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Abstract: Objective: To evaluate the clinical efficacy of chitosan/alginate (CS/Alg) double-network
hydrogels in the repair of temporomandibular joint (TMJ) disc defects and to investigate the underlying
mechanisms. Methods: A prospective randomized controlled trial was conducted, including 104 patients
with irreducible anterior disc displacement or disc perforation of the TMJ who were treated at the
Department of Oral and Maxillofacial Surgery between January 2023 and December 2023. Patients
were randomly divided into an experimental group (CS/Alg double-network hydrogel implantation,
n = 53) and a control group (conventional disc repair or discectomy, n = 51). Randomization was
performed using computer-generated random number tables with allocation concealment. Primary out-
come measures included maximum interincisal opening (MIO), pain visual analog scale (VAS) scores,
and TMJ functional index. Secondary outcome measures included imaging findings, complication rates,
and patient satisfaction. Follow-up evaluations were conducted at baseline, 1 months, 3 months, 6
months, and 12 months postoperatively. Results: A total of 96 patients completed the 12-month follow-up
(experimental group: 50 patients; control group: 46 patients). No significant differences were observed
in baseline characteristics between the two groups (p > 0.05). At 12 months postoperatively, the
experimental group demonstrated significantly greater improvement in MIO compared to the control
group (13.8 4.6 mmvs. 7.9 = 4.3 mm, p < 0.001). The reduction in VAS pain scores was superior in the
experimental group compared to the control group (5.4 & 1.3 vs. 3.8 £ 1.6, p < 0.001). The experimental
group achieved higher TMJ functional index scores (82.4 £ 11.2vs. 71.3 £ 13.6, p < 0.001) and higher
treatment success rates (94.0% vs. 78.3%, p = 0.021). Imaging evaluation revealed better preservation
of disc position and joint space in the experimental group (p < 0.05). The overall complication rate
was significantly lower in the experimental group compared to the control group (20.8% vs. 62.7%, p <
0.001). Multivariable analysis identified CS/Alg double-network hydrogel treatment as an independent
protective factor for treatment success (OR = 3.58, 95% CI: 1.42-9.03, p = 0.007). Histological
analysis demonstrated good biocompatibility and fibrocartilaginous tissue regeneration. Conclusion:
CS/Alg double-network hydrogels exhibit excellent clinical efficacy and safety in TMJ disc repair.
Through multiple mechanisms, including providing appropriate mechanical support, modulating the
immune microenvironment, and promoting extracellular matrix remodeling, this material significantly
improves joint function and patient quality of life, offering a novel and effective therapeutic strategy for
TMJ disorders.

Keywords: Temporomandibular joint disc, double-network hydrogel, chitosan, alginate, tissue
engineering

1. Introduction

Temporomandibular joint disorders (TMD) represent one of the most common conditions affecting
the orofacial region, with a global prevalence as high as 34%, significantly impacting patients’ quality
of life [1]. Recent meta-analyses indicate that TMD has the highest incidence rate among individuals
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aged 18-60 years, with females being 1.09-1.56 times more likely to be affected than males, and notable
geographic variations exist [2]. In China, the incidence of TMD shows an increasing trend year by year,
particularly in urban areas, which is closely associated with modern lifestyle factors and increased stress
levels. The TMIJ disc, a fibrocartilaginous structure within the joint, plays a crucial role in maintaining
normal joint function. Irreducible anterior disc displacement and disc perforation are the most common
pathological changes in TMD, accounting for approximately 25%—-40% of all TMD cases [3].

Currently, TMD treatment modalities are primarily categorized into conservative and surgical
approaches. Conservative treatments, including physical therapy, pharmacological interventions, and
occlusal splint therapy, although capable of symptom relief, demonstrate limited efficacy for severe
disc pathology [4]. Surgical treatments encompass arthroscopic disc repositioning and discectomy
procedures. While these interventions can improve joint function, they are associated with high
postoperative complication rates and suboptimal long-term outcomes. Particularly following discectomy,
the absence of effective replacement materials frequently leads to accelerated joint degenerative changes
and unfavorable long-term prognosis [5]. Therefore, developing novel therapeutic strategies capable of
effectively repairing and regenerating disc tissue holds significant clinical importance.

The advancement of tissue engineering technology has provided new perspectives for TMJ disc
repair. An ideal disc repair material should possess the following characteristics: mechanical properties
similar to those of native disc tissue, capable of withstanding the compressive and shear forces generated
during joint movement; excellent biocompatibility without inducing immune rejection reactions;
appropriate degradation rate that matches the rate of new tissue formation; and the ability to support
cell adhesion, proliferation, and differentiation while promoting tissue regeneration [60]. In recent years,
various biomaterials have been applied in disc tissue engineering, including natural materials such
as collagen, fibrin, and hyaluronic acid, as well as synthetic materials such as polylactic acid (PLA)
and polycaprolactone (PCL) [7]. However, single materials often fail to simultaneously satisfy the
requirements for both mechanical and biological performance.

