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Carboxymethyl chitosan (CMC)-based hydrogels (HG) have gained significant attention for therapeutic appli-
cations due to their biomimetic properties and biocompatibility. This study explores, for the first time, the
regenerative and osteogenic potential of CMC-HG incorporated with a marine fungi-derived fibrinolytic com-
pound, FGFC-1. The inclusion of FGFC-1 did not significantly alter the crucial characteristics of the HGs,
including secondary structure, thermal stability, protein adhesion, and in vitro degradation. However, incor-
poration of FGFC1 increased the swelling capacity (from 132.88 % to 157.11 %) and decreased the mineral
adhesion (0.416 at 0.1 mg/ml) and porosity (from 72.95 % to 54.29 %). In general, the bacterial adhesion was
decreased by 44.3 % in HG than control., Optimal culture conditions for mesenchymal stem cells (MSCs) were
achieved with 2 % CMC and FGFC-1 concentrations of 0.01-1 mg/ml (Supplementary Fig. S2), supporting sig-
nificant MSC growth. SEM image proved more interconnected dense fibrillar clustered morphology of MSCs on
HGs than 2D. FGFC-1 accelerated osteogenic differentiation of MSCs by increasing mRNA expression levels of
Runx2 (4.98), collagen-1 alpha-1 (3.4), osteocalcin (3.62), and ALP (4.20), which was further validated through
enhanced staining for alizarin red, von Kossa, and alkaline phosphatase, as well as immunostaining for osteo-
collagen and osteocalcin in differentiated MSCs within the hydrogels. Notably, FGFC-1 significantly induced
osteogenic differentiation along with supplements. These findings highlight FGFC-1-loaded CMC hydrogels as a
promising strategy for stem cell-mediated bone regeneration in biomedical applications.

1. Introduction regeneration. ~ Wound  healing  benefits from  hydrogels’

moisture-retentive properties, which create an optimal environment for

Hydrogels are innovative materials known for their exceptional
water-retaining capabilities and structural integrity. These hydrophilic,
three-dimensional polymer networks have become pivotal in the
biomedical field due to their versatility and biocompatibility [1,2].
Hydrogels can absorb and retain significant amounts of water, making
them ideal for various medical applications [3]. In drug delivery sys-
tems, hydrogels provide controlled and sustained release of therapeutic
agents, enhancing treatment efficacy and patient compliance[4]. Their
ability to mimic the natural extracellular matrix makes them invaluable
in tissue engineering, where they support cell growth and tissue
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tissue repair and reduce infection risks [5]. Additionally, hydrogels are
employed in biosensors, where their responsive nature to environmental
stimuli allows for accurate and real-time monitoring of biological sig-
nals. The adaptability of hydrogels extends to their mechanical prop-
erties, which can be tailored to meet specific biomedical needs. This
tunability, combined with their biocompatibility and biodegradability,
positions hydrogels as essential components in advancing healthcare
technologies [6]. As research progresses, the potential applications of
hydrogels in the biomedical field continue to expand, promising inno-
vative solutions for complex medical challenges.
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Among the wide range of biopolymers used in hydrogel fabrication,
carboxymethyl chitosan (CMC) is a versatile and widely researched
material, known for its impressive properties and diverse applications
[7]. CMC is a derivative of chitosan, a biopolymer obtained from chitin,
which is primarily sourced from the shells of crustaceans. CMC is
characterized by the introduction of carboxymethyl groups into the
chitosan structure, enhancing its solubility in water and expanding its
range of applications[8]. This modification not only improves the
functional properties of chitosan but also imparts unique characteristics
that make CMC a valuable material in various fields, including phar-
maceuticals, agriculture, and food technology [7]. The biocompatibility,
biodegradability, and non-toxicity of CMC further contribute to its ap-
peal, positioning it as a promising candidate for innovative applications
in drug delivery systems, wound healing, and as a food preservative[9,
10]. Hence, the hydrogel fabrication from CMC could be an ideal
concept due to their tuneable properties through various chemical
modifications, allowing for tailored performance in specific applications
in wound healing, drug release, and as scaffolds for tissue regeneration.

Similarly, marine-derived secondary metabolites are a fascinating
and diverse group of natural compounds produced by marine organisms
such as bacteria, fungi, sponges, algae, and corals [11]. These metabo-
lites are not essential for the basic metabolic processes of the organisms
but play crucial roles in their survival, often serving as defense mecha-
nisms against environmental stressors. The unique and often extreme
conditions of marine environments, such as high pressure, low tem-
perature, and limited light, drive the evolution of these compounds,
resulting in a remarkable chemical diversity that is rarely found in
terrestrial organisms [12]. One of the most exciting aspects of
marine-derived secondary metabolites is their potential for pharma-
ceutical applications. Many of these compounds exhibit potent bio-
activities, including anticancer [13], antimicrobial [14,15], antioxidant
[15,16], antiviral [16], and anti-inflammatory [17].

For instance, compounds like bryostatin, derived from marine
bryozoans, have shown promise in cancer therapy[18], while others like
ziconotide, derived from cone snail venom, are used as powerful pain-
killers[19]. The structural complexity and novel mechanisms of action
of these metabolites make them valuable leads for drug discovery and
development. Research into marine-derived secondary metabolites is
still in its early stages, but it holds great promise for the future. By un-
derstanding and utilizing the chemical diversity of marine secondary
metabolites, we can develop new and innovative treatments for a wide
range of diseases, highlighting the importance of preserving marine
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biodiversity and ecosystems. Hence, marine-derived secondary metab-
olites have been gaining significant attention recently in regenerative
engineering due to their unique bioactive properties. For instance, our
recent studies explored the isolation, chemical characteristics, and bio-
logical responses (fibrinolytic and anticancer) of marine Fungi Fibri-
nolytic compound 1 (FGFC-1)[20-22]. Despite the growing interest in
marine-derived secondary metabolites, their potential in regenerative
medicine remains largely unexplored. This study pioneers the incorpo-
ration of FGFC-1 into CMC hydrogels, marking the first investigation of
its biological effects in bone tissue engineering. By integrating FGFC-1
within a hydrogel matrix, this work aims to enhance osteogenic differ-
entiation, demonstrating a novel biomaterial-based strategy for targeted
regenerative applications Scheme 1.

2. Methods and materials
2.1. Extraction of FGFC-1 from Stachybotrys longispora. FG216

FGFC-1 (>98 % purity) was isolated and purified from the methanol
extracts of Stachybotrys longispora. FG216, as previously outlined in
studies by Wang et al. [23] and Guo et al. [20]. In brief, the medium of
FG216 fermented samples underwent centrifugation to collect Marine
microorganism precipitate (200 g), which was then dissolved in meth-
anol to a total volume of 2 L. Following ultrasonic extraction, the
methanol-immersed sample was concentrated under vacuum at tem-
peratures ranging from 40 to 60°C. The sample was dissolved in 60 %
saturation NaCl solution and adjusted to pH 3.0 using 6 N HCl. Subse-
quently, the acid solution underwent triple extraction with ethyl acetate.
The ethyl acetate layer was then subjected to triple extraction with a
saturated NaCl solution. Finally, the acid solution layer was concen-
trated under vacuum and dissolved to yield the crude extract. This
extract was then subjected to preparative High Performance Liquid
Chromatography (HPLC) using an Inertsil PREP-ODS column (22.5 x
250 mm) at 40°C, with a gradient elution of acetonitrile and 0.1 % tri-
fluoroacetic acid at a flow rate of 10 ml/min. Following extraction with
ethyl acetate, the purified compounds were evaporated to remove
acetonitrile and trifluoroacetic acid from the fractions containing the
fibrinolytic products. FGFC-1 was dissolved in DMSO to create a stock
solution, which could be easily diluted to various concentrations with
cell culture medium prior to use.

