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Abstract: The delivery of mesothelial cells by nanofibrous membranes (NFMs) can repair a
damaged peritoneal mesothelium and enhance peritoneal healing in patients with chronic
renal failure. On the other hand, the orientation of the nanofibers in NFMs may affect cell
attachment, proliferation, and the phenotype of mesothelial cells in the nanostructured
scaffold. We prepare composite gelatin/chitosan NFMs with aligned or random fiber orien-
tations by electrospinning. We cross-link the nanofibers to maintain the fiber orientation
during in vitro cell culture. We then study the cellular response of attached mesothelial cells
to fiber orientation in the scaffold. From in vitro cell culture with rat mesothelial cells, the
prepared NFMs show high biocompatibility to support cellular growth, regardless of fiber
orientation. However, the alignment of electrospun nanofibers in a well-defined geometry
can promote cell adhesion and proliferation rates with directional cell organization. The
anisotropic arrangement of mesothelial cells in the aligned NFM also coincides with the
phenotypic maintenance of the attached mesothelial cells, with biophysical cues provided
by the aligned nanofibers. The aligned NFMs may find applications in tissue engineering of
a damaged mesothelium layer or in other regenerative therapies where cellular alignment
is critical for neo-tissue regeneration.

Keywords: gelatin; nanofibers; chitosan; mesothelial cells; electrospinning

1. Introduction

Mesothelial cells form a monolayer of cobblestone-like cells lining the pleural, pericar-
dial, and peritoneal cavities, and most internal organs [1]. This mesothelium monolayer
can provide a slippery non-adhesive surface to facilitate the free movement of internal
organs and a first-line defense against microorganisms and invading tumor cells [2]. A
mesothelium layer has dynamic cellular functions and is responsible for several essen-
tial physiological functions, such as regulating fluid and solute exchange and immune
surveillance [3]. However, when a peritoneal mesothelial layer is constantly exposed to
peritoneal dialysis fluid during peritoneal dialysis, this may cause peritoneal damage,
due to the hyperglycemic content of the peritoneal dialysis fluid [4]. This harmful ef-
fect on the peritoneal mesothelial cells can compromise the structure and function of the
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peritoneum and cause functional and morphologic damage to the peritoneal membrane.
Human peritoneal mesothelial cells cannot last for more than 50 min when cultured with
conventional peritoneal dialysis fluids [5]. Prolonged exposure to this solution also leads to
peritoneal sclerosis and atrophy of mesothelial cells and hurts peritoneal ultrafiltration [6].
Regeneration of mesothelial tissue may occur through mechanisms like cell migration from
the wound periphery or the adhesion and integration of free-floating mesothelial cells
within serosal fluids [7]. Nonetheless, inadequate repair and cellular alterations can result
in serosal adhesions and complicate the recovery process. To solve this, mesothelial cell
transplantation has emerged as a promising therapeutic approach, potentially offering
a solution for patients with chronic renal failure by enhancing peritoneal healing and
improving dialysis efficacy [8].

Mesothelial cells can be harvested from several anatomical sources with high regen-
erative capacity and low immunogenic characteristics [9]. Combining these cells with a
biocompatible and biodegradable scaffold can fabricate biomimetic serosal membranes
to regenerate squamous-like epithelia, such as the visceral and parietal mesothelia [10].
Among their diverse roles, mesothelial cells also support tissue repair and regeneration,
secrete growth factors and cytokines, and play a significant part in establishing and main-
taining the extracellular matrix (ECM) [11]. These cells further modulate immune responses
and reduce inflammatory reactions [12]. Therefore, mesothelial cells present distinct bene-
fits in tissue engineering approaches for fostering tissue integration and vascularization,
because of their capacity to attach to various surfaces and release bioactive chemicals [13].
Despite the progress in harnessing mesothelial cells in tissue engineering applications,
several hurdles still need to be overcome. These issues include optimizing cell sources,
preserving phenotypic stability in vitro, and stimulating regulated differentiation toward
desirable cell lineages.

Recent progress in scaffold fabrication methods offers the possibility to make 3D
scaffolds that can mimic the microenvironment of native tissue [14]. Using the regenera-
tive capacity of mesothelial cells, these biomimetic structures can be expected to produce
functional tissues with specific characteristics for transplantation [15]. To facilitate the
attachment and proliferation of cells and cell differentiation into new tissues, a scaffold
resembling the morphological shape and chemical makeup of a natural ECM is desir-
able [16,17]. Electrospinning is a preferred method to fabricate scaffolds from natural
biomaterials or biocompatible synthetic polymers [18]. This process enables the formation
of fibrous scaffolds using well-controlled parameters such as flow rate, spinning solution
concentration, needle gauge, and distance between the collector and the needle tip. Elec-
trospinning can produce both random and aligned fibers at micro to submicron scales,
facilitating the design of scaffolds with structures that closely resemble the ECM [19].

Among the many biomaterials available to prepare scaffolds, gelatin and chitosan
have been studied because of their unique biological properties and versatile applications.
Gelatin is partially hydrolyzed collagen with a denatured triple helix structure, which
is suitable for biomedical applications. Gelatin supports cell adhesion and proliferation,
making it an ideal scaffold material in tissue engineering [20]. By blending gelatin with poly-
caprolactone in composite NFMs, gelatin can enhance the hydrophilicity of the composites
to promote the adhesion of mesothelial cells and provide them with better morphology and
improved phenotype [21]. Chitosan, a naturally derived amino polysaccharide, is known
for its broad range of biological and antimicrobial properties. These features have led to the
application of chitosan across various biomedical fields, such as in drug delivery systems
and as tissue engineering scaffolds [22,23]. Adding chitosan in a composite NFM provides
robust phenotypic maintenance of mesothelial cells and upregulates mesothelial marker
gene expression and protein production [24]. Scaffolds containing gelatin and chitosan
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can be fabricated through favorable electrostatic interactions between anionic gelatin and
cationic chitosan molecules. Moreover, incorporating gelatin in a gelatin/chitosan compos-
ite NFM can improve the hydrophilicity of chitosan, providing a surface that promotes cell
attachment, spreading, and cytoskeletal organization during cell adhesion [25,26]. These
scaffolds provide small pores and high porosity, which allow for efficient nutrient diffusion
and cellular infiltration while preventing unwanted tissue ingrowth [27].