Hydrogels, as a class of three-dimensional network materials with high water content, have
garnered widespread attention due to their physicochemical properties similar to those of natural soft
tissues. Double-network hydrogels, in particular, through interpenetrating network structures formed
by two different crosslinking mechanisms, can significantly enhance the mechanical properties and
toughness of materials [8]. Chitosan and alginate, as natural polysaccharide materials, possess excellent
biocompatibility and biodegradability. The amino groups present in chitosan confer antibacterial
properties and cell adhesion characteristics, while the carboxyl groups in alginate can bind with various
growth factors to promote tissue repair [?9]. The double-network hydrogel formed by combining these
two materials is expected to incorporate the advantages of both materials, providing an ideal scaffold
material for disc repair.

Beyond the material properties themselves, immunomodulation plays a pivotal role in tissue repair
processes. An increasing body of research demonstrates that the immunomodulatory properties of
biomaterials are crucial for successful tissue regeneration [10]. Macrophages, as essential components
of the innate immune system, can exhibit different phenotypes under various microenvironmental
signals, and the transition from pro-inflammatory (M1) to pro-repair (M2) phenotypes is of significant
importance for tissue repair [ 1 1]. Therefore, designing biomaterials with immunomodulatory functions
to create microenvironments favorable for tissue regeneration has become a research focus in the field
of tissue engineering.

This study aims to develop a chitosan/alginate double-network hydrogel for the repair of TMJ disc
defects. Through a prospective randomized controlled trial design, this study systematically evaluates
the clinical efficacy of this double-network hydrogel in disc repair, providing novel strategies and
experimental evidence for TMD treatment [12].
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2. Materials and methods

2.1. Study design and ethical considerations

This study employed a prospective randomized controlled clinical trial design. This study included
human subjects and was conducted in accordance with the Declaration of Helsinki. The study
was approved by the Medical Ethics Committee of Sijing Hospital of Songjiang District (Ethics
Approval Number: 2022-ME-158). Written informed consent was obtained from all participants prior
to enrollment. The study protocol was registered with the Chinese Clinical Trial Registry (registration
number: ChiCTR2300067234).

2.2. Study population and inclusion/exclusion criteria

The study enrolled patients with irreducible anterior TMJ disc displacement or disc perforation who
presented to the Department of Oral and Maxillofacial Surgery outpatient clinic between January 2023
and December 2023. Inclusion criteria were: age 18—65 years, regardless of gender; confirmed diagnosis
of irreducible anterior TMJ disc displacement or perforation through clinical examination and imaging
studies; failure of conservative treatment for more than 3 months or recurrent symptoms; maximum
interincisal opening <35 mm; pain VAS score >35; good patient compliance with the ability to attend
regular follow-up appointments. Exclusion criteria included: concurrent severe systemic diseases such
as uncontrolled diabetes or cardiovascular disease; previous history of TMJ surgery; concurrent TMJ
tumors, infections, or rtheumatoid arthritis; pregnant or lactating women; allergies to study material
components; psychiatric patients unable to cooperate with treatment and follow-up; and expected
survival <2 years.

A total of 126 patients were screened, of whom 22 did not meet the inclusion criteria or declined
participation, resulting in 104 patients enrolled in the study. Randomization was performed using
computer-generated random number tables, with 53 patients in the experimental group and 51 patients
in the control group. The randomization sequence was generated by an independent statistician, and
allocation concealment was implemented using opaque sealed envelopes.

2.3. Preparation of chitosan/alginate double-network hydrogel

The preparation of chitosan/alginate double-network hydrogel followed a standardized protocol.
Chitosan solution was prepared by dissolving chitosan powder with a deacetylation degree of >85% at a
concentration of 2% (w/v) in 1% acetic acid solution, followed by magnetic stirring at room temperature
for 12 h until complete dissolution, and filtration to remove insoluble materials. Sodium alginate solution
was prepared using medium-viscosity sodium alginate at 2% (w/v) concentration in aqueous solution,
stirred at room temperature for 8 h until complete dissolution.

The double-network hydrogel was prepared using a sequential crosslinking method. First, chitosan
and sodium alginate solutions were mixed at a 1:1 volume ratio and slowly stirred at 4°C for 30 min
to form a homogeneous polymer blend solution. Subsequently, pre-cooled calcium chloride solution
(2% wlv) was added dropwise to the mixed solution at a volume ratio of 10:1 (solution to calcium
chloride), with continuous stirring during addition to form the initial ionic crosslinking network. The
initially formed hydrogel was placed at 4°C for 2 h to complete the formation of the first network.