Hydrogels

Carboxymethyl
4 Chitosan

Scheme 1. Overall schematic representation of the study design.



L. Jeevithan et al.
2.2. Fabrication of CMC-FGFC-1 hydrogels

In order to optimize the raw materials for hydrogel fabrication,
different concentrations (1,2 and 3 %) of carboxymethyl chitosan
(Sigma- Aldrich, Shanghai, China, CAS Number:83512-85-0), (Car-
boxymethylation >/=80 %, Molecular weight: 543.519 g/mol, Molec-
ular formula: (C8H13NO6)n(C8H13NO5)m, viscosity: 200-300 cps)
(Molecular structure provided in Supplementary Fig.S1) and FGFC-1
(1 ng, 10 ng, 100 ng, 1 ug, 10 ug, 100 ug and 1 mg/ml) were treated
with bone marrow mesenchymal stem cells and measured cell viability
using CCK-8 method as described below.

Based on the results (supplementary Fig S2), 2 % CMC and 0.01, 0.1
and 1 mg/ml FGFC-1 were chosen for hydrogel fabrication. Briefly, the
0.2g CMC (2%) was completely dissolved in distilled water and
crosslinked with EDC/NHS (0.011 g/20.5 pl, respectively) at 37 °C for
12-18 hours. This was considered as control (C) hydrogel. For FGFC-1
group, different concentrations of FGFC-1 (0.01, 0.1 and 1 mg/ml)
were mixed with control hydrogel and labeled as HG-0.01, HG-0.1 and
HG-1, respectively (Fig. 1).

2.3. Characterization

2.3.1. Swelling and porosity

To investigate the characteristics of hydrogel, the swelling capacity
and porosity of hydrogel were tested using freeze-dried samples by
following earlier methods [24]. Briefly, the dry weight of freeze-dried
samples (Wd) was measured before incubation in the medium. To
assess swelling capacity and porosity, freeze-dried samples were incu-
bated in distilled water for 5 hours and in 99.9 % ethanol for 1 hour [24,
25]. Swelling capacity was determined by measuring the difference in
water absorption before and after incubation, while porosity was eval-
uated based on the amount of ethanol penetrating the hydrogel pores
after incubation. In both cases, the final weights (Ww) were measured
following the removal of excess water or ethanol from the sample sur-
faces using filter papers. The swelling rate (SR) and porosity of samples
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were measured by using the below formulas.
SR= (Ww-Wd/Wd)x 100, Porosity (%) = (Ww-Wd)/ pV

Where, Ww- final weights after incubation, Wd- dry weight of freeze-
dried samples before incubation, p is a constant representing the den-
sity of ethanol and V is the volume.

2.3.2. Invitro biodegradation rate

The invitro biodegradation of freeze-dried samples was determined
by following earlier methods reported[26,27]. Briefly, the samples were
incubated in PBS (pH 7.4) with 8 x 104 U/ml lysozyme at 37 °C.
Degradation was evaluated by measuring weight loss at various time
intervals (1, 3, 5, 7, 14, and 21 days). The samples were weighed at each
time point, and the degradation ratio was then calculated.

D= (Wo-Wp)/Wox 100%

where Wy — dry (initial) weight of freeze-dried samplesW; - the sample
weight after incubation in a lysozyme solution for t days.

2.3.3. Fourier-transform infrared spectroscopy (FTIR)

The determination of secondary structural changes in hydrogels
induced by CMC and various concentrations of FGFC-1 during the
manufacturing process was carried out through the collection of FTIR
spectra using a Fourier transform infrared spectrometer (L1050050
Spotlight 400, PerkinElmer Co., Hopkinton, MA, USA). An initial air
background was utilized for the FTIR spectra acquisition. The instru-
ment plate was loaded with 2 mg of samples, and absorption spectra
were captured within the range of 400-4000 cm—1 in absorption mode
at 4 cm—1 intervals for 32 scans using an attenuated total reflection
(ATR) accessory. Any interferences from H20 and CO2 were effectively
removed during the procedure. The secondary structure analysis of the
samples was conducted using PeakFit Version 4 software (SeaSolve
software Inc., Framingham, MA, USA).

7 Ay

Freeze-dried Hydrogéls

Fig. 1. Steps involved in fabrication process of CMC hydrogels loaded with FGFC-1.
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2.3.4. Thermogravimetric analysis (TGA)

The thermal stability of CMC, FGFC-1, and hydrogels was evaluated
using a simultaneous thermal analyzer, "NETZSCH TG 209 F1 LIBRA"
(Selb, Germany). The samples, weighing approximately 5 mg, were
evenly distributed in an alumina crucible and exposed to heating from
20 °C to 500 °C under a nitrogen atmosphere (purity > 99.9 %) at a
specified heating rate of 10 °C/min to measure absorption and
exothermic curves, as well as thermogravimetric data. An empty
aluminum disk served as the reference.

2.3.5. SEM

The microstructural images of freeze-dried samples were examined
using a Zeiss Gemini SEM 300, an ultra-high-resolution field emission
scanning electron microscope. Briefly, the sample specimens were
attached to conductive adhesive tape and then covered with a 10 mA
gold layer for 45 seconds using a Quorum SC7620 sputter coater
(Quorum Technologies, Lewes, UK). Then, the samples were imaged
with a ZEISS Gemini SEM 300 scanning electron microscope (Carl ZEISS
Ltd., Oberkochen, Germany). Surface morphology was observed at
varying magnifications (100 and 5 um) with an accelerating voltage of
15 kV.

2.4. Functional properties

2.4.1. Protein adhesion

In order to determine the plasma protein adhesion, the hydrogel
samples were incubated in Fetal Bovine Serum (FBS) at 37° C for 4 h
[28]. Then, the FBS was removed, and the samples were washed with
Phosphate Buffer Saline (PBS) gently twice, followed by staining with
Coomassie Brilliant blue (CBB) G-250 for 2 h at 37° C. The excess stain
was washed out with a destaining solution containing a
methanol-water-acetic acid mixture overnight. The rate of protein
absorbed on the hydrogel sample was captured by using a Nikon
DXM1200F digital camera.

2.4.2. Mineral adhesion

The mineral binding capacity of hydrogel was assessed using the
methodologies described in our previous study[29]. In brief, the
hydrogel was immersed in a solution of simulated body fluid for
24 hours, followed by rinsing with phosphate-buffered saline (PBS) to
remove any unbound minerals. Subsequently, the mineral bound to the
hydrogel was visualized by staining with alizarin red-S, and images were
taken using a Nikon DXM1200F digital camera.

2.5. Antibacterial activity

The hydrogel’s antibacterial effectiveness was assessed by following
our previous methods[30]. Two different bacterial strains, Escherichia
coli (E. coli) (a Gram-negative rod-shaped bacterium) and Staphylococcus
aureus (S. aureus) (a Gram-positive round-shaped bacterium), were
employed to evaluate the antimicrobial properties of the hydrogels. The
freeze-dried bacterium vial was diluted in the provided kit supplement
(broth and culture plate) and incubated for 24 hours, followed by two
additional cultures in standard broth (10 ml per tube). Subsequently, the
microbial cultures were utilized for subsequent experiments.

2.5.1. Disc diffusion method

The LB agar culture plates were inoculated with microbial cultures
using a sterile bent rod and then punctured in the center with sterile tips
(10 pL) for hydrogel samples. Simultaneously, sterile sample discs
(Blank Discs- Lot 040921071, Liofilchem SRL, Roseto degli Abruzzi,
Italy) were placed on top of the LB agar plates with microbial spread,
followed by the addition of different concentrations of FGFC-1 (20 uL)
and CMC (20 pL). Tetracycline and chloramphenicol antibiotics (20 uL)
were used as positive controls. The zone of inhibition of the samples was
measured after 24 hours using an automatic Interscience Scan 500 zone
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reader (Model:500, 436000S00871, Interscience International, Yve-
lines, France).

