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ABSTRACT

In this study, multifunctional polysaccharide-based injectable hydrogels were developed using chitosan (CS) and dialdehyde
bacterial cellulose (D-BC), interpenetrated with pectin (PT). The hydrogels exhibited rapid gelation, good water retention, and
injectability under physiological conditions. Comprehensive characterization was performed to assess their chemical structure,
internal morphology, thermal stability, and rheological behavior. The formation of dynamic Schiff base bonds between amine
groups of CS and aldehyde groups of D-BC facilitated efficient crosslinking, resulting in rapid gelation and favorable swelling
properties. The hydrogels also demonstrated shear-thinning behavior, contributing to their injectable and self-supporting charac-
teristics. In vitro biocompatibility was evaluated over 21 days using gingival mesenchymal stem cells (GMSCs), with all formula-
tions maintaining over 80% cell viability, confirming their cytocompatibility. Antibacterial assays revealed significant inhibition
of Staphylococcus aureus, indicating promising antimicrobial performance. The 3D hydrogel networks provided a porous and
stable structure suitable for cellular infiltration and tissue integration. Overall, this work presents a green, bio-based approach
for fabricating injectable hydrogels with tunable physicochemical and biological properties, offering a potential platform for soft
tissue repair applications, particularly in maxillofacial regeneration.

1 | Introduction maxillofacial tissue engineering remains one of the most challeng-

ing areas due to the complex physiological structures involved.
Tissue repair and regeneration is a multidisciplinary field that These include intricate tissue architectures, specialized sensory or-
focuses on developing materials and strategies by integrating gans, facial skeletal linings and coverings, and a dense network of
principles and knowledge from chemistry, engineering, biol- nerves and blood vessels [3, 4]. Over the years, various approaches,
ogy, and physics [1, 2]. Among its various applications, oral and particularly autografts and allografts, have been explored to treat
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and restore maxillofacial tissues [5, 6]. However, these methods
present significant limitations, including limited availability in the
case of autografts and the risk of immunogenic rejection with al-
lografts [7, 8]. These drawbacks hinder the widespread clinical use
of such implants. Consequently, tissue regeneration has emerged
as a promising and clinically relevant alternative for repairing and
reconstructing tissues in the maxillofacial region.

Injectable hydrogels (IHs) have gained significant attention in bio-
medical applications due to their three-dimensional (3D) network
structure, shear-thinning behavior, and excellent biocompatibility
[9, 10]. These materials serve as soft scaffolds for in situ drug deliv-
ery and tissue repair, offering minimally invasive administration,
high loading capacity, controlled release, and low toxicity [11-13].
Their versatility allows adaptation to various delivery routes, in-
cluding parenteral and non-parenteral methods [14, 15]. Typically
composed of hydrophilic natural and/or synthetic polymers, hy-
drogels are formed through chemical or physical crosslinking, re-
sulting in a network capable of retaining large amounts of water or
biological fluids. This water-absorbing ability is attributed to the
presence of polar functional groups such as hydroxyl, carboxyl,
amine, and amide groups, which also support favorable interac-
tions with physiological tissues and promote a moist environment
conducive to cell proliferation and tissue regeneration [16, 17].
Hydrogels can be categorized based on composition (natural, syn-
thetic, or hybrid), gelation mechanisms, biodegradability, charge
(anionic, cationic, or neutral), swelling capacity, and porosity
[18-23]. This classification reflects their wide-ranging applicability
in biomedicine, including use in contact lenses, wound dressings,
hygiene products, drug delivery systems, and tissue engineering
scaffolds [24]. Despite their promise, challenges such as high pro-
duction costs and scalability limit broader clinical translation and
commercialization. Therefore, continued development of cost-
effective, high-performance hydrogel systems remains essential.
Innovations in materials, especially those based on biocompatible,
injectable, and self-healing hydrogels, are key to advancing thera-
pies for tissue regeneration and controlled drug delivery [25, 26].

For this reason, hydrogels have gradually become a breaking point
research topic for biomaterial scientists, where several natural,
synthetic, and hybrid polymer hydrogel systems are extensively
synthesized and studied [27]. Emerging research on hydrogels
includes FDA-approved formulations, clinical trials, biomedical
applications, molecular-level investigations, and advanced cross-
linking strategies. The continued development of natural, syn-
thetic, and hybrid hydrogel systems is expanding their therapeutic
applications to address a broader range of medical conditions and
complications. Given these advancements, as well as the existing
limitations and design challenges—particularly in the fabrication
of injectable formulations, future research is expected to focus on
more efficient and innovative hydrogel-based applications [28, 29].
Among the various options, polysaccharide-based hydrogels have
garnered significant interest, especially those utilizing Schiff-base
linkages or dynamic imine chemistry as crosslinking mechanisms.
These systems are widely studied due to their high sensitivity, ex-
cellent flexibility, superior recyclability, self-healing capabilities,
stimuli-responsiveness, and strong tissue adhesion [10, 18, 30].
Furthermore, the chemical functionality of polysaccharides, such
as carboxyl, hydroxyl, and amino groups, can be readily modified
to enhance their properties and facilitate the formation of robust
crosslinked networks [31, 32].

