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The disruption of homeostasis in the tissue microenvironment following skin injury necessitates the provision of
a supportive niche for cells to facilitate the restoration of functional tissue. A meticulously engineered cell-
scaffold biointerface is essential for eliciting the desired cellular responses that underpin therapeutic efficacy.
To address this, we fabricated an electrospun poly-(L-lactide) (PLLA) cell scaffold enriched with graphene oxide
(GO) and gold nanoparticles (AuNPs). Comprehensive characterization assessed the scaffolds’ microstructural,
elemental, thermal, and mechanical properties. In vitro investigations evaluated the biocompatibility, adhesive
and regenerative capabilities of the scaffolds utilizing human keratinocytes (HEKa), fibroblasts (HFFF2), and
reconstructed epidermis (EpiDerm™) models. The results demonstrated that the incorporation of the GO-Au
composite substantially altered the nanotopography and mechanical properties of the PLLA fibers. Cells effec-
tively colonized the PLLA + GO-Au scaffold while preserving their structural morphology. Furthermore, PLLA +
GO-Au treatment resulted in increased epidermal thickness and reduced tissue porosity. The scaffold exerted a
significant influence on actin cytoskeleton architecture, facilitating cell adhesion through the upregulation of
integrins, E-cadherin, and p-catenin. Keratinocytes exhibited enhanced secretion of growth factors (AREG, bFGF,
EGF, EGF R), while fibroblast secretion remained stable. These findings endorse the scaffold’s potential for
regulating cellular fate and preventing hypertrophic tissue formation in skin tissue engineering.

Following skin injury, the structural integrity of the extracellular matrix
(ECM) is compromised, leading to alterations in the tissue microenvi-

1. Introduction

The tissue engineering triad represents a fundamental concept
within the field of regenerative medicine, serving as a sophisticated
alternative to traditional therapeutic strategies [1,2]. This triad com-
prises three integral components: cell populations, which serve as the
primary therapeutic agents; a biomimetic scaffold that provides struc-
tural support and spatial organization for cellular proliferation and
differentiation; and bioactive molecules that modulate cellular behavior
and enhance the regenerative response [3]. Skin wound healing is a
highly orchestrated biological process that necessitates collaborative
interaction among diverse cellular populations, aimed at reestablishing
both the architectural integrity and functional capability of the tissue.
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ronment that impede the efficacy of cellular activities vital for regen-
eration [4]. The loss of ECM components not only disrupts cell-matrix
interactions but also creates an unfavorable niche for the recruitment,
proliferation, and differentiation of endogenous cells, ultimately
impairing the wound-healing cascade [5-7]. Thus, the incorporation of
patient-derived cells, expanded in vitro and subsequently embedded
within a biomimetic scaffold that elicits a biological response through
the inclusion of bioactive substances, can activate endogenous cellular
activity. It is essential to modulate cellular stimulation, as unregulated
stimulation may result in the formation of hypertrophic tissues. These
tissues are distinguished by an abnormal proliferation of fibroblasts,
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leading to the development of non-functional tissue with compromised
physiological properties [8].

Electrospinning is a technique that facilitates the production of
porous scaffolds for cells, exhibiting structural properties analogous to
the ECM, while simultaneously enabling the modulation of polymer
fiber topography at the nanometer scale [9,10]. Cells are able to me-
chanically detect even subtle variations in the growth surface, which, in
turn, initiates a cascade of molecular events regulated by surface char-
acteristics [11].

Poly-(L-lactide) (PLLA) is a widely utilized aliphatic polyester in the
field of electrospinning, owing to its advantageous characteristics,
which encompass biocompatibility, biodegradability, and favorable
processability [12-14]. PLLA-based scaffolds provide a substrate for
cellular adhesion, with their architectural configurations affecting crit-
ical cellular behaviors such as adhesion [15,16], migration [17,18] and
vascularization process [19]. The inherent modifiability of electrospun
PLLA facilitates the incorporation of bioactive agents into the nonwoven
fiber matrix, thereby enhancing the biological efficacy of the polymer.
While PLLA can independently function as a scaffold to support cell
growth, the application of surface coatings or the nanostructuring of
fibers with bioactive compounds can further increase its functional ca-
pabilities. Graphene oxide (GO) and gold nanoparticles (Au NPs)
represent significant nanostructuring agents for electrospun PLLA fibers.
GO not only influences the nanotopography of polymeric fibers and
enhances cellular adhesion [20-22] but also acts as an effective sub-
strate for the deposition of metallic NPs, thereby reducing their cyto-
toxicity [23]. Au NPs serve a multifaceted role in skin regeneration
through various mechanisms, including the enhancement of cellular
proliferation [24], regulation of inflammatory responses [25] and pro-
tection against oxidative stress [26]. The incorporation of even a modest
quantity of these nanostructures can markedly influence the physico-
chemical properties of the scaffold, while also exerting a favorable
impact on cellular responses by facilitating regenerative processes.

The distinctive characteristics of PLLA cell scaffolds incorporated
with GO and Au NPs may stem not only from their biomimetic archi-
tecture but also from the ability to meticulously modulate the overall
properties of the polymeric fibers. The integration of GO and Au NPs into
biomaterials significantly alters nanoscale interactions, leading to
modifications in the mechanosensing mechanisms of cells and conse-
quently influencing their biological responses. [27-31]. Moreover, the
synergistic effects between GO and Au NPs [32-35] position these
nanocomposites as promising candidates for the modulation of cellular
responses to biomolecular factors derived from animal sources, which
may otherwise pose adverse effects. Although prior investigations have
examined the roles of GO and Au NPs across various biomaterials and
nanosystems, there remains a paucity of understanding regarding their
synergistic interactions within PLLA scaffolds, particularly in the
context of molecular responses and mechanotransduction. This existing
knowledge gap underscores the need for further inquiry into the effec-
tive integration of these materials to regulate cellular activity at the
molecular level.

In the present study, we investigated the impact of incorporating GO-
Au into the electrospun PLLA fibers on the modifications of its physi-
cochemical properties, as well as the resultant biological effects induced
by this modification, including original findings on biomaterial selec-
tivity toward keratinocytes stimulation along with the fibroblasts un-
responsiveness in the context of growth factors release. We
systematically analyzed the mechanistic relationships between the
biomaterial and various cell models in vitro, including a tissue model
representing the epidermis, to elucidate the influence of fibers nano-
topography at the subcellular and molecular levels. This analysis
focused on assessing the materials’ cell-adhesive characteristics and
proregenerative properties, thereby shedding light on the underlying
mechanisms that govern these associations.
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2. Experimental
2.1. Fabrication of cell scaffold

2.1.1. Preparation of electrospinning solution

The composite solution was prepared by combining graphene oxide
(GO; Advanced Graphene Products, Poland) with gold nanoparticles (Au
NPs; Nano-Tech, Poland) in a mass ratio of 5:1, accordingly to our
previously published paper [22]. Prior to the combination, the indi-
vidual nanostructures were subjected to sonication in a Cell™ Ultrasonic
Liquid Processor (Sonics&Materials, USA) for 5 min at 500 W. The so-
lutions were mixed and sonicated again to ensure thorough deposition of
Au NPs onto the surface of GO by self-assembly. The resulting GO-Au
nanocomposite solution was dried at a temperature of 40°C and subse-
quently suspended in N,N-dimethylformamide (DMF; POCh, Poland) via
a 1-hour stirring process, followed by a 30-minute sonication. Our pre-
vious findings, supported by scanning electron microscopy (SEM) visu-
alization, indicated that the size of GO-Au was approximately 4 pm,
while dynamic light scattering (DLS) analysis revealed a hydrodynamic
diameter of about 300 nm [22].

Poly-(L-lactide) (PLLA; PL18, Corbion Purac, Netherlands) was
separately dissolved in chloroform (CHCls; POCh, Poland) by stirring
overnight at room temperature. After the individual components were
completely dissolved, the PLLA/CHCl3 solution was added to the GO-
Au/DMF solution, and the mixture was stirred for an additional hour.
The concentration of PLLA relative to the solvents mixture was main-
tained at 6.75% (w/w), while the concentration of GO-Au relative to
PLLA was set at 0.1% (w/w). The CHCl3:DMF ratio was kept constant at
9:1 (w/w). The comprehensive characterization of GO-Au, which has
been previously reported in our publication [22], served as the foun-
dation for the choice of Au NPs as the metallic nanoparticle component
and the optimal GO:Au ratio.

2.1.2. Electrospinning

Cell scaffolds were fabricated using an electrospinning technique. A
1 mL syringe coupled with a 24G steel needle was utilized to extrude the
polymer solution at a controlled flow rate of 0.8 mL/h. Two glass slides
with an area of 25 mm x 75 mm, serving as grounded collectors, were
positioned at a distance of 15 cm from the needle. Electrospinning was
conducted under ambient conditions (room temperature and humidity
range of 40-55%) for a period of 45 min at a positive voltage of 17 kV.
Prior to in vitro testing, biomaterials were sterilized in 70% ethanol for
30 min, followed by double rinsing with ultrapure water for 30 min and
subsequent drying.