2.5.2. Bacterial cell adhesion

To test the adhesion ability of bacteria, the microbial cultures were
treated with FGFC-1, CMC, and hydrogels. The level of bacterial adhe-
sion was then determined using a semiquantitative method through a
microbial viability assay (CCK-8) kit. Briefly, S. aureus and E. coli were
grown in a nutrient broth medium. Subsequently, for the bacterial
attachment test, 20 pL of samples were combined with 100 uL of bac-
terial cultures in 48-well culture plates and incubated for 24 hours. After
incubation, nonattached bacteria were washed away with PBS.
Following this, the CCK-8 staining solution (M4839, AbMole, Houston,
TX, USA) was added to each well (1:10, 100 pL) and incubated for three
hours in darkness. The absorbance was then read at 450 nm as per the
manufacturer’s guidelines.

2.6. Invitro cell culture

Mouse bone marrow-derived mesenchymal stem cells (MSCs) were
obtained from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd.
(Shanghai, China) and were cultured in mesenchymal stem cell medium
(MSCM, Shanghai QiDa Biotechnology Co., Ltd., Shanghai, China)
supplemented with 10 % FBS, 1 % p/s, and 1 % mesenchymal stem cell
growth supplement (MSCGS). The cells were maintained at 37 °C in a
5 % CO2 incubator (BB 150, Thermo Fisher Scientific, Waltham, MA,
USA) and the medium was changed every 2 days. Upon reaching
approximately 80 % confluence, the cells were detached using 0.25 %
trypsin-EDTA. Cells from passages three to eight were utilized for sub-
sequent experiments.

2.6.1. Proliferation

Cell proliferation was assessed by utilizing a Cell Counting Kit-8
(CCK-8; M4839, AbMole, Houston, TX, USA) following the manufac-
turer’s guidelines. In brief, a 96-well cell culture plate was prepared with
CMC (1, 2, and 3 %), FGFC-1 (1 ng, 10 ng, 100 ng, 1 ug, 10 ug, 100 ug,
and 1 mg/ml), and hydrogels (HG, HG-0.01, HG-0.1, and HG-1). Sub-
sequently, MSCs were seeded into the designated wells at a concentra-
tion of 1 x 10 cells/well with 100 pL of MSCM and incubated for 7 days
at 37 °Cina5 % COz humidified environment. Following the incubation
period, the medium was aspirated, cells were washed with PBS, and then
100 pL of medium containing 10 % CCK-8 reagent was added to each
well and incubated for 3 hours at 37 °C in a 5% CO;y atmosphere
without light exposure. Finally, the absorbance at 450 nm was deter-
mined using a microplate reader (BioTek, Winooski, VT, USA). The cells
without any samples (blank control) served as the 100 % viability
reference group.

2.6.2. Cell microstructure

The microstructure of BMMSC cells cultured on hydrogels was
visualized through the fluorescence staining method[30]. Briefly, the
cells (1 x10%) were mixed with HG, HG-0.01, HG-0.1, and HG-1 and
loaded on a culture disc with the medium. Subsequently, the cells were
rinsed with PBS and fixed using 4 % paraformaldehyde and 2.5 %
glutaraldehyde. Following this, the cell membranes were permeabilized
with 0.1 % Triton X-100 before being stained with fluorescence dyes
FITC and DAPI according to the standard procedure. To observe the
structures of the cells, images were taken using fluorescence microscopy
in conjunction with ZEISS Axiocam 305 mono (Axio Vert Al, Serial No.
3847016567, Carl Zeiss Microscopy GmbH, Suzhou, China).

2.6.3. Inflammatory cytokines

To investigate biocompatibility, the cellular inflammatory response
was assessed after BMMSCs treatment with hydrogels. BMMSCs were
seeded on hydrogels at a cell density of 5 x 10° per well in 48 well plates
and cultured with mesenchymal stem cell growth medium and DMEM
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medium for 7 days. Following treatment, the cell supernatant collected
by centrifugation at 2000 g for 5 minutes and stored at —20° C until use.
The levels of cellular cytokines were analyzed using IL-2 and IL-6 ELISA
kits. The quantitative measurement of IL-2 and IL-6 was conducted as
per the manufacturer’s guidelines. Standard curves for IL-2 and IL-6
with varying concentrations were utilized to determine the concentra-
tions of the test samples.

2.7. The effect of hydrogel on bone regeneration

To investigate the effect of hydrogel on bone differentiation, MSCs
were cultured on hydrogel with osteogenic differentiation medium
along with osteogenic supplements. The control cells were cultured in
the same conditions but without hydrogels. In brief, MSCs with a cell
density of 5 x 105 were seeded on hydrogels and cultured for 21 days
and 27 days, respectively, followed by consecutive analysis.

2.7.1. Osteogenic biomarkers level

In the present study, the possible effect of hydrogels in bone differ-
entiation was confirmed by three staining methods for the bone bio-
markers such as osteocalcin and alkaline phosphatase. In brief, the cells
were cultured on hydrogels precoated 24 well plates with osteogenic
culture medium for 21 and 27 days. Then, they were stained with
Alizarin red stain, von kossa stain and alkaline phosphatase stain as per
the manufacturers’ instructions.

2.7.2. mRNA expression

To examine gene expression, mesenchymal stem cells (MSCs) with a
seeding density of 1 x 1075 cells were cultured in 6-well culture plates
that were precoated with hydrogels, for 21 days. The RNA extraction
and cDNA synthesis were carried out in accordance with our established
protocol [31]. Real-time polymerase chain reaction (RT-PCR) was per-
formed on a 96-well plate utilizing the ABI 7500 Fast Real-Time PCR
System (Applied Biosystems, Shanghai, China) with SYBR Green Fast
qPCR RT Master Mix (Invitrogen, Shanghai, China). The primers
employed for the RT-PCR are listed below.

GAPDH forward 5 AGC TTG TCA TCA ACG GGA AG3/, GAPDH
reverse: 5' TTT GAT GTT AGT GGG GTC TCG3'

COLI forward:5'GCG AAG GCA ACA GTC GCT3/, COL Ireverse: 5'CTT
GGT GGT TTT GTA TTC GAT GAC3'

Osteocalcin (OCN) forward: 5'CTC ACA GAT GCC AAG CCC3,0CN
reverse: 5CCA AGG TAG CGC CGG AGT CT3'

Alkaline Phosphatase (ALP) forward: 5 TCC TGA CCA AAA ACC TCA
AAG G3', ALP reverse: 5TGC TTC ATG CAG AGC CTG C3'

RUNX2 forward: 5CCA CCA CTC ACT ACC ACA CG3, RUNX2
reverse: 5TCA GCG TCA ACA CCA TCA TT3'

2.7.3. Immunocytochemistry

To further confirm the osteogenic stimulatory effect of hydrogel, the
cells were differentiated on a hydrogel-coated confocal disc (cat no.
150682, ThermoFisher Scientific) for 21 days. Then, they were fixed
with 4 % paraformaldehyde for 30 minutes, permeabilized with 0.1 %
Triton™ X-100 for 30 minutes, blocked with 2 % BSA for 1 hour and
labeled with 1:100 dilution of primary antibodies (Osteocalcin Poly-
clonal Antibody, Invitrogen Catalog # BS-4917R and Collagen 1 Poly-
clonal Antibody, Invitrogen Catalog # BS-10423R) overnight at 4 C
followed by incubation with Goat Anti-Rabbit IgG (H+L) FITC conju-
gated secondary antibody and DyLight 594-conjugated secondary anti-
body (goat anti-rabbit IgG H&L, Cat No. ab96885, Abcam), respectively,
for 2 h at 37 °C. Images were captured using a confocal laser scanning
microscope (Leica TCS SP8, Leica Microsystems CMS GmbH, Wetzlar,
Germany).

