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Abstract
Background  Regeneration of periodontal epithelium remains a major focus in current dental research, with various 
exogenous substitute materials being applied in clinical practice. Yet, the highly organized structure of native tissue 
still poses considerable challenges for biomaterials attempting to mimic the original environment. In this study, we 
investigated the effects of a newly developed gelatin/polycaprolactone nanofiber (GPF) and a micro-scaled collagen 
matrix (CM) on the biological behavior of oral epithelial Ca9-22 cells, aiming to assess the clinical applicability of 
the materials and conducted a preliminary exploration of the interplay between the Ca9-22 cells and the material 
properties.

Methods  The oral epithelial Ca9-22 cell line was cultured onto the GPF, CM, and tissue culture plate (TCP) for 3, 7, 
and 14 days. Cell morphology, attachment proliferation/viability, the gene expression of keratin 14 (KRT14), keratin 10 
(KRT10), integrin β-1 (ITGB-1), intercellular adhesion molecule 1 (ICAM-1), interleukin 8 (IL-8) and interleukin 1β (IL-1β), 
the levels of IL-8 proteins were evaluated.

Results  Ca9-22 cells exhibited distinct adhesion morphology and distribution patterns on two biomaterials. 
After 3 days of culturing on GPF, Ca9-22 cells demonstrated higher levels of proliferation/viability compared to 
those on CM. In most situations, except KRT10, both materials effectively stimulated gene and protein expression 
related to epithelial regeneration and wound healing, especially in the early stage of culture. Compared to CM, GPF 
demonstrated a stronger stimulation of KRT14 expression at day 3 and a more significant enhancement of KRT10 
expression after 7 and 14 days. However, it was less effective at promoting IL-8 expression after 3 days than the former. 
The gene expression of KRT10 was suppressed by CM at day 7. The IL-8 protein production was the highest in cells 
grown on CM.

Conclusion  The morphology and cellular functions of oral epithelial cells differed between GPF and CM. Both 
materials are capable of promoting epithelial regeneration; however, GPF is more conducive to functional 
stratification of newly formed epithelium, while CM holds a more sustained effect on epithelial proliferation.
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Introduction
The periodontium is a considerably structurally intricate 
and complex unit, mainly consisting of gingiva, peri-
odontal ligament, cementum and alveolar bone from a 
histological perspective. The oral epithelium acts as the 
first line of protection between the underlying periodon-
tal tissues and the external milieu [1]. The epithelial tis-
sue engages in the immune and inflammatory responses 
to exogenous antigens by producing a range of relevant 
cytokines and chemokines [2]. Once this structure is 
breached, it can lead to numerous periodontal and muco-
sal diseases, with periodontitis being the most common 
[3, 4]. Hence, whether in prophylaxis or treating existing 
conditions, ensuring the integrity of the epithelial barrier 
in periodontium is a top priority [5].

From the cellular level, during the epithelial regenera-
tion process, oral epithelial cells reestablish the strati-
fied structure of the epithelium through proliferation, 
migration and differentiation [6]. These biological events 
are regulated by various proteins, particularly keratins 
10 and 14 (KRT10 and KRT14), integrin β-1 (ITGB-1), 
and intercellular adhesion molecule 1 (ICAM-1) [7–9]. 
By releasing chemokines and cytokines, such as inter-
leukin 8 (IL-8) and interleukin 1β (IL-1β), they promote 
the recruitment of inflammatory cells and facilitate the 
elimination of pathogens and cell debris [6, 10, 11]. Con-
sequently, effectively inducing and leveraging the proper 
biological functions of oral epithelial cells has always 
been in focus for periodontal tissue repair and regenera-
tion [12].