This study focused on the development of a fully polysaccharide-
based injectable hydrogel system, formulated without the use
of toxic crosslinking agents or synthetic monomers. The self-
crosslinked hydrogels consist of chitosan (CS) and dialdehyde bac-
terial cellulose (D-BC), interpenetrated with pectin (PT), to form
a CS/PT/D-BC hydrogel network. The crosslinking mechanism,
based on dynamic Schiff base bonds between amine groups on chi-
tosan and aldehyde groups on oxidized bacterial cellulose, enabled
rapid, in situ gelation under physiological conditions. The impact
of hydrogel composition on gel stability, injectability, rheological
behavior, and cytocompatibility (via cell viability assays) was sys-
tematically evaluated. Additional analyses included gel fraction,
swelling ratio, porosity, and internal microstructural features,
with variations in CS, D-BC, and PT content used to tailor pore
architecture and gel performance. Crucially, this hydrogel system
introduces a novel biomaterial strategy by integrating three bio-
compatible polysaccharides to achieve self-crosslinkable, inject-
able hydrogels with inherent antibacterial activity, shear-thinning
flow behavior, and long-term biocompatibility, all without exter-
nal crosslinkers. Compared to existing injectable hydrogels, this
formulation stands out due to its purely natural polymer base,
controlled gelation kinetics, and suitability for minimally invasive
applications. The combination of favorable physicochemical and
biological properties positions this system as a promising candi-
date for soft tissue repair and regeneration, particularly in oral and
maxillofacial tissue engineering.

2 | Experimental
2.1 | Materials

Bacterial cellulose (BC) was synthesized in-house at the Centre
of Polymer Systems, Tomas Bata University in Zlin, Czech
Republic, and subsequently modified to its dialdehyde form
prior to use. Chitosan (CS; high molecular weight, 310-375kDa;
degree of deacetylation, 75%-85%), pectin (PT; galacturonic
acid content >74% on a dry basis, derived from citrus peel),
absolute ethanol (EtOH), ethylene glycol, acetic acid, sodium
hydroxide (NaOH), methyl orange, hydroxylamine hydrochlo-
ride (NH,OH-HCI), hydrochloric acid (HCl; 37% purity), and
sulfuric acid (H,SO,; >95% purity) were all purchased from
Sigma-Aldrich, Czech Republic. Sodium periodate (NalO,) was
obtained from Penta Chemicals Ltd. All chemicals were used
as received without further purification, and distilled water
(dH,0) was used in the preparation of all solutions.

2.2 | Methods
2.2.1 | Synthesis of Dialdehyde Bacterial Cellulose

The functionalization of bacterial cellulose (BC) was carried out
as previously described, with slight modifications [33, 34]. An
aqueous BC suspension was prepared by blending the material
using a NutriBullet blender at 30,000rpm for 1min. The result-
ing dispersion was mixed with the appropriate amount of NalO,
under dark conditions at 40°C for 4h. In a 200mL glass beaker,
approximately 0.2g (dry weight) of BC was reacted with 0.096g/
mL of NalO,, with the pH of the reaction mixture adjusted to ap-
proximately 4 using 1M H,SO,. The reaction was terminated by
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the addition of ethylene glycol, followed by dialysis against dH,0
for 2days using a dialysis membrane (MWCO: 14.5kDa), with fre-
quent water changes until a neutral pH was achieved. The result-
ing dialdehyde-modified bacterial cellulose, referred to as “D-BC,”
was subsequently frozen and lyophilized for further us.

2.2.2 | Determination of Aldehyde Content

To calculate the degree of oxidation, the hydroxylamine hydro-
chloride titration method was explored. 0.025g of the BC and
D-BC were dispersed in 15mL of 0.25M NH,OH HCI solution.
The 200 uL of 100 ppm methyl orange was added, and the mix-
ture was placed under gentle shaking at 100rpm for 2h. The
mixtures were then titrated against 0.1 M NaOH solution while
controlling pH until the red-to-yellow endpoint reached pH4
[35, 36]. The aldehyde content (AC %) was calculated based on
the volume of NaOH consumed using the following equation:

AC% = (MW XM (V_ge — Vie) /m) X 100 @)

where, m is the mass (g) of BC used, MW is the molecular weight
of the cellulose repeating unit (%162g/mol), M is the molarity
of NaOH (0.1M), and V|, ;. — V. is the consumed amount of
NaOH (L). The determined values for the aldehyde content are
the average of 3-5 samples.

2.2.3 | Preparation of CS/PT/D-BC Injectable Hydrogels

Stock solutions of CS, PT, and D-BC were initially prepared by
dissolving the polymers in phosphate-buffered saline (PBS)
and allowing them to hydrate overnight. CS (2% w/v) was dis-
solved in 1% v/v acetic acid, and the pH was adjusted to between
5.5 and 7.0 using 0.1M HCI or NaOH. PT (4% w/v) and D-BC
(1% w/v) were prepared by dissolving them in PBS at pH7.4.
Injectable hydrogels (IHs) were formulated by varying the con-
centrations of the three polysaccharide components (CS, PT,
and D-BC). First, CS and PT were thoroughly mixed under con-
stant stirring, followed by the addition of D-BC to form homo-
geneous blends. The compositional variations of the hydrogels,
expressed in %w/w, are listed in Table 1. Photographs of the
self-crosslinked polysaccharide-based hydrogels, designated
S1-S15, are presented in Figure la. In addition, Figure 1b-e
visually illustrates the gel stability and injectable performance
of the developed hydrogel systems. The CS/PT/D-BC hydrogels
were stored in a freeze-dried state for further use and analysis.