2.2. Biomaterial characterization

2.2.1. Morphological characterization

To assess the morphology of the electrospun mats, the samples were
initially sputtered with a thin layer of gold (about 8 nm thick) using an
SC7620 Polaron mini sputter coater (Quorum Technologies Ltd, UK).
Visualization was performed using field emission scanning electron
microscopy Nova NanoSEM 450 (FE-SEM; FEI Company, USA) at
accelerating voltage of 5 kV. The fiber diameter distribution as well as
the orientation of the fibers were assessed using ImageJ software (Na-
tional Institutes of Health, USA).

2.2.2. Physical-chemical characterization

The technique of attenuated total reflection-Fourier infrared spec-
troscopy (ATR/FT-IR) was used to detect chemical bonds of the tested
materials. Infrared spectra were recorded using a Vertex70 FT-IR spec-
trometer (Bruker, USA) in the wavenumber range of 400-4000 em ™!
with a resolution of 2 cm™! (12 scans per sample).

Thermal properties of materials were analyzed by TGA/DSC (ther-
mogravimetric analysis/differential scanning calorimetry) on a TA STD
Q600 thermogravimetric device (TA Instruments, USA). Measurements
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were performed under argon flow for approximately 10 mg of sample
placed in a corundum crucible heated to 650°C at a heating rate of 10°C/
min.

A X-ray photoelectron spectroscopy (XPS) analysis was performed to
investigate the elemental composition of the surface of cell scaffolds.
The measurements were conducted using an XPS/AES Microlab 350
spectrometer (Thermo Electron, USA) equipped with a non-
monochromatic Al Ko X-ray source operating at an energy of 1486.6
eV and a power of 300 W. The XPS spectra were recorded with a hori-
zontal resolution of 0.2 cm? at a depth of 10 nm in the energy range from
1350 eV to 0 eV, using an energy step size of 1.0 eV for survey spectra
and 0.1 eV for high-resolution spectra. The recorded high-resolution XPS
spectra were deconvoluted using Thermo Avantage software (version
5.41; Thermo Fisher Scientific, USA).

Mechanical properties of the materials were evaluated through ten-
sile testing using a CTX texture analyzer (AMETEK Brookfield, USA).
Specimens were cut into rectangular strips with dimensions of 1 cm x 4
cm. For each material, the analysis was performed in three repetitions.
The samples were subjected to uniaxial tension at a constant strain rate
of 0.5 mm/min. The resulting stress—strain curves were used to deter-
mine Young’s modulus, tensile modulus, and elongation at break. The
results were normalized to the thickness of the samples measured using
Kroeplin flat calipers.

The measurement of the contact angle (CA) to assess the hydrophilic
properties of the scaffolds was conducted using an OCA15 goniometer
(Data Physics Instruments GmbH, Filderstadt, Germany). The sessile
drop method was employed, in which a 1 pL droplet of deionized water
was applied to the biomaterials. Three measurements were taken for
each sample at room temperature.

2.3. Biological models

2.3.1. Cell lines

Human primary epidermal keratinocytes (HEKa) and human fetal
foreskin fibroblasts (HFFF2) were obtained from the American Type
Culture Collection (ATCC, USA) and Sigma-Aldrich (USA), respectively.
HEKa cells were cultured in Keratinocyte Growth Medium 2 supple-
mented with 0.004 mL/mL bovine pituitary extract, 0.125 ng/mL
epidermal growth factor, 5 pg/mL insulin, 0.33 pg/mL hydrocortisone,
0.39 pg/mL epinephrin, 10 pg/mL transferrin, and 0.06 mM CacCl,
(Promocell, Germany). HFFF2 cells were cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM,; Gibco, USA) containing 1 g/L glucose and
GlutaMAX supplemented with 10% fetal bovine serum (FBS; Gibco). To
prevent microbial contamination, 1% Antibiotic-Antimycotic Solution
(Sigma-Aldrich) was added to the medium. The culture medium was
refreshed every 2 days.

Cells were maintained under standard conditions of 37°C, 5% CO,
and 95% relative humidity. The HEKa cells were subcultured at a
maximum of 8 passages, while the HFFF2 cells were subcultured at a
maximum of 10 passages, to maintain their viability and original
features.

2.3.2. Tissue model

Reconstructed human epidermal tissue (EpiDerm™; EPI-200) was
purchased from MatTek Corporation (USA). A three-dimensional model
was derived from normal human-derived epidermal keratinocytes
(NHEK) and layered in a stratified manner (from top to bottom): stratum
corneum, granular, spinous, and basal layers. Tissues were maintained
on an insert with a porous membrane bottom on an air-liquid interface
in EPI-100-NMM medium under standard conditions.

2.3.3. Experimental conditions

To assess the biological activity of the scaffold, a direct method was
used, which involved seeding cells on the biomaterial. Silicone inserts
have been applied on the biomaterial ensuring a controlled and
repeatable environment for cells, allowing for cell growth and
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attachment to a precisely defined surface. Cells were seeded in 2-well
inserts (Ibidi GmbH, Germany) with a surface area of 0.22 em?/well
or 8-well flexiPERM® inserts (Sarstedt, Germany) with a surface area of
0.9 cm?/well. As control surfaces, tissue culture plastic (TCP) or glass
coverslips (confocal microscopy) were used. The incubation times var-
ied depending on the specific analysis and will be reported in the sub-
sequent methodology sections.

Tissues, upon receipt, were immediately conditioned to facilitate
optimal adaptation. Tissue inserts, freed from agarose residue, were
positioned in 6-well plates containing 0.9 mL of growth medium and
incubated for 1 h under standard conditions. Subsequently, they were
transferred to fresh medium and further incubated overnight. Four
experimental groups were established, each with triplicates: (1) the
negative control (NC) treated with 100 pL Phosphate-Buffered Saline
(PBS; Gibco); (2) the PLLA-treated group; (3) the PLLA+GO-Au-treated
group; and (4) the positive control (PC) maintained in PBS throughout
the experiment and incubated with 5% sodium dodecyl sulfate (SDS;
Sigma-Aldrich) at 37°C for 10 min to induce tissue damage at the end of
the experiment. Sterile biomaterial discs with a diameter matching the
tissue were directly applied to the biomaterial-treated tissue samples.
The treatment of tissues was conducted for 72 h. The culture medium
was refreshed every 24 h, collected and stored at —80°C for further
analysis.

2.4. Cellular biocompatibility

2.4.1. XTT mitochondrial activity assay

Cell viability was assessed via the measurement of mitochondrial
activity, utilizing the XTT reagent (2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide), which is converted into
the orange formazan product through the action of succinate reductase,
an enzyme characteristic of metabolically active cells.

Cells were directly plated onto TCP or biomaterials in 2-well inserts
at a density of 1.5 x 10* cells per well. Following incubation for either
24 h or 72 h, 40 pL of culture medium was removed from each well and
replaced with 40 pL of the working solution (electron coupling reagent
and XTT labeling reagent in a ratio of 1:6) from the CyQUANT XTT Cell
Viability Assay kit (Invitrogen, USA). The cells was then incubated for an
1 h at 37°C. After incubation, the medium was transferred to a clean 96-
well plate. Subsequently, absorbance measurements were conducted
using an Infinite®200 PRO microplate reader with i-control™ software
(Tecan Group Ltd, Germany) at wavelengths of 450 nm and 660 nm. The
results are presented as the mean percentage (n = 5) for each experi-
mental group relative to the mean control value (100%), with blank
values subtracted.

2.4.2. LDH leakage assay

To investigate the influence of biomaterials on the integrity of the
cell membrane, a lactate dehydrogenase (LDH) release assay was con-
ducted. LDH is a cellular enzyme that serves as a marker for cytotoxic
effects, as its release into the extracellular compartment is indicative of
cell damage caused by the studied factor. The assay relies on LDH-
catalyzed reactions, reducing NAD" to NADH/H" and forming red
formazan.

Cells were seeded directly onto TCP or biomaterial in 2-well inserts
at a density of 1.5 x 10* cells per well and incubated for 24 or 72 h. The
cells were seeded in serum-reduced medium in order to avoid the in-
fluence of FBS on the test results. To determine maximum LDH release, a
positive control (PC) was prepared by dissolving cells cultured on TCP in
1% Triton X-100 (Sigma-Aldrich) for 30 min at 37°C. Then, 75 pL of
medium was transferred to a 96-well plate and centrifuged at 1200 RPM
for 5 min. Subsequently, 50 pL of supernatant was transferred to a 96-
well plate and mixed with 50 pL of reaction buffer provided in the
Cytotoxicity Detection Kit (LDH; Roche, Germany). The plate was
incubated in the dark on an orbital shaker for 30 min, followed by
measurement of absorbance at a wavelength of 490 nm and reference
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wavelength of 680 nm using an Infinite®200 PRO microplate reader.
The results are presented as the mean percentage (n = 5) of cytotoxicity
according to the formula:

(exp. value — low control)

0,
(high control — low control) x 100%

% of cytotoxicity =

where exp. value is the absorbance for each test group, low control is the
average absorbance for the negative control cells, high control is the
average absorbance for the cells of the positive group. Blanks were
included in the calculations.

