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Abstract: Injectable hydrogel is a very promising biomaterial application in the biomedical
field, especially for minimally invasive therapeutic applications due to its ability to be injected
in liquid or semi-liquid form and undergo in situ gelation at the target site. Hydrogel tech-
nology based on natural multi-biopolymers such as carboxymethyl cellulose (CMC), sodium
alginate (SA), and chitosan (CS) is increasingly attracting attention due to its biocompatibility,
biodegradability, and biological activity that support the healing process. The use of calcium
chloride (CaCl2) as an ionic crosslinker allows the formation of a stable and strong gel through
ionic interactions with carboxylate groups in alginate, allowing the hydrogel to have optimal
mechanical and physical properties for clinical applications. In this study, a stepwise factorial
experimental design was used to develop an injectable hydrogel formulation based on a combi-
nation of CMC, SA, and CS with CaCl as a crosslinker. The swelling, degradation, injectability,
rheological properties, and surface morphology were characterized using scanning electron mi-
croscopy (SEM). The composition of CMC-SA-CS with a concentration of 3%:2%:2% produced
the best results with a gelation time of 7.80±0.18 seconds, controlled degradation 34.01±2.33%,
low swelling% of 14.90±0.08%, injectability of 87.09±0.72%, and stability expressed by a high
elastic modulus (G’) of 46,2 kPa. This study contributes significantly to the development of
injectable biomaterials that are applicable and efficient for minimally invasive therapy, thereby
opening up opportunities for the development of safer and more effective therapies.

Keywords: Carboxymethyl cellulose; Calcium chloride; Chitosan; Injectable hydrogel; Sodium
alginate

1. Introduction

In the last five years, the development of biomaterial technology in the biomedical field
has continued to experience significant acceleration, especially in the development of hydrogels.
Hydrogels are hydrophilic polymers with a three-dimensional structure that resembles the soft
tissues of the human body, making them ideal for biomedical applications (C. Zhao et al., 2022).
However, conventional hydrogels still face major obstacles in clinical applications, especially the
need for open surgical procedures for insertion, which increases the risk of infection. Injectable
hydrogel technology has been developed with hydrogels that can be injected and undergo in
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situ gelation at the target site. Injectable hydrogel technology has the advantage of enabling
minimally invasive treatment procedures (Highley et al., 2016). Their applicability spans deep
in wound therapy, cartilage and bone regeneration, and localized therapeutic release (Kumar
et al., 2023).

Biopolymers such as carboxymethyl cellulose (CMC), sodium alginate (SA), and chitosan
(CS) are widely used as the base material for injectable hydrogels due to their advantages in
biocompatibility and biodegradability. CMC is an anionic polysaccharide biocompatible with
hydrophobic methyl groups, and is widely used as a biomaterial in the fields of tissue engineering,
wound dressing, and drug delivery (Gaharwar et al., 2014). SA, derived from brown algae, is
a natural non-toxic anionic polymer known for its ability to form stable hydrogels through
ionic interactions with divalent ions, especially calcium (Ca2+) (Pangesty et al., 2025; Silva et
al., 2024). SA also exhibits good biocompatibility, high water absorption, facile drug delivery,
and easy gel formation. By combining the biocompatibility of SA with the hydrogels’ high
water absorption capacity, SA-based hydrogels form materials with high application potential.
These hydrogels exhibit various functions, such as environmental responsiveness, self-healing
ability, and favorable mechanical properties (Wang et al., 2025). Conversely, CS is a cationic
polymer with multifunctional advantages in the biomedical field and is the second most abundant
polysaccharide after cellulose (Abourehab et al., 2022; Timotius et al., 2022). The complex
network structure of chitosan-based hydrogels provides a versatile platform for incorporating
various bioactive compounds, enabling a wide range of applications in tissue engineering, drug
encapsulation, food science, and other fields. These hydrogels have demonstrated great potential
in multiple fields with the ability to swell or contract in response to external stimuli (C. Zhao
et al., 2022). Chitosan-based hydrogels have emerged as a promising alternative to conventional
biodegradable materials due to the growing prominence of green chemistry and the urgent need
for environmental preservation (Li et al., 2023).