2.8. Statistical analysis

The experiments were carried out with triplicate samples, leading to
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consistent results. Values are expressed as means + standard deviation
(SD), unless specified differently. One-way ANOVA was employed for
statistical analysis and comparisons, with a p-value of less than 0.05
recognized as statistically significant, analyzed using GraphPad Prism
9.4.0 software.

3. Results and discussion
3.1. Physicochemical properties

The porosity and swelling characteristics of the hydrogel are illus-
trated in Fig. 2. The findings indicate that as the concentration of FGFC-1
increased from 0.001 to 1 mg/ml, the porosity decreased up to 54.29 %
from 88.22 %, with the hydrogel containing a high concentration of
FGFC-1 (1 mg/ml) exhibiting lower porosity compared to the control
hydrogel. Conversely, the swelling capacity of hydrogel was increased
by FGFC1 from 132.88. to 157.11 %, but there were not statistically
significant. It is hypothesized that the reduction in porosity may be
attributed to potential crosslinking interactions between the functional
groups of CMC and FGFC-1, as well as the occupation of interstitial
spaces within the CMC hydrogels by FGFC-1. Simultaneously, the min-
imal variations in swelling properties can be explained by the hydro-
philic nature of the polymers incorporated in the hydrogel formulation.

Zhu et al. reported that the swelling ratio of chitosan/carboxymethyl
cellulose-PEG hydrogels was about 187-315 % based on the CMC con-
centrations from 1.5 % to 2.5 %, respectively [32]. A recent study
demonstrated that composite hydrogels, composed of carboxymethyl
cellulose and poly-N-isopropylacrylamide, exhibited reversible swelling
when alternately exposed to de-ionized water and NaCl solution [33].
The porosity of the polyurethane porous hydrogel was observed to rise
from 53.99 % to 74.67 % as the concentration of CMC increased from
5% to 10 %. However, at a CMC concentration of 15 %, the porosity
decreased to 46.03 % [34]. This indicates that hydrogels containing
more than 15 % CMC may not be appropriate for practical applications.
Recent studies have emphasized the porosity and swelling properties of
CMC hydrogels, indicating that the molecular porosity and mechanical
attributes of these hydrogels are critical elements to take into account, as
they significantly affect cellular activities [32,33]. Most importantly,
research indicates that the porosity of hydrogels affects the movement of
nutrients within the matrix and is associated with the swelling behavior
and mechanical characteristics of the hydrogel [35].

3.2. In vitro biodegradation

The in vitro biodegradation analysis of hydrogels revealed a
consistent pattern across all samples, irrespective of their composition.
Interestingly, increasing the concentration of FGFC-1 did not enhance
the biodegradation process, even at elevated levels (Fig. 2D). The
hydrogels exhibited a gradual degradation process influenced by
enzyme lysis and time; specifically, degradation rates decreased from
day 1 to day 21, with approximately 50 % degradation occurring be-
tween days 6 and 7 across all hydrogels. By the conclusion of the study
on day 21, the control hydrogel demonstrated a degradation of
approximately 12.94 %, while the hydrogels with a lower FGFC-1 con-
centration (0.01 mg/ml) showed around 9.52 % degradation. In
contrast, hydrogels containing higher concentrations of FGFC-1 (0.1 and
1 mg/ml) exhibited a greater degradation rate compared to those with
lower FGFC-1 levels, although their degradation rates were comparable
to that of the control hydrogel. Previously, Chen et al. investigated the
degradation rate of CMC-OCS-TGF-p3 in PBS for 21 days and found that
the degradation rate was comparatively lower in low-molecular-weight
heparin- carboxymethyl chitosan (CMC)-oxidized chondroitin sulfate
(OCS)-TGF-B3 hydrogels (55.91 %) than CMC-OCS-TGF-$3 (62.62 %)
[36]. In the present study, the invitro biodegradation of CMC-HGs was
slightly improved by adding FGFC-1 from 0.01 to 1 mg/ml, which may
increase susceptibility against proteolytic enzymes.
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Fig. 2. Porosity, swelling ability and In vitro biodegradation of hydrogels. A- Tubes showing hydrogels after gelation at 37 °C for 18 h, B- porosity and swelling
ability of hydrogels, C- representing images of swelling hydrogels before and after incubation, and D- Biodegradation. HG-CMC hydrogels, HG-0.01:- CMC hydrogels
with 0.01 mg/ml FGFC-1, HG-0.1:- CMC hydrogels with 0.1 mg/ml FGFC-1 and HG-1:- CMC hydrogels with 1 mg/ml FGFC-1.

3.3. Secondary structural analysis

The secondary structural characteristics of the hydrogel were eval-
uated using FTIR analysis. To investigate the changes in secondary
structure before and after the fabrication of the hydrogel, FTIR analysis
was conducted on the raw materials, including CMC and FGFC-1,
alongside control hydrogels and FGFC-1-loaded hydrogels (Fig. 3 and
Table 1). The findings indicated that the prominent peaks identified in
CMC and FGFC-1 were also detectable in the hybrid hydrogels. Notably,
the secondary structure of EDC/NHS cross-linked CMC hydrogels
exhibited significant alterations when compared to CMC alone, as evi-
denced by the distinct FTIR patterns of CMC and the CMC hydrogel.
Particularly, the unique peak of CMC at 3409.24 cm™! was also
observed in FGFC-1-incorporated CMC hydrogels at 3367.02, 3362.8,
3235.39, and 3350.2 em™! for CMC, CMC-0.01, CMC-0.1, and CMC-1
hydrogels, respectively.

In the present study, the characteristic chitosan peaks at
837.61 cm ™! and 1052.12 cm ™! represent its saccharide moiety and the
major peaks at 1584.06 cm ™' and 1308.39 cm ™! of CMC corresponded
to the vibrational bands related to carboxylates (COO—) asymmetric and
symmetric stretches [37]. The peak at 1423.07 em™! in CMC repre-
sented the symmetrical stretching vibration of the carboxylate group,
which was shifted from 1404.23 cm™! to 1406.39 cm™! in HGs [38].
The asymmetrical stretching vibrations of the carboxylate group at
1584.06 cm ™! were shifted to 1582.51-1585.77 cm ™! in HGs, resulting
in an intensive band [38]. A typical high intensive band at
2854.25-2920.22 cm~! was observed in FGFC-1, which was not
observed in CMC and shifted to the wavenumbers 2875.17 cm ™! -
2880.7 cm ™! in FGFC-1 loaded HGs. In this study, the presence of a

typical peak of FGFC-1 (2854.25-2920.22 cm™!) in FGFC-1-loaded HGs
(2875.17 cm ™! - 2880.7 cm ™)) evidenced the successful fabrication of
FGFC-1-loaded CMC hydrogel.