2.3 | Characterization of CS/PT/D-BC Injectable
Hydrogels

2.3.1 | Porosity Analysis

The porosity percentages of the CS/PT/D-BC IHs were studied
by the liquid displacement method. The hydrogel samples (sam-
ple size (V,): 400-800mm? diameter: 14 mm, height: 3-5mm)
were carefully placed into absolute ethanol for 2h until satura-
tion was reached. The porosity of the samples was then calcu-
lated [37] by the following Equation (1):

Porosity (P) = (W, - W;) / pV, )

TABLE 1 | Compositions of formulated CS/PT/D-BC injectable
hydrogels in terms of %w/w.

Samples CS PT D-BC
S1 0.25 1.50 0.50
S2 0.50 1.50 0.50
S3 1.00 1.50 0.50
S4 1.50 1.50 0.50
S5 2.00 1.50 0.50
S6 1.00 0.25 0.50
S7 1.00 0.50 0.50
S8 1.00 1.00 0.50
S9 1.00 1.50 0.50
S10 1.00 2.00 0.50
S11 1.00 1.50 0.25
S12 1.00 1.50 0.50
S13 1.00 1.50 0.75
S14 1.00 1.50 1.00
S15 1.00 1.50 1.50

Note: Sample (S3, S9 and S12) have same composition.

where, W, and W, are the weights of the hydrogels before and
after immersion, respectively. V, is the volume of the hydrogels
before immersion, and p (00078691 g/mm? at 37°C) is the con-
stant of the density of ethanol.

2.3.2 | Swelling Study

The swelling analysis was performed with a physiological phos-
phate buffer solution (pH 7.4) at 37°C. The hydrogels (sample size
(V)): 400-800mm?; diameter: 14mm, height: 3 to 5mm) were
soaked for specific time intervals (5, 10, 15, 20, 25, 30, and 35min)
until equilibrium swelling was reached. The water retention ca-
pacities of the hydrogels were then measured [38] by the degree of
swelling, which is defined by the following equation (2):

Degree of Swelling (%) = ([W, — Wy| /W) X100 (2)

where W, and W, are the weights of the swollen and dried hydro-
gels, respectively. The equilibrium liquid content (ELC), where
the liquid is the physiological saline solution, was calculated [39]
by using the following Equation (3):

ELC (%) = ([M, — My| /M) x 100 ©)

where M_and M, are the weights of swollen hydrogel at equi-
librium and the initial dry gel, respectively. At the end of the
swelling experiment, the thickness of the swollen gel discs was
measured and recorded. The samples were dried in a vacuum
oven until constant weights were attained and then reweighed.
The gel fraction was calculated [39, 40] by using the following
Equation (4):
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FIGURE1 | Schematic illustration of: (a) BC oxidation process, (b) Crosslinked network formation in the CS/PT/D-BC injectable hydrogel,
(c) Hydrogel stability demonstration: (i) post-injection structural integrity on a solid surface and (ii) stability in physiological solution, (d) FTIR
spectra comparison of pristine polymers (CS, PT, BC), modified D-BC, and the final CS/PT/D-BC hydrogel. [Color figure can be viewed at wi-

leyonlinelibrary.com]

Gel fraction (%) = (Mg / M,) x 100 @)

where M, and M, are the weights after drying and weights be-
fore swelling of the hydrogels, respectively.

2.3.3 | Structural Analysis of CS/PT/D-BC IHs

Fourier transform infrared (FTIR) spectra of the hydrogel sam-
ples were recorded using a Nicolet iS5 (Thermo Scientific, USA),
scanned at a resolution of 4.0cm-171 in the range of 4000 to
400cm™. The prepared hydrogels were analyzed for their mor-
phological structures by scanning electron microscope (SEM,
FEI, Brno, Czech Republic) at an accelerating voltage of 5kV.
Before analysis, the hydrogels were frozen and freeze-dried, fol-
lowed by gold coating using a JEOL JFC 1300 Auto Fine Coater
(Tokyo, Japan) to enhance surface conductivity.

The thermogravimetric analysis (TGA) of all CS/PT/D-BC in-
jectable hydrogels was conducted using the TA Q500 appara-
tus (TA Instruments, USA) with approximately 10mg of each
sample placed on a platinum pan, followed by a heating rate of
10°C/min from 25°C to 700°C under nitrogen gas at a flow rate
of 40-60mL/min.

2.3.4 | Rheological Analysis

Rheological measurements were carried out using a rotational
rheometer (Anton Paar MCR 502) equipped with a 25mm paral-
lel plate geometry at a constant temperature of 37°C. To identify
the linear viscoelastic (LVE) region, a strain sweep test was first
performed over a strain range of 0.1%-100% at a fixed frequency
of 1Hz. Time sweep tests were then conducted over a duration
of 0-800s at a constant frequency of 1 Hz and a strain amplitude
of 0.5%. Subsequently, a frequency sweep test was performed by
varying the angular frequency from 0.1 to 100rad/s while main-
taining a constant strain of 1%. The storage modulus (G’), loss
modulus (G”), and complex viscosity (n*) were recorded for all
hydrogel samples (S1-S15).