However, hydrogels that are only based on polymers independently often have mechani-
cal strength limitations and less than optimal gel stability. Developments were carried out by
combining several polymers to overcome these challenges while improving the performance of
injectable hydrogels. In the manufacture of injectable hydrogels, crosslinker agents are used
to connect polymer chains to form a stable three-dimensional network (Malektaj et al., 2023).
CaCl2 (calcium chloride) is the most commonly used crosslinker that provides calcium ions
(Ca2+) that can bond ionically with carboxylate groups (-COO−). Beyond alginate interactions,
Ca2+ can influence the electrostatic balance within mixed anionic–cationic systems, contribut-
ing to network stiffness and stability while preserving suitability for biomedical environments.
Injectable hydrogels utilizing CaCl2 crosslinking have demonstrated relevance in bone defect
filling, periodontal pocket sealing, cartilage repair, localized drug depot formation, and other
applications that require rapid gel formation and structural integrity under physiological con-
ditions (Abourehab et al., 2022). Alberts et al., 2025 synthesized a hydrogel combination of
cellulose polymers with high biocompatibility and water absorption capacity for wound dressing
applications. Z. Zhang and Qiao, 2021 synthesized a CMC-based hydrogel with the influence of
calcium ions (Ca2+) from CaCl2, resulting in a significant increase in hydrogel strength. Wang
et al., 2024 developed a hydrogel from a combination of SA and CS, producing a hydrogel with
characteristics that support tissue regeneration therapy applications. Nevertheless, a tri-polymer
injectable hydrogel combining CMC, SA, and CS within a single crosslinked network has not
been systematically evaluated.

Given the limitations of single-polymer hydrogels and the lack of studies examining tri-
polymer synergy, this research aims to develop and characterize an injectable hydrogel based on
CMC-SA-CS polymers crosslinked with CaCl2. The objective of this study is to evaluate the
influence of polymer concentration variations on gelation behavior, swelling capacity, injectabil-
ity, degradation profile, viscoelastic strength, and microstructural morphology. The working
hypothesis is that the integration of three complementary biopolymers will produce improved
gelation control, enhanced mechanical stability, and tunable degradation behavior that cannot
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be achieved through single- or dual-polymer formulations. This work provides a foundational
insight into the design of IHs with performance characteristics aligned to clinical biomedical
applications.

2. Methods

In this study, CMC (Sigma-Aldrich, USA) with Degree of Substitution (DS) 80-95% and
viscocity of 2500-6000 centi poise (in 1% H2O), SA (Sigma-Aldrich, USA) with viscocity 5.0-40.0
centi poise (in 1% H2O), CS (Bio Chitosan, Indonesia) with a medium MW and a DD of 89.5%,
and CaCl2 (Merck, USA) were utilized as the primary materials for hydrogel synthesis. CMC and
SA served as anionic polysaccharides, providing viscosity and gel-forming capabilities, while CS,
a cationic biopolymer derived from chitin, contributed to structural integrity and bioactivity.
CaCl2 was employed as the ionic crosslinking agent to facilitate the gelation of the hydrogel
network, particularly through interactions with alginate. All materials were used without further
purification, and their selection was based on biocompatibility, availability, and previous evidence
of suitability in hydrogel-based biomedical applications. Because this study focuses on early-
stage material formulation and physicochemical characterization, no sterilization procedure was
applied. Future stages of this research could involve cytocompatibility or biomedical testing
that will incorporate appropriate sterilization methods depending on polymer sensitivity.

2.1 Synthesis of the CMC-SA-CS Hydrogel

The hydrogel solution is prepared by mixing CMC, SA, and CS with a mixing ratio of 1:1:1.
The experimental design in this process uses variations in the concentration of each mixture
with the 23 Full Factorial Design (FFD) model. The formula design for making hydrogel was
carried out with variations in the concentration of each polymer into several groups of two-level
factorial designs consisting of maximum (+1) and minimum (-1) values. The variations used
were 1% and 2% for the first, 2% and 3% for the second, and 1% and 3% for the third. Table 1
shows the experimental design. Chitosan solution was dissolved in acetic acid and used without
pH adjustment. The resulting acidic condition was acknowledged as a factor influencing the
polyelectrolyte interactions.