“Fine, order, and structure” are the three important directions of nanoscience [28].
Although many techniques have been developed for finer picotechnology, and for complex
nanostructures such as core-shell [29] and Janus [30], the attention paid to the “order” of
nanomaterials is limited. To this end, preparing “order” nanomaterials by electrospinning
and the related process—order—performance relationship is important. Electrospun NFMs
with aligned fiber structures can provide topographical cues to modulate cellular directional
extension and cell differentiation [31]. They have been used successfully as scaffolds in
tendon tissue engineering [32], neural tissue engineering [33], bone tissue engineering [34],
and wound dressing [35]. Some reports show that mesothelial cells can have aligned
morphology when cultured in vitro. When stimulated by the vascular endothelial growth
factor (VEGF), mesothelial cells can align themselves specifically and closely on normal
human dermal fibroblasts to form endothelial networks in vitro, with the upregulated
pericyte Neural/glial antigen 2 (Ng2) marker gene [36]. When studying ovarian cancer cell
invasion of a layer of mesothelial cells with aligned morphology, flaws in this well-ordered
domain were associated with altered cell density, motion, and forces due to topological
defects [37]. As stated before, the primary advantage of an electrospun NFM is the ability to
mimic the complex 3D fibrous structure of the ECM. However, the impact of fiber alignment
in NFMs on the cellular response of mesothelial cells has not been explored before.

In this study, we postulate that composite gelatin/chitosan NFMs will be suitable for
mesothelial cell culture. Furthermore, the difference in cellular response to fiber alignment
in the composite NFMs is also worth studying for the first time. Therefore, we use electro-
spinning to fabricate gelatin/chitosan composite NFMs with random or aligned nanofibers
and use them as scaffolds for the in vitro culture of mesothelial cells. Due to their high
solubility in aqueous environments, the as-spun membranes lack structural stability and
cannot be employed as nanofibrous scaffolds. To address this, glutaraldehyde vapor, a
cross-linking agent commonly utilized for its high stabilization capacity and cross-linking
efficacy, was applied to enhance the structural integrity of the composite NFMs throughout
the culture period [26,38]. An aligned NFM can promote cell attachment and proliferation
rates and maintain the phenotype of rat peritoneal mesothelial cells.

2. Materials and Methods
2.1. Materials

Gelatin from porcine skin (type A), chitosan (degree of deacetylation = 70%, molecular
weight = 60,000 to 120,000), glutaraldehyde (GTA), Dulbecco’s modified Eagle’s medium—
low glucose (DMEM), fetal bovine serum (FBS), penicillin/streptomycin solution, and
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Phalloidin tetramethyl rhodamine B isothiocyanate
(Phalloidin-TRITC), Hoechst 33258, and Live/Dead viability / cytotoxicity kit were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Preparation of Electrospun Nanofibrous Membranes (NFMs)

The aligned and random nanofibrous membranes (NFMs) were prepared by electro-
spinning with a gelatin/chitosan spinning solution. A 25% (w/v) gelatin solution and a
3% (w/v) chitosan solution were separately prepared in 80% acetic acid. The solutions were
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mixed at 7:3 volume ratios to prepare the spinning solution. A 10 mL syringe was filled
with the spinning solution, attached with a 23G blunt metal needle, and placed in a syringe
pump from Kent Scientific (Torrington, CT, USA). For aligned NFMs, the syringe pump
delivers the spinning solution at 0.4 mL/h. A high-voltage power supply from Glassman
High Voltage (High Bridge, NJ, USA) provides 28 kV for electrospinning. A collecting
drum with a 10 cm diameter and rotating at 2500 rpm was placed horizontally from the
needle tip at a 15 cm distance, to collect the nanofibers at 24 °C and 64% relative humidity.
The high-voltage power supply provides an electrostatic force between the grounded col-
lector and polymer solution ejected from the needle tip where aligned electrospun NFMs
with ~0.4 mm thickness were collected by the rotating drum. For random NFMs, similar
electrospinning conditions follow, but at 0.5 mL/h flow rate. The random nanofibers were
collected with a static collector covered with aluminum foil and placed 15 cm from the
needle tip. The temperature was at room temperature and relative humidity was controlled
at ~64%. Random NFMs with ~0.4 mm thickness were removed from the collector with the
aluminum foil and stored in a desiccator for use.

2.3. Cross-Linking of Electrospun Nanofibrous Membranes (NFMs)

To cross-link amino groups in gelatin and chitosan, the NFMs on the aluminum foil
were treated with GTA vapor by hanging in a sealed beaker filled with 10 mL of 3% (w/v)
aqueous solution of GTA for 3 h at 37 °C. The membrane was then incubated in a 0.2 M
glycine solution to block unreacted aldehyde groups in GTA and reduce the cytotoxicity.
After a thorough wash with distilled deionized (DDI) water, the cross-linked membrane
was dried in a vacuum oven at 37 °C. The dissolution of cross-linked NFMs was studied
by immersing random NFMs in a cell culture medium for 7 days at 37 °C, followed by
observation with a field emission scanning electron microscope (FE-SEM) (JSM-7500F, JEOL,
Tokyo, Japan).

2.4. Characterization of Electrospun Nanofibrous Membranes (NFMs)

The morphology of electrospun nanofibers was examined using a JEOL JSM-7500F
FE-SEM. Five SEM images were used to estimate the fiber diameter using Image]J software
(Image] 1.53j java 1.8.0_112 (64-bit) version) by randomly selecting ~20 nanofibers from
each SEM image. To evaluate fiber orientation, we analyzed five SEM images. For each
image, we draw a horizontal reference line at the center as the baseline for orientation
angle measurements. Individual fiber orientation angles were determined by measuring
the deviation of each fiber axis counterclockwise to the horizontal line within 0 to 180°
using the Image] software.