2.4.3. Visualization of cells

The morphology of cells and cell colonization on biomaterials were
visualized using a scanning electron microscope JEOL JSM-6390LV
(JEOL Ltd., Japan). 1.5 x 10* cells were seeded into a 2-well insert
placed on the biomaterial. After 24h or 72h of incubation, the cells were
rinsed three times with a warmed PBS3*/M82* and fixed in 2.5%
glutaraldehyde (GA; Sigma-Aldrich) at 4°C overnight. Subsequently, the
cells were rinsed three times with cold phosphate buffer (PB) and post-
fixed in 1% osmium tetroxide for 45 min at room temperature. After a
further three rinses with PB, the cells were dehydrated using an ethanol
gradient: 25%, 50%, 60%, 70%, 80%, 90%, and 95% (5 min for each
concentration), followed by a final rinse with 100% ethanol (3 x 15
min). The samples were then air-dried for over 24 h. A thin layer of gold
was applied to the samples by gold sputtering and visualization was
performed using FE-SEM at an accelerating voltage of 5 kV.

Visualization of the actin cytoskeleton architecture was performed
after 24 h of incubation. Cells were washed with warm PBS®32+/Ms2+
and fixed in 4% paraformaldehyde (PFA; Sigma Aldrich) for 15 min at
room temperature. Then, cells were washed three times with PBS”" and
labeled with 300 uM 4',6-diamidino-2-phenylindole (DAPL nuclear la-
beling) and 6.6 pM phalloidin conjugated with Alexa Fluor 633 (actin
cytoskeleton labeling) diluted in PBS”", both purchased from Molecular
Probes (USA). After 30 min of incubation in the dark, slides were washed
three times with PBS”", twice with distilled water, and mounted with
Fluoromount Aqueous Mounting Medium (Sigma Aldrich). Visualization
was performed using FV-100 confocal microscope (Olympus, Japan).

2.5. Tissue biocompatibility

2.5.1. LDH leakage assay

In order to determine the potential toxic effect of the biomaterial on
EpiDerm™ tissues, an LDH leakage assay was performed. The culture
medium was refreshed 24h, 48h, and 72h after the start of the experi-
ment. Post-incubation media were snap-frozen in liquid nitrogen and
stored at —80°C, thus preventing LDH degradation. The media was
thawed and centrifuged (1200 RPM, 10 min) directly before further
analysis. 50 pL of medium was applied onto 96-well plate in duplicate
for each tissue. Next, 50 L of reaction buffer (Roche) was added and
remaining steps were performed as in section 2.4.2. Results are pre-
sented as mean percentage (n = 6) of negative control at a given time
point.

2.5.2. Histological examination

Tissue morphology was assessed using hematoxylin and eosin (HE)
histological staining. EpiDerm™ skin samples after 72 h of treatment
were thoroughly washed with PBS”", then fixed in buffered formalde-
hyde (pH 7.2; Sigma-Aldrich) overnight at 4°C. Subsequently, the tissues
were dehydrated in an ascending ethanol gradient. The tissues were
embedded in paraffin (Paraplast, Sigma-Aldrich) and sectioned at a
thickness of 5 pm using a microtome (Leica, Germany). Finally, routine
HE staining was performed and visualized using a light microscope
DM?750 (Leica). Morphometric analysis, based on which the thickness of
the stratum corneum and stratum germinativum, as well as the porosity
of the stratum corneum, was determined using ImageJ software.
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2.5.3. Hemolysis assay

The hemolysis assay was performed to evaluate the hemolytic ac-
tivity of scaffolds. Blood samples were obtained from three distinct
donors, and all procedures involving blood collection were performed in
accordance with the Declaration of Helsinki. Detailed methodology of
the experiment is provided in the Supplementary Materials.

2.6. Adhesion assessment

2.6.1. Adhesion kinetics

To investigate the adhesion kinetics, cells were directly seeded onto
either glass slide or a biomaterial surface in the 2-well insert, with a
seeding density of 2.5 x 10* cells per well. Cells were incubated for 60,
120, 240, and 480 min, after which they were washed three times with
warm PBSM82+/€82+ {6 remove non-adherent cells. Following fixation in
4% paraformaldehyde for 15 min, cell nuclei were labeled with 300 pM
DAPI for 15 min in the dark. The slides were then washed three times
with PBS”", twice with distilled water, and mounted in Fluoromount
Aqueous Mounting Medium. Visualization was performed using a FV-
100 confocal microscope. The results were expressed as the number of
cell nuclei per square millimeter (n = 6). Cell nuclei counting analysis
was performed using FIJI software.

2.6.2. Cell adhesion molecules expression analysis

The expression of selected cell adhesion molecules (CAMs) was
investigated at the mRNA level via real-time quantitative polymerase
chain reaction (PCR) analysis. The following genes were analyzed: a2
integrin (INGa2), a3 integrin (INGa3), a4 integrin (INGa4), a5 integrin
(INGa5), a6 integrin (INGa6), 1 integrin (INGf1), E-cadherin, f-catenin,
focal adhesion kinase (FAK).

Cells were seeded directly onto TCP or biomaterial surfaces in 8-well
inserts at a density of 1 x 10° cells per well. Following a 24-hour in-
cubation period, the cells were washed with PBS”" and subsequently
dissociated using TrypLE™ Express Enzyme (Gibco). The enzyme ac-
tivity was neutralized by addition of 10% FBS in PBS”", and the cell
suspension was centrifuged at 1200 RPM for 5 min. The cell pellets were
then washed twice with PBS”". Cells were collected from three inde-
pendent pieces of biomaterial.

The ROTI®Prep RNA kit (Carl Roth GmbH, Germany) was used to
isolate total RNA. Cell pellet was lysed in Lysis Buffer LSR included in
the kit, and the remaining steps were performed according to the
manufacturer’s instructions. Elution was performed in 30 uL. RNase-free
water. RNA concentration and quality were measured using NanoDrop
2000 (Thermo Fisher Scientific). Equalized samples were stored at
—80 °C for further analysis.

Reverse transcriptase polymerase chain reaction (RT-PCR) was
conducted using the ¢cDNA High Capacity Reverse Transcription Kit
(Applied Biosystems, USA) in accordance with the manufacturer’s pro-
tocol. Each reaction employed 10 L of equalized RNA as the template.
The RT-PCR cycling conditions consisted of an initial denaturation step
at 25°C for 10 min, followed by a reverse transcription step at 37°C for
120 min, and a final hold at 4°C for 5 min. The resulting cDNA was
analyzed using a NanoDrop instrument and adjusted to a concentration
of 10 ng/pL in RNase-free water. The samples were stored at —20°C.

To perform real-time PCR, the reaction mixture was prepared using
the PowerUp SYBR Green Master Mix kit (Applied Biosystem, USA). For
one reaction, 50 ng of cDNA template, SYBR Green and 500 nM forward
and reverse primers (Genomed, Poland) were composed in 15 pL. Primer
sequences are given in Table 1. The reaction mixture was applied to
MicroAmp™ Fast Optical 48-Well Reaction Plate (Applied Biosystems,
USA) in four repetitions. The reaction was carried out on the StepOne-
Plus™ Real-Time PCR System using the following thermal cycling pro-
tocol: an initial denaturation at 95 °C for 10 min, followed by 40 cycles
of alternating denaturation at 95 °C for 15 s and annealing at 60 °C for
60 s. The endogenous control used was glyceraldehyde-3-phosphate de-
hydrogenase (GADPH), with results normalized to the calibrator and
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Table 1
Primer sequences for the investigated genes.

Gene Sequence of primer 5’ — 3' Amplicon size [bp]

INGa2 F: GGAACGGGACTTTCGCAT 154
R: GGTACTTCGGCTTTCTCATCA

INGa3 F: AAGGGACCTTCAGGTGCA 129
R: TGTAGCCGGTGATTTACCAT

INGa4 F: GCTTCTCAGATCTGCTCGTG 131
R: GTCACTTCCAACGAGGTTTG

INGa5 F: GCCGATTCACATCGCTCTCAAC 139
R: GTCTTCTCCACAGTCCAGCAAG

INGa6 F: TTGAATATACTGCTAACCCCG 113
R: TCGAAACTGAACTCTTGAGGATAG

INGp1 F: GGATTCTCCAGAAGGTGGTTTCG 143
R: TGCCACCAAGTTTCCCATCTCC

E-cadherin F: ACAACGCCCCCATACCAGA 138
R: CACTCGCCCCGTGTGTTAGT

B-catenin F: CCTATGCAGGGGTGGTCAAC 95
R: CGACCTGGAAAACGCCATCA

FAK F: CCCACCAGAGGAGTATGTCC 150
R: CCCAGGTCAGAGTTCAATAG

GADPH F: GAGAAGGCTGGGGCTCATTTG 97

R: CATGGTTCACACCCATG

ING - integrin; FAK - focal adhesion kinase; GADPH - glyceraldehyde-3-
phosphate dehydrogenase.

calculated using the 2—AACT method.

