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ABSTRACT

Background: The development of a scaffold capable of providing a suitable environment
for bone regeneration faces significant challenges. In addition to meeting the requirements
related to material selection and fabrication techniques, a bone scaffold must ensure adequate
porosity to facilitate osteogenesis and vascularization, while also maintaining sufficient
mechanical strength during the early stages of bone healing and recovery.

Methods: A biodegradable cellulose-based hydrogel scaffold composed of hydroxyethyl
cellulose (HEC), hydroxypropyl methylcellulose (HPMC), gelatin, and pB-tricalcium
phosphate (B-TCP) was developed for wound-healing applications using a freeze-drying
technique. Different formulations of HEC/HPMC/gelatin/B-TCP scaffolds were initially
prepared. To evaluate scaffold performance, Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), mechanical testing, degradation analysis, swelling
measurements, and antibacterial assays were performed.

Results: Among the prepared formulations, the HEC70-HPMC30 scaffold showed the most
favorable mechanical properties, with a tensile strength of approximately 30 MPa, Young’s
modulus of 1800 MPa, and elongation at break of ~2%. The scaffold also displayed a highly
porous interconnected structure with an average pore size of nearly 100 um. To improve
structural stability, gelatin crosslinked with genipin was incorporated into the optimized
polymer matrix, extending the degradation time from approximately 1 h to 24 h. Subsequently,
B-TCP was added at concentrations of 10, 20, and 30 wt/v%. SEM observations revealed that
increasing B-TCP content promoted a more organized pore architecture and more uniform pore
distribution. FTIR and elemental mapping analyses confirmed the successful incorporation
and homogeneous distribution of B-TCP within the scaffold network. The incorporation of
B-TCP significantly affected the physicochemical properties of the scaffolds. Water uptake
decreased from 712% in the control scaffold to 402% in the scaffold containing the highest
. B-TCP concentration after 9 h, while degradation after 24 h decreased to approximately 85%,
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Conclusion: The developed HEC/HPMC/gelatin/B-TCP scaffolds exhibit favorable
mechanical performance, controlled degradation, and improved structural stability,
demonstrating their potential as promising candidates for wound healing.
Keywords: Hydroxyethyl cellulose (HEC), Hydroxypropyl methylcellulose (HPMC),
Scaffold, Mechanical test, Biodegradation, Antibacterial assay
Highlights

e A biodegradable cellulose-based hydrogel scaffold composed of HEC/HPMC, gelatin, and -TCP was successfully
developed for wound healing.

e The HEC70/HPMC30 scaffold exhibited high porosity, with an average pore size of approximately 100 um, and
tensile strength close to 30 MPa.

o Incorporation of genipin-crosslinked gelatin and B-TCP significantly improved structural stability, pore organiza-
tion, and degradation behavior of the scaffolds.

e Increasing B-TCP content reduced water uptake and degradation rate, while no antibacterial activity was observed
against S. aureus and E. coli.

Plain Language Summary

The cellulose derivatives such as hydroxyethyl cellulose (HEC) and hydroxypropyl methylcellulose (HPMC), have
attracted considerable attention for biomedical and tissue engineering applications. In recent decades, ion-mediated
bioactive ceramics such as B-tricalcium phosphate (B-TCP) have been extensively investigated for wound-healing ap-
plications. In the present study, a cellulose-based hydrogel scaffold composed of HPMC, HEC, gelatin, and B-TCP was
fabricated using a freeze-drying technique, followed by genipin-mediated crosslinking. The main goal was to investi-
gate the effects of incorporating B-TCP in the fabricated scaffolds. The results showed that incorporation of genipin-
crosslinked gelatin and B-TCP significantly improved structural stability, pore organization, and degradation behavior
of the scaffolds. The developed HEC/HPMC/gelatin/B-TCP scaffolds with favorable mechanical performance, con-
trolled degradation, and improved structural stability, have the potential for wound healing.

[2, 3]. Biomaterials are natural or synthetic substances
designed to function either independently or as compo-
nents of more complex systems for therapeutic and diag-
nostic applications in tissue engineering. In the design of
biomaterial-based scaffolds, several critical parameters
should be considered to support proper tissue regenera-
tion while minimizing undesirable post-implantation re-
sponses. Surface chemistry, mechanical performance,

Introduction

ith the rapid advancement of tissue
engineering, which is fundamentally
based on the integration of scaffolds,
stem cells, and growth factors, a new
generation of wound dressings with
the potential to accelerate the wound

healing process has emerged [1]. Skin tissue engineer-
ing employs hydrogel-based constructs composed of
natural and synthetic biomaterials to promote scar-free
regeneration in critical skin defects and ultimately im-
prove patients’ quality of life. Polymeric wound dress-
ings have been extensively investigated because of their
ability to provide a moist healing environment, stimu-
late growth factor release, enhance angiogenesis, and
protect the wound site against microbial contamination

porosity, and protein adsorption capacity are among the
most important factors influencing scaffold functional-
ity. In addition, tissue response may be strongly influ-
enced by scaffold architecture, pore-size distribution,
and implantation methodology [4]. Table 1 summarizes
several commercially available skin substitute products
for clinical applications.
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Table 1. Commercially available skin substitute products for wound healing
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Product