3.4. Microstructure

The microstructure of hydrogels was analyzed in freeze-dried sam-
ples through scanning electron microscopy. The results indicated that
hydrogels lacking FGFC-1 exhibited a consistent and regular porous
microstructure (Fig. 3 B). As the concentration of FGFC-1 increased, the
internal microstructure began to change, revealing the formation of
micronodules in both surface and cross-sectional views. Conversely, the
control hydrogel displayed a more uniform internal structure charac-
terized by interconnected filaments, while higher FGFC-1 concentra-
tions resulted in the appearance of more irregular and flaky filaments.
Gongalves et al. observed a continuous flat irregular rough surface, and
well-developed porosities, which were altered to a regular fibrous
appearance by the incorporation of other polymers such as hyaluronic
acid and silver [39]. Similarly, extensive research has affirmed the
inherent porosity of CMC hydrogels, highlighting their capacity to
support cellular infiltration and nutrient exchange. Studies have
demonstrated that the pore size, distribution, and interconnectivity of
these hydrogels play a pivotal role in modulating tissue regeneration,
enhancing their applicability in biomedical and tissue engineering
fields. Moreover, variations in fabrication techniques and polymer
modifications have been shown to influence the structural integrity and
functional adaptability of CMC hydrogels, making them a versatile
platform for diverse biomedical applications [40-42].

In this study, FGFC-1 induced significant structural modifications in
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Fig. 3. FTIR spectra (A) and SEM microscopic images (B) of hydrogels. Scale bars 100 pm (100 X) and 5 pm (1.7 KX). HG-CMC hydrogels, HG-0.01:- CMC hydrogels
with 0.01 mg/ml FGFC-1, HG-0.1:- CMC hydrogels with 0.1 mg/ml FGFC-1 and HG-1:- CMC hydrogels with 1 mg/ml FGFC-1.

the hydrogels, altering their porosity, surface area, and filament diam-
eter. The average pore sizes for HG, HG-0.01, HG-0.1, and HG-1 were
250.136 pm, 269.284 pm, 240.463 pm, and 172.795 pm, respectively,
indicating a reduction in porosity at higher FGFC-1 concentrations.
Similarly, the surface area progressively decreased from 204.077 pm? in
HG to 136.510 pm? in HG-0.01, 126.188 pm? in HG-0.1, and 101.640

pum? in HG-1, suggesting a denser hydrogel network with increasing
FGFC-1 levels. The filament diameter ranged from 50.904 to 55.904 pm
in HG, 48.074-53.307 pm in HG-0.01, 46.445-51.549 pm in HG-0.1,
and 47.355-49.625 pm in HG-1, further illustrating the structural
refinement induced by FGFC-1 incorporation. These observations
highlight the dose-dependent effects of FGFC-1 on hydrogel
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Table 1
Major peaks observed in FTIR spectra of CMC, FGFC-1 and hydrogels.

FTIR Major peaks (Wavenumbers)
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highlight the versatility of hydrogel-based materials in biomedical
research, further supporting their integration into tissue engineering
and regenerative medicine. [44,45].

In this study, the lyophilized hydrogels exhibited a uniform porous

cMC FGFC-1 HG HG-0.01 HG-0.1 HG-1 . , .
structure with well-balanced porosity, surface area, and filament
423.82 489.96 410.67 405.62 443.9 414.34 diameter, optimizing conditions for stem cell culture. The inter-
431.63 562.94 467.31 440.22 478.1 489.62 ted twork facilitated efficient nutrient and diff
465.92 698.6 556.84 501.26 60,33 562.58 connected pore network facilitated efficient nutrient and oxygen diffu-
503.61 770.84 1064.89 1049.11 1058.55 1051.25 sion, crucial for sustaining cell viability and proliferation. Supporting
565.74 1074.63 1316.3 1310.54 1313.46 1312.25 these findings, extensive research has emphasized that the porous nature
837.61 1245.39 1406.39 1404.23 1407.44 1404.45 of hydrogels is among the most desirable properties in regenerative
1052.12 1377 1585.77 1582.71 1585.83 1582.51 L . e . .
medicine. Th rosity not only allows for cell infiltration an hesion
1308.39 1462 2875.17 2878.1 2880.7 2876.34 edicine. The po os'ty oto y atiows for ce tration and ad €sto
1423.07 1605.45 3367.02 3362.8 3235.39 3350.2 but also plays a vital role in mimicking the extracellular matrix,
1584.06 1653.29 enhancing cellular interactions and differentiation. Additionally, an
3015.62 2854.25 appropriately tuned pore size can influence mechanical properties,
3409.24 igi;’gf ensuring the structural integrity of the hydrogel while maintaining

morphology, potentially influencing their functional properties and
applicability in biomedical applications.Similar to the present study,
Aston et al. observed that alginate hydrogels exhibited a mean pore size
ranging from 240 to 170 um, suggesting their suitability for facilitating
nutrient diffusion and cellular infiltration [43].

Similarly, studies on polysaccharide-based hydrogels have reported
pore sizes between 250 and 150 pm, reinforcing their ability to support
tissue regeneration. The structural characteristics of these hydrogels
influence their mechanical strength, permeability, and biocompatibility,
making them valuable for biomedical applications. Additionally, poly
(ethylene glycol)-grafted superporous hydrogels have been documented
with pore sizes ranging from 100 to 250 pm, demonstrating their
adaptability for controlled drug delivery and scaffold formation in tissue
engineering. The variability in pore size across different hydrogel sys-
tems underscores the importance of optimizing structural parameters to
achieve specific functional properties. These findings collectively

flexibility for tissue integration. Such features make hydrogels highly
valuable in tissue engineering applications, particularly in stem cell-
based therapies, where their biocompatibility and ability to support
three-dimensional cell growth contribute to effective regeneration and
repair processes. The present study further highlights how the controlled
porosity of CMC hydrogels strengthens their potential as a platform for
advanced biomaterial development [1,45].

3.5. Thermal stability

The thermal stability of the raw materials and hydrogels was
assessed through TGA analysis, with both TGA and DTG profiles illus-
trated in Fig. 4. The findings indicated that the DTG of FGFC-1 (71.84
°C) was considerably higher than that of CMC hydrogels (58.4 °C).
Nevertheless, the incorporation of FGFC-1 into CMC hydrogels did not
lead to a significant enhancement in thermal stability. Overall, the TGA
spectra revealed three prominent peaks across all hydrogels, which were
associated with moisture loss, the decomposition of organic compounds,
and the degradation of the chitosan backbone, respectively [46]. In this
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Fig. 4. Thermal degradation profiles (thermogravimetric (TG, red solid line) and derivative thermogravimetry (DTG, blue dotted line)) of raw materials (CMC and
FGFC-1) and hydrogels. HG-CMC hydrogels, HG-0.01:- CMC hydrogels with 0.01 mg/ml FGFC-1, HG-0.1:- CMC hydrogels with 0.1 mg/ml FGFC-1 and HG-1:- CMC
hydrogels with 1 mg/ml FGFC-1.
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study, the main thermal peaks identified between 58.4 and 71.84 °C
corresponded to the evaporation of bound water and volatile com-
pounds from both the surface and internal regions of the samples.
Furthermore, the intensity of the primary peak was notably higher in the
hydrogel samples compared to the raw materials, attributed to their
hydrophilic characteristics. The second peak is particularly significant in
hydrogels as it indicates the degradation of the chitosan backbone. The
second decomposition phase was recorded between 257.8 °C and 299.6
°C, with the thermal stability of the CMC hydrogels (control) at 290.2 °C
showing a slight reduction compared to the raw material, which was at
299.6 °C. This decrease can be linked to the compromised structural
integrity of CMC upon its transformation into hydrogels. Additionally,
the thermal stability of CMC (299.6 °C) was considerably greater than
that of FGFC-1 (257.8 °C), which can be attributed to its macromolec-
ular and complex structure. Earlier studies showed that the decompo-
sition temperature of CMC hydrogel was about 180.31-527.32 °C with a
reduction in weight exceeding fifty percent of the initial weight [46,47].
Akar et al. opined that the decomposition of CMC during this second
stage may result from the degradation of the chitosan backbone and the
release of CO» as a consequence of decarboxylation [48].