2.7. Secretory profile of growth factors

To investigate the impact of cell scaffolds on the profile of growth
factors, an antibody array analysis was performed at the protein level.
Cell samples were prepared by seeding cells on six separate materials as
described in section 2.6.2. After 24h of cultivation, the cell culture
medium from each group was collected, the cells were detached,
centrifuged and washed twice with PBS”". The resulting cell pellets were
resuspended in ice-cold radioimmunoprecipitation assay buffer (RIPA;
Sigma-Aldrich) with Halt Protease & Phosphatase Inhibitor Cocktail and
5 mM EDTA (Thermo Fisher Scientific) and homogenized using a Cell™
Ultrasonic Liquid Processor on ice for 1 min with 5-second intervals. The
samples were then left on ice for 30 min, vortexing every 15 min, fol-
lowed by centrifugation at 12 000 x g and 4°C for an additional 30 min.
The resulting supernatants were transferred to fresh tubes, and the
protein concentration was determined using the Bicinchoninic Acid Kit
(BCA; Merck Millipore, USA).

A human growth factor antibody array (ab134002, Abcam, UK) was
employed for the analysis of lysates containing 250 pg of total protein in
1 mL of 1X Blocking Buffer. The procedure was carried out in accordance
with the manufacturer’s protocol with overnight incubations. Raw im-
ages were captured using a ChemiDoc Imaging System (Bio-Rad, USA)
and subsequently analyzed using ImageJ software. Protein array images
were analyzed using "Protein Array Analyzer plugin for ImageJ. Images
were adjusted by background subtraction with rolling ball radius of 25.
Results were normalized and presented as fold change relative to
control.

The proteins analyzed were: amphiregulin (AREG), basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF), epidermal growth
factor receptor (EGF R), fibroblast growth factor 4 (FGF-4), fibroblast
growth factor 6 (FGF-6), fibroblast growth factor 7 (FGF-7), granulocyte
colony-stimulating factor (GCSF), glial-derived neurotrophic factor
(GDNF), granulocyte-macrophage colony-stimulating factor (GM-CSF),
heparin-binding EGF-like growth factor (HB-EGF), hepatocyte growth
factor (HGF), insulin-like growth factor binding protein 1 (IGFBP-1),
insulin-like growth factor binding protein 2 (IGFBP-2), insulin-like
growth factor binding protein 3 (IGFBP-3), insulin-like growth factor
binding protein 4 (IGFBP-4), insulin-like growth factor binding protein 6
(IGFBP-6), insulin-like growth factor I (IGF-I), insulin-like growth factor
I receptor (IGF-I SR), insulin-like growth factor II (IGF-II), macrophage
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colony-stimulating factor (M—CSF), macrophage colony-stimulating
factor receptor (M—CSF R), beta-nerve growth factor (beta-NGF),
neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), platelet-derived growth
factor receptor alpha (PDGF Ra), platelet-derived growth factor receptor
beta (PDGF RB), platelet-derived growth factor AA (PDGF-AA), platelet-
derived growth factor AB (PDGF-AB), platelet-derived growth factor BB
(PDGF-BB), placental growth factor (PLGF), stem cell factor (SCF), stem
cell factor receptor (SCF R), transforming growth factor alpha (TGF-a),
transforming growth factor beta (TGF-p), transforming growth factor
beta 2 (TGF-B2), transforming growth factor beta 3 (TGF-p3), vascular
endothelial growth factor A (VEGF-A), vascular endothelial growth
factor receptor 2 (VEGF R2), vascular endothelial growth factor receptor
3 (VEGF R3), vascular endothelial growth factor D (VEGF-D).

2.8. Statistical analysis

The significance of differences between groups was evaluated using
one-way ANOVA, followed by Tukey’s post-hoc test, with statistical
analysis performed using GraphPad Prism 9.1.2 (GraphPad Software,
USA). Statistically significant differences were detected at a p-value of <
0.05.

3. Results
3.1. Characterization of PLLA+GO-Au scaffold

In the present study, a PLLA+GO-Au scaffold was fabricated as
presented in Fig. 1a and comprehensively characterized. FE-SEM visu-
alization (Fig. 1b, Fig.S 1) revealed cylindrical, uniform fibers with
random orientation for both PLLA and PLLA+GO-Au, without artifacts
or irregular bead-like structures. The degree of homogeneity in the PLLA
fiber diameter was higher compared to PLLA+GO-Au. The average
diameter was 973 + 183 nm for PLLA and 1577 + 232 nm for
PLLA-+GO-Au. The surface of the PLLA fibers was smooth, while
numerous nanopores, ranging from round to ellipsoidal, were visible on
the PLLA+GO-Au fibers. Moreover, the results of the contact angle
measurements (Fig.S 2) indicate that the contact angle for PLLA is 122 +
2.1°, suggesting a high hydrophobicity of this material. In contrast, the
addition of GO-Au to PLLA reduces the contact angle to 110 + 2.5°.

The elemental composition of PLLA and PLLA+GO-Au was investi-
gated using X-ray photoelectron spectroscopy (XPS), thereby enabling
the evaluation of the presence of incorporated GO-Au nanocomposite
into the molecular structure of PLLA fibers. The survey XPS spectrum of
PLLA and PLLA+GO-Au composites displayed dominant Cls and Ols
peaks (Fig. 2a). The PLLA+GO-Au additionally exhibits traces of Au4f,
indicative of Au presence. The carbon content was determined to be
65.30% for PLLA and 65.39% for PLLA+GO-Au, while the oxygen
content was found to be 34.70% and 34.56%, respectively. Furthermore,
a notable peak was observed at the binding energy corresponding to the
presence of Au in the PLLA+GO-Au composite sample, with an Au
content of approximately 0.05%. This finding provides compelling evi-
dence for the effective incorporation of GO-Au into polymer fibers.

The high-resolution XPS Cls spectra of PLLA and PLLA+GO-Au
composites are shown in Fig. 2b and Fig. 2e, respectively. The Cls
spectrum of both materials revealed three distinct types of carbon bonds:
C-C, C-O, and O-C=0, characterized by binding energies of approxi-
mately 285 eV, 287 eV, and 289 eV, respectively. After deconvolution,
the spectra showed that the percentage of C-C bonds increases from
24.15% to 24.84% for PLLA4+GO-Au compared to PLLA. Concurrently, a
decrease in the abundance of C-O chemical bonds (20.26% for PLLA and
20.16% for PLLA+GO-Au) and O-C=O species (20.89% for PLLA and
20.39% for PLLA+GO-Au) was observed. Furthermore, two main peaks
were observed in the Ols spectrum (Fig. 2¢ and Fig. 2f): C=0 (17.81%
for PLLA and 17.86% for PLLA4+GO-Au) and C-O (16.89% for PLLA and
16.70% for PLLA+GO-Au), corresponding to energies of approximately
532.5 eV and 544 eV, respectively. The XPS spectrum for Au 4f in the
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Fig. 1. (a) Schematic presentation of cell scaffolds fabrication. (b) Morphological visualization of PLLA and PLLA + GO-Au fibers using a FE-SEM along with the fiber

size distribution. Scale: 20 ym and 1 pum (close ups).

case of the PLLA+GO-Au sample (Fig. 2d) can be deconvoluted into two
distinct peaks. The first peak, centered at a binding energy of 85.8 eV, is
attributed to neutral Au atoms associated with the presence of Au NPs,
while the second peak, centered at a binging energy of 89.8 eV, corre-
sponds to Au ions or oxides.

In order to identify structural variations and chemical bonds, Fourier
Transform Infrared (FT-IR) spectroscopy was employed (Fig. 2g).
Following the enrichment of PLLA with GO-Au, no discernible

differences were observed in the obtained spectra compared to the
pristine polymer. The characteristic peaks of PLLA were detected,
including the C=0 ester carbonyl stretch at 1754 cm™!, the C-O-C
stretch at 1185 cm_l, and the C-O stretch at 1087 cm™ . Additional, less
prominent peaks corresponding to PLLA were also discernible. In the
region between 3000-2900 cm !, two peaks were assigned to asym-
metric and symmetric C-H stretching vibrations. In the range of
1500-1300 cm™ !, peaks were detected at 1450 cm™L, 1380 em™ !, and
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Fig. 2. Physical-chemical analysis of PLLA and PLLA + GO-Au. Elemental composition: (a) full survey XPS spectrum, XPS high-resolution spectrum of (b) C1s and (c)
O1s for PLLA and (d) Auf4, (e) Cl1s and (f) O1s for PLLA + GO-Au. (g) FT-IR spectra. Thermal properties: (h) DSC heating and (i) DSC/TGA thermograms. Mechanical
properties: (j) stress—strain curve, (k) Young’s modulus, (1) tensile strength, (m) elongation at break.