2.3.5 | Antibacterial Activity

The antibacterial activity of the CS/PT/D-BC injectable hy-
drogel samples was evaluated using the agar disk-diffusion
method against two bacterial strains: Staphylococcus aureus and
Escherichia coli. Bacterial suspensions were prepared separately
from 24-h-old culture colonies of each strain. The bacteria were
uniformly spread on sterile Petri dishes containing 25mL of
solidified LB-agar medium (LB supplemented with 1.5% bacte-
riological agar, Sigma-Aldrich, St. Louis, Missouri, USA). Prior
to testing, dried CS/PT/D-BC IH samples (S1-S5), cut into discs

of 8 to 10mm diameter, were sterilized under ultraviolet light
for 30 min. The prepared plates were then incubated at 37°C for
24h. Antibacterial activity was assessed by observing the zones
of inhibition formed around the hydrogel samples, indicating
the diffusion of antibacterial components. Given that chitosan
is known for its intrinsic antibacterial properties, while pectin
and dialdehyde bacterial cellulose lack inherent antibacterial
activity, only hydrogel formulations containing chitosan (S1-S5)
were selected for the antibacterial assay.

2.3.6 | MTS Viability Assay

The cytocompatibility of the injectable hydrogels was eval-
uated over 2ldays using gingival mesenchymal stem cells
(GMSCs) via a colorimetric MTS assay (3-(4,5-dimethylthiazol
-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetr
azolium). Freeze-dried CS/PT/D-BC hydrogels were sterilized
under UV light (30min), equilibrated overnight in Dulbecco's
Modified Eagle Medium (DMEM, Sigma-Aldrich), and then cut
to fit 96-well plates. GMSCs (1 x 10* cells/well in 100 uL DMEM)
were seeded onto the hydrogels and cultured at 37°C under
5% CO,, with medium changes every 72h. At days 7, 14, and
21, cell viability was assessed by adding 20 uL of MTS reagent
(Promega, Madison, WI, USA) to each well, followed by incu-
bation for 2-4h. The supernatant was transferred to a fresh 96-
well plate, and absorbance was measured at 490 nm (Multiskan
GO Microplate Spectrophotometer, Thermo Fisher Scientific).
Viability was expressed as a percentage relative to control wells
(culture medium only), which were set as 100% viable.

2.4 | Statistical Analysis

Results are displayed as Mean =+ Standard error of the Mean.
Origin Lab software version 9.0 was used for statistical analysis.
The experimental data from all the investigations were analyzed
using analysis of variance (ANOVA). A value of p <0.05 was de-
termined as statistically significant.

3 | Results and Discussion

3.1 | Determination of Oxidation Degree
and Fabrication of IHs

The average aldehyde (CHO) content in the D-BC was deter-
mined to be 57.79% + 3.16%, confirming successful functional-
ization. IHs were then prepared by crosslinking CS and D-BC,
interpenetrated with PT, primarily through a Schiff-base re-
action between the amine groups (-NH,) of CS and the alde-
hyde groups of D-BC, forming imine bonds (Figure 1a,b). The
resulting network exhibited both covalent and physical cross-
linking, contributing to hydrogel stability. Visually, the mixture
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gradually increased in viscosity, forming soft, translucent hy-
drogels (Figure 1c) capable of self-supporting structure at 37°C,
making them suitable for cell-based tissue repair and regener-
ation [9, 16]. The chemical structures of pristine CS, PT, BC,
modified D-BC, and the final CS/PT/D-BC hydrogel were char-
acterized and are presented in Figure 11d.

The FTIR spectra of CS exhibited characteristic bands with a
broad overlapping peak at 3020 to 3650cm™ (O-H and -NH,
stretching), a peak at 2880cm™" (C-H stretching in ~CH,OH
and pyranose rings), 1640cm™! (C=0 stretching), and 1437 cm™!
(N-H bending) [34]. For PT, the broad band at 3020-3650cm™!
corresponded to O-H stretching, while 2880cm™ represented
C-H vibrations (CH, CH,, CH,). Additional peaks appeared at
1734cm™ (C=0), 1640cm™" (C-0), 1437cm ™" (CH, asymmetric
stretching), 1330cm™!, and 1050 to 1150cm™ (C-O-C), along
with a distinct peak at 898 cm™! (pyranose methylene C-H vibra-
tion) [41]. BC showed similar bands at 3020 to 3650cm™! (-OH),
2880cm™! (-CH), 1640cm™! (C=0), 1050 to 1150cm™! (C-0-C),
and 898cm™! (pyranose methylene) PEVUZE5vdGU [42]. After
oxidation, D-BC displayed a new peak at 1734cm™!, confirming
aldehyde (C=O0) incorporation [43]. The CS/PT/D-BC hydrogel
formation was evidenced by: (1) the disappearance of the CS -
NH, peak (1580cm™) and the D-BC aldehyde peak (1734cm™,
overlapped by PT's carbonyl stretch). (2) The emergence of a
new 1560 cm™! peak, corresponding to the imine (-C=N) stretch
from the Schiff-base reaction between CS (-NH,) and D-BC (-
CHO) (Figure 1d). This confirms successful crosslinking into a
3D network.