Table 1 Experimental design of the concentration variation
Model Sample CMC

(%)
SA
(%)

CS
(%)

Model Sample CMC
(%)

SA
(%)

CS
(%)

Model Sample CMC
(%)

SA
(%)

CS
(%)

1

1 1 1 1

2

1 2 2 2

3

1 1 1 1
2 2 1 1 2 3 2 2 2 3 1 1
3 1 2 1 3 2 3 2 3 1 3 1
4 2 2 1 4 3 3 2 4 3 3 1
5 1 1 2 5 2 2 3 5 1 1 3
6 2 1 2 6 3 2 3 6 3 1 3
7 1 2 2 7 2 3 3 7 1 3 3
8 2 2 2 8 3 3 3 8 3 3 3

CMC and SA were mixed first and then mixed with CS to avoid any unwanted initial
precipitation or gelation before crosslinking. The mixing process was done using a homogenizer
at a speed of 400 rpm at room temperature for 30 minutes (Possolli et al., 2024). The hydrogel
solution was then poured into a well-plate 24s with a volume of 1 mL for each sample. The
hydrogel formation process was carried out in a well-plate by dripping 0.5 mL of 5% CaCl2 into
each sample. The well plate was then placed in an incubator at 37°C until the hydrogel was
completely formed. The illustration of the preparation of the CMC–SA–CS hydrogel is shown
in Figure 1.
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Figure 1 CMC-SA-CS Hydrogel Synthesis Workflow

2.2 Injectability test

The injectability test was conducted using a 21G syringe to see the ability of the hydrogel
to be injected from a syringe. This was done by injecting the hydrogel into a Petri dish. The
Petri dish containing the hydrogel was then weighed, and the percentage of injectability was
calculated (Amanda et al., 2022; Alonso et al., 2021) using Equation (1).

Injectability(%) = Mass extruded from syringe
Total mass before injection × 100 (1)

2.3 Gelation time

The gelation time was determined using an inverted tube test. The hydrogel was placed in
a 1 mL vial and then dripped with 0.5 mL of 5% CaCl2. The vial was then inverted at certain
time intervals to observe gelation time. The gelation time was defined as the time when the gel
did not flow out (Fattahpour et al., 2020).

2.4 Swelling test results

The dried hydrogel samples were weighed accurately using a digital scale and then im-
mersed in phosphate-buffered saline (PBS) (Gibco, New York) in a well-plate at 37 °C for 2 h.
Furthermore, every 30 min, the samples were removed from the PBS solution, and the excess
solution on the surface was removed using tissue paper. The samples were then weighed accu-
rately (Fattahpour et al., 2020). The swelling ratio was then calculated to determine the water
absorption capacity of the hydrogel using Equation (2), where Ws is the weight of the swollen
hydrogel sample, and Wd is the dry weight of the hydrogel sample.

Swelling ratio(%) = (Ws − Wd)
Wd

× 100 (2)

2.5 In vitro degradation test

The dried hydrogel samples were immersed in 50 mL of phosphate-buffered saline solution
at 37°C. After 2 h, the samples were removed, and the excess solution on the surface was
removed using filter paper. Subsequently, the samples were returned to the medium, and the
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above process was repeated. The PBS medium was replaced with a new one every 3 days to
prevent microbial contamination and volume reduction. Weight loss over time was considered
degradation, and the remaining weight of the hydrogel was re-dried and calculated as the final
weight (Fattahpour et al., 2020). The degradation rate was calculated using Equation (3), where
W2 is the weight of the swollen hydrogel after 2 h of incubation in PBS solution, and Wt is the
weight of the swollen hydrogel after the degradation period.

Degradation(%) = Wt

W2
× 100 (3)

2.6 Rheology

A rheology test was conducted to determine the resistance and stability properties of the
resulting hydrogel, the results of which were expressed as elastic modulus (G′) and viscous
modulus (G′′). This test was conducted using a Discovery Hybrid Rheometer (DHR10) at the
Integrated Laboratory and Research Center (ILRC) at the University of Indonesia. The hydrogel
sample was gently loaded onto the lower plate, and the plate gap was automatically adjusted
using the standard auto-trim and set-gap procedure to ensure uniform contact between the
plates. The excess sample was trimmed before testing. A strain sweep (0.01–1000% strain, 10
rad/s) was conducted to determine the Linear Viscoelastic Region (LVE).