1362 em™ !, corresponding to C-H deformation modes (asymmetric
bend, symmetric bend, and bend, respectively). Furthermore, three
additional peaks were identified as C-O stretching vibrations at 1267
em !, 1129 cm ™!, and 1044 cm ™ L. Additionally, peaks associated with
C-C stretching at 868 cm ™! and C-H rocking vibration at 755 cm ™! were
also observed.

Structural changes in the chemical and physical properties presented
as a function of temperature were investigated to elucidate the impact of
GO-Au on the thermal properties of PLLA by employing differential
scanning calorimetry (DSC) analysis (Fig. 2h). The DSC heating ther-
mograms of PLLA and PLLA+GO-Au nanocomposites exhibited two
endothermal peaks, corresponding to the glass transition temperature

(Tg) and melting temperature (Tp,), as well as an exothermal peak of cold
crystallization temperature (Tcc). The T; value for PLLA+GO-Au was
found to be 72.48°C, indicating a 1.45°C increase compared to that of
pure PLLA. Conversely, a discrete decrease in T, was detected for
PLLA+GO-Au, which was 90.61°C, representing a 0.1°C reduction
compared to the PLLA sample. A slight increase in Ty, was observed for
PLLA+GO-Au, recorded at 184.19°C, which is 0.17°C higher than that of
PLLA, with a Ty, of 184.02°C.

Concurrent thermal degradation behavior was observed for PLLA
and PLLA+GO-Au composite samples upon heating, as revealed by
thermogravimetric analysis (TGA) and derivative thermogravimetric
analysis (DTG) curves (Fig. 2i). No significant changes in the sample’s



M. Pruchniewski et al.

composition or structure were observed up to 280°C, indicating its
thermal stability up to this temperature. The primary mass loss occurred
within the temperature range of 300-400°C. The thermal stability of the
materials is reflected in their respective peak decomposition tempera-
tures, at 362.38°C for PLLA and 365.54°C for PLLA+GO-Au. Notably,
the PLLA sample exhibited near-complete decomposition, with only
0.47% of the initial mass remaining above 600°C. In contrast, the
PLLA-+GO-Au composite retained 10.37% of its initial mass at elevated
temperatures.

The mechanical properties of PLLA and PLLA+GO-Au composites
were investigated, and the results are presented in Fig. 2j-m. Young’s
modulus, a measure of the material’s stiffness, was found to be 47 + 8
MPa for PLLA and 81 + 2 MPa for PLLA+GO-Au, indicating a significant
improvement in mechanical properties. The tensile strength, which is a
maximum stress that material can withstand while being stretched, was
found to be 1.6 4+ 0.3 MPa for PLLA and 2.7 + 0.1 MPa for PLLA+GO-
Au. Furthermore, the elongation at break, which is a measure of a ma-
terial’s ductility, was found to be 29% for PLLA and 44% for PLLA+GO-
Au.

3.2. Biocompatibility of PLLA+GO-Au scaffolds in vitro

Mitochondrial activity and cellular viability were evaluated in cells
cultured on cell scaffolds using the XTT assay. The results indicated that
HEKa cells (Fig. 3b) grown on PLLA substrates exhibited significant
impairment in metabolic activity at both 24 h (82%) and 72 h (85%).
HEKa cells seeded on PLLA+GO-Au demonstrated a transient decline in
viability at 24 h, followed by recovery to 104% of control levels at 72 h.
Notably, HFFF2 cells (Fig. 3c) cultured on PLLA displayed initial
viability equivalent to controls (95%) at 24 h, only to decline signifi-
cantly to 58% after 72 h. Conversely, HFFF2 cells maintained on
PLLA+GO-Au surfaces exhibited enhanced mitochondrial activity at
both 24 h (120%) and 72 h (149%).

The biocompatibility assessment of cell scaffolds was further sub-
stantiated by the evaluation of lactate dehydrogenase (LDH) release.
Statistical analysis revealed no significant increase in LDH release for
HEKa cells, except for those cultured on PLLA scaffolds for 24 h (Fig. 3d).
Similarly, HFFF2 cells exhibited elevated LDH release after 72 h of
cultivation on PLLA+GO-Au scaffolds (Fig. 3e). This phenomenon may
be attributed to an increase in cellular density on the material, which is
consistent with enhanced mitochondrial activity inferred by XTT test
results. In both instances, the LDH release was slightly overestimated,
with values exceeding 7% and 8% cytotoxicity for the HEKa and HFFF2
cells, respectively.

In order to complete the biocompatibility panel at the cellular level, a
preliminary visualization of cell colonization of the biomaterial was
made (Fig. 3f). The visualization of cell settlement after 24 h revealed a
significantly lower number of HEKa cells on the PLLA surface, with the
majority exhibiting rounded morphology, compared to the PLLA4+GO-
Au surface, which showed a higher number of cells displaying a more
flattened morphology. Following 72 h, the PLLA surface demonstrated
an increase in HEKa cell density, with cells exhibiting a more pro-
nounced flattening. In contrast, the PLLA+GO-Au surface displayed a
substantially higher HEKa cell density, with cells covering nearly the
entire surface and forming a compact layer. Furthermore, the cell
growth exhibited three-dimensional characteristics reminiscent of
epidermal growth, characterized by upward proliferation and cell-cell
interactions, which are hallmarks of this specific type of growth pattern.
The morphological analysis of HFFF2 cells cultured on PLLA and
PLLA+GO-Au surfaces revealed distinct differences between the two
scaffolds. After 24 h, cells with normal morphology were observed on
both surfaces, with a slightly higher density on PLLA+GO-Au compared
to neat PLLA. In contrast, after 72 h, a significant reduction in cell
number was observed on PLLA compared to the 24-hour time point,
accompanied by the formation of clusters and rounded cells, which is
not typical of this cell line. Conversely, HFFF2 cells on PLLA+GO-Au
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exhibited normal growth and proliferation, with a higher cell density
compared to the same material after 24 h.

To complement the biocompatibility panel with a tissue model, the
EpiDerm™ model was used (Fig. 4), which architecturally reproduces
the epidermis in vivo. The model is composed of basal, spinous, granular,
and stratum corneum layers (Fig. 4a) derived from human keratinocytes.
It fits perfectly into the implementation of the 3R principle (replace-
ment, reduction, refinement), enabling research without the use of an
animal model and, at the same time, ensuring greater complexity of
interactions between cells in spatial tissue compared to cell models.

The cytotoxicity assessment (Fig. 4b) revealed a significant increase
in LDH release in the tissue treated with neat PLLA, indicating cell
membrane perforation, with levels increasing to 148%, 133%, and 197%
compared to NC (100%) after 24h, 48h, and 72h, respectively.
Conversely, the tissue in direct contact with PLLA+GO-Au at each time
point demonstrated reduced LDH release to 86%, 74%, and 70%
compared to NC for 24h, 48h, and 72h, respectively. These findings
suggest that the combination of PLLA and GO-Au may exhibit improved
biocompatibility compared to neat PLLA.

Histological analysis revealed that the cell scaffolds, comprising both
PLLA and PLLA+GO-Au, did not exert a detrimental impact on tissue
architecture (Fig. 4c). No disruptions to tissue continuity, necrotic
processes, or increases in tissue porosity were observed, in contrast to
the PC control group. Following 72 h of exposure to the biomaterials,
four distinct layers characteristic of the epidermis remained intact. The
stratum corneum was composed of flat, large anucleated cells. The
granular layer exhibited spindle-shaped cells with their long axis ori-
ented parallel to the epidermal surface, featuring granules comprising
keratohyalin and keratinosomes. The spinous and basal layers were
characterized by flattened or cuboidal cellular morphology. Morpho-
metric analyses revealed changes in layer thickness and tissue porosity
after 72 h of contact with the scaffolds (Fig. 4d-f). The tissue exposed to
PLLA demonstrated an increase in stratum corneum thickness. In
contrast, the tissue treated with PLLA+GO-Au exhibited thicker layers of
stratum corneum and stratum germinativum, accompanied by a
decrease in stratum corneum porosity. Furthermore, the hemolysis
analysis demonstrated the hemocompatibility of the scaffolds, both
PLLA and PLLA+GO-Au, where the percentage of hemolysis was com-
parable to that of the negative control, remaining below 1% (Fig.S 3).