3.2 | Gel Fraction and Porosity of Hydrogels

As shown in Figure 2a, the gel fraction (GF) increased progres-
sively with higher chitosan concentrations across the hydrogel
formulations. For instance, samples S1 (0.25% CS), S2 (0.5% CS),
and S3 (1.0% CS) displayed GF values of approximately 88.04%,
91.19%, and 92.34%, respectively. The highest GF of 95.37%
was observed in sample S5 with 2.0% chitosan, indicating en-
hanced network crosslinking. This trend aligns with previous
findings [44], where increased chitosan content provided more
amine groups to react with aldehyde functionalities from D-BC,
forming stable imine bonds. Similarly, increasing D-BC content
also led to higher gel fraction values. For example, formulations
S11-S15, with incrementally increasing D-BC concentrations,
showed GF values ranging from 80.68% to 99.77%, supporting
prior reports such as Deng et al. [45], where oxidized BC en-
hanced crosslinking and mechanical integrity. In contrast, in-
creasing pectin content (S6-S10) resulted in a gradual decline
in GF, with values dropping from 97.08% to 90.41%. This may
be attributed to the increase in mixture viscosity, which hinders
effective interaction between reactive groups, as noted in Oh
et al. [46].

As shown in Figure 2b, porosity exhibited an inverse relation-
ship with chitosan and D-BC concentrations. Samples with
higher CS content (e.g., S5) showed reduced porosity (54.45%),
whereas lower-CS samples (e.g., S1) displayed higher porosity
(95.68%), consistent with findings by Dang et al. [47]. A simi-
lar decreasing trend was observed with increasing D-BC con-
tent (S11-S15). However, as pectin concentration increased

(S6-S10), porosity also increased, reaching up to 107.12% in
S10. This is likely due to the looser network structure caused
by pectin's hydrophilic and non-reactive nature, allowing more
void formation. These variations are attributed to differences in
crosslinking density and network architecture, governed by the
balance of covalent (Schiff base) and hydrogen bonding interac-
tions among the polymers. Overall, the data indicate that the hy-
drogel microstructure and gelation behavior can be finely tuned
by adjusting polymer composition, enabling targeted design for
specific biomedical applications [48].

3.3 | Swelling Behavior and Environmental
Responsiveness

The swelling behavior of the hydrogels prepared with varying
concentrations of CS, D-BC, and PT is presented in Figure 3.
As observed in Figure 3a, an inverse relationship exists be-
tween chitosan concentration and swelling percentage.
Sample S1 (0.25% CS) showed the highest swelling capacity,
reaching approximately 1720% after 35min, while S5 (2.0%
CS) exhibited the lowest swelling at about 1210%. This decline
is attributed to increased crosslinking density and a tighter
hydrogel network, reducing pore size and restricting water ab-
sorption. These findings are consistent with previous studies
on chitosan-based hydrogels [49]. Similarly, increasing pectin
content also resulted in decreased swelling behavior. For in-
stance, swelling percentages dropped from 1570% in S6 (0.25%
PT) to 1200% in S10 (2.0% PT), indicating that excessive PT
may reduce network flexibility due to enhanced viscosity and
physical entanglement, which hinders water diffusion [37].
In contrast, increasing D-BC concentration led to a notable
improvement in swelling ability. Sample S11 (0.25% D-BC)
reached a swelling percentage of 1310%, while S15 (1.5% D-
BC) achieved a higher value of 1740%. This enhancement is
attributed to the nanofibrillar, porous structure of bacterial cel-
lulose, which facilitates greater water retention and diffusion
through the hydrogel network [38, 49]. The swelling behavior
of these hydrogels is crucial for biomedical applications, par-
ticularly in wound healing and soft tissue engineering, where
controlled fluid uptake is required. Furthermore, the hydro-
gels demonstrated excellent water stability, attributed to the
presence of highly crystalline D-BC and robust covalent cross-
linking, rendering them insoluble in aqueous environments,
an essential feature for in vivo applications. In addition, as
shown in Figure 3b, the equilibrium liquid content (ELC) of
all samples exceeded 90%, confirming their high water reten-
tion capacity. ELC values slightly decreased from 94% to 92%
with increasing polymer concentrations, likely due to denser
crosslinked networks limiting free water content. This subtle
decrease in ELC, alongside the high swelling capacity, reflects
the hydrogels' balance between structural integrity and hy-
drophilic absorption, characteristics that support their poten-
tial in tissue repair, especially in environments with varying
levels of wound exudate.

The swelling performance of the CS/PT/D-BC injectable hy-
drogels was evaluated in PBS at physiological pH 7.4 and tem-
perature 37°C to simulate in vivo conditions. As observed, the
swelling results demonstrated that the hydrogels possess sig-
nificant pH and temperature responsiveness, which is critical
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pectin (S6-S10), and (iii) D-BC (S11-S15). [Color figure can be viewed at wileyonlinelibrary.com]

for biomedical applications, particularly in soft tissue environ-
ments. At pH 7.4, the hydrogels exhibited stable and reproduc-
ible swelling behavior, indicating their structural integrity and
compatibility with physiological conditions. The swelling capac-
ity is primarily governed by the ionization of functional groups,
namely the amino groups of chitosan and the carboxyl groups of
pectin. At neutral pH, partial ionization facilitates electrostatic
repulsion and osmotic pressure within the hydrogel matrix,
promoting moderate water uptake without compromising gel
cohesion [50]. Temperature also plays a vital role in the hydro-
gel's swelling behavior. At 37°C, an increase in molecular mo-
bility enhances water diffusion into the polymer network [51].
However, the observed equilibrium swelling suggests a ther-
mally stable structure with limited degradation or deformation
over time. This temperature responsiveness, coupled with the
hydrogels' pH sensitivity, underscores their suitability for in situ
gelation and sustained performance in biological environ-
ments. In general, these findings confirm that the CS/PT/D-BC
hydrogels maintain their functional swelling characteristics
under physiological conditions, reinforcing their potential for

injectable biomedical applications where stability, responsive-
ness, and biocompatibility are essential.