The third peak, which indicates the degradation of any remaining
organic and inorganic substances, was slightly lower in the CMC
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hydrogel than in the CMC (raw material) itself. In contrast, the intensity
of the third peak in FGFC-1 was significantly greater than that seen in
CMC. The hydrogels incorporating 0.1 FGFC-1 demonstrated a notable
prolongation of the third peak’s decomposition compared to the CMC
control hydrogel.

An earlier study on self-assembled supramolecular pH-responsive
CMC-polyoxometalate hydrogels revealed several key thermal degra-
dation points. The first TGA peak for CMC hydrogel, observed at 60 °C,
corresponded to a weight loss of approximately 7 %. The second peak,
occurring between 240-290 °C, was associated with about 35 % weight
loss of CMC due to saccharide ring dehydration and the breakage of
glycosidic bonds (C-O-C) in the main polysaccharide chain. The third
peak, observed between 300-450 °C, indicated a phase transition from
alpha to beta, culminating in the complete decomposition of the
hydrogel network at temperatures up to 500 °C. [49]

This study suggests that the enhanced thermal stability of CMC over
FGFC-1 can be attributed to its higher crystalline structure and the well-
organized configuration of the CMC backbone. Thermogram analysis
reveals that the CMC-FGFC-1 hydrogel shows slightly better thermal
stability than the CMC hydrogel.

OHG-0.1

EHG-1

Protein adhesion at 590 nm

Mineraladhesion at 450 nm

Fig. 5. Functional properties (protein adhesion and Mineral adhesion) of hydrogels. HG-CMC hydrogels, HG-0.01:- CMC hydrogels with 0.01 mg/ml FGFC-1, HG-
0.1:- CMC hydrogels with 0.1 mg/ml FGFC-1 and HG-1:- CMC hydrogels with 1 mg/ml FGFC-1.
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3.6. Functional properties

The adhesion behaviors of plasma proteins and minerals were uti-
lized to demonstrate the functional characteristics of hydrogels (Fig. 5).
The adhesion of plasma proteins reflects the interaction patterns of re-
ceptor molecules found in biomaterials. In this study, the presence of
FGFC-1 did not affect plasma protein adhesion in hydrogels, and the
levels of plasma protein adhesion in the control hydrogels were com-
parable to those in hydrogels containing FGFC-1 (Fig. 5 A). In contrast to
plasma protein adhesion, FGFC-1 influenced the binding behavior of
minerals within the hydrogels. Specifically, the mineral adhesion rate in
hydrogels loaded with 0.1 mg/ml FGFC-1 was lower (0.416 at 450 nm)
than that of the control hydrogels (0.499 at 450 nm); however, no
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significant differences in mineral adhesion were noted in hydrogels
containing 0.01 and 1 mg/ml FGFC-1 when compared to the control
(Fig. 5 B).

The surface adhesion characteristics of hydrogels containing plasma
proteins can be enhanced through a variety of available surface modi-
fication techniques. The distinctive microenvironment of the hydrogel
surfaces promotes the interaction and binding of specific molecules
[50-52]. At the same time, plasma proteins, including albumin, can
interact with hydrogels via multiple mechanisms, such as physical
adsorption, electrostatic interactions, hydrogen bonding, and hydro-
phobic interactions [53,54]. In the field of tissue engineering, improved
interaction between plasma proteins would indicate a favorable
engagement of hydrogels with cell receptors, which are proteins located

*
\* ;
EN\\E i
HG HG-0.01 HG-0.1 HG-1

Fig. 6. Antimicrobial activity (E.coli and S. aureus) of FGFC-1 and CMC hydrogels loaded with different concentrations of FGFC-1. A- disc-diffusion method, B-
bacterial adhesion activity (insert- bacteria cultures). 1-control hydrogel and hydrogel with 0.01 mg/ml FGFC-1, 2- hydrogels with 0.1 mg/ml and 1 mg/ml FGFC-1,
3- PBS and 1 ng/ml FGFC-1, 4-10 ng/ml and 100 ng/ml FGFC-1, 5-1 pg/ml and 10 pg/ml FGFC-1, 6-100 pg/ml and 1 mg/ml FGFC-1, 7-5 mg/ml (stock) FGFC-1, 8-
standard antibiotic chloramphenicol, 9- standard antibiotics PSN and tetracycline.
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within the plasma membrane of cells. Yamada et al. investigated BSA,
and FBS-coated peptide (HLT2) hydrogel in Human neonatal dermal
fibroblasts growth and found that at least 40 serum proteins were
adsorbed onto the surface of the gel via electrostatic interactions, which
facilitated protein-mediated cell signalling such as PI3/Akt and MAP-
K/ERK pathways [55].

It is reported that hydrogels can adsorb minerals through various
mechanisms, including ion exchange, coordination bonds, and van der
Waals forces, depending on their functional groups and surface char-
acteristics [56]. Significantly, the structural features of hydrogels
resemble the extracellular matrix to facilitate mineral deposition [57,
58].

In the present study, the incorporation of FGFC-1 altered the func-
tional properties of hydrogels in mineral adhesion but not in plasma
protein adhesion (Fig. 5 C). The actual mechanism of FGFC-1 on mineral
adhesion is not known, however, it is believed that its function in
altering clot structures and facilitating fibrinolysis could indirectly
impact several biological processes related to mineral interactions. For
instance, the degradation of fibrin clots can modify the local microen-
vironment, which may subsequently influence mineral deposition
within tissues. In addition, the decreasing pore size, surface area and
filament diameter of hydrogels by FGFC1 could also a possible reason to
minimize the mineral adhesion rate in HG-1.

3.7. Antimicrobial properties

Two bacterial strains, E. coli and S. aureus, were utilized to assess the
antimicrobial properties of hydrogels. The effectiveness of these
hydrogels was confirmed through disk-diffusion and bacterial cell
attachment assays. Antibacterial activity was evaluated by incubating
both bacterial strains with varying concentrations of FGFC-1 (1 ng,
10 ng, 100 ng, 1 ug, 10 ug, 100 ug, 1 mg and 5 mg/ml), HG, and FGFC-
1-integrated HGs, with comparisons made to positive controls. All four
types of hydrogels exhibited antibacterial properties against both E. coli
and S. aureus, with no significant differences in inhibition among the
hydrogels, indicating that the addition of FGFC-1 did not enhance their
antibacterial efficacy (Fig. 6). This finding was further supported by
experiments where bacteria were incubated with FGFC-1, revealing no
inhibitory effect on bacterial growth at any concentration. Notably, the
rate of bacterial inhibition was greater in the groups treated with
hydrogels compared to controls such as chloramphenicol and PSN.
S. aureus demonstrated a higher rate of inhibition than E. coli, suggesting
that S. aureus is more susceptible to CMC hydrogels than E. coli.

Following the antibacterial disk experiment, we assessed the rate of
bacterial cell attachment to hydrogels. The results indicated a significant
reduction in bacterial attachment in the groups treated with hydrogels
compared to the control group (without hydrogels). Specifically, bac-
terial attachment decreased from 100 % in the control to between
43.5 % and 65.7 % in the hydrogel-treated groups. The above results
concluded that the antibacterial effects of the hydrogels were primarily
attributed to CMC rather than FGFC-1. Previous studies have also sup-
ported the antibacterial properties of CMC-derived hydrogels. For
instance, Venkatesan et al. claimed antibacterial and antifungal activity
of CMC hydrogel, especially against E. coli and S. aureus [3].