The goal of tissue engineering involves employing dif-
ferent scaffold materials to provide a suitable extracel-
lular environment for specific cell types, effectively 
inducing cell behavior to ultimately facilitate the regen-
eration of target tissues [13]. Due to the diversity of their 
components and characteristics, polymers can be effort-
lessly molded into more complex physical and chemi-
cal constructs, and their biodegradable property makes 
them extensively employed as bioscaffolds [14]. Among 
numerous natural polymers, collagen, as one of the major 
protein elements of the extracellular matrix (ECM), is 
commonly used in tissue engineering for its superb bio-
compatibility. In recent years, a new type of collagen-
based matrix (CM), which is chemically crosslinked to 
enhance its mechanical properties, has been shown to be 
effective for regenerating periodontal soft tissues in both 
in vitro and in vivo studies [15, 16].

Gelatin, another natural polymer derived from the 
hydrolysis of collagen, exhibits favorable biophysical 
and biochemical properties, making it widely applicable 
in the fields of medicine and tissue engineering [17, 18]. 
Furthermore, previous research has shown that elec-
trospinning gelatin fibers can support the adhesion and 
proliferation of oral keratinocytes [19]. Natural polymers 

commonly suffer from inferior mechanical properties 
and to overcome these limitations, the combination of 
different natural or synthetic polymers with desirable 
physicochemical traits was proposed [20]. Polycaprolac-
tone (PCL) is a synthetic polymer with notable mechani-
cal properties and a proper degradation rate in the body, 
making it an ideal choice for composite materials [21]. 
Recently, a prototype of a nanometer-scale gelatin/PCL 
fiber (GPF) fabricated via electrospinning has been devel-
oped. In our recent study, the GPF promoted the bio-
logical function of gingival mesenchymal stromal cells 
in vitro, suggesting it may positively contribute to the 
angiogenesis and the regeneration of gingival connec-
tive tissue [22]. However, it remains uncertain whether 
this structure benefits the functional regeneration of oral 
stratified epithelium.

Our current study aims to explore the effects of the 
GPF on the biological behaviors of oral epithelial cells, 
comparing these findings with the clinically applied CM 
to evaluate the feasibility of GPF for clinical use in recon-
structing keratinized epithelial tissue.

Materials and methods
Creation of experimental sample for GPF and CM
To obtain material samples suitable for the size of a cell 
culture well plate, GPF specimens with fibers approxi-
mately 550 nm in diameter and an elastic modulus near 
3 kPa (Neo Modulus [Suzhou] Medical, Suzhou, China) 
measuring 6 mm in diameter were prepared using a dis-
infected corneal trephine (Shimei Medical, Shenzhen, 
China). Simultaneously, CM (Fibro-Gide®, Geistlich 
Pharma AG, Wolhusen, Switzerland) was trimmed to 
3 mm thickness, from which 6 mm circular samples were 
punched out. The further detailed original structure of 
materials can be found in the previous study [23]. All the 
specimens were subsequently placed at the bottom of 
96-well plates for further investigation.

Cell culture
In this study, we selected the human oral squamous car-
cinoma Ca9-22 cell line (Japanese Collection of Research 
Bioresources Cell Bank, JCRB0625, Ibaraki, Japan) as our 
experimental model. This cell line reflects most proper-
ties of primary oral epithelial cells while overcoming 
their rapid cell senescence, making it ideal for long-term 
studies [24–26]. Ca9-22 cells were cultured in modi-
fied Eagle’s minimum essential medium (MEM, Gibco®, 
Carlsbad, CA, USA), supplemented with 10% fetal bovine 
serum (FBS, Gibco, Carlsbad, USA), 100 U/ml penicil-
lin and 50  µg/ml streptomycin (P/S, Gibco, Carlsbad, 
CA, USA). Cells were maintained at 37 °C in a controlled 
environment containing 5% CO2 and 95% humidity and 
used in the experiments in passages from the fourth to 
sixth.
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Scanning electron microscopy and fluorescence 
microscopy
Cell morphology was first analyzed using scanning 
electron microscopy (SEM) [27]. Ca9-22 cells were cul-
tured onto GPF and CM scaffolds at a seeding den-
sity of 5 × 103/well in 200 µL of MEM and incubated at 
37℃. Following 3, 7 and 14 days, the samples were fixed 
with 4% paraformaldehyde (ThermoFisher Scientific, 
Waltham, USA). Subsequently, all materials with cells 
underwent a series of ethanol dehydration gradients 
before drying with hexamethyldisilazane (HMDS, Sigma-
Aldrich, St. Louis, USA). Finally, the samples were sput-
ter-coated and analyzed using an SEM (FEI Quanta 200, 
Hillsboro, OR, USA) at 15 kV accelerating voltage.