3.3. The influence of PLLA+GO-Au scaffold on cell morphology

Visualization of the actin cytoskeleton, nuclear morphology, and
cellular morphology was achieved through the utilization of confocal
microscopy and scanning electron microscopy (Fig. 5).

The morphological analysis of HEKa cells grown on PLLA substrates
revealed a significant diminution of actin filament length, accompanied
by a corresponding decrease in the spatial extent of the actin cytoskel-
eton, suggesting the occurrence of cellular shrinkage and reorganiza-
tion. The three-dimensional reconstructed image provided an
orthogonal view, which revealed that HEKa cells on PLLA formed an
irregular cytoskeletal layer with a thickness comparable to that of con-
trol cells, indicating a similar structural organization. However, the
thinning of the nuclear layer may suggest impaired colonization of the
PLLA scaffold by keratinocytes. In contrast, cells cultured on PLLA+GO-
Au exhibited elongated protrusions composed of densely packed actin
filaments, anchoring them to the scaffold pores. The HEKa cell cyto-
skeleton displayed mild cytoskeletal stresses in response to the three-
dimensional environment. HEKa cells inhabited the PLLA+GO-Au
scaffold at multiple levels, as evidenced by a significantly thicker actin
layer compared to control and PLLA-treated cells. On both the PLLA and
PLLA+GO-Au scaffolds, cell nuclei with typical morphology from round
to ellipsoidal, similar to control cells, were observed without the sign of
the apoptotic bodies. SEM visualization revealed the presence of HEKa
cells both on the surface of fibers and under individual fibers indicating
effective cellular integration with the scaffolds. Cells formed filopodia



M. Pruchniewski et al.

a

Cell scaffold

Electrospun fibers

@ --=-===1

Cell seeding

Mitochondrial activity - HEKa

% of control
—
o
<

24 h 72 h

50
o
d Cell membrane integrity - HEKa
1.4
1 24 h 72 h
=127 a i 3
< 1.0 ‘
s i
2 0.8 - : -
[&] H
s 0.2 1
014 ¢ b ¢ i b b b
0.0l ==
f PLLA

24 h

72 h

PLLA+GO-Au

% of control

% of cytotoxicity

o
-t
|

Silicone insert | .

Materials & Design 251 (2025) 113713

37°C
5% CO,

Incubation

Mitochondrial activity - HFFF2

)
T

24 h 72 h

Cell membrane integrity - HFFF2

O =2 A
TN F

0.2

o
T

24 h 72 h

a | a

PLLA+GO-Au

HFFF2

(caption on next page)

! PLLA =m PC mm NC

e PLLA+GO-Au




M. Pruchniewski et al.

Materials & Design 251 (2025) 113713

Fig. 3. Biocompatibility assessment of PLLA and PLLA + GO-Au cell scaffolds at the cellular level. (a) Schematic representation of a methodology for the direct
evaluation of the biocompatibility of cellular scaffolds after 24 h and 72 h incubation. (b, c¢) Cell viability analysis by assessing mitochondrial enzyme activity using
the XTT assay. (d, e) Evaluation of scaffold cytotoxicity by assessing LDH release. The results are expressed as a percentage of the negative control (NC) for XTT or a
percentage of cytotoxicity for LDH in comparison to PC (positive control) and NC (mean with standard deviation; n = 5). Different letters above the bars indicate
statistically significant differences among the groups (p < 0.05). (f) Scanning electron microscopy visualization of PLLA and PLLA + GO-Au colonization by HEKa and

HFFF2 cells; scale: 100 um.

not only relative to the scaffold but also to each other, leading to the
formation of compact cellular structures characteristic of epidermal
tissues.

In the case of HFFF2 cultured on biomaterials, cell growth was found
to be influenced by the geometry and organization of the fibers within
the material. The actin cytoskeleton in scaffolds-treated cells exhibited a
more compact structure than control cells, with cells adhering directly to
the polymer fibers. Cytoskeletal and nuclear layers of cells cultured on
PLLA exhibited thicknesses comparable to those of control cells. More-
over, cells cultured on PLLA scaffold exhibited elongated nuclei and a
limited number of apoptotic bodies, indicating a cytotoxic effect of
PLLA. This observation is consistent with the results of cytotoxicity tests
(Fig. 3). In contrast, an increase in both nuclear and cytoskeletal layer
thickness was observed in cells cultivated on PLLA4+GO-Au. Consistent
with the observations in cells treated with PLLA, elongated nuclei were
identified in cells subjected to PLLA+GO-Au treatment; notably, this
observation occurred in the absence of apoptotic bodies.

3.4. Proadhesive properties of PLLA+GO-Au scaffold evaluation

The kinetics of cell adhesion to cell scaffold surfaces were investi-
gated by seeding cells onto control and biomaterial surfaces. Non-
adherent cells were removed at specific time points, allowing for the
quantification of cell nuclei per square millimeter and subsequent
determination of adherent cells (Fig. 6a). For HEKa cells, no significant
differences in adhesion were observed between the pure PLLA surface
and the control surface at 60 min and 480 min. However, at 120 min and
240 min, more cells were observed on the PLLA surface than the control
surface. In contrast, the PLLA+GO-Au scaffold exhibited stable cell
adhesion, as evidenced by the significantly increased number of
adherent cells compared to both control and PLLA surfaces. For HFFF2
cells, the data indicate that after 60 min and 480 min, the scaffolds
demonstrated proadhesive properties, with a higher number of cells
observed on these surfaces compared to the control surface. Moreover, a
more significant number of cells was seen on the PLLA+GO-Au scaffold
at 120 min and 240 min compared to both control and neat PLLA.

To elucidate the molecular mechanisms underlying the kinetic
curves and proadhesive properties of cell scaffolds enriched with GO-Au,
real-time PCR analysis was conducted to investigate the expression of
selected cell adhesion molecules (CAMs). The HEKa cell line (Fig. 6b)
displayed a significant upregulation of INGa3, INGa6, INGb1, and E-
cadherin when cultured on PLLA and PLLA+GO-Au substrates. More-
over, FAK expression was found to be upregulated in HEKa cells on
PLLA, while INGa4 expression was specifically upregulated in cells on
PLLA+GO-Au. In contrast, INGa5 was downregulated only in HEKa cells
cultured on PLLA. HFFF2 cells (Fig. 6¢) cultivated on both PLLA and
PLLA+GO-Au scaffolds exhibited upregulation of INGa3, INGa4, INGb1,
E-cadherin, and f-catenin. Notably, PLLA4+GO-Au substrates also led to
the upregulation of INGa5 and FAK, as well as the downregulation of
INGa2.

3.5. The influence of the PLLA-+GO-Au scaffold on the secretion profile of
growth factors

To evaluate the proregenerative properties of cell scaffolds, the
secretion of GFs was analyzed (Fig. 7). The most substantial increases in
secretion by HEKa cells, especially in the context of skin regeneration,
were detected for amphiregulin (AREG), basic fibroblast growth factor
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(bFGF), epidermal growth factor (EGF), and epidermal growth factor
receptor (EGF R) (Fig. 7b). In HEKa cells cultured on neat PLLA, the
secretion levels of AREG, bFGF, EGF and EGF R were observed to in-
crease by factors of 3.9, 2.7, 1.2, and 2.8, respectively, in comparison to
the control. Remarkably, cells cultivated on PLLA+GO-Au exhibited
significantly greater increases in the secretion levels of AREG, bFGF,
EGF and EGF R by factors of 6.3, 7.3, 3.1, and 6.1, respectively,
compared to the control cells. The analysis indicated that the HFFF2
cells exhibited smaller variations in the secretory profile when
compared to the HEKa cells (Fig. 7a). The most significant enhancement
in the synthesis of HFFF2 by the cells, in comparison to the control, was
observed for bFGF and EGF R (Fig. 7c). Nevertheless, the level of
secretion was reported to be 1.4 to 1.6 times higher, indicating a rela-
tively modest change.

4. Discussion

The development of electrospun scaffolds integrated directly with
cells, alongside the modulation of targeted cellular responses to promote
skin regeneration, represents a promising therapeutic approach in the
field of cell therapy. A significant challenge in the design of cell-enriched
scaffolds lies in achieving precise coordination and effective communi-
cation between the scaffold and the cells, as this interaction is funda-
mental to establishing a successful biointerface.

Numerous substances such as hyaluronic acid and collagen have
demonstrated positive effects on cell adhesion and proliferation, but
their animal-derived origins introduce risks, including immunological
reactions and ethical concerns. PLLA embedded with GO-Au, providing
a synthetic alternative that eliminates these risks and enhances
biocompatibility. Significantly, our biomaterial selectively stimulates
keratinocytes to secrete growth factors, while fibroblasts remain unre-
sponsive. This selective interaction supports tissue regeneration and
minimizes scar formation by promoting a more organized healing pro-
cess. By controlling the activation of specific cell types, our approach
presents distinct advantages in tissue engineering and regenerative
medicine. In summary, our work highlights the potential of PLLA and
GO-Au to improve cell adhesion and functionality in regenerative ap-
plications without the complications associated with biological
materials.