3.4 | Surface Morphology Analysis of Hydrogels

The microstructure of freeze-dried CS/PT/D-BC hydrogels
was characterized by FE-SEM (Figure 4). The surface mor-
phology revealed an interconnected porous 3D network of
nanofibrils, consistent with previous reports by Dayal et al.
[52]. Such porous architectures are crucial for facilitating nu-
trient exchange and metabolite transport [53], yet excessively
porous structures may compromise mechanical stability for
cell proliferation and tissue regeneration. The hydrogel's phys-
ical properties were effectively modulated by varying polymer
concentrations. At lower D-BC concentrations (0.25% w/w,
samples S11-S15), the hydrogels exhibited highly porous net-
works. Increasing D-BC content (up to 1.50% w/w) enhanced
crosslinking density, resulting in denser fibrous structures
with smaller pores and undulated pore walls due to cellulose's
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reinforcing effect. Similar trends were observed when vary-
ing CS and PT concentrations (samples S1-S5 and S6-S10,
respectively), where higher polymer content yielded fewer
pores and more compact matrices. The enhanced structural
stability achieved through chemical crosslinking, combined
with the inherent hydrophilicity of the pristine polymers,
promotes favorable conditions for cell migration and tissue
regeneration [54]. These results demonstrate that the self-
crosslinked CS/PT/D-BC hydrogel system offers significant
advantages over its individual polymer components for bio-
medical applications.

3.5 | FTIR Analysis of CS-PT-D-BC IHs

Figure 5a presents the FTIR spectra of CS/PT/D-BC hydrogels
(samples S1-S15). The broad absorption band at 3010-3600cm™!
corresponds to overlapping O-H stretching vibrations from CS,
PT, and D-BC, along with free -NH, groups in CS. Characteristic
peaks were observed at: 2925cm™ (C-H stretching in -CH,OH
and pyranose rings), 1620cm~ (C=0 stretching), 1410cm™
(N-H bending) [34], and 1738 cm™! (C=O0 stretching in PT and D-
BC) [55]. The formation of Schiff-base linkages was confirmed
by the appearance of an imine (-C=N) stretching vibration at
~1560cm™" across all samples (S1-S15). The additional peaks at

1265cm™! (-CH), 1010-1142cm~! (C-0-C), and 837cm™! (C-0)
were also identified [42]. Notably, the spectra showed minimal
variation among samples S1-S15, indicating consistent chemical
composition across all formulations. These results demonstrate
successful formation of a dynamically crosslinked network
through Schiff-base reactions between D-BC's —-CHO groups
and CS's -NH, groups, with homogeneous interpenetration of
PT throughout the hydrogel matrix.

3.6 | Thermogravimetric Analysis
of CS/PT/D-BC IHs

Figure 5b displays the thermogravimetric (TG) analysis of hy-
drogels with varying CS, PT, and D-BC ratios. All samples ex-
hibited three characteristic degradation stages: (1) 27°C-150°C
(bound water evaporation), (2) 150°C-00°C (polymer chain de-
composition) [55, 56], and (3) 300°C-575 (char formation). For
CS-varied samples (S1-S5), degradation occurred gradually with
moderate curve variations, suggesting enhanced crosslinking at
higher CS content. PT-varied hydrogels (S6-S10) showed faster
decomposition, with second-stage peaks at 270°C (S6) and 227°C
(S7-S10). D-BC-containing samples (S11-S15) demonstrated
the most rapid degradation (30°C-140°C, 140°C-360°C, and
360°C-550°C for stages 1-3, respectively), indicating reduced
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thermal stability with increasing D-BC content. This behavior
likely stems from D-BC's lower polymer density as the cross-
linker [43]. The derivative thermogravimetry (DTG) curves con-
firmed these three degradation regions for all samples (S1-S15).

Greater variation in TG/DTG profiles was observed for CS- and
PT-varied hydrogels compared to D-BC-modified ones, reflect-
ing their increased crosslinking density through covalent bonds,
hydrogen bonding, and other intermolecular interactions. This
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created more compact structures in CS/PT-rich formulations.
All samples ultimately yielded 25%-28% char residue, consistent
with their polysaccharide composition.

3.7 | Rheological Study

The rheological properties of the CS/PT/D-BC injectable hydro-
gels were quantitatively analyzed to evaluate their practical per-
formance. As shown in Figure 6a, the strain amplitude sweep
reveals an intersection between the storage modulus (G’) and
the loss modulus (G”) at approximately 10% strain, suggesting
the gelation point where the hydrogel transitions from a pre-
dominantly solid-like to a fluid-like state, approaching the crit-
ical gelation threshold [56]. With increasing strain up to 100%,
the G' value notably decreases from 100 to 13 Pa, indicating the
disruption of the hydrogel network structure. Conversely, when
the strain is reduced to 0.01%, both G' and G” exhibit a linear re-
gion between 0.1% and 1% w/w, corresponding to the linear vis-
coelastic region (LVR) of the hydrogel. The strain sweep results,
expressed through the behavior of G' and G” across varying
strain levels, provide insights into the Newtonian response and
viscoelastic stability of the material, as illustrated in Figure 6a.
The LVR, typically observed at low shear stress, is critical for

determining mechanical stability, while the G'/G” crossover
point marks the onset of the gel-sol transition, indicating when
the material begins to flow like a fluid [57].