To further evaluate the morphological differences 
between cells adhered to distinct structures, actin cyto-
skeleton and nuclei were visualized by fluorescence 
microscopy. Cells were seeded similarly as in SEM exper-
iments and fixed using 4% paraformaldehyde (Thermo-
Fisher Scientific, Waltham, USA) for 15  min at room 
temperature after 3, 7 and 14 days. The samples were 
then permeabilized with 0.1% Triton-X100 for 5  min. 
Following a blocking step of 30  min with 1% bovine 
serum albumin, they were stained with rhodamine-con-
jugated phalloidin (1:200 in PBS, ThermoFisher Scien-
tific, Waltham, USA) and 4′, 6-diamidino-2-phenylindole 
(DAPI, 1:1000 in PBS, Sigma-Aldrich, St. Louis, MO, 
USA) to visualize actin cytoskeleton and nuclei, respec-
tively. Stained cells were visualized using an ECHO 
Revolve fluorescence microscope (Echo, San Diego, CA, 
USA).

Cell proliferation/viability
Cell Bank, 5 × 103 of Ca9-22 cells were seeded onto the 
surfaces of GPF, CM and TCP in 200  µl of MEM, and 
the proliferation/viability of the cells was determined 
using a cell counting kit (CCK-8, Dojindo Laboratories, 
Japan) after 3, 7, and 14 days as previously described [22]. 
Twenty microliters of CCK-8 reagent was added to each 
sample, and after 4  h of incubation, the optical density 
values were measured at a wavelength of 450 nm using a 
microplate reader (Synergy HTX; BioTek).

RT-qPCR
Ca9-22 cells were seeded on three different materials at a 
density of 3 × 104/well in 200 µl of medium. After 3, 7 and 
14 days, the cells were lysed, and the lysates were tran-
scribed into cDNA using “Cells-to-CT Lysis Reagents” 
and “RT reagents” (both Invitrogen, Carlsbad, CA, USA), 
The reverse transcription reaction was performed at 
37 °C for 1 h, then the temperature was raised to 95 °C for 
5 min using the Primus 96 advanced thermocycler (Peq/
Lab/VWR, Darmstadt, Germany) [28]. RT-qPCR was 
performed using the following TaqMan gene expression 

assays (Applied Biosystems, Foster City, USA): KRT10 
(Hs00166289_m1), KRT14 (Hs00265033_m1), ITGB-1 
(Hs01127536_m1), ICAM-1 (Hs00164932_m1), IL-1β 
(Hs01555410_m1), IL-8 (Hs00174103_m1) at following 
conditions: 10 min of initial heating at 95 °C followed by 
50 cycles at 95  °C for 15 s and at 60  °C for 1 min using 
a QuantStudio 3 device (Applied Biosystems, Foster City, 
USA). Target gene expression levels were calculated by 
the 2−ΔΔCt method, employing GAPDH as the housekeep-
ing gene and the results from the 3-day TCP group as the 
reference control; the relative fold changes in gene expres-
sion level for each group at different time points were cal-
culated based on these results. This was done to better 
visualize the time course of changes in gene expression 
across all groups. The calculation formula was as follows: 
ΔΔCt = (Cttarget– CtGAPDH)sample- (Cttarget– CtGAPDH)control.

ELISA
The level of IL-8 protein in the conditioned medium was 
determined after 3, 7 and 14 days of incubation using a 
human IL-8 ELISA kit (Cat. Nr. 88-8086, ThermoFisher 
Scientific, Waltham, USA) according to the guidelines 
of the manufacturer. The quantitative analysis was con-
ducted using the Synergy HTX multi-mode reader 
(BioTek Instruments, Winooski, USA).