Previous research has revealed that secondary metabolites derived
from marine fungi may exhibit antioxidant, antimicrobial, antiviral,
anti-inflammatory, and anticancer properties [59,60]. On the contrary,
no antibacterial activity was observed in FGFC-1-treated groups, which
may affected by several factors such as structure, active functional group
and susceptibility of secondary metabolites [61,62].

The antibacterial activity of CMC primarily stems from its ability to
compromise bacterial membrane integrity through ionogenic groups,
particularly positively charged amino groups. These groups disrupt the
structural stability of bacterial cells, making them more vulnerable.
Additionally, CMC interferes with key cellular processes, such as enzyme
activity and DNA synthesis, by chelating metal ions essential for
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bacterial survival. Beyond these biochemical interactions, the hydrogel
network itself acts as a physical barrier, preventing bacterial attachment
and proliferation. This multifaceted antibacterial mechanism enhances
CMC’s potential in biomedical applications [10,63-66].

3.8. Stem cell proliferation

Cell proliferation influenced by hydrogels (HGs) with or without
FGFC-1 was assessed by culturing mesenchymal stem cells (MSCs) on
HGs for 7 days at 37 °C. The results indicated a significant increase in the
proliferation rate of cells cultured on HGs when compared to control
cells (without HGs) (P < 0.05). Among the various HGs tested, those
loaded with 1 mg/ml FGFC-1 (designated as HG-1) demonstrated a
notable enhancement in stem cell proliferation compared to the control
HG (Fig. 7A). However, no significant changes in cell proliferation rates
were observed in HGs containing 0.01 and 0.1 mg/ml FGFC-1 than
control HG.

It is well-established that CMC hydrogels play a crucial role in adi-
pose tissue-derived mesenchymal stem cell growth. For instance,
encapsulation of MSCs in 2 % CMC hydrogels improved the bioactivity
[58]. The stem cell proliferative effect of CMC hydrogel was also upre-
gulated by fabricating with other biomaterials such as gelatine-PEDOT
Nanoparticles for neural stem cells [67], oxidized hyaluronic acid for
human umbilical cord-derived MSCs [68], gelatin/sodium alginate for
bone MSCs [69], platelet-rich plasma-hyaluronic acid/chondrotin sul-
fate for adipose-derived MSCs [70] and recombinant human collagen I
for hUCMSCs [71]. Garrett et al. found that CMC improved cell adhe-
sion, re-epithelialization, and cell migration by engaging with extra-
cellular matrix proteins (fibronectin (3.1-fold) and collagen (9.3-fold))
via its carboxymethyl groups, which further supports cell attachment
and proliferation [72].

3.9. Cell adhesion

The morphology of stem cells grown on hydrogels was examined
using scanning electron microscopy. In contrast to the control cells
cultured on glass slides, which displayed more fibrillar and flattened
structures with typical filopodia and lamellipodia characteristics, the
stem cells on hydrogels were securely attached and spread across the
intramolecular spaces (Fig. 7B). In the control hydrogels, the cells
appeared more elongated and were closely interconnected on the sur-
face, completely covering the hydrogels loaded with FGFC-1. Further-
more, the cells formed a more interconnected and complex network,
resulting in a more homogeneous tissue-like structure due to the three-
dimensional microenvironment provided by the hydrogels.

The adhesion and spreading behavior of stem cells on hydrogels are
essential considerations for their use in tissue engineering and regen-
erative medicine. Stem cells typically demonstrate varying adhesion and
spreading behaviors on hydrogels, influenced by material composition,
surface modification, mechanical properties and biochemical signals of
the biomaterials. In this study, the stem cells exhibited effective
attachment and spreading throughout the hydrogels, indicating inter-
penetrating networks of hydrogels, which was similar to an earlier study
reported on gelatin-CMC-sodium alginate hydrogel [73]. He et al.
demonstrated that cellular responses such as adhesion, proliferation,
differentiation, and cell-cell interactions of stem cells were influenced by
the modulation of cationic (amino content) of chitosan [74]. In the
present study, HG-1, which exhibited lower porosity, pore size, and
filament diameter compared to HG, demonstrated higher cell prolifer-
ation and an improved cell adhesion rate. Supporting this observation,
an earlier study showed that increasing pore size decreased cell adhesion
and the scaffolds with smaller pore size of 96 um had highest levels of
cell attachment [75]. This suggests that specific surface area plays a
crucial role in cell adhesion, as hydrogels with larger pores provide less
available specific surface area and thus a lower ligand density for initial
cell attachment [76,77].
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Fig. 7. Cell proliferation (A) and morphological features (B) of stem cells cultured on hydrogels. Control- stem cells without CMC hydrogels, HG-CMC hydrogels, HG-
0.01:- CMC hydrogels with 0.01 mg/ml FGFC-1, HG-0.1:- CMC hydrogels with 0.1 mg/ml FGFC-1 and HG-1:- CMC hydrogels with 1 mg/ml FGFC-1. Image B- arrows
representing cells on respective samples, insert- morphology of a single stem cell on glass.
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3.10. Fluorescence staining

The morphology of stem cells cultured on hydrogel substrates was
further assessed using fluorescence staining techniques with FITC and
DAPI. Control cells exhibited a distribution across the surface, display-
ing the characteristic morphology of filopodia and lamellipodia (Fig. 8),
which aligned with the observations made through scanning electron
microscopy (Fig. 7). Notably, the fluorescence intensity was markedly
greater in the hydrogel samples, indicating that the cells were exclu-
sively cultivated on these substrates. The structural framework of the
cells was accentuated by FITC, which binds to actin filaments within the
cytoskeleton. In this study, the use of FITC and DAPI staining demon-
strated the compatibility of cell interactions with the hydrogel surfaces.
Specifically, DAPI staining confirmed the predominant distribution of
cells on the hydrogels. Similar results were found in MSCs cultured on
chitosan-CMC hydrogels and stained with FTIC and DAPI [58]. Severa
other studies also confirmed the biocompatibility of CMC hydrogels
through FITC/DAPI staining using Human dermal fibroblasts and
Human umbilical vein endothelial cells [78]; bone marrow MSCs [79,
80]; primary rabbit corneal epithelial cells [81]; and primary neuronal
cells [82]. In this study, the mean FITC and DAPI fluorescence intensities
of MSCs increased gradually: 47.95 and 17.85 for control, 66.34 and
24.95 for HG, 72.544 and 29.619 for HG-0.01, 154.831 and 37.237 for
HG-0.1 and 109.86 and 42.36 for HG-1, respectively, which proves the
proliferative effect of HGs.

In the present study, the higher intensity of fluorescence staining of
MSCs justified the stimulatory proliferation ability of CMC hydrogels,
which was supported by the cell proliferation results. The results ob-
tained from proliferation, cell adhesion, scanning electron microscopy,
and fluorescence staining indicate that FGFC-1-loaded CMC hydrogels
exhibit biocompatibility, thereby supporting their potential for facili-
tating stem cell differentiation.

HG 0.01

Biomedicine & Pharmacotherapy 188 (2025) 118162
3.11. Osteogenic stimulatory response

The osteogenic stimulatory effects of HGs were examined using tri-
staining techniques, including alizarin red, von Kossa, and ALP stain-
ing. Stem cells were subjected to osteogenic differentiation with sup-
plements over periods of 21 and 27 days, both with and without HGs.
Generally, cells differentiated for 27 days exhibited stronger positive
staining across all three methods compared to those cultured for 21 days
(Fig. 9), indicating a higher presence of minerals and ALP expression in
the longer culture duration of differentiated bone cells. When comparing
the control cells on day 21, those cultured with HGs demonstrated
increased intensity in alizarin red and ALP staining, except for the
control HG group. However, no significant differences were observed in
alizarin red and ALP staining intensity between the control and HG
groups, or between control-HG and FGFC-1-HGs on day 27. Like the
alizarin red results, von Kossa staining intensity was greater in HGs
compared to control cells, and this intensity increased with higher
concentrations of FGFC-1 on both days 21 and 27.