Another key rheological parameter for evaluating injectable hy-
drogels is complex viscosity, which reflects the material's ability
to resist shear deformation at the application site after injec-
tion [58]. Figure 6b-d presents the complex viscosity values at
1Hz for the various hydrogel formulations. The results reveal
a substantial increase in complex viscosity over time, indicat-
ing that the hydrogels exhibit strong shear-thinning behavior.
Variations in complex viscosity across the different samples can
be attributed to differences in structural integrity, driven by
varying crosslinking concentrations. As shown in Figure 6b-d,
hydrogels containing higher amounts of CS and D-BC demon-
strated significantly higher complex viscosities compared to
those with PT alone. This suggests that complex viscosity is
strongly influenced by the concentration of crosslinking poly-
mers, where an increased polymer content leads to enhanced
viscosity and structural strength [59]. Moreover, increasing the
concentrations of CS, PT, and D-BC in sample sets S1-S5, S6—
S10, and S11-S15, respectively, led to a gradual rise in complex
viscosity. This trend highlights the positive correlation between
polymer content (ranging from 0.25% to 1.5% and 2% w/w) and
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the hydrogels' resistance to shear deformation, thereby improv-
ing their mechanical stability and flow behavior. The observed
effect in PT-based samples may also be linked to the enhanced
stabilization of the gel network.

Frequency sweep experiments were conducted on the CS/
PT/D-BC injectable hydrogels to investigate their viscoelas-
tic behavior. As shown in Figure 7, all formulations exhib-
ited elastic-dominant characteristics, with the G’ consistently

higher than the G”) across the tested frequency range. This
was observed for samples S1-S5 (varying CS content), S6-S10
(varying PT content), and S11-S15 (varying D-BC content).
The maximum G’ values ranged from 56 to 238 Pa for S1-S5,
60-129 Pa for S6-S10, and 153-317Pa for S11-S15. In com-
parison, the G” values were 22-63 Pa, 17-42Pa, and 47-79 Pa,
respectively. The general trend showed a slight increase in
G’ across the frequency spectrum, indicating frequency-
dependent viscoelasticity [60, 61]. This behavior is likely due to
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the time-dependent regeneration of kinetically unstable cross-
links. Remarkably, the variations in G’ and G” across S1-S15
correlate with changes in the degree of crosslinking, which in-
fluences macromolecular chain mobility [62]. The proximity
of G’ and G”) values further reflects the shear-thinning nature
of the hydrogels. Among the tested samples, S3, S9, and S12
exhibited the highest G’ and G” values for varying concentra-
tions of CS, PT, and D-BC, respectively.

3.8 | Biocompatibility and Antibacterial Activity
of CS/PT/D-BC IHs

3.8.1 | Biocompatibility

To evaluate the potential of the CS/PT/D-BC injectable hy-
drogel system for sustained drug delivery and as a scaffold
supporting cell growth, the viability and proliferation of GMS
cells were assessed using the MTS metabolic assay in vitro.
GMS cells were cultured with various hydrogel compositions
for 21days, and viability was measured at 7-day intervals.
Results are presented in Figure 8a. Cells cultured without
hydrogels served as the control group for normalization. As
shown in Figure 8, samples S2, S3, S4, S9, S11, S12, S13, and
S15 supported cell proliferation over the 21-day period, with
viability exceeding 70%, while other samples exhibited re-
duced viability, suggesting potential cytotoxicity. Particularly,
GMS cells seeded on S3, S9, and S12 maintained > 100% viabil-
ity throughout, indicating strong biocompatibility. Sample S3,
composed of 1% (w/w) CS, 1.5% (w/w) PT, and 0.5% (w/w) D-
BC, was identified as the optimal formulation. Samples with
higher CS or PT content (e.g., S5 and S10) showed reduced
viability, implying potential cytotoxic thresholds. While sam-
ples S13-S15 with higher D-BC contents still showed high
viability, slightly reduced performance compared to S3 may
be due to increased stiffness, which can impair cell adhesion
and spreading. Conversely, S11, with lower D-BC content
than S3, exhibited marginally reduced viability, likely due to
diminished structural support for cells. Overall, the results
suggest that hydrogel formulation S3 offers the most favorable

environment for GMS cell viability and proliferation, mak-
ing it the most promising scaffold candidate for biomedical
applications.

3.8.2 | Antibacterial Activity

To assess the antibacterial performance of the developed CS/
PT/D-BC injectable hydrogel systems, hydrogel samples with
varying concentrations of chitosan (S1-S5) were tested against
both Gram-positive (Staphylococcus aureus) and Gram-negative
(Escherichia coli) bacteria. Chitosan is known for its intrinsic
antimicrobial properties, making it a promising candidate for
biomedical applications. As shown in Figure 9, all tested sam-
ples demonstrated visible zones of inhibition against S. aureus,
with increasing chitosan content (0.25%-2.0% w/w) resulting in
more pronounced antibacterial effects. In contrast, minimal or
no inhibition was observed against E. coli, with the exception of
sample S5, which exhibited a weak inhibition zone measuring
0.50+£0.10mm.