Statistical analysis
Each experiment was repeated 5 times, and all quanti-
tative data are presented as mean ± standard deviation 
(SD) of these 5 independent repetitions. Relevant data 
analysis was performed using GraphPad Prism software 
(version 9, La Jolla, CA, USA). The normality of distribu-
tion was confirmed by the Kolmogorov-Smirnov test and 
one-way ANOVA for repeated measures followed by a 
post-hoc LSD test was applied to determine differences 
among groups. The nonparametric Friedman test was 
used for data that did not follow the normal distribution. 
A p-value < 0.05 was considered statistically significantly 
different.

Results
Cell attachment and morphology
The attachment of Ca9-22 cells on different scaffolds, 
along with their intrinsic structural features, was first 
analyzed using SEM (Fig. 1). The fibers of GPF were ran-
domly oriented with fairly uniform diameters, whereas 
fibers in CM structure exhibited a sheet-like configu-
ration with larger pore sizes between the fibers. Cells 
attached and grew on the GPF, showing typical cobble-
stone and oval-shaped morphologies after 3 days of cul-
ture. Some cells even migrated under the nanofibers, 
intertwining with the GPF structures. The cells further 
bonded tightly to their neighboring cells, gradually form-
ing small cell sheets. Over the 2 weeks of culture, the 
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number of cells steadily increased, eventually covering 
most of the surface of the materials. However, it was dif-
ficult to discriminate cells’ adhesion to CM. This could be 
due to the similarity between the cellular structure and 
the surface texture of materials. Furthermore, the pore 
size of CM is large enough to enable cell migration inside 
this scaffold.

Subsequently, the actin cytoskeleton and cell nuclei 
were visualized by specific staining to further evaluate 
the morphology of Ca9-22 cells on different substrates 
and compare them to tissue culture plastic (Fig.  2). On 
the 3rd day of culture, numerous cells in contact with 
their neighbors and forming cluster-like structures was 
observed in cells growing on GPF. However, the inten-
sity of spreading cells was slightly lower than that of 
TCP. Contrastingly, the CM group displayed few cells 
with oval-shaped morphology sparsely distributed on the 
material. During the experiments, an increased number 
of cells was observed for both substrates; however, the 
cell number was visually higher on GPF compared to 
CM. Furthermore, the cell number on both membranes 
was lower than that observed for TCP. Some differences 
were also observed in cell morphology: cells on GPF 
largely maintained the oval shape, whereas, on CM and 
TCP, they exhibited elongated into polygonal shapes, fea-
turing decreased roundness and increased aspect ratios.

Cell proliferation/viability
The proliferation/viability of Ca9-22 cells seeded onto 
different substrates and measured by the CCK-8 method 
is presented in Fig. 3. In line with the microscopy obser-
vations, cells demonstrated stable and sustained prolifer-
ation on all substrates during the 2-week culture period. 
Among them, the TCP control group had a higher pro-
liferation level compared with the other two groups, 
although this gap gradually narrowed over time. Further-
more, on day 3, the cell viability for the CM group was 
significantly lower than that of the GPF group, but on 
days 7 and 14, no differences between the two materials 
were observed.

Functional gene expression and IL-8 production
The expression of functional genes in Ca9-22 cells grown 
on different substrates after 3, 7, and 14 days of cultur-
ing is presented in Fig. 4. The expression level of KRT14 
was higher in cells growing on both materials than those 
grown on TCP, but significant differences were observed 
for GPF after day 3 and for CM after day 14. The expres-
sion level of KRT10 was constantly higher in Ca9-22 cells 
growing on GPF than those growing on CM. The gene 
expression of ITGB-1 and ICAM-1 was significantly 
higher on both materials compared to TCP after 3 days 
of culture. However, at later time points, a significant dif-
ference was found only for ITGB-1 and ICAM-1 for CM 