2.7 Scanning Electron Microscopy (SEM)

SEM test was conducted as a qualitative analysis of the hydrogel produced to observe its
porous microstructure. Samples were freeze-dried for 17 h and sputter-coated with gold to avoid
surface charging during scanning electron microscopy (SEM) imaging. The test results are 3D
images of the sample surface, which display structural details down to the nanometer scale. This
test was conducted at the Department of Electrical Engineering, UP2M Laboratory, University
of Indonesia.

2.8 Statistical analysis of the data

All results are presented as the mean ± standard deviation (SD). Statistical analysis was
performed using GraphPad Prism® to evaluate differences within formulations. Statistical sig-
nificance was determined based on p-values, with thresholds set at p ≤ 0.05 (∗), p ≤ 0.01 (∗∗),
p ≤ 0.001 (∗∗∗), and p ≤ 0.0001 (∗∗∗∗).

3. Results and Discussion

3.1 Synthesis of the CMC-SA-CS Hydrogel

Each formulation of models 1, 2, and 3 was contacted with 5% CaCl2, and the changes
that occurred in the CMC-SA-CS polymer solution were observed. The formation of the
CMC–SA–CS hydrogel proceeds through a sequential and cooperative assembly process driven
by Ca2+ crosslinking, polyelectrolyte complexation, and hydrogen bonding. When CaCl2 is in-
troduced into the polymer mixture, the first and most dominant event is the ionic crosslinking
of sodium alginate by Ca2+, which follows the classical egg-box model. In this mechanism, Ca2+

ions selectively bind to the guluronate (G-block) regions of alginate through coordination with
carboxylate groups (–COO−), forming bidentate ionic bridges that create stable junction zones
within the hydrogel network. This rapid ionic coordination is widely recognized as the primary
determinant of SA gel stiffness and 3D network formation (Makarova et al., 2023). CS bears
protonated amine groups (–NH3

+), which exhibit strong attraction to the negatively charged
carboxylate moieties on SA and CMC (Baysal et al., 2013). This attraction leads to the for-
mation of polyelectrolyte complexes that tighten and densify the partially crosslinked matrix,
especially in the regions where alginate chains remain insufficiently coordinated by Ca2+. Hy-
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drogen bonding is another structural contribution facilitated by the hydroxyl-rich backbone of
CMC and the amine and hydroxyl groups of CS. This bonding can occur both within and be-
tween polymer chains CMC and CS, or CMC and SA, resulting in additional physical crosslinks
that enhance elasticity, cohesive strength, and water retention (H. Zhao et al., 2025). Figure 2
illustrates the mechanism of CMC-CS-SA interactions.

Figure 2 CMC-SA-CS Interactions Mechanism

As shown in Table 2, hydrogel formation in model 1 occurred successfully in formulations
1:2:2 and 2:2:2, whereas the hydrogel did not form completely for other formulations in this
model, resulting in a fragile and non-rigid mixture. This phenomenon can occur because at low
SA concentrations, it does not provide enough hydroxyl groups to interact with Ca2+, where
SA is more effective in binding to Ca2+, ions than CMC because SA has a G-block that can
form an egg box structure. In the 2nd model, stable hydrogels were successfully formed in all
formulation variations. This shows that at concentrations of 2 % and 3%, each polymer is
already at a sufficient threshold to form a stable crosslink network. Meanwhile, for the 3rd
model, the hydrogel formed was only in five

%CMC:%SA:%CS formulations. In addition, low polymer concentrations produced inad-
equate chain entanglement and insufficient network density, reinforcing the dependence of gel
formation on both ionic and physical interactions. Although the initial mixing of CMC, SA, and
chitosan allows early polyelectrolyte interactions between protonated chitosan (–NH3