This differential activity can be attributed to both the physico-
chemical properties of the hydrogel system and the structural
differences between Gram-positive and Gram-negative bacte-
ria. Chitosan's antimicrobial mechanism primarily involves
electrostatic interactions between its protonated amino groups
(NH;*) and the negatively charged components of bacterial
cell membranes. These interactions disrupt membrane integ-
rity, leading to increased permeability, leakage of intracellular
components, and ultimately cell death [48]. In Gram-positive
bacteria, such as S. aureus, the thick peptidoglycan layer
enriched with negatively charged teichoic acids facilitates
stronger interactions with chitosan, enhancing antibacterial
efficacy. Conversely, Gram-negative bacteria like E. coli pos-
sess an additional outer membrane composed of lipopolysac-
charides that act as a barrier, limiting the interaction between
chitosan and the cell envelope, and thereby reducing its anti-
bacterial activity [63, 64]. The use of high molecular weight
chitosan in this study further contributes to its antimicrobial
effect, as it enables a greater interaction surface and a stronger
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FIGURE 9 | (a)Zone of inhibition for the different injectable hydrogels (S1-S5) for varying concentrations of chitosan (0.25%-2.0% w/w). Visual
image of antibacterial activity in the presence of (b) Staphylococcus aureus (Gram positive) and (c) Escherichia coli (Gram negative) bacteria. (Value

inserts on the images represent the zone of inhibition in mm). [Color figure can be viewed at wileyonlinelibrary.com|
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binding affinity with microbial membranes. The observed an-
tibacterial activity, particularly against Gram-positive bacteria,
highlights the potential of CS/PT/D-BC hydrogels in clinical
applications where localized infection control is critical, such
as in wound dressings, oral and maxillofacial scaffolds, or
post-surgical implants. Overall, the results suggest that tailor-
ing chitosan concentration within the hydrogel matrix not only
modulates mechanical and biological properties but also en-
ables the development of multifunctional biomaterials with in-
herent antibacterial capacity. Further optimization, including
the incorporation of synergistic antimicrobial agents or surface
modifications, could broaden the spectrum of activity and en-
hance usability in diverse biomedical settings.

3.9 | Research Perspectives in Terms of Social/
Health Care Aspects

The development of dynamic IHs for treating soft tissue
conditions has garnered considerable interest in biomateri-
als research. From both social and healthcare perspectives,
polysaccharide-based IHs present promising yet complex
opportunities. With increasing global emphasis on sustain-
able healthcare solutions and resource-efficient materials,
IHs offer a unique advantage due to their minimally inva-
sive application, ease of use, and potential for targeted ther-
apy. In this context, the CS/PT/D-BC IH system exemplifies
a cost-effective and socially beneficial biomedical material.
These hydrogels are formulated entirely from bio-based,
plant-derived components—chitosan, pectin, and bacterial
cellulose—without the use of toxic crosslinking agents. The
preparation process is simple, stable, and yields biocompatible
materials suitable for clinical use.

Key benefits of the CS/PT/D-BC IH system include:

+ Bio-based formulation, which is prepared without synthetic
crosslinkers or harmful additives.

« Biocompatibility that depicts safety for integration with
human tissue.

+ Cost-efficiency that describes affordability and readily
available raw materials.

o Eco-friendliness shows the non-toxic and sustainable
sources that reduce environmental impact.

+ Scalable production based on straightforward synthesis
supports wider accessibility.

These attributes make the CS/PT/D-BC IH system well-suited
for a range of soft tissue applications, including drug deliv-
ery, wound dressing, periodontal regeneration, and bone re-
pair, while minimizing patient risk and healthcare costs. The
broader adoption of such hydrogels could contribute signifi-
cantly to global health equity, particularly in low-resource
settings [65-67]. To advance this technology from laboratory
research to clinical practice, future efforts should focus on
regulatory pathways, translational studies, and interdisciplin-
ary collaboration. Doing so will not only validate their thera-
peutic efficacy but also maximize their societal and economic
impact.

4 | Conclusions

This study presents the development and preliminary eval-
uation of a self-crosslinkable, injectable hydrogel system
based on CS, PT, and D-BC, designed to support soft tissue
regeneration. The hydrogels were synthesized via a straight-
forward and reproducible method that leveraged both
physical and chemical interactions, with D-BC serving as a
natural crosslinker. This approach eliminated the need for
synthetic agents and contributed to the system's biocompat-
ibility. The CS/PT/D-BC injectable hydrogels exhibited fa-
vorable physicochemical and biological properties, including
shear-thinning behavior, strong gel stability, thermal resil-
ience, and high water retention. Structural features such as
tunable porosity and swelling capacity, adjustable through
polymer ratios, supported effective cellular proliferation.
The hydrogels remained stable under physiological condi-
tions, demonstrated antibacterial activity (especially against
Staphylococcus aureus), and achieved over 80% cell viability
in MTS assays, confirming their suitability for use as inject-
able scaffolds in soft tissue repair, particularly within oral and
maxillofacial applications.

To further advance this system toward clinical relevance,
ongoing research will address key limitations. These include
optimizing the multi-polymer composition to enhance me-
chanical strength and biological responsiveness, as well as
expanding cytocompatibility studies to include human der-
mal fibroblasts (HDFs) and pre-osteoblast MC3T3-E1 cells.
Additionally, broader-spectrum antimicrobial evaluations,
including Gram-negative bacteria and fungi, will be pursued.
These efforts aim to build a more comprehensive understand-
ing of the hydrogel's performance and reinforce its applica-
bility in diverse tissue engineering and regenerative medicine
settings.
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