Fig. 1  Observation of cell adhesion and growth on two scaffolds using 
SEM. Representative SEM images of Ca9-22 cells cultured on GPF (a-f) and 
CM (g-l). Cells were incubated for 3 days (a, b, g, h), 7 days (c, d, i, j), and 14 
days (e, f, k, l), with images taken at 400× (a, c, e, g, i, k) and 1500× (b, d, f, 
h, j, l) magnification. Scale bars represent 20 μm and 100 μm, respectively. 
Over time, cells cultured on GPF formed interconnected sheet-like struc-
tures that covered most of the scaffold’s surface fibers
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at day 7. No differences between GPF and CM regarding 
the expression of these two proteins were found. On days 
3 and 7, the expression of IL-8 was significantly higher 
in cells growing on both materials compared to TCP. 
Moreover, on day 3, significantly higher IL-8 gene expres-
sion was observed for CM compared to GPF. Finally, 
the expression of IL-1β at days 3 and 7 was significantly 
higher in cells growing on GPF compared to TCP.

The content of IL-8 protein in the conditioned media 
is presented in Fig.  5. Cells growing on the CM mem-
brane exhibited the highest levels of IL-8 production, 
which were significantly higher than those for GPF and 
TCP (p < 0.05) throughout the whole observation period. 
The production of IL-8 by cells growing on GPF and TCP 
was similar, except on day 7, at which slightly but signifi-
cantly higher IL-8 levels on TCP compared to GPF were 
observed (p < 0.05).

Fig. 2  The morphological characteristics and distribution pattern of oral epithelial cells on different substrates. Fluorescence microscopy images illustrat-
ing Ca9-22 cells cultured on GPF (A, D, G), CM (B, E, H), and TCP (C, F, I). The images highlight a representative experiment, showing actin filament staining 
(red) and nuclei staining (blue) after 3 (A-C), 7 (D-F), and 14 (G-I) days of culture. Images were captured at 100× magnification (10x eyepiece and a 10x 
objective lens), with a scale bar representing 50 μm
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Discussion
Although the question of how different scaffolds influ-
ence oral epithelial regeneration is essential, this topic 
remains poorly understood [29, 30]. The core principle of 
this approach is to minimize the potential adverse effects 
like excessive inflammation and immune responses and 
stimulate the spreading and growth of oral epithelial cells 
on the surface of the scaffold, which acts similarly to nat-
ural basement membranes. An ideal scaffold is expected 
to support the release of essential growth factors, cyto-
kines, and ECM production, creating the microenvi-
ronment of the tissue defect that can be reconstructed, 
ultimately stimulating the endogenous mechanisms of 
epithelial regeneration [31]. Managing the intrinsic prop-
erties of the materials to regulate the microenvironment 
surrounding oral epithelium is a vital step to fundamen-
tally refining the material for clinical application [8].

The attachment and proliferation of oral epithelial cells 
on the matrix or scaffold are indispensable for tissue 
morphogenesis [32]. Additionally, their further migration 
is necessary for wound re-epithelialization, defect repair 
and prevention of chronic infections [33]. Based on the 
SEM results, it can be seen that during the mid-to-late 
stage of culture, epithelial cells on GPF progressively 
formed continuous, sheet-like structures resembling the 
ECM encircling the cells, distinct from the nanofiber 
structure itself, echoing findings from a prior study [7]. 
Furthermore, the fibers of GPF are more uniform in scale 
compared to CM, resulting in a consistent distribution of 
attachment sites and pore sizes, which seems to be one of 
the favorable conditions for cell adhesion and migration 
[34].

By observing cell morphology through cytoskeleton 
staining, it was evident that in the first week of early cul-
ture, more cells were observed on GPF than on CM, as 
the density is similar to that of TCP. In a similar vein, 
human esophageal epithelial cells were able to adhere to 
and spread on PCL/Gelatin blended nanofibers scaffold, 
completely covering the surface of the material after 3 
days of culture [35]. The absence of epithelial cells on the 
surface of CM could be due to the relatively large pore 
size, which facilitates cell migration inside this scaffold.