+) and the
carboxylate groups (– COO−) of SA and CMC to form, these interactions do not dominate the
final hydrogel structure. Once CaCl2 is introduced, Ca2+ exhibits a much stronger and more
specific affinity to SA carboxylates and rapidly forms egg-box junction zones. As a result, Ca2+,-
SA crosslinking becomes the primary structural mechanism, whereas the electrostatic binding
of CS remains only in polymer-dense regions where Ca2+ diffusion is limited. Thus, the inter-
actions and hydrogen bonding among CMC, SA, and CS act as secondary reinforcement that
enhances network compactness but does not supersede the dominant Ca2+ crosslinking. This
competitive yet cooperative mechanism explains the observed differences in gelation behavior.
Table 2 shows that 15 formulations can be continued to the characterization process to deter-
mine both the physical and chemical properties of the CMC- SA-CS hydrogel crosslinked with
5% CaCl2.
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Table 2 Evaluation of hydrogel formation
Model

1 2 3
Formulation

(%CMC:%SA:%CS)
Formation

of
hydrogel

Formulation
(%CMC:%SA:%CS)

Formation
of

hydrogel

Formulation
(%CMC:%SA:%CS)

Formation
of

hydrogel
1:1:1 Not

formed
2:2:2 Formed 1:1:1 Not

formed
2:1:1 Not

formed
3:2:2 Formed 3:1:1 Not

formed
1:2:1 Not

formed
2:3:2 Formed 1:3:1 Formed

2:2:1 Not
formed

3:3:2 Formed 3:3:1 Formed

1:1:2 Not
formed

2:2:3 Formed 1:1:3 Formed

2:1:2 Not
formed

3:2:3 Formed 3:1:3 Not
formed

1:2:2 Formed 2:3:3 Formed 1:3:3 Formed
2:2:2 Formed 3:3:3 Formed 3:3:3 Formed

3.2 Injectability

Injectability is a crucial parameter in situ hydrogel development that is used to determine
the ability and ease of releasing the hydrogel through a syringe. The testing was performed on
a hydrogel precursor solution, (before Ca2+ addition) because its viscosity reflects the actual
conditions when the precursor is still in liquid form when the material is injected into the body.
This test also ensures that the precursor can flow when pressure is applied but immediately
gels when it meets Ca2+ ions in the target tissue (Parvin et al., 2025). After Ca2+ is added,
a rapid gelation process occurs through ionic cross-linking, causing the viscosity to increase
drastically so that the material is no longer injectable. The results of the injectability test are
shown in Table 3, where the highest injectability was achieved by formulation 1%:2%:2% with
an injectability value of 90.91±1.79%, with significancy of each formulation shown in Figure 3.
This is in accordance with the theory that CMC at low to moderate concentrations provides
a lubricating effect and increases precursor fluid, while SA and CS in moderate amounts are
insufficient to significantly increase viscosity (Zamini et al., 2025). These injectability results
are in accordance with the shear thinning hydrogel concept: the higher the initial viscosity,
the greater the pressure required (Yang et al., 2023). Overall, a negative correlation was found
between the total polymer concentration and precursor injectability, whereas the higher the
polymer, the lower the injectability. The optimal formulation is one with an injectability above
85% (1:2:2, 2:3:2, 2:2:3), as these findings align with syringe-based delivery requirements and
emphasize the importance of balancing viscosity and polymer loading for clinical usability.

3.3 Gelation time

The gelation time measurement mechanism is performed using the inverted vial method.
The gelation time calculation begins when the CMC-SA-CS mixture solution is dripped by a
5% CaCl2 crosslinker. The gelation time is an important parameter in the development of
hydrogels, especially for in situ forming applications or injection systems. Based on Table 2,
only gelation occurred in 15 formulations. The gelation time results of each formulation with a
total of 15 formulations are shown in Table 4. Gelation time is calculated until the hydrogel no
longer moves or flows, indicating that gelation has occurred. Gelation time measurements were
performed in duplicate, and the average value of the measurement data is attached. The gelation
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time measurements of 15 variations of CMC-SA-CS formulations using the vial inverting method
showed that the polymer concentration ratio greatly affected the hydrogel formation speed after
the addition of 5% CaCl2. The significancy of each formulation in gelation time shown in Figure
4.

Figure 3 Statistical significance is expressed as mean ± SD. Multiple comparisons were
evaluated with significance levels indicated as ∗ (p < 0.05), (∗∗) (p < 0.005), (∗∗∗) (p < 0.001),

and (∗∗∗∗) (p < 0.0001).

