1x107% 1x10° 1x107*%
Rc [Q-cm?] - 300 300 300
Cet [F/cm?] 1x1075 1x10°% 1x10% 1x10°* 1x1072 1x107% 1x107° 1x107% 1x10% 1x1075
Ret [Q-em?] 1000 1000 1000 1000

The EIS results clearly reveal two time constants in curves 1 and 2, which correspond
to the arrangement of the proposed ECC. The first semicircle (Z;), which appears at lower
Z'’ values, is attributed to the RC pair (R, C), representing surface reactions such as ion
adsorption on thin-layer interactions. The second semicircle (Z;) at higher Z’ values is
related to the RC pair (Ret, Cq1), suggesting the bulk charge transfer resistance and ion
diffusion processes within the material. However, an increase in the capacitance value (C.)
from1 x 1079 to1 x 10~* F/cm? results in significant ion accumulation at the interface,
leading to a transition from two distinguishable semicircles to a single semicircle response,
as observed in curve 3. Figure 12a—d, display the simulated EIS data using various RC
configurations. Despite differences in their structural complexity, these equivalent circuits
exhibit similar impedance behavior, demonstrating the effectiveness of the proposed mod-
eling approach. Due to the similar characteristics between the experimental EIS data and
the simulated EIS response using circuit R(CR(CR)) (Figure 12d), this model is identified as
the most appropriate for evaluating the electrochemical impedance behavior of the PVDF
membrane. Circuit R(CR(CR)) effectively represents the complex interfacial phenomena oc-
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curring within the membrane/electrolyte system. PVDF membranes often exhibit multiple
interfacial processes, including charge transfer, ion diffusion, and dielectric polarization.
By incorporating multiple R(C) units connected in series and parallel, the circuit R(CR(CR))
is capable of modeling the distinct electrochemical processes occurring at different frequen-
cies. Its configuration allows for a more precise modeling of the frequency-dependent
impedance characteristics observed in experimental measurements. Furthermore, circuit
R(RC(CR)) Figure 12d provides an improved fit to the Nyquist plots obtained from EIS
data, accounting for multiple time constants associated with the different electrochemical
processes occurring at various frequency ranges. This improves the reliability of the ex-
tracted parameters, such as charge transfer resistance (Rt) and double-layer capacitance
(Cq1), thus enabling a more accurate assessment of the electrochemical performance and
interfacial behavior of the PVDF membrane.

The electrochemical parameters associated with the passive surface (biofilm) can be
obtained by modeling the experimental data using an equivalent electrical circuit (EEC),
as proposed in Figure 13. This ECC describes the electrical interactions between Hep-G2
cells and the PVD substrate. The circuit arrangement (d) is modified by introducing a
complex element, specifically a constant phase element (CPE), to fit the non-ideal behavior
interface better. In this modified circuit, a solution resistance (Rs) is connected in series with
a resistance (Rc) representing the resistance of the biofilm formed on the PVDF surface. R, is
arranged in parallel with a constant phase element (CPE-Q;), which relates to the electrical
properties of the passive layer. Subsequently, these elements are connected in parallel
to a resistor that characterizes the charge transfer resistance through the passive surface—
electrolyte double-layer interface, which is further connected in series to a second constant
phase element (CPE-Q;). Instead of an ideal capacitor, CPE accounts for the non-ideal
capacitive behavior typically observed in heterogeneous biofilm surfaces. Additionally,
Figure 13 also shows a schematic illustration representing the interaction between Hep-G2
cells and the PVDF surface as analyzed through electrochemical impedance spectroscopy.
The electrochemical parameter values obtained from the corresponding Nyquist diagrams
are summarized in Table 5.

Hep-G2 cells

PVDEF-substrate

1 f (Q,) Electrical double
Zcpe = W (Q) Biofilm layer interface

Figure 13. Equivalent electrical circuit (EEC) used to model the electrochemical response of a
PVDF membrane in contact with Hep-G2 cells exposed for 168 h in 0.9% NaCl. Rs: solution re-
sistance; Q;: biofilm capacitance; R.: biofilm resistance; Q: double-layer capacitance; Rei: charge
transfer resistance.
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Table 5. Electrochemical parameters obtained during the fitting procedure of EIS data with the
equivalent electrical circuit ECC proposed in Figure 13.

Exposure Time in NaCl 0.9%Wt.