Coherently, differences in cytoskeletal morphology 
were observed among the 3 groups. It is believed that 
ECM-driven anchor points ultimately determine cell 
morphology. Corneal epithelial cells exhibited more 
regular morphology when attaching to smaller-sized 
micro-patterned substrates, which may account for 
the differences in the current study [36]. It is notewor-
thy that the formation of sheet-like cell clusters lays the 
groundwork for mimicking the in vivo stratified epi-
thelial structures, and this pattern is more prevalent 
in smaller nanoscale GPF and TCP. This finding is sup-
ported by previous research, where Steinberg et al. cul-
tured immortalized human gingival keratinocytes on 
poly(dimethylsiloxane) micropillar structures; adequate 
cell adhesion could not be observed when the distance 
between micropillars overreached 17  μm. However, 
a smaller gap between micropillars is correlated with 
an increased presence of desmosomal protein in cells, 
which is essential for establishing contact between kera-
tinocytes. A similar scenario was observed in our study, 
the nanoscale GPF possesses finely and densely packed 
fibers, whereas VSCM features larger pores and a fibrous 

Fig. 3  Evaluation of oral epithelial cells proliferation/viability on GPF, CM and TCP. Cell proliferation/viability was assessed using CCK-8 assay after 3, 7 and 
14 days; cells cultured on TCP served as control. The Y-axis shows the OD values measured at 450 nm and presented as mean ± SD of five replicates (n = 5). 
Statistical differences between each group from the same culture time are indicated by * (p < 0.05) and ** (p < 0.01). Comparisons over time for the same 
material, specifically between 3 and 7 days, and between 7 and 14 days, are marked with # (p < 0.01) and † (p < 0.01), respectively
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structure, which inherently increase the challenges of ini-
tial cell adhesion and growth on the latter, resulting in the 
poorest adhesion outcomes [37].

As a foundation for epithelial tissue development 
and self-renewal, the results of proliferation/viability of 
Ca9-22 cells are aligned with the status of cell adhesion. 
Early on, the GPF group outperformed the CM group 
in terms of proliferation, although it consistently lagged 
behind the control group, with this disparity decreasing 
over time. The support for cell proliferation from both 
materials can be primarily attributed to the chemical 
resemblance of gelatin and collagen to the natural ECM. 
Nevertheless, the proliferation of different cell types is 

substantially impacted by their preference for the surface 
topography and porosity of the materials. It should be 
noted that the CCK-8 assay measures the metabolic activ-
ity of proliferating cells, reflecting both proliferation and 
viability, whereas these parameters cannot be clearly dis-
tinguished. In our experiment, the initial growth of oral 
epithelial cells on two materials, which differ in porosity, 
pore size, fiber diameter, and mechanical strength, were 
lower compared to TCP, which may be due to the num-
ber of adhesion sites and pore structure hindering rapid 
cell spreading during in vitro culture [38]. In the earlier 
study, Eberwein et al. suggest that smaller micropillar 
substrates in 5  μm are more conducive to efficient cell 

Fig. 4  Investigation of reepithelialization-related biomarkers expressed by oral epithelial cells grown on different materials. Gene expression levels of 
KRT14 (A), KRT10 (B), ITGB-1 (C), ICAM-1 (D), IL-8 (E), IL-1β (F) after 3, 7 and 14 days were measured by qPCR. The 2-ΔΔCt method was used for data analysis 
with GAPDH as the normalization reference gene. The Y-axis illustrates the relative fold change in expression levels compared to the day-3 TCP control, 
where the n-fold expression is defined as 1. Results are presented as mean ± SD from five independent donors. Statistical differences between the 3 sub-
strate groups at the same evaluation time points are denoted with * and **, indicating p < 0.05 and p < 0.01, respectively
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proliferation and maintenance of regular cell morphol-
ogy than their 11 μm counterparts, owing to differences 
in biomechanical patterns. The gelatin fibers on the outer 
layer of GPF could provide a denser array of adhesion 
sites, which likely contributed to the cells maintaining a 
regular morphology [36].