A contact angle/surface tension machine (FTA-125, First Ten Angstroms, Portsmouth,
VA, USA) was used to measure the water contact angle with the sessile drop method.
Images were taken after 3 s by dropping 2 pL of distilled water on the membrane at room
temperature. Furthermore, to confirm fiber alignment, the water contact angle of aligned
NFMs was measured from either the perpendicular or parallel direction to the fiber axis.
The thermal decomposition of NFMs was determined from thermogravimetric analysis
(TGA) with a TGA Q50 from TA instruments (New Castle, DE, USA). The membrane was
cut into pieces and a ~10 mg sample was placed in a standard aluminum pan. The tempera-
ture increased from room temperature to 700 °C at a 10 °C/min heating rate under nitrogen.
An X-ray diffraction (XRD) analysis was conducted with an X-ray diffractometer (Bruker
D2 Phaser, Billerica, MA, USA) from 10 to 50° (20 angle). An attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy analysis from 500 to 4000 cm ™! was
carried out with a Tensor 27 FTIR spectrophotometer (Bruker, Billerica, MA, USA). The
swelling ratio of the NFMs was determined using a gravimetric method (n = 4). By drying
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to a constant weight at 50 °C, the dry weight of a membrane (W4) was determined. The
membrane was immersed in DDI water at different times and blotted with filter paper be-
fore measuring the wet weight (Wy,). The swelling ratio is calculated as (W,, — Wy4) +~ Wg.
For a biodegradation study in a collagenase solution at 37 °C, an NFM with dry weight W,
was placed in a 1.5 mL tube filled with 1 mL of collagenase solution (205 U) (n = 4). The
membrane was washed three times with DDI water after incubation and dried to a constant
weight (W) for calculating the degree of degradation (%) by (W; — W3) = Wy x 100. The
tensile mechanical properties were evaluated using a mechanical testing machine (Tinius
Olsen H1KT, Horsham, PA, USA) (n = 4). The membrane samples (50 mm x 10 mm) were
fully soaked in phosphate-buffered saline (PBS) and a wet sample was loaded uniaxially
with a 100 N load cell at a 5 mm/min elongation rate to obtain a force—displacement curve.
The maximum displacement, maximum loading force, and stiffness calculated from the
slope within the initial linear region of the force-displacement curve were determined.

2.5. In Vitro Cell Culture

Sprague Dawley (SD) rats were sterilized at the lower abdomen and an incision
was made to remove the peritoneum and isolate the mesothelial cells, following similar
procedures to those reported before [39]. All experiment procedures have been approved
by the Institutional Animal Care and Use Committee IACUC) of Chang Gung University.
After cutting into 2 x 2 cm pieces and thorough PBS washing, the tissue was digested in
0.2% collagenase solution and filtered to remove cell debris. A cell pellet was collected
by centrifugation at 200x g for 3 min after neutralizing the enzyme activity with cell
culture medium (90% DMEM and 10% FBS). A cell suspension was obtained in a cell
culture medium and used for seeding on a disc-shaped NFM (12 mm diameter). Before cell
seeding, an NFM was sterilized with 75% ethanol and rinsed with sterilized PBS before
positioning in a 24-well culture plate. A 20 uL cell suspension containing 1 x 10° cells was
seeded onto the center of the membrane surface and incubated for 4 h at 37 °C for cell
attachment. The cell-seeded membrane was transferred to a new well and cultured in 1 mL
of cell culture medium at 37 °C. The cell culture medium was replaced twice weekly.

2.6. Cell Morphology

The cell-seeded NFMs were removed from the cell culture plate, washed with PBS,
and fixed in 10% formaldehyde solution. After dehydration with ethanol from a 50% to
99.5% gradient, the fixed samples were dried in the air, coated with gold, and examined
under a SEM (Hitachi S3000N, Tokyo, Japan) for cell morphology.

2.7. Cell Proliferation

The cell-seeded NFMs were removed from the culture plates and digested in a
0.2 mg/mL papain cell lysis solution prepared with 55 mM sodium citrate, 150 mM sodium
chloride, and 5 mM EDTA at 60 °C for 24 h. The DNA content in the supernatant was
measured using Hoechst 33258 at 360 nm /460 nm excitation/emission wavelengths after
centrifugation to remove cell debris. A standard curve was constructed from calf thymus
DNA to obtain the DNA content per scaffold.

2.8. Biocompatibility

As GTA used in the cross-linking reaction may induce cytotoxicity in mesothelial cells,
the biocompatibility of NFMs after cross-linking was tested with extracts of the NFMs.
Mesothelial cells were seeded (1 x 10* cells) into each well of a 24-well plate and expanded
for 3 days for testing. The cross-linked NFMs were immersed in DMEM for 24 h and the
extract was used to culture mesothelial cells at 37 °C for 3 days. The culture medium was
removed at predetermined times, and 0.5 mL of MTT solution (0.5 mg/mL) was added.
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After incubation at 37 °C for 3 h, the MTT solution was removed, and 0.5 mL of dimethyl
sulfoxide was added to each well to dissolve the formazan purple crystal. The solution
absorbance (optical density, OD) was determined with an ELISA plate reader at 570 nm
(ODsyp), and the relative cell viability was determined relative to a control where cells were
cultured with cell culture medium at 37 °C for 3 days.

2.9. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The gene expression of calretinin, E-cadherin, the vascular endothelium growth factor
(VEGF), and the intercellular adhesion molecule-1 (ICAM-1) were analyzed by quantita-
tive real-time polymerase chain reaction (qQRT-PCR). The total RNA was purified using
TRIzol (Invitrogen, Carlsbad, CA, USA). The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was used as a housekeeping control and the primers were supplied by
Tri-I Biotech Inc. (Taipei, Taiwan). For PCR reactions, the amplification was carried out in
45 cycles, 10 min at 95 °C for denaturation, 30 s at 95 °C for annealing, and 1 min at 60.9 °C
(calretinin) or 67.1 °C (E-cadherin, VEGF, ICAM-1, and GAPDH) for extension. The PCR
products were visualized with a SYBER Green RT-PCR kit (Bio-Red, Hercules, CA, USA).
The relative gene expression was calculated by normalizing the gene expression levels with
those from day 1.