Name Classification  Biomaterial Used Cells Indication Outcomes Ref.
Used in combination with
Decellularized epidermal autografts;
AlloDerm® Decellularized human cadaver - Various positive effect on scar [5]
skin quality; no significant
immune response
Improved wound closure;
- Tempora.ry Bovine collagen Fibroblasts and . no 5|gn|f!cant immune
Apligraf composite ; ; Chronic wounds  response; conversion of [6]
: matrix keratinocytes ’
allogeneic non-healing wounds to
healing wounds
Reduced infection;
Silicone membrane accelerated wound
Biobrane® Decellularized bonded to a 'n\_/lon - Burns cIosuref' pain reduction; [7]
mesh containing adhesion issues; may
porcine collagen adhere to tissue over
time and require removal
Improved wound closure;
VATEEER) S Polyglactin mesh no adverse reactions
permanent Fibroblasts Chronic wounds BN [8]
. scaffold or rejection; increased
allogeneic
blood flow
Enhanced wound bed
Bovine collagen vascularization; improved
and shark wound closure; fewer
Integra® Decellularized  chondroitin sulfate - Various side effects; may require [9]
with a silicone a two-stage procedure
membrane followed by epidermal
autografting
. Used with epidermal
Bz Colkrn Full-thickness autografts; improved
Matriderm®  Decellularized and elastin graits; Imp [10]
wounds, burns  wound closure; increased
membrane ; -
skin elasticity
- Reduced healing time;
Silicone membrane . -
Temporary bonded to a nylon ) shorter hospital stay,
TransCyte™ . Y Fibroblasts Burns reduced hypertrophic [10]
allogeneic mesh containing

porcine collagen

scar formation; excellent
handling properties

Among naturally derived polymers, cellulose has at-
tracted considerable attention due to its renewability,
biocompatibility, biodegradability, abundance, and cost-
effectiveness [11, 12]. The abundance of hydrophilic
functional groups, including hydroxyl, carboxyl, and
aldehyde moieties, within the structure of cellulose and
its derivatives makes these materials highly promising
candidates for biomedical and tissue engineering appli-
cations [13]. Hydroxypropyl methylcellulose (HPMC), a
nonionic cellulose derivative composed of linear glucose
units, possesses a matrix structure stabilized by hydro-
gen-bonding interactions [14]. HPMC has emerged as
an attractive biomaterial for scaffold fabrication due to
its excellent biocompatibility, film-forming capability,
favorable rheological properties, and chemical stabil-

ity [15, 16]. The hydrophilic or hydrophobic behavior
of HPMC is closely related to its degree of substitution
(DS) and molar substitution (MS). Lower DS and MS
values generally result in greater hydrophilicity, whereas
higher values increase hydrophobic behavior. Owing
to the coexistence of polar hydroxypropyl groups and
nonpolar methyl groups, HPMC can establish intermo-
lecular and intramolecular interactions with a wide range
of materials. Hydroxyethyl cellulose (HEC) is another
nonionic, water-soluble cellulose derivative synthesized
through the reaction of cellulose with ethylene oxide.
Its structure, enriched with hydroxyl groups, facilitates
chemical functionalization and provides advantageous
physicochemical characteristics. HEC is widely used in
wound dressings, tissue engineering scaffolds, cosmet-
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ics, food thickeners, protective colloids, and stabilizing
or coating agents. These broad applications are attributed
to its high biocompatibility, low toxicity, non-immuno-
genicity, hydrophilicity, and strong hydrogen-bonding
capability associated with its f-D-glucose rings. Such
characteristics contribute to its aqueous solubility, en-
hanced viscosity, thermal plasticity, and colloidal sta-
bilization. Furthermore, the accessible hydroxyl groups
in HEC enable the incorporation of various functional
moieties, thereby expanding its potential biomedical ap-
plications [3, 17, 18]. Figure 1 illustrates the chemical
structures of HPMC and HEC [19].