Data 5h 24h 72h 120 h 168 h

Rs [Q] 9.24 9.47 9.15 9.07 9.7
Q [S-sec™] 1.035 x 1072 1=09) 4.09x10°m=07) 200x10°m=06) 116x10°5m=06) 8.07 x 107° (n=0.6)
Wret-Qq [Hz] 159 kHz 6.31 Hz 6.34 Hz 6.34 Hz 4.0Hz

R; [Q] 5.79 x 10* 3.00 x 104 1.78 x 10* 1.58 x 10* 1.126 x 10*
Q> [S-sec”] 437 x 1077 n=0.8) 2288 x107°(n=08) 439x10°n=07) 477x104n=0.6) 297 x 107* (n=0.6)
Wret-Q> [Hz] 1.26 Hz 5.04 Hz 6.34 mHz 252 mHz 252 mHz

R, [OQ] 6908 3197 1386 1136 63.43
Chi-square 558 x 107+ 9.58 x 10~* 1.04 x 1074 245 x 107 1.40 x 10~*

According to references [36—42], it is demonstrated that in electrochemical impedance
spectroscopy (EIS) measurements, experimental EIS data can be used correctly by using
an electrical circuit model that incorporates a constant phase element (CPE). The CPE is
employed to model the non-ideal capacitive behavior caused by factors such as surface
roughness, inhomogeneities, or diffusion effects. Unlike an ideal capacitor, which exhibits
a purely capacitive response, a CPE displays a frequency-dependent impedance behavior
described by the following equation:

ZcpE Q)™ (8)
where Zcpg is the impedance of the CPE, Q is the CPE constant magnitude in O~ lsn,
j is the imaginary unit (j2 = —1), w is the angular frequency (w = 27f), f in Hz, and
n(0<n<1)isthe phase constant exponent related to deviation from ideal capacitive
behavior. The relationship between the CPE parameter Q and an equivalent capacitance C
is given by the following equation:

C = Q(wy)" ©)

! + L (10)

(Crwra) )

Z4:Rs+

where C represents the equivalent capacitance and w, is a reference angular frequency
(w = 27f) expressed inrad/s. When (n = 1), the system behaves as a pure capacitor, and
Qs directly equal to the capacitance C. However, if (n < 1), the system deviates from ideal
capacitive behavior, and the capacitance (C) becomes frequency dependent. Lower values
of n indicate higher deviations, typically caused by surface roughness, inhomogeneities, or
non-uniform charge distribution. It is necessary to apply this correction in electrochemical
systems to obtain an accurate representation of capacitance from impedance measurements,
and it must be normalized to the exposed surface area of 0.8 cm?. The electrochemical
parameters initially presented in Table 6 are recalculated to obtain new EIS data values,
representing the electrochemical behavior of the system under study.

Finally, the results indicate that the ion adsorption and charge transfer mechanism
through the pores of the PVDF polymeric membrane, which carries Hep-G2 cells, demon-
strates excellent electrochemical stability and efficient ion interchange, promoting rapid
biofilm formation. Additionally, the findings reveal good resistance to corrosion degrada-
tion during prolonged exposure time to physiological media, such as a 0.9% NaCl solution.
The adsorption of Na*, OH™, PO,~, and Ca* ions promotes the film bioactivity of the
surface, as indicated by the open-circuit potential activation without interface disturbance
at the interface. In medical applications, particularly as a scaffold for tissue repair, this ion
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adsorption capability facilitates the successful formation of biofilms on the bone, allowing
for cellular osseointegration by providing active sites for the formation of the 3-phase in the
PVDF structure. The electrochemical findings from this study demonstrate the biomaterial’s
ability to adsorb ions at active sites associated with Hep-G2 cells and within its pores. This
hydration mechanism is crucial for inducing the formation of an active biofilm interface,
facilitating osteoconductive and tissue regeneration.

Table 6. Electrochemical parameters obtained from fitting EIS data using the equivalent electrical
circuit ECC proposed in Figure 13.

Exposure Time in NaCl 0.9%Wt.