2.10. Cell Viability by Live/Dead Staining

The cell viability was determined using calcein AM/propidium iodide solution in a
Live/Dead staining kit. The cell-seeded NFMs were washed with PBS and stained with the
calcein AM/propidium iodide solution at 37 °C for 15 min. When imaged under a TCS SP2
laser scanning confocal microscope (Leica, Wetzlar, Germany), the live cells show green
fluorescence at 494/517 nm excitation/emission wavelengths, and the dead cells show red
fluorescence at 528/617 nm excitation/emission wavelengths.

2.11. Cytosketelon Staining

The Phalloidin-TRITC was used to stain F-actin in the cytoskeleton after fixing the
cell-seeded NFMs with 10% formaldehyde. The cells were permeabilized with 1% Triton
X-100 for 5 min and F-actin was stained with Phalloidin-TRITC (50 pg/mL) for 30 min.
The cell nuclei were counterstained with Hoechst 33258 (10 pug/mL) for 10 min. The
stained samples were imaged with a TCS SP8 laser scanning confocal microscope (Leica,
Wetzlar, Germany) at 540 nm/570 nm excitation/emission wavelengths for F-actin and
340 nm /488 nm excitation/emission wavelengths for cell nuclei.

2.12. Immunofluorescence (IF) Staining

The protein expression of E-cadherin and calretinin was assessed through immunoflu-
orescence (IF) staining after fixing the sample in 10% formaldehyde for 60 min. The fixed
samples were washed with 1% Tween 20 in PBS (PBST) and blocked with a HyBlock
blocking buffer. A rabbit anti-mouse primary antibody against E-cadherin or calretinin
was used to bind the protein at 4 °C overnight. After PBST rinsing, FITC-conjugated
AffiniPure goat anti-rabbit IgG secondary antibody was used to bind with the primary
antibody for 2 h at 37 °C. The sample was washed again with PBST, followed by staining
cell nuclei with Hoechst 33258. A Leica TCS SP8 laser scanning confocal microscope (Wet-
zlar, Germany) was used for imaging. The fluorescein green fluorescence was observed
at an excitation/emission wavelength of 490 nm/525 nm and the Hoechst 33258 blue
fluorescence was observed at an excitation/emission wavelength of 350 nm /461 nm. To
semi-quantitatively determine E-cadherin and calretinin protein expression, each IF stain-
ing image was analyzed four times using the Image]J software (Image] 1.53jjava 1.8.0_112



J. Compos. Sci. 2025, 9, 31

7 of 21

(64-bit) version). The percentage of green fluorescence signal area in the total image area
was divided by the number of cell nuclei in each image.

2.13. Statistical Analysis

All data reported are presented as mean + standard deviation (SD). A one-way
analysis of variance (ANOVA) was used for statistical analysis and p < 0.05 was considered
significant.

3. Results and Discussion
3.1. Characterization of Electrospun Nanofibrous Membranes (NFMs)

From SEM analysis of as-prepared NFMs, the average fiber diameters are 163 4= 45 nm
and 247 + 82 nm for aligned and random NFMs, respectively, and show no significant
difference (Figure 1A). From the histograms below the SEM images, the random NFMs
show a wide distribution of fiber orientation angles, indicating an isotropic arrangement of
nanofibers. In contrast, aligned NFMs showed a narrow distribution of fiber orientation
angles, confirming unidirectional alignment. The reduced diameter for aligned compared
to random nanofibers may be related to the increased surface charge density of the ejected
jet, which intensifies the elongation forces exerted along the jet’s path. This enhanced
charge density increases jet bending instability, resulting in fibers with smaller diameters,
as reported in previous studies [26,40]. The SEM analysis reveals smooth fiber morphology
devoid of beads, and confirms the microporous nature of both electrospun membranes. This
porosity could facilitate the diffusion of nutrients and metabolic by-products to support
the attachment and proliferation of mesothelial cells. However, small pore size may also
limit cell infiltration, necessitating control over membrane thickness (~0.4 pm) during
electrospinning for optimal functionality.

To improve scaffold stability during cell culture, NFMs were cross-linked by glu-
taraldehyde (GTA) vapors. As illustrated in Figure 1B, nanofibers preserve their structure
after cross-linking. The average fiber diameters are 268 + 70 nm and 284 + 82 nm for
aligned and random NFMs, respectively. The alignment of the fibers was also preserved by
comparing the histograms of fiber orientation angle distribution. The presence of moisture
during the GTA vapor cross-linking process appeared to influence fiber morphology. Al-
though the mean value of diameter changed, cross-linking did not significantly alter the
fiber morphology, size, or pore interconnectivity, suggesting preservation of the macrop-
orous structure. The cross-linked NFMs were tested for stability by immersion in a cell
culture medium for up to 7 days at 37 °C. As shown in Figure 1C, the nanofibrous archi-
tecture remained stable, with insignificant changes in fiber diameters and fiber alignment.
This stability in the fiber structure post incubation confirms the effectiveness of GTA as
a cross-linking agent to cross-link chitosan and gelatin in the nanofibers, endowing the
NFMs with enhanced structural integrity and resistance to dissolution. The preserved
nanoscale fiber diameter and interconnectivity of pores post cross-linking highlight the
potential of GTA-treated NFMs as durable and stable scaffolds. The SEM characterization
underscores that the GTA-cross-linked NFMs can maintain their robust morphology in
cell culture medium, providing a foundation for investigation into their suitability for
mesothelial cell culture. All further characterization and cell culture were thus carried out
with the cross-linked NFMs.
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Figure 1. The scanning electron microscope (SEM) micrographs of aligned and random nanofibrous
membranes (NFMs) before (A) and after cross-linking (B) (bar = 10 um) with the average fiber size
(mean £ SD) shown in each SEM image. (C) The SEM micrographs of cross-linked aligned NFMs
after being immersed in cell culture medium for up to 7 days (bar = 10 um) with the average fiber size
(mean =+ SD) shown in each SEM image. The histogram is the fiber orientation angle distribution.