Bioactive ceramics, commonly referred to as bioceram-
ics, have emerged as an important class of biomaterials
in regenerative medicine because of their intrinsic bio-
activity and tunable physicochemical properties. Ionic
products released during the dissolution of bioceramic
materials, including calcium (Ca), silicon (Si), magne-
sium (Mg), and copper (Cu) ions, can provide biochemi-
cal signals that can regulate cellular behavior through
intracellular signaling pathways. In recent decades,
ion-mediated bioactive ceramics have been extensively
investigated for wound-healing applications due to their
antibacterial activity, angiogenic potential, immuno-
modulatory effects, promotion of skin appendage regen-
eration, antitumor properties, and ability to improve me-
chanical performance [20, 21]. Among these materials,
B-tricalcium phosphate (B-TCP) has been widely studied
for biomedical and tissue-engineering applications, par-
ticularly in bone regeneration and wound repair. Owing
to its excellent biocompatibility and biodegradability,
B-TCP can gradually resorb within the physiological
environment and be replaced by newly formed tissue.
Although B-TCP is primarily recognized for bone tissue
engineering, its osteoconductive and bioactive charac-
teristics may also be advantageous in complex wound
healing conditions, especially in wounds associated with
bone exposure [22]. In fact, B-TCP, due to the presence
of calcium in its structure, plays a constructive role in
skin physiology and wound healing [23]. In the present
study, a cellulose-based hydrogel scaffold composed of

Figure 1. Chemical structures of HPMC and HEC [19]
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HPMC, HEC, gelatin, and B-TCP was fabricated using a
freeze-drying technique, followed by genipin-mediated
crosslinking. The main goal was to investigate the ef-
fects of incorporating B-TCP in the physicochemical,
morphological, degradation, swelling, and antibacterial
properties of the fabricated scaffolds.

Materials and Methods
Materials

The raw materials used for scaffold fabrication included
HEC (Number: 822068, Sigma-Aldrich), HPMC (Num-
ber: 423238, Sigma-Aldrich), gelatin (Number: 104070,
Merck), B-TCP, genipin (Number: 6902-77-8, Merck),
citric acid (Number: 77-92-9, Merck), sodium chloride
(Number: 7647-14-5, Samchun), potassium chloride
(Number: 7447-40-7, Samchun), disodium phosphate
(Number: 7758-79-4, Samchun), and monopotassium
phosphate (Number: 7778-77-0, Samchun).

Scaffold preparation

To fabricate scaffolds composed of HEC and HPMC, a
3 wt% HEC solution was first prepared and stirred on a
magnetic stirrer at 70 °C for 1 h. Subsequently, a 2 wt%
HPMC solution was prepared and stirred at room tem-
perature for 30 min. The HEC and HPMC solutions were
then mixed at different volume-to-volume ratios and fur-
ther stirred on a magnetic stirrer for an additional 1 h.
To prepare gelatin- and genipin-containing scaffolds, the
HEC/HPMC solution was first synthesized according
to the aforementioned procedure. Subsequently, gelatin
solutions containing 10, 20, and 30 wt% gelatin were
added to the hydrogel at a concentration correspond-
ing to 20 wt% of the base polymers. For this purpose,
gelatin was first dissolved in deionized water at 50 °C,
after which 140 pL of a 0.3 wt% genipin solution was
added. The resulting solution was then incorporated into
the HEC/HPMC mixture at room temperature. The pre-
pared solutions were poured into 35-mm-diameter Petri
dishes and maintained at room temperature for 48 h to
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allow film formation. In addition, to compare the deg-
radation behavior of the scaffolds, a scaffold containing
30 wt% gelatin with a 50:50 gelatin-to-genipin ratio was
fabricated and evaluated. Following the evaluation of
scaffold degradation time, the formulation containing 30
wt% gelatin at 20 wt% relative to the base polymers was
selected as the optimal composition.

To prepare the final scaffold, we mixed HEC, HPMC,
gelatin, B-TCP, and genipin (as a crosslinking agent).
The HEC/HPMC/gelatin/genipin solution was first pre-
pared as previously described, and B-TCP at different
concentrations was subsequently added to the mixture.
All samples were cast into cylindrical molds with a di-
ameter of 10 mm, frozen at —80 “C for 24 h, and subse-
quently freeze-dried under vacuum at —57 °C for 48 h us-
ing a lyophilizer. Table 2 presents the designation codes
of the scaffolds containing gelatin and B-TCP, along with
their corresponding weight percentages.

Scaffold characterization
Scanning electron microscopy (SEM)

The morphology of the fabricated scaffolds was eval-
uated using SEM. Prior to imaging, the samples were
sputter-coated with gold for 10 min and subsequently
examined using a scanning electron microscope. In ad-
dition, scaffold porosity was measured using Imagel
software, version 1.54p).

Fourier transform infrared spectroscopy (FTIR)

FTIR was employed to investigate the functional
groups present in the scaffolds. The spectra were record-
ed within the range of 4004000 cm™ with a spectral
resolution of 1 em™.