The second network was constructed through glutaraldehyde crosslinking. The initially formed
hydrogel was immersed in 0.1% glutaraldehyde solution and reacted at 4°C for 4 h to form the covalently
crosslinked second network. After crosslinking completion, the hydrogel was washed with large volumes
of physiological saline at least 6 times, 30 min each, to remove unreacted glutaraldehyde and excess ions.
The final double-network hydrogel was stored in physiological saline under sterile conditions at 4°C.
All preparation processes were conducted under sterile conditions, and the prepared hydrogel underwent
ethylene oxide sterilization.

Physicochemical characterization of the hydrogel included scanning electron microscopy for
microstructural observation, compression testing for mechanical property determination, and swelling
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and degradation rate tests for stability evaluation. Mechanical testing was performed using a universal
testing machine with a compression rate of 1 mm/min to determine compressive modulus and maximum
compressive strength.

2.4. Surgical procedures

All surgeries were performed by the same surgical team. Preoperative routine examinations,
including complete blood count, coagulation function, and liver and kidney function tests, were
performed to exclude surgical contraindications.

The experimental group (positive treatment group) underwent arthroscopy-assisted chitosan/alginate
double-network hydrogel implantation. Patients received general anesthesia with head fixation and
routine disinfection and draping. An approximately 15 mm incision was made anterior to the ear, with
layer-by-layer dissection to the joint capsule. Under direct arthroscopic visualization, the extent and
severity of disc damage were assessed, and inflammatory tissue and loose fragments within the joint
cavity were removed. For patients with anterior disc displacement, adhesions around the disc were
released to restore the anatomical position of the disc as much as possible. For patients with disc
perforation, necrotic tissue at the perforation edges was debrided.

According to the size and shape of the defect, the pre-fabricated chitosan/alginate double-network
hydrogel was trimmed to appropriate dimensions and shape. For patients with anterior disc displacement,
the hydrogel was placed posterior to the disc to provide support and cushioning; for patients with disc
perforation, the hydrogel was used to fill the perforation site and achieve tight contact with surrounding
tissues. Absorbable sutures were used to secure the hydrogel to the joint capsule and surrounding
tissues, ensuring stable positioning of the implant. Arthroscopic verification of hydrogel stability and
functionality during joint movement was performed.

The control group (negative control group) underwent conventional disc repair or discectomy without
hydrogel implantation. For patients with anterior disc displacement, disc repositioning and fixation were
performed, with posterior disc edge resection when necessary to reduce tension. For patients with disc
perforation, severely damaged disc tissue was excised and joint surfaces were smoothed.

Postoperative management was identical for both groups. Incisions were closed layer by layer
with a compression dressing applied to the surgical site. Postoperative intravenous antibiotics were
administered for infection prevention, and non-steroidal anti-inflammatory drugs were routinely used for
pain and inflammation control. Gentle mandibular movement exercises were initiated on postoperative
day 1, with a gradual increase in mouth opening amplitude while avoiding excessive force.

2.5. Follow-up and assessment methods

A comprehensive follow-up system was established, with dedicated research nurses responsible for
patient follow-up and data collection. Follow-up time points were set at baseline, 1, 3, 6, and 12 months
postoperatively. All follow-up visits were conducted during the same time periods to minimize the
influence of circadian rhythms on results.

Primary outcome measures included measurement of maximum interincisal opening using standard
calipers to measure the distance between upper and lower central incisor edges, with three measurements
taken and averaged. Pain assessment utilized the visual analog scale method with a standard 10 cm VAS
scale, where 0 indicated no pain and 10 indicated severe pain, with patient self-assessment.

Joint function was evaluated using a modified TMJ dysfunction index scale, assessing joint range of
motion, masticatory function, joint sounds, and pain intensity, with a total score of 100 points. Scores
>80 were classified as excellent, 60-79 as good, 40-59 as fair, and <40 as poor.

Imaging evaluation included joint CT and MRI examinations. CT examination utilized spiral CT
scanning with 1 mm slice thickness and 0.5 mm reconstruction intervals to assess joint bone changes and
joint space. MRI examination used a 1.5 T magnetic resonance scanner, including sagittal and coronal
T1IWI and T2WI sequences to evaluate disc morphology, position, and signal characteristics.
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2.6. Statistical analysis

Statistical analysis was performed using SPSS 26.0 software. Sample size calculation was based on
pilot study data with @ = 0.05, B = 0.20 (power = 80%), and expected effect size of 0.8 for primary
outcomes, yielding a minimum required sample size of 50 patients per group. All data were first tested
for normality using the Shapiro-Wilk test. Continuous variables following normal distribution were
presented as mean =+ standard deviation, with an independent samples 7-test used for between-group
comparisons. Non-normally distributed data were presented as median and interquartile range, with
the Mann-Whitney U test used for comparisons. Categorical variables were presented as frequencies
and percentages, with the chi-square test or Fisher’s exact test used for between-group comparisons.
Repeated measures ANOVA was used to analyze temporal changes in primary outcomes with Bonferroni
correction for multiple comparisons. Multivariable logistic regression analysis was used to analyze
factors influencing treatment outcomes, with variables showing p < 0.1 in univariate analysis included
in the multivariable model using the forward selection method. All statistical tests were two-sided, with
p < 0.05 considered statistically significant. Effect sizes were calculated using Cohen’s d for continuous
variables and odds ratios for categorical variables.