To evaluate the surface wettability of NFMs, which are critical for facilitating cell
adhesion and proliferation, static water contact angles were measured to quantify the dif-
ferences in hydrophilicity between different membranes. Cross-linking with GTA reduces
the hydrophilicity of NFMs by forming covalent bonds between its aldehyde groups and
the amino groups in gelatin and chitosan The availability of the hydrophilic NH, groups on
the membrane surface will thus decrease. Furthermore, the inherent surface roughness and
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porosity of the NFMs may contribute to increased water contact angles, where air pockets
trapped within the surface roughness enhance the apparent hydrophobicity. Therefore, the
water contact angles of NFMs may reflect the combined influence of GTA cross-linking,
altered surface chemistry, and the structural features of the membrane, to result in an
elevated value compared with a dense membrane film made of gelatin and chitosan. [41].
The random NFM exhibited a water contact angle of 64.3° &= 1.5°, indicative of moderate
hydrophilicity (Figure 2A). In contrast, the aligned NFM demonstrated significantly varied
contact angles, depending on measurement orientation relative to the fiber axis. The contact
angle is 49.3° £ 0.4° when measured perpendicularly to the fiber axis, and it increased
to 59.7° £ 0.5° when measured parallel to the fiber axis (Figure 2A). This anisotropic
wettability arises from the directional spread of water along the fiber axis, which reduces
the perpendicular water contact angle and enhances apparent hydrophilicity [42]. Such
alignment-dependent wettability characteristics, absent in random fibers, underline the
impact of fiber orientation on scaffold surface properties, which may influence the cellular
response of attached mesothelial cells.
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Figure 2. The water contact angles (A), swelling ratio (B), and degradation in a collagenase solution
(C) of aligned and random nanofibrous membranes (NFMs).

As the cross-linked NFMs resist dissolution for up to 7 days, the water absorption
and biodegradation studies were carried out within this period. The swelling ratio of the
cross-linked membrane exhibits rapid water uptake (Figure 2B). At an initial time point
of up to 1 h, the membrane shows a rapid increase in swelling ratio to ~4.3, which gradu-
ally stabilizes and reaches ~5.8 within 120 h. The fast-swelling kinetics is consistent with
the hydrophilicity shown from water contact angle measurements. The high equilibrium
swelling ratio or water absorption ability of NFMs is largely due to the abundance of
hydrophilic amino acids in the gelatin molecules [43]. Collagenase can cleave the peptide
bonds formed between glycine (Gly) and a neutral amino acid (X) in the Pro-X-Gly-Pro
repeated amino acid sequence in gelatin. Chitosan, however, is a polysaccharide composed
of glucosamine and N-acetylglucosamine units, and it lacks the peptide bonds that col-
lagenase can recognize and break down. The degradation of NFMs was thus studied in
a collagenase solution (205 U/mL). As shown in Figure 2C, collagenase can destabilize
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the overall structure and influence membrane integrity by degrading gelatin in the NFMs,
which results in membrane dissolution and weight loss. However, as the percentage of
gelatin in the NFM was 94% (w/w) based on the composition of the spinning solution, the
degree of degradation could only reach ~80%. The gelatin/chitosan composite NFM is
thus suitable for applications in tissue engineering where controlled degradation is crucial.
The thermal properties of gelatin, chitosan, and the NFMs were analyzed through
thermogravimetric analysis (TGA) (Figure 3A) and differential thermal analysis (DTA)
(Figure 3B). Gelatin exhibits an initial weight loss between 50 °C and 120 °C, attributed to
moisture evaporation. A secondary degradation phase occurs between 250 °C and 420 °C
and shows a peak decomposition temperature at 330 °C, marking the thermal breakdown
of its protein structure. At the end of this stage, ~24% residual weight representing
carbonaceous ash formation was found. Chitosan shows some weight loss before 100 °C
due to moisture release. A major decomposition stage is noted between 216 °C and
370 °C, with a peak decomposition temperature at 296 °C, attributed to the breakdown
of its carbohydrate polymer structure, and it leaves ~29% residual ash. The composite
NEM displays distinct stages of degradation, reflective of the combined properties of
its components. Initial weight loss below 120 °C corresponds to moisture evaporation,
indicating its high hydrophilicity, and is consistent with the individual water affinity
characteristics of gelatin and chitosan. The first major degradation phase occurs between
150 °C and 220 °C, primarily due to the breakdown of peptide bonds in gelatin, initiating
weight loss at lower temperatures compared to chitosan, which exhibits greater thermal
stability due to its polysaccharide backbones. The principal degradation phase, spanning
from 220 °C to 440 °C, is dominated by chitosan’s decomposition, involving cleavage
of C-N and C-O bonds in glucosamine units, resulting in considerable mass reduction.
Gelatin continues to degrade within this range, contributing to further mass loss. The
NFM demonstrates enhanced thermal stability due to intermolecular hydrogen bonding
between gelatin and chitosan, which delays degradation onset. Cross-linking between
amine groups of chitosan and gelatin further stabilizes the composite, making it well
suited for biomedical applications requiring controlled degradation. Beyond 400 °C, a
small amount of carbonaceous residue remains, mainly from chitosan’s ash, which is
resistant to further decomposition. This thermal profile, with clearly defined stages for
moisture loss, initial, and main degradation, highlights the composite’s robust degradation
behavior, affirming its suitability as a tissue engineering scaffold where gradual, predictable
breakdown is crucial for promoting cell infiltration and scaffold integration over time.