Tensile strength testing

To evaluate the mechanical properties of the scaf-
folds, a uniaxial tensile strength test was performed in
accordance with ASTM D882 (ASTM, 2001). For this
purpose, scaffold specimens with approximate dimen-
sions of 50x20 mm were prepared, and their stress—
strain curves were recorded using a tensile testing ma-
chine with a 10 N load cell and a crosshead speed of 50
mm/min. Following the acquisition of the stress—strain
curves, tensile strength, Young’s modulus, and elonga-
tion at break were determined. The MeantSD of three
samples were reported.

2026. Volume 1

Degradation analysis
Preparation of PBS solution

Phosphate-buffered saline (PBS) solution was used to
evaluate scaffold swelling and degradation behavior. To
prepare the PBS solution, the salts were sequentially dis-
solved in 800 mL of deionized water, and the final volume
was adjusted to 1000 mL by adding deionized water [24].

Immersion procedure

To evaluate the degradation behavior of the synthe-
sized scaffolds, each scaffold with a specified initial
weight (W) was immersed in PBS at pH 7.4 and room
temperature. The samples were then incubated at 37 °C
for 0.5, 2, 4, 6, and 24 h. At the end of each immersion
period, the scaffolds were completely dried and weighed
to determine the final weight after degradation (Wt).
Finally, the degradation percentage of each sample was
calculated as follows (Equation 1):

1. Degradation (%)=((W,~Wt)/W ) *100
Water uptake analysis

To determine the water absorption capacity of the scaf-
folds, a specified weight of each sample (W) was im-
mersed in 10 mL of PBS solution at 37 °C. During a 9-h
period, the samples were removed from the solution at
predetermined intervals, and excess surface water was
gently removed using filter paper. The wet weight after
immersion (W,) was then measured. The water uptake
percentage was calculated using the Equation 2:

2. Water uptake (%6)=((W2—W1)/W1) 100
Antibacterial assay

The antibacterial activity of B-TCP against the gram-
negative bacterium Escherichia coli and the gram-pos-
itive bacterium Staphylococcus aureus was evaluated
using the disk diffusion method. Fresh bacterial cultures
were used to prepare suspensions equivalent to a 0.5
McFarland standard (1.5x10® CFU/mL). The bacterial
suspensions were uniformly spread onto solid culture
media. Subsequently, test samples at concentrations of
10, 15, 20, 30, and 35 mg/mL were prepared in sterile
distilled water, and 100 pL of each concentration was
loaded onto sterile paper disks. After complete absorp-
tion of the samples onto the disks, the disks were placed
on the agar plates. The plates were incubated at 37 °C for
48 h. Antibacterial activity was then assessed based on
the formation of inhibition zones around the disks [25].

Nezafati N, et al. Cellulose-based Hydrogel Scaffolds for Wound Healing. JTRM. 2026; 1:E1017.
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Table 2. The codes of gelatin- and B-TCP-containing scaffolds and their corresponding weight percentages

Sample Code B-TCP (w/v%) Gelatin (v/v%)
C 0 20
S1 10 20
S2 20 20
S3 30 20

Results

Initially, the influence of genipin concentration on scaf-
fold degradation behavior was evaluated. A scaffold con-
taining 30 wt% gelatin with a gelatin-to-genipin ratio of
50:50 was compared with a scaffold containing 30 wt%
gelatin crosslinked with three drops of a 0.3 wt% genipin
solution over a 1-h incubation period. As illustrated in
Figure 2, no considerable difference in scaffold disin-
tegration time was observed between the two formula-
tions, indicating that increasing the genipin concentra-
tion beyond the selected level did not further enhance
scaffold stability.

Morphological characterization

As shown in Figure 3, the incorporation of increasing
amounts of B-tricalcium phosphate progressively modi-
fied the scaffold microstructure, leading to improved
pore organization, enhanced structural alignment, and

Figure 2. Network disintegration after 1 h

greater pore uniformity in samples S1-S3 compared
with the control scaffold.

As shown in Figures 4 and 5, elemental analysis and el-
emental mapping confirmed the successful incorporation
and homogeneous distribution of B-tricalcium phosphate
within the scaffold structure. The detected elements in-
cluded calcium, phosphorus, oxygen, carbon, and nitro-
gen, with nitrogen originating from the amine groups of
gelatin. Furthermore, increasing the p-TCP content from
S1 to S3 led to a more extensive distribution and higher
concentrations of calcium and phosphorus throughout
the scaffold matrix, confirming the progressive incorpo-
ration of the ceramic phase.