Our findings elucidate the impact of incorporating the GO-Au on the
modification of the nanostructure of PLLA fibers (Fig. 1b). Nanopores on
the surface of fibers can be generated through the application of a highly
volatile solvent in conjunction with elevated humidity levels [36], or by
employing a binary solvent system consisting of a good solvent and a
non-solvent with higher boiling point [37]. This phenomenon may also
be attributed to differences in the evaporation rates of the solvents
involved. It is well established that DMF exhibits a lower evaporation
rate compared to CHClz. Furthermore, GO can engage in interactions
with DMF [38], which may inhibit the mobility of DMF molecules and
consequently decelerate the evaporation of the solvent. Manipulation of
the nanotopography has the potential to influence various properties of
the cellular scaffold, thus exerting significant effects on its biological
performance.

The incorporation of the GO-Au nanocomposite into the PLLA matrix
did not induce any alterations in the chemical structure (Fig. 2g);
however, it resulted in subtle enhancements in the thermal properties
(Fig. 2h,i) and significantly improved the mechanical properties (Fig. 2j-
m) of the material. The increased Ty and Ty, of PLLA+GO-Au (Fig. 2h)
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Fig. 4. Evaluation of the biocompatibility of PLLA and PLLA + GO-Au scaffolds utilizing the EpiDerm™ model. (a) A schematic representation demonstrating the
evaluation of biocompatibility of scaffolds, complemented by an illustration of the histological architecture of the tissue model: stratum corneum (SC), granular layer
(GL), spinosum layer (SL), and basal layer (BL). (b) Toxicity assessment of biomaterials determined by lactate dehydrogenase (LDH) release test after 24, 48 and 72 h
of incubation. Results are reported as a percentage of the negative control (NC), with data expressed as mean + standard deviation (n = 5). (c) Histological eval-
uation post-72-hour incubation with scaffolds performed using hematoxylin-eosin staining (scales: 50 um (zoom), 250 pm); morphometric assessment of (d) stratum
corneum thickness, (e) stratum germinativum thickness and (f) porosity. Results are presented as mean =+ standard deviation (n = 80). Different letters above the bars
indicate statistically significant differences among groups (p < 0.05).
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Fig. 5. Detailed visualization of the morphology of HEKa and HFFF2 cells after 24 h of cultivation on PLLA and PLLA + GO-Au scaffolds). Imaging with confocal
microscopy and FE-SEM. Three-dimensional analysis of scaffold colonization by cells with an orthogonal projection on cell nuclei (blue layer) and actin cytoskeleton
(red layer); scales: 220 pym (3D view), 110 pm (orthogonal view). Two-dimensional visualization of the architecture of the cell nucleus and the actin cytoskeleton
(scale: 50 ym) and direct analysis of cell-fiber interactions (scale: 10 um (HEKa), 3 um (HFFF2)).

can be attributed to the restriction of segmental chain mobility caused
by the incorporation of GO-Au [39], which exhibits electrostatic in-
teractions, and undergoes mechanical hindrance [40]. Interactions be-
tween GO-Au nanocomposite and the PLLA matrix likely restrict the free
rotation and translation of polymer chains, resulting in a slight stiffening
of the polymer matrix and hindering polymer chain mobility and
relaxation. The observed enhancement in thermal stability of nano-
structured scaffold (Fig. 2i) can be attributed to the GO nanoflakes,
which act as a barrier, hindering the release of degradation products and
reducing heat transfer [41]. GO’s thermal conductivity allows it to
efficiently dissipate heat from the polymer surface, reducing the
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likelihood of melting by transferring heat away from the polymer chain
motions [42]. The incorporation of GO into polymer matrices results in a
substantial enhancement of the mechanical properties of biomaterials,
attributed to the complex structural and chemical interactions facili-
tated by GO. The exceptional stiffness and strength of GO serve to
reinforce the composite material, while its high surface area enhances
contact with the polymer matrix, thus improving load transfer efficiency
[43]. Furthermore, GO facilitates the filling of defects within the poly-
mer, thereby reducing local stress concentrations and augmenting
durability [44]. It also promotes organized crystallization within the
polymer, leading to improved molecular alignment [45]. A critical
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Fig. 6. Analysis of the adhesive properties of PLLA and PLLA + GO-Au scaffolds. Adhesion kinetics curves of (a) HEKa and (b) HFFF2 cells after 60 min, 120 min,
240 min, and 480 min after seeding on biomaterials assessed by visualization and counting of cell nuclei using a confocal microscope. The results are expressed as cell
nuclei/mm? (mean with standard deviation; n = 8). Different letters above the bars indicate statistically significant differences among the groups (p < 0.05). Analysis
of the expression of selected integrins (ING), E-cadherin, f-catenin and focal adhesion kinase (FAK) at the mRNA level using real-time PCR for (c¢) HEKa and (d) HFFF2
cells after 24 h scaffold-treatment. Results are presented as log2RQ (mean with standard deviation; n = 4). Different letters above the bars indicate statistically

significant differences among the groups (p < 0.05).

mechanism underlying these enhancements is the improved inter-flake
stress transfer resulting from various bonding interactions, including
covalent bonds between the polymer and GO, as well as van der Waals
and hydrogen bonds [46]. These interactions effectively distribute
applied stress throughout the composite, contributing to increased
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strength and resilience. The degree of GO aggregation within different
polymer matrices significantly influences mechanical characteristics; a
more uniform dispersion of GO correlates with enhanced load transfer
and overall mechanical performance [47]. Moreover, the introduction of
polymer chains into the interlayer spaces of GO not only stabilizes the
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Fig. 7. Analysis of the secretion profile of cell growth factors after 24 h of direct contact with PLLA and PLLA + GO-Au. (a) Heat map expressing the relative secretion
of selected growth factors based on microarray visualization of the membrane for (b) HEKa and (c) HFFF2 cells after densitometry analysis. The results are presented
as fold change (FC), where the green color indicates an increase in protein secretion and red indicates a decrease in protein secretion compared to the control,
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dispersion but also strengthens the cooperativity of the hydrogen-
bonding network [48]. The structural integrity of GO/polymer com-
posites is crucial for their mechanical performance, as the irregular,
coarse, and multi-plane fracture surfaces in GO nanocomposites indicate
enhanced toughness that impedes crack propagation, with the two-
dimensional nature of GO sheets effectively deflecting cracks and
improving energy absorption during deformation [49].

Biocompatibility assessment of cell scaffolds is a crucial aspect of
characterizing the biological properties of a biomaterial. The biocom-
patibility evaluation can be approached via two distinct methodologies:
direct and indirect. The indirect method involves the preparation of an
extract by incubating the biomaterial in an appropriate medium, typi-
cally a buffer or culture medium, in accordance with established ISO
standards 10993-12. In contrast, the direct method entails seeding cells
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onto the biomaterial, enabling a thorough evaluation of cellular
behavior in direct contact with the material. This approach accounts for
the surface topography and mechanical properties, closely mimicking
the in vivo tissue conditions.

PLLA is commonly regarded as a biocompatible polymer at the
cellular level, exhibiting minimal adverse effects on cell viability and
function [18,50,51]. However, depending on the form and biological
target, PLLA can potentially elicit cytotoxic responses, necessitating the
incorporation of additives that enhance its biological behavior [52,53].
In our study, we observed a significant decrease in the mitochondrial
activity of HFFF2 cells cultured in neat PLLA for 72 h (Fig. 3c).
Furthermore, we have characterized the hemocompatibility of both the
PLLA scaffolds and the PLLA+GO-Au composites (Fig.S 3). Our findings
indicate that these materials exhibit favorable interactions with blood
components, suggesting their potential suitability for applications in
biomedical fields where biocompatibility with blood and surrounding
tissues is essential. However, reductions in metabolic activity may have
been attributed to temporary mitochondrial dysfunction caused by
cellular adaptation to the new microenvironment [54]. The enhance-
ment of the biocompatibility of PLLA by incorporating GO-Au into fibers
structure, as demonstrated in our research (Fig. 3), is in line with pre-
vious findings in the literature [55-57].

The incorporation of GO-Au into the PLLA scaffold leads to enhanced
biocompatibility at the tissue level, primarily attributed to the improved
mechanical properties of the biomaterial, as we demonstrated in Fig. 4b.
The epidermis exhibits anisotropic and viscoelastic properties, with
Young’s modulus varying depending on the tissue layer, as well as skin
conditions [58]. The value of Young’s modulus can be expected to
oscillate within the range of 5-140 MPa [59]. Notably, the stratum
corneum, which was in direct contact with the biomaterial in our study
(Fig. 4), demonstrates the highest Young’s modulus across the skin
layers [60]. A mechanical mismatch can induce cellular stress, which
may ultimately lead to cell death [61]. The nanotopography of
PLLA-+GO-Au and the numerous pores on its fiber surface may mitigate
stress concentration points within the material, resulting in a more
uniform distribution of stress and strain [11].