Table 3 Injectability of the CMC-SA-CS precursor solution
Model Formulation (%CMC :

%SA : %CS)
Injectability (%)

1

1:2:2 90.91±1.79
2:2:2 85.03±0.83
2:2:2 85.03±0.83
3:2:2 86.99±0.91
2:3:2 89.54±1.54

2

3:3:2 87.09±0.72
2:2:3 88.49±0.06
3:2:3 85.28±2.85
2:3:3 72.25±0.56
3:3:3 61.54±2.20

3

1:3:1 83.67±0.14
3:3:1 85.67±0.96
1:1:3 75.19±1.29
1:3:3 83.58±0.16
3:3:3 61.54±2.20

In general, formulations with high SA concentrations exhibited fast gelation times. Formu-
lations 2:3:2 and 3:3:2 showed gelation times of 9.41 and 7.80 s, respectively, which were the
fastest among all samples. This is in line with the theory that increasing alginate concentra-
tion will increase the number of carboxylate groups (COO−) that can interact with Ca2+ ions,
forming stable “egg-box” cross-links and accelerating gel formation (Savić Gajić et al., 2023).
Gelation under 10 s may increase the risk of needle clogging. Thus, practical delivery strategies,
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such as dual-barrel syringe systems or mixing at the defect site, are recommended. Formulations
such as 1:3:1 and 1:2:2 had the longest gelation times (29.03 and 25.96 s), respectively, indicating
that the number of available COO− groups was very limited and the crosslinking process was
slow.

Table 4 Gelation time of the injected hydrogel
Model Formulation (%CMC :

%SA : %CS)
Gelation Time

(second)

1

1:2:2 25.96±0.16
2:2:2 16.73±0.05
2:2:2 16.73±0.05
3:2:2 12.82±0.28
2:3:2 9.41±0.042

2

3:3:2 7.80±0.18
2:2:3 14.08±0.18
3:2:3 16.27±0.18
2:3:3 10.99±0.22
3:3:3 21.42±0.83

3

1:3:1 29.03±0.078
3:3:1 21.74±0.88
1:1:3 21.20±0.60
1:3:3 23.29±0.48
3:3:3 25.96±0.16

Figure 4 Statistical significance of gelation time is presented as mean ± SD followed by
multiple comparisons, with (∗) indicating p < 0.001 and (∗∗) indicating p < 0.0001.

3.4 Swelling test results

A swelling test was conducted to assess the fluid absorption ability of the hydrogel, a key
indicator of its capacity to maintain moisture. The%CMC:%SA:%CS ratio showed a significant
influence on swelling across all three models as shown in Figure 5. In Model 1, swelling decreased
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with higher chitosan content, as stronger electrostatic interactions between -COO− (CMC/AA)
and -NH3

+ (CS) increased crosslink density and reduced porosity [19]. In Model 2, the 3:2:3
formulation

showed the highest swelling ( 20%), attributed to abundant hydrophilic -OH and -COO−

groups from CMC (Savić Gajić et al., 2023), whereas excessive chitosan in 2:3:3 and 3:3:3
reduced swelling due to over-crosslinking that limited water diffusion (Feyissa et al., 2023). The
optimized formulation (3:2:2) exhibited the lowest swelling (14.90 ± 0.08%), indicating a dense
network favorable for load-bearing biomedical settings. The extended swelling time further
revealed a decline after 150 min, indicating that structural stability eventually outweighs water
uptake.

Figure 5 Swelling ratio in Models (a)1, (b)2, (c)3, and (d) statistical significance of Swelling
Ratio 300 presented as mean ± SD followed by multiple comparisons, with (*) for p < 0.005,