FTIR analysis

In the control spectrum, characteristic peaks corre-
sponding to O—H stretching at 3440 cm™', C—H stretching
at 2940 cm!, gelatin amide I and II bands at 1656 cm'!
and 1554 cm’!, CH2 bending at 1453 c¢cm’!, and C-O-

a) scaffold containing gelatin and genipin at a 50:50 ratio, b) Scaffold containing gelatin and three drops of genipin

Nezafati N, et al. Cellulose-based Hydrogel Scaffolds for Wound Healing. JTRM. 2026; 1:E1017.
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$1) 10% Beta TCP =

Figure 3. SEM images of the scaffolds: Control sample, (S1) the sample containing 10% B-TCP, (S2) the sample containing 20%

B-TCP, and (S3) the sample containing 30% B-TCP

C stretching of polysaccharides at 1062 cm™ were ob-
served [3, 26, 27]. After the incorporation of B-TCP into
the scaffold matrix, the intensity of the peak at 1062 cm'!
increased, indicating overlap with the PO,* stretching
vibration of B-TCP. In addition, new peaks appeared at
947 cm! (PO,* stretching mode) and 562596 cm™! (O—
P-O bending mode), which are characteristic of B-TCP
[27]. These spectral changes became more pronounced
as the B-TCP content increased from 10% to 30%. More-
over, the primary polymeric structure was retained after
the incorporation of B-TCP. However, slight shifts in the
position of some peaks, such as the shift from 1062 cm'!
to 1068 cm! in the scaffold containing 30% B-tricalcium
phosphate, suggest interactions between the polymeric
matrix and B-TCP particles. These observations confirm
the successful incorporation of B-TCP into the polymeric
network, as illustrated in Figure 6.

Mechanical test

The tensile strength test results of the scaffolds indicate
that the combination of HPMC and HEC has a signifi-
cant effect on the mechanical properties of the scaffolds
(Figure 7). The HEC70-HPMC30 sample exhibited the
best overall performance, showing the highest tensile
strength, Young’s modulus, and elongation at break.
This composition enhanced the mechanical strength
compared with pure HEC. Pure HEC demonstrated the
lowest tensile strength and Young’s modulus (Table 3);
however, it exhibited the greatest flexibility, with an
elongation at break of approximately 2.06%. In general,

increasing the HPMC content reduced scaffold flexibili-
ty, as evidenced by the HEC30-HPMC70 sample, which
showed the lowest elongation at break.

All samples displayed similar stress—strain behav-
ior, characterized by an initial linear elastic region fol-
lowed by a nonlinear region until fracture. The HEC50—
HPMC50 and HEC30-HPMC70 samples exhibited
intermediate mechanical properties between those of
pure HEC and the HEC70-HPMC30 scaffold. HPMC
has also been reported to exert a similar influence on
the mechanical properties of starch-based scaffolds. In a
previous study, the scaffold containing the highest pro-
portion of hydroxypropyl methylcellulose exhibited the
greatest tensile strength after five weeks of storage [28].
Furthermore, the tensile strengths of scaffolds composed
of different ratios of ethyl cellulose (EC) and hydroxy-
propyl methylcellulose (HPMC) in the dry state were re-
ported as 4.81, 4.90, and 6.45 MPa for EC/HPMC ratios
of 95:5, 90:10, and 85:15, respectively. These findings
confirmed that the incorporation of HPMC improved the
tensile strength of EC-based scaffolds [29].

Water uptake behavior

The incorporation of HPMC contributed to the forma-
tion of larger pores within the scaffold structure, thereby
facilitating greater water uptake and retention. With the
incorporation of f tricalcium phosphate and increas-
ing its concentration, the swelling ratio decreased. This
reduction can be attributed to the non-hydrophilic na-

Nezafati N, et al. Cellulose-based Hydrogel Scaffolds for Wound Healing. JTRM. 2026; 1:E1017.
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Figure 4. Elemental mapping of the scaffolds. )51) containing 10% B-TCP, (S2) containing 20% B-TCP, and (S3) containing 30% (-TCP

ture of B tricalcium phosphate, which lowers the over-
all water absorption capacity of the scaffold [30]. The
swelling rate was fastest during the first 2 hours for all
compositions and gradually slowed thereafter. This pat-
tern indicates rapid initial water uptake, followed by a
reduction in the absorption rate as the scaffold gradually
approached saturation (Figure 8).

Biodegradation behavior

The degradation test was conducted over a period of
24 hours. The results indicate that all compositions ex-
hibited an increase in degradation percentage over time,

although with a pattern different from that observed in
the swelling behavior. The base composition showed
the highest degradation rate, reaching approximately
85% degradation after 24 hours. This finding indi-
cates the relatively low stability of this composition in
an aqueous environment. With increasing 3 tricalcium
phosphate content, the degradation rate decreased sig-
nificantly, indicating that 3 tricalcium phosphate acts as
a stabilizing agent and enhances the resistance of the
scaffold against degradation. In contrast to the swelling
pattern, the degradation rate was relatively slow dur-
ing the first 6 hours; however, a significant increase in
degradation was observed between 6 and 24 hours. This

Nezafati N, et al. Cellulose-based Hydrogel Scaffolds for Wound Healing. JTRM. 2026; 1:E1017.
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Figure 5. Elemental analysis of the scaffolds. (S1) containing 10% p-TCP, (S3) containing 30% B-TCP

pattern may indicate the presence of a delay phase at
the beginning of the degradation process, after which
degradation proceeds more rapidly. As shown in Figure
9, the incorporation of B-tricalcium phosphate reduced
the degradation rate of the scaffolds, and increasing the
B-tricalcium phosphate content led to greater scaffold
stability in the aqueous environment.