The expression of biological markers generally reflects 
multiple cellular functions, such as adhesion, differentia-
tion, ECM integration and engagement in various biolog-
ical cascades. These processes are the basis for achieving 
comprehensive tissue regeneration and maintaining 
dynamic physiological homeostasis in vivo [7]. Keratin 
is a major component of the cytoskeleton in epithelial 
cells, with keratin distribution in oral stratified epithe-
lium showing specific layer-related patterns [1, 39]. In 
this study, GPF demonstrated a more pronounced effect 
compared to CM, particularly in the early stage of cul-
ture, by enhancing the expression of KRT14 and KRT10 
related to epithelial regeneration and differentiation/
stratification correspondingly, which parallels findings 
from previous studies on the role of PCL/gelatin material 
inducing stratified epithelial structure in vitro [7].

The integrin family, particularly ITGB-1, plays a crucial 
role in the adhesion of epithelial cells to the external envi-
ronment, as well as in their ability to sense environmental 
cues and trigger signaling cascades. Additionally, ITGB-1 
mediates the apical-basal polarity attachment of epithe-
lial cells to the ECM on the basement membrane [8]. In 
our findings, especially in the early stage of culture, both 
the GPF and CM groups manifested positively modulated 
ITGB-1 expression. This suggests that both substrates 
might support the adhesion to the basement membrane.

Under physiological conditions, immune cells infil-
trate the site of tissue defect and contribute to both the 
elimination of invading pathogens and the initiation of 
regenerative processes through the release of numer-
ous biological molecules. In this context, epithelial tis-
sue, serving as a barrier of periodontium, is critical in 
regulating subclinical inflammation within physiologi-
cal levels and protecting against external pathogens. 
ICAM-1 is an essential protein mediating the infiltra-
tion of immune cells, but it also assists in the recruit-
ment and migration of epithelial cells to the wound 
area and promotes the formation of healing granula-
tion tissue, making it one of the core elements in peri-
odontal tissue repair [9]. In this study, both materials 
notably enhanced the ICAM-1 level exclusively in the 
early stage of culture, which could be beneficial for 
wound healing and re-epithelialization [9, 40].

The physiological function of IL-8 is to act as a che-
moattractant, enabling the migration of neutrophils 
to the damaged wound areas [10]. IL-8 mediates the 
migration and proliferation of different cell types, 
including epithelial cells, contributing to wound re-
epithelialization [6]. In our study, we found that both 
materials stimulated gene expression in Ca9-22 cells. 
However, IL-8 protein production was higher for 
CM compared to GPF. Notably, the protein and gene 
expression levels in the GPF group did not fully cor-
respond, which may be influenced by the physical 
properties and mechanical environment provided by 
materials acting on post-transcriptional regulation 
[41]. In addition, beyond possibly affecting the cell 
adhesion patterns, the electrostatic trait of GPF could 

Fig. 5  Evaluation of protein production by oral epithelial cells on different substrates. IL-8 protein production by Ca9-22 cells cultured on different materi-
als after 3, 7 and 14 days was quantitatively measured using ELISA. The Y-axis shows the IL-8 concentration in the conditioned medium, with data from 
5 independent donors presented as mean ± SD. Differences between indicated groups at the same time point are indicated by * and ** for p < 0.05 and 
p < 0.01, respectively
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also have a potential absorptive effect on nearby bio-
active proteins [42]. Furthermore, our recent investi-
gation into this phenomenon revealed that GPF and 
CM exhibited distinct absorption and release profiles 
for proteins/cytokines. Both scaffolds were capable of 
absorbing and retaining some proteins, but qualitative 
and quantitative differences were observed between 
these materials [43], which might explain the incon-
sistencies between qPCR and ELISA data. GPF also 
enhanced the IL-1β expression during the first week, 
while the effect of CM was less pronounced. However, 
on the protein level, IL-1β was below the detection 
limit of ELISA. Inflammation is a double-edged sword 
in tissue regeneration: on the one hand, it is necessary 
to remove the invading microorganisms and cell debris 
during the inflammatory phase, and on the other hand, 
it might delay a healing process. We have seen that 
both materials stimulate the inflammatory response 
of Ca9-22 cells, but how much they contribute to the 
healing process is not known.