The cytoskeleton is dynamic network of proteins that provides
structural support and mechanical resistance to the cell. The cytoskeletal
architecture is determined primarily by the cell growth surface and
exerts a direct impact on mechanosensing [62]. To ensure a precise
interpretation of the visualization results, it is imperative to consider the
specific conditions governing cell maintenance and their relationship to
the in vivo tissue microenvironment. Stiffer nonwovens with larger fiber
diameters induce the formation of significantly higher stress fiber den-
sity [63], which corresponds to the obtained results for HEKa cells
(Fig. 5), and may indicate a structural adjustment in response to the
mechanical properties of the growth niche. Keratinocytes are charac-
terized by a remarkable stiffness, exhibiting a mechanical rigidity
significantly higher than other cell types [64]. This increased stiffness is
primarily attributed to the robust and deformable keratin cytoskeleton,
which plays a crucial role in the skin’s protective function. The geometry
of electrospun nonwoven fibers influence the formation of direction-
dependent actin cytoskeleton bundles in fibroblast-like cells, as
demonstrated on HFFF2 cells cultivated on scaffolds (Fig. 5). This, in
turn, affects the cellular response as a result of the intricate interplay
between cell-matrix interactions and cytoskeletal dynamics [65]. The
rearrangement of the cytoskeleton, particularly actin filaments, plays a
crucial role in mediating cell shape changes and nuclear elongation,
phenomena that frequently occur in cells cultured on electrospun ma-
terials with aligned fiber orientations [66].

A well-engineered cellular scaffold can regulate cell adhesion in a
controlled and precisely defined manner, primarily through mechano-
transduction mechanisms induced by the scaffold’s mechanical prop-
erties. The establishment of an effective biointerface facilitates
interactions between cell surface proteins and the biomaterial surface,
resulting in the formation of stable adhesion foci that anchor the cells to

15

Materials & Design 251 (2025) 113713

the scaffold. The observed enhancements in the proadhesive properties
of the PLLA+GO-Au nanocomposite (Fig. 6a) underscore its potential
applicability across diverse biomedical contexts. However, a compre-
hensive molecular elucidation of these phenomena is still required to
fully understand the underlying mechanisms. Thus, we performed mo-
lecular analyses to investigate these processes and identify the key in-
teractions and pathways involved (Fig. b,c). We demonstrated that the
upregulation of integrins, as well as E-cadherin and p-catenin and FAK
by the cells, unequivocally substantiates the proadhesive properties of
PLLA+GO-Au (Fig. 6b,c). Integrins (INGs) are transmembrane glyco-
protein receptors crucial for cell-ECM connections [67], E-cadherin and
B-catenin are key molecules for cell-cell adhesion [68], while focal
adhesion kinase (FAK) mediates cell adhesion via integrins and regulates
cell flattening [69].

Extensive research has demonstrated that the incorporation of GO
into the matrix of neat PLLA markedly enhances its proadhesive prop-
erties, a conclusion substantiated by studies utilizing diverse cellular
models, including dental pulp stem cells [70], Schwann cells [71] and
bone marrow-derived stem cells [56]. Proadhesive properties of GO can
be largely ascribed to the elevated reactivity of GO, a characteristic that
stems from its rich assortment of functional groups. These functional
groups enhance the capacity for chemical bond formation and inter-
molecular interactions with the amino acids constituting proteins [72]
and lipids [73] within cellular membranes. Cells can sense mechanical
stimuli from the GO nanoflakes and translate them into biological re-
sponses, which may include alterations in the regulation of protein
secretion profiles [74], changes in the expression levels of specific genes
[75] or modifications to cytoskeletal architecture [76].

As mentioned above, the PLLA+GO-Au composite scaffold exhibits
substantial proadhesive potential. It is attributed in part to the unique
nanotopography of the polymer fibers (Fig. 1b), which feature a het-
erogeneous arrangement of nanopores conducive to protein adsorption
and the formation of an organic layer. This nanotopography facilitates
the development of a functional biointerface that initiates mechano-
transduction events between the cells and the growth surface [77],
promoting cellular integration with the growth surface. Numerous
studies have established that the nanostructuring of biomaterials can
significantly augment cell adhesion by upregulating INGs expression
[78] and FAK expression [79]. Additionally, the incorporation of sec-
ondary features such as nanopores within the fiber architecture may
further influence the expression of E-cadherin [80], while facilitating
the formation of multilayer cellular construct [37]. Supported cell
adhesion is critically significant due to the intricate interplay between
cell adhesion molecules (CAMs) and growth factors, as well as the
reciprocal establishment of signaling pathways that govern protein—
protein interactions, ultimately facilitating the elicitation of the desired
cellular response [81].

During the process of tissue growth, a multitude of intricate bio-
logical mechanisms are engaged, including the secretion of growth
factors (GFs) by cells. Ensuring the harmonization of specific protein
secretion by distinct cell populations is essential to mitigate the risk of
developing hypertrophic tissues, while simultaneously forming physio-
logically functional tissue. Our study evaluated the secretion of growth
factors by cells cultured on scaffolds, with the most significant differ-
ences noted for the AREG, bFGF, EGF and EGF R (Fig. 7). AREG is
particularly important in keratinocyte proliferation and T cell activation
[82], bFGF stimulates fibroblast division and the formation of blood
vessels [83], while EGF and its receptor EGF R coordinates cell prolif-
eration and migration, as well as regulates the secretion of other growth
factors [84].

A widely recognized strategy for enhancing the regenerative poten-
tial of biomaterials entails the incorporation of bioactive substances that
promote the release of GFs from cells involved in tissue regeneration.
Notably, this approach highlights the use of Au NPs as a critical
component. It has been demonstrated that integrating phytochemically
stabilized Au NPs into hydrocolloid membranes (HCM) induced a
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transient elevation in collagen synthesis within the ECM, which
normalized by the fifteenth day following acute skin injury [85]. This
effect holds significant importance, as it not only reduces the likelihood
of hypertrophic scar formation but also concurrently stimulates the
secretion of vascular endothelial growth factor (VEGF), a key regulator
of angiogenesis. The proangiogenic properties of Au NPs, along with
their ability to accelerate wound healing both in vitro and in vivo, were
substantiated by a study conducted on rat models utilizing poly(lactic-
co-glycolic acid) (PLGA) matrices encapsulating Au NPs in conjunction
with polydopamine (PDA) [86]. Au NPs have been shown to facilitate
wound closure by enhancing the expression levels of the NANOG tran-
scription factor and the transmembrane adhesion protein CD34 [87]. Au
NPs, coated with collagen I to enhance internalization by human dermal
fibroblasts, promoted in vitro wound closure, significantly increasing the
synthesis of VEGF and bFGF, thereby stimulating cellular proliferation
[88]. Furthermore, Au NPs integrated within diverse matrix composi-
tions exhibit not only proregenerative effects on cutaneous tissues,
evidenced by the promotion of neo-vascularization and the formation of
functional tissue, but also possess significant antibacterial properties,
particularly when suspended in hydrogel [89] or electrospun within a
PCL and gelatin blend [90].

5. Conclusions

The results substantiate the biofunctional efficacy of the biocom-
patible PLLA+GO-Au cell scaffold in the context of skin cell interactions,
specifically keratinocytes and fibroblasts, as well as within a recon-
structed epidermal environment. The PLLA+GO-Au scaffold demon-
strates a significant enhancement in the adhesion of keratinocytes and
fibroblasts, likely due to induced alterations in cytoskeletal architecture
and upregulation of CAMs. This includes integrins, which facilitate cell-
substrate adhesion, alongside E-cadherins, p-catenin and FAK, which are
associated with cell-cell adhesion dynamics. Furthermore, the
PLLA-+GO-Au scaffold is capable of modulating epidermis tissue growth
and regenerative processes through its ability to control the release of
growth factors. An increase in the secretion levels of AREG, bFGF, EGF
and EGF R was observed in keratinocytes. In contrast, fibroblasts
exhibited only minor fluctuations in growth factor secretion profile,
maintaining levels that were comparable to the control. This observation
suggests that the PLLA nanostructured with GO-Au may modulate the
release of growth factors across different cell populations, potentially
mitigating adverse effects associated with hypertrophic growth. The
biological effects observed in this study can be ascribed to the synergistic
interactions arising from multiple factors: the unique mechanical
properties of the PLLA+GO-Au composite scaffold and the nanoporous
architecture of the PLLA fibers. Thus, the strategically designed
PLLA+GO-Au embedded with cells, may represent an innovative ther-
apeutic approach to facilitate precise processes in skin tissue growth and
reconstruction.
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