Antibacterial activity
Inhibition zone assay

To evaluate the antibacterial activity of the scaffolds,
a Gram positive bacterium (S. aureus) and a Gram
negative bacterium (E. coli) were used. Based on the
obtained results, no inhibition zones were observed in
the plates containing the scaffolds. These findings are
consistent with previous studies investigating the anti-
bacterial properties of scaffolds containing hydroxyethyl
cellulose [3], hydroxypropyl methylcellulose [26], and B
tricalcium phosphate [31]. Studies have shown that the
addition of 45S5 bioglass to B TCP scaffolds can induce
antimicrobial behavior that is not present in pure  TCP,

thereby preventing the adhesion and proliferation of mi-
croorganisms. This behavior can be attributed to the re-
lease of ionic species from bioglass into the surrounding
medium and the subsequent increase in local pH. The
change in pH may alter osmotic pressure, disrupt the
integrity of the cytoplasmic membrane, and lead to pro-
tein denaturation, which ultimately affects intracellular
functions such as enzyme activity that are essential for
the cellular metabolism of microorganisms. As shown in
Figures 10 and 11, neither the control scaffold nor the
B-tricalcium phosphate-containing scaffolds exhibited
detectable inhibition zones against E. coli or S. aureus,
confirming the absence of significant antibacterial activ-
ity regardless of B-TCP concentration.

Discussion

B-TCP plays a significant role in the freeze-drying pro-
cess and ice crystal formation, ultimately exerting a con-
siderable effect on scaffold morphology. This mineral
phase influences the final scaffold architecture through
several mechanisms occurring during the freezing and

Nezafati N, et al. Cellulose-based Hydrogel Scaffolds for Wound Healing. JTRM. 2026; 1:E1017.



https://www.jregmed.com/

2026. Volume 1

Journal of
Translational Regenerative Medicine

Figure 6. FTIR spectra of the control sample and the scaffolds containing 10%, 20%, and 30% B-TCP

drying processes. During the freezing stage, f-TCP par-
ticles act as nucleation sites for ice crystal formation.
This phenomenon can lead to the generation of smaller
and more uniformly distributed ice crystals, ultimately
resulting in a more homogeneous porous scaffold struc-
ture [32]. Furthermore, the presence of B-TCP particles
can alter the growth pattern of ice crystals, leading to
the formation of ice structures with different morpholo-
gies. Following sublimation, these altered structures
produce pores with diverse shapes and sizes in the final
scaffold [33]. The incorporation of B-TCP into the poly-
meric solution can also modify its viscosity and thermal
properties. These changes influence the freezing rate
and consequently affect the size and morphology of the
formed ice crystals [34, 35]. In addition, B-TCP particles
may introduce structural heterogeneity, which can result
in the formation of pores with varying sizes and shapes
within the final scaffold [36]. The presence of B-TCP
can further affect the sublimation process, thereby in-
fluencing the final pore morphology and dimensions of
the scaffold [37]. These morphological modifications
may substantially affect scaffold performance in tissue
engineering applications. For instance, alterations in
pore size and distribution can influence cell infiltration,
adhesion, and proliferation. Likewise, changes in poros-
ity and pore interconnectivity may affect nutrient and
oxygen transport throughout the scaffold structure [38].
The SEM images obtained from the freeze-dried scaf-
folds demonstrated considerable structural and morpho-
logical changes with increasing B-TCP concentration. At
lower concentrations, the pores appeared more irregular,

whereas increasing B-TCP content resulted in a more
organized pore architecture with more uniform dimen-
sions [39]. In the control sample, the scaffold structure
consisted of thin and wrinkled sheets forming a com-
plex porous network. This structure appeared relatively
homogeneous throughout the sample. Upon incorpora-
tion of PB-tricalcium phosphate, gradual yet significant
structural modifications were observed. In the scaffold
containing 10% B-TCP, the structure became more open,
larger pores were visible, and the sheets appeared thicker
and mechanically more robust. As the B-TCP concentra-
tion increased to 20% and subsequently 30%, this trend
became more pronounced. In the 30% B-TCP scaffold,
the structure appeared entirely different, exhibiting lon-
ger, more parallel, and highly organized sheets. Simulta-
neously, increasing B-TCP concentration led to a greater
presence of fine B-TCP particles throughout the scaffold
matrix. These particles were uniformly distributed within
the structure and appeared to be well integrated with the
polymeric matrix. Such integration may contribute to en-
hanced mechanical properties and improved bioactivity
of the scaffolds [40]. The observed alterations in scaffold
structure and porosity with increasing B-TCP concentra-
tion may significantly influence their performance in
tissue engineering applications. Increased porosity and
pore size may improve cell infiltration, adhesion, and
proliferation. Moreover, the more organized architecture
observed at higher B-TCP concentrations may facilitate
guided tissue growth [41].
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Figure 7. The tensile strength test results for the scaffolds