®) 12
Gelatin ~ 1.0 1 Gelatin
Chitosan °§, Chitosan
NFM = 0.8 4 NFM
en
)
E 0.6
2
\ E 0.4 1 /
S
T 2 02
N
0.0 'I\ e —————
100 200 300 400 500 600 100 200 300 400 500 600
Tempereature (°C) Temperature ("C)

Figure 3. The thermogravimetric analysis (TGA) (A) and the differential thermal gravimetric (DTG)
analysis (B) of gelatin, chitosan, and nanofibrous membranes (NFMs).
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The X-ray diffraction (XRD) analysis of NFMs reveals a predominantly amorphous
structure, with broad, low-intensity peaks between 26 = 10° to 30°, attributed to the amor-
phous nature of gelatin and the semi-crystalline characteristics of chitosan (Figure 4A). The
reduced crystallinity and broadened peaks suggest intermolecular hydrogen bonding and
cross-linking between polymer chains, which disrupts chitosan’s crystalline regions [44].
This amorphous profile may enhance the membrane’s biocompatibility by offering an
irregular surface conducive to cell attachment and proliferation. The Fourier transform
infrared (FTIR) spectral analysis of the NFM revealed all characteristic peaks belonging
to gelatin and chitosan and affirmed the presence of both components in the composite
structure (Figure 4B). Gelatin exhibited peaks at 1669 cm ™!, 1543 cm~!, and 3300 cm ™!,
which correspond to C-O stretching vibrations, coupled N-H in-plane bending with C-N
stretching, and N-H stretching vibrations, respectively. Chitosan shows characteristic peaks
at 1078 cm~! for C-O bond, 1415 cm ™! for amide and ether bonds, 1568 and 1654 cm ™!
for N-H stretch, 2853 cm ™! for C-H stretch, and 3331 cm ! for O-H stretch [45]. For cross-
linked NFM, all absorption peaks of gelatin and chitosan could be identified. However, we

cannot identify an absorption peak at 1640 cm !

arising from the new imide bonds formed
after cross-linking, which occurs due to interference from the strong absorption of the
amide I peak present in both gelatin and chitosan. As a protein-derived polymer, gelatin
exhibits extensive hydrogen bonding between peptide chains and with water molecules,
contributing to the broad and overlapping bands commonly associated with amide I and
amide II vibrations. Consequently, the 1699 cm~! band may be attributed to intermolecular
associations, while the 1640 cm~! band corresponds primarily to imide bonds [46]. The
presence of these distinct peaks in the NFM confirms the homogeneous blending of gelatin

and chitosan in the spinning solution for preparing composite NFMs.

(A) (B)
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-~ 5
= 3
= 3 1669—"\ 55
o s Chitosan
b Chitosan| 5 1853
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g E 165 1568 1415
£ = \ NFM
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o
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20 (degree)
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Figure 4. The X-ray diffraction (XRD) (A) and the Fourier transform infrared (FTIR) spectroscopy
(B) analysis of gelatin, chitosan, and nanofibrous membranes (NFMs).

As the mechanical properties of an NFM should include its ability to resist the stress
experienced during application, uniaxial tensile testing was conducted with a mechanical
testing machine to determine an NFM's stiffness, ultimate strength, and elongation during
a break. The tested NFM sample was wet after being fully soaked in PBS for 7 days to
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simulate the cell culture condition. Typical force-displacement curves are shown in Figure 5
for random and aligned NFMs. The stiffness, maximum load, and maximum displacement
can be obtained from the curves and the average values of four samples are compared in
Table 1. The aligned NFM shows higher mean values of maximum load and maximum
displacement, but no significance was found when compared with the random NFM. How-
ever, aligned NFMs display significantly higher stiffness when tested alongside the fiber
axis, due to their parallel configuration, which distributes applied stress effectively and
resists deformation. This directional strength makes aligned fibers ideal for applications
requiring mechanical reinforcement in specific orientations, such as ligament or tendon
scaffolds [23,47]. Conversely, random NFMs exhibit lower stiffness but offer isotropic
mechanical properties, supporting uniform performance in all directions. This random
orientation mimics the irregular structure of natural ECM, enhancing multidirectional
cell attachment and proliferation, thus favoring applications in soft tissue engineering
where balanced mechanical integrity is necessary. Overall, the different mechanical behav-
iors revealed from aligned and random fiber configurations highlight the adaptability of
NFMs, which can allow for tailored properties through electrospinning to meet specific
biomechanical needs.

8

Random NFM
—— Aligned NFM

00 05 10 15 20 25 3.0 35 4.0

Force (N)
pd N w - N =) |

<
1

Displacement (mm)

Figure 5. Typical tensile force-displacement curves of random and aligned nanofibrous membranes
(NFMs) in wet conditions.

Table 1. The tensile mechanical properties of random and aligned nanofibrous membranes (NFMs).

Membranes Maximum Load (N) . Maximum Stiffness (N/mm)
Displacement (mm)
Random NFM 6.24 4+ 0.60 3.54 + 0.55 9.88 + 0.53
Aligned NFM 6.68 + 0.69 4.03 +£0.54 12.28 +0.38 *

* p < 0.05 compared with random NFM.

3.2. In Vitro Cell Culture

The peritoneum mesothelial cells isolated from SD rats grow smoothly on TCPS
during in vitro cell culture and with elongated, flattened, and squamous-like morphology
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(Figure 6A). The cell viability from MTT assays indicates a fast cell proliferation rate up
to 5 days, and the cell number reaches saturation thereafter, due to contact inhibition
(Figure 6B).

A

Day 1 Day 3 Day 5 Day 7

(B) 1.8
1.6 -
:
1.4 1 I
12
2 1.0
u
g 08 -
0.6 -
0.4 -
<l m
0.0
1 3 5 7

Culture time (day)

Figure 6. The growth mesothelial cells on tissue culture polystyrene (TCPS) by observing with an
inverted optical microscope (bar = 100 um) (A) and determining the cell viability from MTT assays
with solution absorbance at 570 nm (ODsy) (B).