Data

5h 24h 72 h 120 h 168 h
Rs [Q-cm?] 9.24 9.47 9.15 9.07 9.7
C [F/em?] 2.64 x 10710 1.423 x 107 5.06 x 107° 2.937 x 1075 2.66 x 107°
Re [Q-cm?] 5.79 x 10% 3.00 x 104 1.78 x 10* 1.58 x 10* 1.126 x 10*
Cq1 [F/cm?] 2.956 x 1077 1.134 x 10~° 1.422 x 107° 3.834 x 1074 2.388 x 10~
Ret [Q-cm?] 6908 3197 1386 1136 63.43

4. Conclusions

PVDF membranes, fabricated by electrospinning using a home-built apparatus, ex-
hibited uniform fiber morphology and well-defined structural features under controlled
conditions. As demonstrated in this study, polyvinylidene difluoride (PVDF) emerges
as a versatile polymer with excellent potential for biomedical applications, attributed to
its remarkable thermal and chemical stability, inherent biocompatibility, and distinctive
piezoelectric properties. Among its various crystalline configurations, the 3-phase is char-
acterized by its polar orientation, which is particularly desirable for tissue engineering
applications due to its highest piezoelectric response. Hep-G2 cells were effectively cultured
on PVDF membranes, which were adapted to the laboratory conditions. Experimental evi-
dence confirmed that the PVDF fiber supported healthy cellular adhesion and proliferation,
comparable to conventional plastic culture substrates.

This study demonstrated that electrospinning is an effective and reliable technique
for producing PVDF membranes with active nanoparticles, offering promising applica-
tions in tissue engineering. The process enables the fabrication of electroactive materials
with a predominant polar (3-phase structure, which is essential for enhancing the piezo-
electric properties of the resulting membranes. PVDF membranes exhibited excellent
biocompatibility with Hep-G2 cells, as the cells adhered well, proliferated, and grew in a
thermodynamically favorable manner on the membrane interface, without inducing any
contamination or abnormal morphological alterations during the culture period. Among
the tested substrates, notable differences in cellular preference were observed; cells cul-
tured on glass exhibited limited proliferation, whereas cells cultured on PVDF membranes
demonstrated adequate adhesion and confluence. However, cells maintained a preferential
adhesion to the standard plastic container.

The EIS technique was employed to evaluate the electroactive response of the PVDF
membranes, confirming their suitability for supporting the adhesion and proliferation of
Hep-G2 cells. Furthermore, the performance of these membranes was found to be just as
effective as standard polymeric substrates in promoting Hep-G2 cell culture, demonstrating
their ability to interact with the biological system for cellular regeneration.

Cell adhesion and membrane interface: Initially, the PVDF membrane exhibits a
characteristic impedance response when immersed in a 0.9% NaCl solution, resulting
from its dielectric and interfacial properties. As Hep-G2 cells begin to adhere to the
membrane surface, they probably form a biological film that alters the impedance spectra.
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In particular, increases in charge transfer resistance (R¢) and double-layer capacitance
(Cq1) related to the electron charge are observed. These changes are attributed to the
polarization of the cells and their electrostatic interactions with the polar 3-phase of the
PVDF membrane. This interaction facilitates the mobility of electrical charges and ionic
species at the membrane interface, indicating electrobiological activity associated with the
formation of a bio-interface.

Cell proliferation and surface coverage: As the immersion time progresses, cell prolifer-
ation results in increased surface coverage, which leads to significant changes in impedance
characteristics. A notable decrease in Rt suggests enhanced cell attachment and the forma-
tion of a conductive biofilm, which facilitates electron charge. Simultaneously, variations in
capacitance electron charge (C4;) may be associated with changes in the dielectric constant
of the cells. This establishes an effective mechanism for electrical interaction between the
cell-covered membrane surface and the surrounding electrolyte.

Biocompatibility assessment: The biocompatibility of the PVDF membrane is evalu-
ated by examining the impedance spectra over time. A progressive change over time of
impedance parameters indicates healthy cell growth and constant adhesion to the mem-
brane surface. On the other hand, when the ionic charging process predominates at the
membrane—electrolyte interface and cellular attachment still occurs, a decrease in Rt and
an increase in Cq; were observed. These changes are consistent with the biocompatibility
response and reflect the dynamic physicochemical interactions occurring during initial
cell-surface contact. In summary, the electrochemical behavior suggests that ionic transport
and the accumulation of electron charge at the PVDF membrane interface contribute to
the formation of a stable bio-interface, which is promising for cellular attachment and
long-term proliferation in a physiological environment.

The presented study contributes to the use of electrochemical impedance spectroscopy
(EIS) as a fundamental and versatile characterization technique to evaluate interfacial
properties, charge transfer behavior, and bioelectrical responses in advanced biomaterials.
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