The FTIR spectra were used to analyze the chemical
structure of the control sample and the scaffolds contain-
ing different concentrations of B-tricalcium phosphate.
The control sample consisted of hydroxyethyl cellulose,
hydroxypropyl methylcellulose, gelatin, and genipin.

The changes in mechanical values can be attributed to
the formation of new molecular interactions between
HPMC and HEC, resulting in the development of a

Table 3. Mechanical test results for the scaffolds

2026. Volume 1

stronger polymeric network. Differences in the chemi-
cal structure and molecular weight of the two polymers
influence the arrangement and packing of the polymer
chains. Moreover, the addition of HPMC may alter the
overall degree of crystallinity of the system, which is
typically associated with increased stiffness and re-
duced flexibility [29]. In addition, differences in the hy-
drophilic characteristics of HPMC and HEC can affect
moisture absorption and, consequently, the mechanical
properties of the scaffolds [19]. Overall, these results

Mean+SD
Sample Strain (%)
Tensile Strength (MPa) Elastic Modulus (MPa)

HEC 18.73+0.38 874.27+1.28 2.06+0.8
HEC70-HPMC30 30.13+0.47 1836.91+1.01 1.94+0.11
HEC50-HPMC50 24.32+0.65 1117.99+1.34 1.531+0.9
HEC30-HPMC70 23.37+0.55 1382.97+0.83 1.39+0.7
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Figure 8. Comparing the swelling behavior of the control sample and the scaffolds containing -TCP

suggest that the incorporation of an optimal amount of
HPMC (approximately 30%) into HEC can effectively
enhance the mechanical performance of the scaffold
by providing a suitable balance between strength and
flexibility, making it a promising candidate for wound
dressing applications.

The swelling behavior of the freeze-dried scaffolds
was evaluated over a period of 9 hours. According to the
obtained results, the base composition, which consisted
only of hydroxyethyl cellulose, hydroxypropyl methyl-
cellulose, and gelatin, exhibited the highest swelling ra-
tio, reaching approximately 600% at the end of 9 hours.
This finding indicates the high-water absorption capacity
of these hydrophilic polymers [19]. It is also associated
with the formation of hydrogen bonds between hydroxy-
ethyl cellulose and hydroxypropyl methylcellulose, as
well as their ability to absorb and retain water [26].

The results of biodegradation demonstrate that the
incorporation of [ tricalcium phosphate effectively re-

Degradation (%)
O =W
cocosSe

duces both the swelling and degradation of the scaffolds.
This provides the possibility of tailoring scaffold prop-
erties for various tissue engineering applications, where
precise control over swelling and degradation rates can
be critical for optimal scaffold performance. B Tricalci-
um phosphate influences the scaffold properties in sev-
eral ways. First, as a ceramic material, it does not absorb
water in the same manner as the hydrophilic polymers
present in the base composition, thereby reducing the
overall swelling behavior. Second, B tricalcium phos-
phate is more stable in aqueous environments and acts
as a physical barrier that protects the polymeric matrix
from rapid hydrolysis, consequently reducing the degra-
dation rate. In addition, f tricalcium phosphate particles
act as reinforcing agents within the polymer matrix and
enhance structural stability. This contributes to both re-
duced swelling and slower degradation. The addition of
B tricalcium phosphate also alters the overall physico-
chemical properties of the scaffold, which affects how
water interacts with the material [30]. B Tricalcium phos-
phate may also produce a localized buffering effect that

0.5 2 4 6 24

s C = 10% =20% = 30%

Figure 9. Comparing the biodegradability of the control sample and the scaffolds containing p-TCP
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Figure 10. Results of inhibition zone assay against E. coli

2026. Volume 1

a) Control sample, b) Scaffold containing 10% 3-TCP, c) Scaffold containing 20% p-TCP, d) Scaffold containing 30% (-TCP

helps stabilize the pH within the scaffold microenviron-
ment. This effect can influence the degradation rate of
the polymeric components. Furthermore, the incorpo-
ration of P tricalcium phosphate particles may alter the
surface area and surface properties of the scaffold, which
can affect the initial water absorption and the accessi-
bility of water to the degradable polymer components
[42]. Ultimately, these effects of B tricalcium phosphate
contribute to the formation of a more stable scaffold with
tunable properties. This enables improved control over
swelling and degradation rates for specific biomedical
applications. By adjusting the percentage of  tricalcium
phosphate, scaffolds with different swelling and degra-
dation characteristics can be designed for various appli-
cations in tissue engineering and regenerative medicine.