The biocompatibility of random and aligned NFMs with mesothelial cells was assessed
by culturing mesothelial cells with extracts of each NFM and evaluating the metabolic
activity of cells via MTT assays. As depicted in Figure 7A, there is no significant difference
in cell viability between mesothelial cells cultured in cell culture medium (control) and in
the extract of aligned and random NFMs, validating both scaffolds’ biocompatibility. For
mesothelial cells cultured in the NFMs, the SEM analysis at different culture times demon-
strates an excellent cellular response toward mesothelial cells for cell adhesion, spreading,
and proliferation (Figure 7B). On day 1 post seeding, cells adhered to the membrane surface
and displayed a spindle-shaped morphology, initiating spread across the scaffold. By day
3, a pronounced alignment of cells along the axis of aligned fibers became evident, with
cell density substantially higher on aligned NFMs than on random NFMs. This cell organi-
zation persisted and intensified on days 5 and 7, resulting in a continuous cellular layer
particularly prominently on aligned NFMs, where cells became more flattened and cohesive.
This is consistent with a previous finding, where cross-linked gelatin/chitosan nanofibers
provided endothelial cells with direction cell attachment and migration along aligned
fibers [26]. The SEM images further revealed ECM deposition surrounding the adhered
cells, which may be attributed to the positive charge of chitosan, which not only enhances
cell adhesion but also binds with the negatively charged ECM components. Chitosan
in the scaffold can also serve to improve cell attachment by leveraging this electrostatic
interaction. The nanofibrous architecture of NFMs offers a large surface-to-volume ratio
and provides an ideal milieu for the attachment of mesothelial cells. It also facilitates cell
proliferation and migration, allowing efficient nutrient and waste exchange within the
cellular microenvironment.



J. Compos. Sci. 2025, 9, 31 14 of 21

A on (B) .. Random ~ Aligned

mmmm Control

0.10 | mmmm Random NFM
== Aligned NFM
0.08

0.06

ODs79

0.04

0.02

0.00 -
1 2 3

Culture time (day)

© n
mmmm Random NFM w
10 | === Aligned NFM
*

DNA content (ug)

Culture time (day)

Figure 7. (A) The biocompatibility of random and aligned nanofibrous membranes (NFMs). Mesothe-
lial cells were cultured in a cell culture medium (control) and the extract of an NFM. The cell viability
was determined from metabolic activity from solution absorbance at 570 nm (ODsyzg). (B) The
scanning electron microscopy (SEM) analysis of mesothelial cells in random and aligned NFMs
(bar = 10 pm). (C) The proliferation of mesothelial cells in random and aligned NFMs by determining
the cellular DNA contents. * p < 0.05 compared with random NFMs on each day.

To evaluate cell proliferation, the cell numbers in the NFMs were compared by deter-
mining the total DNA contents in each scaffold at different culture times (Figure 7C). A
noticeable increase in DNA content was observed with time in both scaffolds, endorsing
their suitability for the growth of mesothelial cells. Gelatin contains a repetitive Arg-Gly-
Asp (RGD) tripeptide to serve as a key cell-recognition motif. This RGD sequence binds
to integrin, a receptor family, on cell surfaces specific to ECM proteins, which mediates
cell adhesion and promotes cell attachment. When RGD binds to integrin, it not only
strengthens cell attachment but also acts as a signal transducer, triggering an intracellular
signaling cascade that upregulates gene expression associated with cell growth and differ-
entiation. The interaction of RGD with integrin thus underscores the use of gelatin in the
composite NFMs to enhance cell attachment and activate signaling pathways that support
cellular growth and differentiation [48]. Even though the DNA content increased in both
scaffolds, it is worth noting that aligned NFMs may offer a more favorable environment for
mesothelial cell attachment and growth. Using the DNA content on day 1 as an indication
of cell attachment, this value is significantly higher for the aligned NFM than its random
counterpart. Comparing the cell proliferation rate, the DNA content increase rate from day
1 to day 7 is significantly higher for aligned NFMs (1.8 folds) than random NFMs (1.4 folds).
This higher cell proliferation rate may be attributed to aligned topography. It is expected
that aligned nanofibers provide a larger surface area along the fiber axis for cells to grow
than cells grown on random nanofibers. Furthermore, aligned architecture may encourage
the growth of mesothelial cells through the contact guidance effect.

The viability of mesothelial cells in NFMs was confirmed from Live/Dead staining
with laser scanning confocal microscopy. As shown in Figure 8, stacked confocal images
indicate that cells are highly viable from day 1 to day 7, with negligible dead cells to support
the excellent biocompatibility of NFMs. However, the aligned NFM reveals more live cells
showing directional cell morphology, highlighting that aligned fiber orientation can guide
cell attachment and proliferation more effectively. The structured topography of aligned
NFMs offers a supportive environment that promotes the proliferation of viable mesothelial
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cells, an essential feature for tissue engineering applications [49]. Overall, these findings
demonstrate that although both NFMs provide a beneficial environment for mesothelial
cells, the aligned NFM may provide a better milieu for mesothelial cell attachment and
proliferation with oriented morphology.

Random Aligned

Day 1

Day 3

Day §

Day 7

Dead

Figure 8. The confocal microscopy images after Live/Dead staining of mesothelial cells in random
and aligned nanofibrous membranes (NFMs). Bar = 75 um.

To reveal cytoskeleton expression using confocal microscopy, mesothelial cells grown
in aligned and random NFMs were stained with Phalloidin-TRITC for F-actin and Hoechst
33258 for nuclei. As shown in Figure 9, spindle-shaped cell morphology with direction
distribution of filamentous F-actin (red) and elongated nucleus (blue) was shown in aligned
NFMs. In comparison, cells in the random NFM exhibit a polygonal shape with round
nuclei. Mesothelial cells in both NFMs showed increasing actin expression from day 1
to day 7. However, the actin expression is more concentrated, and the actin cytoskeleton
arrangement is less isotropic in the aligned NFM than in the random NFM.