(∗∗) for p < 0.005, (∗∗∗) for p < 0.001 and (∗∗∗∗) for p < 0.0001

3.5 In vitro degradation test

The hydrogel degradation test is an important parameter for assessing the stability and
durability of materials in biological environments. In this study, degradation testing was car-
ried out by calculating the weight of the hydrogel soaked in PBS solution for 10 days with
intervals of 1, 3, 7, and 10 days. Figure 6 shows the percentage degradation graph of each
formulation in each sample. The results of the degradation tests of the three models indicate
that the stability of the hydrogel is greatly influenced by the concentration balance between
polymer components. In Model 1, the 1:2:2 formulation degraded almost completely (>90%)
on day 10, reflecting insufficient network stability due to low CMC and chitosan content, de-
spite alginate’s ionic crosslinking with Ca2+. In contrast, the 2:2:2 formulation degraded more
slowly (70%) on day 10, indicating that higher CMC enhanced structural stability through hy-
drogen bonding and higher initial viscosity. Huang (2016) reported that CMC/SA hydrogels
with low ratios exhibit poor stability due to limited crosslinking. In Model 2, 2:2:2 and 3:2:2
exhibited the highest degradation (75% and 89%) at day 10, respectively, suggesting that lower
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CS content and weaker polymer packing produced looser networks that degraded more read-
ily (Silva et al., 2024). Other formulations with higher CS or different ratios degraded more
slowly (<50%), consistent with CS’s known resistance to enzymatic and hydrolytic degradation
compared to SA and CMC (Abourehab et al., 2022). The role of CaCl2 crosslinking was also
evident, as tighter ionic networks slowed water penetration, reducing degradation. In Model
3, the 1:1:3 and 1:3:1 formulations degraded very rapidly (>90%) within 7 days due to the
low concentrations of two out of three polymers, resulting in fragile and unbalanced networks.
Specifically, 1:1:3 had insufficient CMC and SA, whereas 1:3:1 lacked adequate CMC and CS
crosslinking with Ca2+. Conversely, 3:3:3 and 1:3:3 exhibited the lowest degradation (<50%)
on day 10, indicating that higher SA and balanced polymer ratios promote denser, more durable
gels. In summary, formulations such as 2:2:2 and 3:2:2 degraded faster, making them suitable for
short-term therapeutic applications, such as controlled drug release or temporary scaffolds for
tissue regeneration. Slower-degrading formulations (3:2:2) showed controlled degradation (34.01
± 2.33%), making them suitable for applications requiring temporary structural support. The
degradation profile is strongly influenced by the polymer composition. CMC enhances hydrolytic
breakdown due to its hydrophilicity, high CS content reduces stability against ionic interactions,
and SA contributes to network reinforcement via Ca2+ crosslinking. Hydrophilic surfaces are
important for promoting a favorable environment for bone formation (Dewi et al., 2020). Thus,
tailoring the balance among CMC, SA, and CS, along with crosslinking density, is essential for
aligning hydrogel degradation with therapeutic demands (Silva et al., 2024).

Figure 6 Degradation in Models (a)1, (b)2, (c)3, and statistical significance of 337 presented
as mean ± SD followed by multiple comparison, with (*) for p < 0.005, (∗∗) for p < 0.005, (∗∗∗)

for p < 0.001 and (∗∗∗∗) for p < 0.0001

3.6 Scanning electron microscopy

SEM was used to visualize the internal microstructure before and after degradation. Both
surface areas were captured, as shown in Figure 7. The pre-degradation samples show a porous
network composed of interconnected polymer strands with relatively large and open pores. Such
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pore structures are commonly reported in polysaccharide-based hydrogels, including CMC and
SA, and are associated with high water uptake, efficient swelling, and enhanced solute diffusion
(X. Zhang et al., 2021). In contrast, the post-degradation samples exhibited markedly smaller
and denser pores with smoother surfaces, indicating structural compaction. This change suggests
that the more weakly bound or hydrophilic segments (-OH, -COOH groups) dissolved earlier
during degradation, leaving behind a tighter, reorganized network. X. Zhang et al., 2021 reported
similar pore shrinkage and matrix densification during hydrogel degradation. The collapse of
pores is consistent with the partial loss of crosslinks and removal of amorphous regions, resulting
in reduced water-holding capacity (Franke and Gerlach, 2020). These morphological changes
align with the mass-loss degradation data, where the dissolution of easily degradable polymer
fractions produced both macroscopic shrinkage and microscopic densification. Collectively, SEM
observations confirm that degradation progressively disrupts the pore architecture and compacts
the polymer network, reducing the swelling capacity and internal diffusion pathways.