The surface topography and biomechanical cues 
of materials are garnering increasing attention in 
research [7]. Speaking from material-induced cell acti-
vation, both aggregation and settling of target cells and 
the production of subsequent growth factors and cyto-
kines are critical for wound healing and tissue regener-
ation. More importantly, there is an optimal threshold 
for the materials’ properties [36, 44]. In our study, 
both materials mediated cellular responses differently 
compared to TCP, suggesting the potential for fur-
ther activation of cells in the host environment. This 
effect may be linked to differences in fiber size and 
arrangement between GPF and VSCM, which result 
in distinct surface topography features, determining 
the cellular adhesion morphology. Prior research has 
shown that adaptive changes in the cell cytoskeleton, 
triggered by the surface characteristics of a material, 
can lead to different cell differentiation patterns [45]. 
Such contact-guided adaptation might even involve 
rearrangements of nuclear proteins [46]. Furthermore, 
differences in mechanical properties could be another 
reason to explain the variations in cellular regulation 
among the 3 substrates; The internal core PCL struc-
ture in GPF substantially compensates for the low 
strength of the gelatin layer, potentially enhancing its 
adaptability in host tissue [47]. Interestingly, whether 
the changes from morphological or mechanical sig-
nals from the ECM suggest a link with the mediation 
of the integrin family, offering valuable insights for 
future exploration [8, 44]. Thus, although this study 
was conducted in vitro, it provided valuable insights 
and contributed positively to understanding the effect 
of material characteristics on cellular behavior. In this 

sense, it represents an indispensable part of the pre-
clinical exploration of material performance.

However, due to the limitations of the in vitro cell 
culture environment, our investigation cannot truly 
mimic the physiological three-dimensional dynamic 
conditions present in the host body. The absence of 
fluid dynamics and extracellular biochemical signal-
ing networks in vivo might restrict the exploration of 
the authentic potential of materials for clinical appli-
cations. Additionally, the comprehensive interactions 
and crosstalk between different cell types, as well as 
between cells and materials in vivo, still require fur-
ther investigation. To this end, conclusions drawn 
solely from cellular behavior may still require further 
corroboration through in vivo and clinical studies. It is 
worth mentioning that recent animal and clinical stud-
ies have shown that VSCM effectively supported gingi-
val soft tissue augmentation [48, 49].

Moreover, we did not use primary epithelial cells to 
start our test on the regenerative capacity of two mate-
rials due to the technical challenges for isolating and 
propagating these cells in vitro. For instance, epithelial 
cells might be contaminated with the fibroblast popu-
lation, which may interfere with the final data accuracy 
[25, 50]. Additionally, primary epithelial cells gener-
ally undergo senescence rapidly, and certain cell char-
acteristics could considerably change with increasing 
passages [36]. Importantly, immortalized and/or can-
cerous epithelial cell lines have been recognized for 
accurately mimicking many gingival epithelial fea-
tures in vitro [36, 51]. Therefore, as an alternative, we 
selected the gingival-derived Ca9-22 cell line, which 
has been widely used in oral epithelial functional 
research [25, 52, 53]. This cell line possesses stable 
properties with minimal batch-to-batch variation, thus 
ensuring accurate experimental outcomes and serving 
as a reliable research model [54]. However, it is known 
that they have some differences compared to oral epi-
thelium, especially in the expression of keratins [55]. 
Nevertheless, due to some inherent differences, pri-
mary epithelial cell evaluations will remain indispens-
able when technical limitations can be overcome in the 
future.

Conclusions
The current study observed that both GPF and CM 
supported the adhesion and proliferation of oral epi-
thelial cells on their respective structures, each exhib-
iting distinct morphology and distribution of cell 
attachment. Both materials effectively stimulated 
the gene and protein expression related to epithelial 
regeneration and wound healing in the early stage of 
culture, with GPF showing a stronger positive effect 
on epithelial regeneration and stratification and lower 
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inflammatory response at the cellular level; however, 
given the relatively biased outcome associated with 
in vitro studies, further in vivo testing to confirm the 
validity is still necessary.
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