The impact of fiber alignment on the gene expression of mesothelial cells, includ-
ing E-cadherin, calretinin, the intercellular adhesion molecule-1 ICAM-1), and vascular
endothelial growth factor (VEGF), were studied using qRT-PCR. As shown in Figure 10,
mesothelial cells in the aligned NFM displayed significantly higher expression levels of
these mesothelial markers than the random NFM. This upregulation is likely due to the
aligned fiber direction cue toward mesothelial cells, which can not only promote cytoskele-
tal alignment and cell elongation, but also enhance gene expression linked to cell adhesion,
differentiation, and phenotype maintenance. Mesothelial cells express calretinin, a calcium-
binding protein involved in calcium signaling. Although the precise role of calretinin
remains scarcely elucidated, there is a hypothesis that it influences the cell cycle [50].
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However, several immunohistochemistry investigations have shown that calretinin serves
as a valuable indicator for mesothelial cells [51]. Mesoderm is the source of mesothelial
cells, which show distinctive features by expressing many cell adhesion molecules, such as
ICAM-1 and E-cadherin [52]. E-cadherin is a calcium-dependent transmembrane epithelial
adhesion protein that is uniquely expressed in epithelial lineage cells and facilitates inter-
cellular adhesion [53]. As epithelial cells adopt a mesenchymal migratory and invasive
characteristic with downregulated E-cadherin expression, this protein may play a role in
the epithelial-to-mesenchymal (EMT) transition [54]. The intercellular adhesion molecule-1
(ICAM-1) or CDb54 is constitutively expressed in mesothelial cells. Moreover, it has been
shown that ICAM-1 has promising potential as a distinguishing factor between mesothe-
lial cells and fibroblasts [55]. Additionally, the introduction of soluble ICAM-1 into cells
leads to a significant decrease in neutrophil transmigration [56]. The proangiogenic factor
vascular endothelial growth factor (VEGF) is involved in endothelial cell proliferation and
vascular permeability [57]. It is a main growth factor for mesothelial cells to stimulate
their growth. The local production of the VEGF by transitional mesothelial cells plays an
important role during the peritoneal angiogenesis process, and the EMT of mesothelial cells
is the mechanism responsible for the upregulation of the VEGF [58]. Therefore, transitional
expression of the VEGF by mesothelial cells may suggest the maintenance of mesothelial
cell characteristics. Overall, gene expression analysis suggests that the oriented topography
of aligned NFMs can direct gene expression profiles that mimic in vivo mesothelial tissue.
These findings support the potential application of aligned NFMs in regenerative medicine,
where scaffold-induced gene expression and phenotype retention are critical for tissue
engineering outcomes.

Random Aligned

Actin

Nucleus Merged Actin Nucleus Merged

Figure 9. The confocal microscopy images after actin cytoskeleton and nucleus staining of mesothelial
cells in random and aligned nanofibrous membranes (NFMs). Bar = 25 pm.
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Figure 10. The quantitative real-time polymerase chain reaction (qQRT-PCR) for quantifying the gene
expression of mesothelial cells in random and aligned nanofibrous membranes (NFMs). The relative
gene expression levels (normalized to day 1) of calretinin, E-cadherin, vascular endothelial factor
(VEGF), and intercellular adhesion molecule-1 (ICAM-1) were compared. * p < 0.05 compared with
random NFM on each day.

To investigate the expression of mesothelial marker proteins, immunofluorescence (IF)
staining of calretinin and E-cadherin was studied using confocal microscopy (Figure 11).
On day 3, both random and aligned NFMs showed a random distribution of these cell-
associated proteins. On day 7, a more organized alignment of calretinin and E-cadherin
appeared, likely influenced by directional cell growth. From day 3 to day 7, a marked
increase in the synthesis of these proteins was observed, showing uniform distribution
in both membranes; however, the aligned NFM appears to support a higher protein
expression level. A semi-quantitative analysis of the green fluorescence-stained areas
in the IF images was performed to evaluate marker protein synthesis ability (Table 2).
The calretinin and E-cadherin levels continuously increased with time for both NFMs;
however, the aligned NFM consistently demonstrated a higher synthesis rate for these
mesothelial marker proteins. This trend suggests that the structural orientation provided
by the aligned nanofiber arrangement facilitates an environment more beneficial to the
maintenance of mesothelial cell phenotypes. Such outcomes underscore the use of aligned
NFMs to maintain mesothelial phenotypic traits for tissue engineering applications, and its
role in providing a favorable milieu for mesothelial tissue growth.
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Figure 11. The immunofluorescence staining of calretinin (A) and E-cadherin (B) by labeling with
fluorescein-conjugated antibodies to show green fluorescence after culturing mesothelial cells in
random and aligned nanofibrous membranes (NFMs). The nucleus was stained with Hoechst 33258
to show blue fluorescence. Bar = 25 um.

Table 2. A semi-quantitative analysis of the area percentage of the green fluorescence areas, normal-
ized by the number of nuclei in immunofluorescence images of calretinin and E-cadherin by culture
mesothelial cells in random and aligned nanofibrous membranes (NFMs).

Calretinin (%) E-Cadherin (%)
Culture Time (Days)
Random Aligned Random Aligned
3 0.25 £ 0.02 0.35+0.01* 0.23 £ 0.02 0.29 £0.01*
7 0.43 £ 0.01 0.50 £0.02 * 0.32 £ 0.02 0.43 £0.01*

* p < 0.05 compared with random NFM on each day.

4. Conclusions

In this study, we demonstrate that an aligned gelatin/chitosan composite NFM offers
a favorable cellular response toward mesothelial cells than its random counterpart NFM.
NFMs can maintain their structural integrity after cross-linking with GTA vapor, which
is essential for long-term vitro cell culture. Their nanofibrous architecture can provide a
high surface area and effective nutrient transfer to support cellular infiltration and ECM
formation for tissue engineering applications. The combination of gelatin and chitosan
in the NFMs provided an ideal milieu for the adhesion and proliferation of mesothelial
cells with high viability, and fiber alignment was found to be a suitable cue to promote
cell attachment and proliferation rate. The aligned nanofibers can induce cell orientation
along the fiber axis and promote gene expression and protein synthesis of key mesothelial
markers, due to biophysical cues provided by the aligned nanofibers. Overall, the aligned
NFM exhibits tailored structural and biological properties for application in the regenerative
therapy of a damaged mesothelium layer. It also can be employed in applications where
cellular alignment is critical for various regenerative therapies.
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