Figure 7 SEM images of the hydrogel (a) before degradation and (b) after degradation (left:
scale bar 100 µm, ×300 magnification and right: scale bar 20 µm, ×1000 magnification)

3.7 Rheology

The hydrogel rheology test was conducted using a rheometer with the oscillation amplitude
sweep method, where the sample was subjected to a progressively increasing oscillatory strain
while maintaining a constant frequency. In the low strain range (around 10−2 to 100 %), the
G′ value is consistently high, indicating that the hydrogel is in a dominant elastic state, has
a strongly bound network structure, and can withstand deformation without significant energy
loss. When the strain increases beyond the limits of about 100 % to 102 %, G′ decreases, indicat-
ing that the hydrogel begins to experience structural damage or the crosslink network begins to
break down (Ramli et al., 2022). The point of intersection between G′ and G′′ (crossover strains)
at approximately 100% strain indicates the limit of viscoelastic linearity or linear viscoelastic
region (LVR), after which the hydrogel exhibits predominantly viscous behavior (fluid-like) (Sto-
jkov et al., 2021). The results of the rheological test are shown in Table 5. The rheological test
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results showed that the hydrogel had good viscoelastic characteristics at low strains, but the
internal network structure began to break down at strains above 100%. The 3:2:2 hydrogel com-
position exhibited the highest elastic modulus (46.2 kPa), indicating strong structural stability.
The higher modulus indicates better load-bearing capability relevant for bone or soft-tissue sup-
port. This condition was in accordance with the characteristics of a hydrogel with structural and
functional success in soft or hard tissue- based injection applications. In addition, the hydrogel
rheology provided a deep understanding of the structure’s resistance to mechanical forces and
could be used to predict or validate the hydrogel’s swelling and degradation characteristics.

Based on the rapid gelation, adequate viscoelastic strength, and controllable swelling and
degradation behavior demonstrated in this study, the CMC-SA-CS hydrogel crosslinked with
CaCl2 shows strong potential for several minimally invasive biomedical applications as illus-
trated in Figure 8. The fast gelation upon Ca2+ exposure suggests suitability for filling bone
defects, where in situ solidification is required to occupy irregular cavities and provide tem-
porary mechanical support during early healing. The interconnected, water-rich network also
enables localized drug delivery, as therapeutic molecules can be loaded into the hydrogel before
injection and released gradually through diffusion or network degradation. In addition, the soft
and hydrated polymer matrix, combined with its injectability, makes this formulation relevant
for soft-tissue repair, including periodontal pockets, subcutaneous filler applications, or cartilage
microdefects where conformal filling and gentle tissue integration are required (Li et al., 2023;
X. Zhang et al., 2021; Highley et al., 2016).

Table 5 Rheology test results of CMC-SA-CS hydrogel using the Oscillation method
Formulation (%CMC :

%SA : %CS)
G′ (kPa) Strain Maximum

LVR (%)
Crossover Strains

(%)
1:2:2 16.23 0.40 51.34
2:2:2 22.81 0.32 25.81
3:2:2 225.87 0.79 20.66
2:3:2 16.89 0.40 64.68
3:3:2 46.20 0.40 27.34
2:2:3 15.02 0.40 41.05
3:2:3 10.93 0.63 82.52
2:3:3 38.79 0.32 23.96
3:3:3 21.73 0.50 28.64
1:3:1 30.74 0.25 30.38
3:3:1 54.78 0.20 20.87
1:1:3 15.23 0.32 25.24
1:3:3 22.29 0.25 51.29
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Figure 8 CMC-SA-CS Hydrogel Potential Applications

4. Conclusions

In this study, we successfully developed and characterized an injectable hydrogel system
based on a tri-polymer combination of CMC, SA, and CS crosslinked using CaCl2. The opti-
mized formulation demonstrated a balanced performance characterized by rapid yet controllable
gelation, adequate injectability, low swelling tendency, moderate degradation rate, and high elas-
tic modulus, indicating its suitability for biomedical applications requiring structural integrity.
The results validated that hydrogel formation is governed by three major interactions, such as
Ca2+-mediated egg-box crosslinking, electrostatic interactions among the polymers, and hydro-
gen bonding, which determine network density and stability. This work highlights the practical
relevance of the developed hydrogel for minimally invasive biomedical interventions such as bone
defect filling, periodontal pocket sealing, and localized drug delivery, strengthening the justifi-
cation for its clinical potential. Overall, this research provides a foundational understanding of
how multi-biopolymer compositions govern the functional performance of injectable hydrogels
and offers a framework for further development toward clinical translation.
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