Concerning antibacterial assessment, although trical-
cium phosphate (TCP) does not possess intrinsic anti-
bacterial activity, its incorporation into wound-healing
scaffolds remains highly advantageous due to its ex-
cellent bioactivity, biocompatibility, and regenerative
potential [43]. The beneficial role of TCP in wound
repair is primarily associated with its ability to create
a favorable microenvironment for tissue regeneration
rather than directly inhibiting microbial growth. One of
the most important functions of TCP is its gradual deg-
radation and subsequent release of calcium (Ca?") and
phosphate (PO,*) ions. These ions play critical roles in

Figure 11. Results of inhibition zone assay against S. aureus

cellular signaling pathways involved in tissue repair, in-
cluding fibroblast proliferation, cell migration, extracel-
lular matrix deposition, and angiogenesis. Calcium ions,
in particular, are known to regulate various stages of the
wound-healing cascade and contribute to the formation
of granulation tissue and re-epithelialization [44]. Fur-
thermore, the bioactive surface of TCP promotes pro-
tein adsorption and cell attachment, thereby facilitating
cellular colonization and tissue integration. In addition,
TCP exhibits excellent biodegradability and bioresorb-
ability, allowing it to gradually dissolve and be replaced
by newly formed tissue. This controlled degradation pro-
cess not only provides temporary structural support but
also continuously supplies bioactive ions that stimulate
tissue regeneration. The porous structure commonly as-
sociated with TCP-containing scaffolds further enhances
nutrient diffusion, oxygen transport, vascular ingrowth,
and cellular infiltration, all of which are essential for ef-
ficient wound healing [44].

Another significant advantage of TCP is its ability to
promote angiogenesis. Calcium phosphate-based bio-
materials, including TCP, have been reported to enhance
neovascularization, which is crucial for delivering oxy-
gen and nutrients to regenerating tissues. Improved vas-
cularization accelerates tissue remodeling and contrib-
utes to faster wound closure [44].

a) Control sample, b) Scaffold containing 10% B-TCP, c) Scaffold containing 20% p-TCP, d) Scaffold containing 30% -TCP
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Therefore, although TCP does not directly prevent bac-
terial colonization, its incorporation into wound dress-
ings and tissue-engineered scaffolds can significantly
improve the healing process by enhancing cell adhesion,
stimulating angiogenesis, supporting extracellular matrix
formation, and providing sustained release of biologi-
cally active ions. Consequently, TCP is often combined
with antibacterial agents such as silver nanoparticles,
zinc oxide, antibiotics, or bioactive polymers to simulta-
neously achieve antimicrobial protection and enhanced
tissue regeneration [43, 44].

Conclusion

In this study, a biodegradable cellulose-based hydro-
gel scaffold composed of HEC, HPMC, gelatin, and
B-TCP was successfully fabricated through freeze-
drying and genipin-mediated crosslinking for poten-
tial wound-healing applications. Optimization of the
polymer composition demonstrated that the HEC70-
HPMC30 formulation provided the most favorable
mechanical properties, exhibiting a tensile strength of
nearly 30 MPa and a Young’s modulus of about 1800
MPa while maintaining adequate flexibility. The incor-
poration of genipin-crosslinked gelatin substantially en-
hanced scaffold stability by extending the degradation
time from approximately 1 to 24 h. Furthermore, 3-TCP
incorporation significantly modified scaffold morphol-
ogy, producing a more homogeneous and organized po-
rous structure and improving the distribution of bioac-
tive mineral phases throughout the matrix. Increasing
B-TCP concentration reduced water uptake from 712%
to 402% and reduced scaffold degradation to approxi-
mately 85% after 24 h, indicating enhanced resistance
to swelling and hydrolytic degradation. FTIR and el-
emental mapping analyses confirmed the successful
incorporation and homogeneous dispersion of B-TCP
within the scaffold network. Although no antibacterial
activity was observed against E. coli or S. aureus, the
presence of B-TCP is expected to promote tissue regen-
eration by its bioactivity, biodegradability, and ability
to release calcium and phosphate ions, which support
cellular activities associated with wound healing.

Overall, the developed HEC/HPMC/gelatin/B-TCP
scaffold combines favorable mechanical performance,
controlled degradation, high porosity, and improved
structural stability, highlighting its potential as a prom-
ising wound dressing and tissue-engineering platform.
Future studies should focus on biological evaluations,
including cytocompatibility, cell proliferation, and in
vivo wound-healing assessments, as well as the incor-

Journal of
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poration of antibacterial agents to further enhance clini-
cal applicability.
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