Notably, elevating FGFC-1 concentrations from 0.01 to 1 mg/ml
enhanced the osteogenic behavior of differentiated cells cultured on
HGs, resulting in greater staining intensity in cells treated with HG-1.

3.11.1. mRNA expression

To further validate the osteogenic stimulatory effect of HGs, the
levels of osteogenic mRNA in differentiated stem cells were measured.
The expression of collagen mRNA was elevated in control HG, HG-0.1,
and HG-1 when compared to the control group (Fig. 10). However,
the expression of osteocalcin mRNA did not show significant changes in
HG-cultured cells relative to control cells, except for HG-1. Conversely,
the addition of 0.1 and 1 mg/ml FGFC-1 notably enhanced ALP mRNA
expression compared to the control, while 0.01 mg/ml FGFC-1 and
control HGs did not significantly affect ALP mRNA levels. Notably,
RUNX2 mRNA expression was significantly increased by FGFC-1 across

HG 0.1 HG1

Fig. 8. Fluorescence staining images of stem cells cultured on CMC hydrogels loaded with FGFC-1. Images 1, 2 and 3: Green (FITC), and blue (DAPI) fluorophores-
stained stem cells and Merged images, respectively. Scalebar- 500 pm. Control- stem cells without CMC hydrogels, HG-CMC hydrogels, HG-0.01:- CMC hydrogels with
0.01 mg/ml FGFC-1, HG-0.1:- CMC hydrogels with 0.1 mg/ml FGFC-1 and HG-1:- CMC hydrogels with 1 mg/ml FGFC-1.

13



L. Jeevithan et al. Biomedicine & Pharmacotherapy 188 (2025) 118162

A Control HG HG-0.01 HG-0.1 HG-1

n ..

Fig. 9. Alizarin red (A), von Kossa (B) and alkaline phosphatase (C) staining of differentiated MSCs cultured on CMC hydrogels with FGFC-1 for 21 days and 27 days.
Scalebar-200 pm. Control- stem cells without CMC hydrogels, HG-CMC hydrogels, HG-0.01:- CMC hydrogels with 0.01 mg/ml FGFC-1, HG-0.1:- CMC hydrogels with
0.1 mg/ml FGFC-1 and HG-1:- CMC hydrogels with 1 mg/ml FGFC-1.
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Fig. 10. Immunocytochemistry (A), mRNA expression (B) of differentiated stem cells cultured on CMC-hydrogels and the illustration representing the role of FGFC-1
loaded CMC hydrogels in osteogenic differentiation of stem cells (C). C- stem cells without CMC hydrogels, HG-CMC hydrogels, HG-0.01:- CMC hydrogels with
0.01 mg/ml FGFC-1, HG-0.1:- CMC hydrogels with 0.1 mg/ml FGFC-1 and HG-1:- CMC hydrogels with 1 mg/ml FGFC-1. Scalebar-200 pm. Cells were incubated with
Osteocalcin Polyclonal Antibody or Collagen 1 Polyclonal Antibody followed by incubation with Goat Anti-Rabbit IgG (H+L) FITC conjugated secondary antibody

(Green) or DyLight 594-conjugated secondary antibody (red), respectively.

all HGs in comparison to control cells, a trend that was not observed in
the control HGs. To support this evidence, earlier studies claimed that
the CMC hydrogels fabricated with sodium alginate, carboxymethyl
cellulose, chitosan and magnesium phosphate enhanced the osteogenic
gene expression of MSCs [58,83-85].

3.12. Immunocytochemistry

The investigation into the capacity of hydrogels (HGs) to enhance the
expression of osteocalcin and collagen-1 in differentiated stem cells was
conducted using immunocytochemistry (Fig. 10)

Overall, the differentiated stem cells exhibited positive expression of
osteocalcin (Green) and collagen-1 (Red) across all groups, which
clearly indicated successful differentiation into bone cells. Notably, the
intensity of both green and red staining increased as the concentration of
FGFC-1 was raised from 0.01 to 1 mg/ml in the HGs. However, no sig-
nificant differences were noted between the control HG and those with
FGFC-1 concentrations of 0.01 and 0.1 mg/ml. Interestingly, the stain-
ing intensity was markedly higher in cells cultured on HGs compared to
the control. These findings convincingly demonstrate that HGs promote
the expression of bone biomarkers, such as osteocalcin and collagen-1,
more effectively than the control conditions.

Similar to the present study, Arab-Ahmadi et al. reported the oste-
ogenic stimulatory effect in human bone marrow MSC cultured on CMC
fabricated with cobalt-loaded laponite- polycaprolactone nanofiber
[86]. In another study, Zhao et al. found CMC nanofibers fabricated with
simulated body fluid (SBF)-based biomimetic mineralization (hydroxy-
apatite) improved the osteogenic activity of mouse bone marrow stro-
mal cells by increasing Runx2, OCN and ALP gene expression [87]. The
adipose tissue-derived mesenchymal stem cells encapsulation in 2 %
CMC and 2 % chitosan (50:50 ratio) could trigger early osteogenesis and
also accelerated differentiation to the maturity phase of osteoblasts
without the use of external osteogenic differentiation agents [58].
Earlier, the CMC hydrogels fabricated with gelatin and PEDOT nano-
particles stimulated the differentiation of neural stem cells [67]. There
are several key signaling mechanisms of CMC in the osteogenic differ-
entiation of stem cells such as mimicking the natural extracellular ma-
trix (Extracellular Matrix Mimicry) behavior, accelerating growth
factors other biochemical cues that promote specific differentiation
pathways, such as osteogenic (bone) or chondrogenic (cartilage) dif-
ferentiation, tailoring architectural properties like porosity and stiffness
to satisfy the requirements for stem cells optimal growth conditions and
modulating regenerative signals through stem cells and the ECM com-
ponents interactions [58,88]. In the present study, the increased mineral
adhesion behavior of CMC and FGFC-1 also justified the osteogenic
stimulatory effect of FGFC-1-loaded CMC hydrogels.

4. Conclusion

This study comprehensively examined the impact of FGFC-1 on CMC
hydrogels, revealing significant modifications in their functional,
structural, and biological properties. FGFC-1 altered mineral adhesion
and biodegradation while maintaining swelling behavior and protein
adhesion. Microscopic analysis showed that higher FGFC-1 concentra-
tions reduced porosity, whereas lower doses did not affect hydrogel
morphology. Although FGFC-1 did not exhibit direct antimicrobial ac-
tivity, its incorporation into CMC hydrogels significantly improved their
antibacterial properties against E. coli and S. aureus. Importantly, FGFC-
1 promoted stem cell proliferation, particularly at 1 mg/ml, fostering
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biomimetic growth patterns. Higher FGFC-1 doses enhanced the osteo-
genic potential of CMC hydrogels by increasing mineral expression and
key osteogenic markers such as collagen I, osteocalcin, alkaline phos-
phatase, and RUNX2. These findings suggest FGFC-1, derived from
marine fungi, holds promise for developing biomaterials in bone tissue
engineering.

While this study demonstrates the promising role of FGFC-1 in
enhancing the biological properties of CMC hydrogels, its influence on
swelling behavior and protein adhesion was found to be negligible,
indicating potential limitations in hydrogel tunability. Moreover, FGFC-
1 alone did not exhibit antimicrobial activity against E. coli and S.
aureus, emphasizing the need for further investigation across a broader
range of bacterial strains, including both Gram-positive and Gram-
negative pathogens, to better assess its antimicrobial potential and
biomedical applications.
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