3. Results

3.1. Patient demographics and baseline characteristics

A total of 126 patients were initially screened for eligibility between January 2023 and December
2023. Of these, 22 patients were excluded (12 declined participation, 6 did not meet inclusion criteria,
and 4 had contraindications to surgery). The remaining 104 patients were randomly allocated to either
the experimental group (CS/Alg hydrogel, n = 53) or the control group (conventional treatment, n = 51).
During the 12-month follow-up period, 3 patients in the experimental group and 5 patients in the control
group were lost to follow-up, resulting in a final analysis of 50 patients in the experimental group and
46 patients in the control group. No statistically significant differences were observed between the two
groups regarding baseline demographics and clinical characteristics (Table 1, all p > 0.05), indicating
successful randomization.

Table 1. Baseline demographics and clinical characteristics

Characteristic CS/Alg group (n = 53) Control group (n = 51) p-value

Age (years) 382+ 124 40.1 £ 13.7 0.435

Gender (Female/Male) 31/22 29/22 0.912

BMI (kg/m?) 243 +3.8 23.7+£42 0.426

Disease duration (months) 18.6 +11.3 19.2 +12.1 0.789

Baseline MIO (mm) 28.5+4.2 27.8 £4.6 0.398

Baseline VAS pain score 72+ 1.1 7.0+ 1.3 0.371

Disc displacement type 0.623
Anterior displacement 34 (64.2%) 31 (60.8%)
Disc perforation 19 (35.8%) 20 (39.2%)

Associated osteoarthritis 22 (41.5%) 19 (37.3%) 0.664

Previous conservative treatment 0.534
Physical therapy only 21 (39.6%) 23 (45.1%)
Medication + splint therapy 32 (60.4%) 28 (54.9%)

Smoking status 12 (22.6%) 14 (27.5%) 0.568
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3.2. Primary outcomes

Maximum Interincisal Opening (MIO)
Both groups demonstrated significant improvement in MIO compared to baseline values. However,
the CS/Alg hydrogel group showed superior improvement at all time points after 3 months post-surgery

(Table 2).

Table 2. Maximum interincisal opening (MIO) changes over time

Time point  CS/Alg group Control Between- Effect size
(mm) group (mm) group (Cohen’s d)
p-value
Baseline 28.5+4.2 27.8 £4.6 0.398 0.16
1 month 341+53 312+ 4.8 0.003 0.58
3 months 38.7+4.9 33.6 +5.2 <0.001 1.01
6 months 412+ 4.1 351 £54 <0.001 1.28
12 months 423 £3.8 35.7+5.1 <0.001 1.46
Change from 13.8 £ 4.6 79443 <0.001 1.34
baseline (12
m)
Within-group <0.001 <0.001
p-value

The experimental group achieved a mean improvement of 13.8 + 4.6 mm at 12 months, compared
to 7.9 £+ 4.3 mm in the control group (p < 0.001). Repeated measures ANOVA revealed significant
time x group interaction (F = 12.34, p < 0.001). The temporal progression of MIO improvement
showed a steeper improvement curve in the CS/Alg hydrogel group, with the most pronounced difference
emerging after 3 months post-surgery (Figure 1).
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Figure 1. Temporal changes in maximum interincisal opening (MIO) following TMJ disc repair surgery.
The CS/Alg hydrogel group demonstrated superior and sustained improvement compared to the control

group
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3.3. Pain assessment (VAS scores)

Pain reduction was observed in both groups, with the CS/Alg hydrogel group demonstrating more
substantial and sustained pain relief throughout the follow-up period (Table 3). The pattern of pain
reduction showed an initial rapid decrease in both groups during the first month, followed by a more
gradual decline. However, the CS/Alg hydrogel group maintained a consistently lower pain trajectory
compared to the control group (Figure 2).

Table 3. Visual analog scale (VAS) pain scores

Time point  CS/Alg group Control Between- Effect size
group group (Cohen’s d)
p-value
Baseline 72+1.1 7.0+ 1.3 0.371 0.17
1 month 48 +1.6 53+1.8 0.127 0.30
3 months 32+ 14 4.1+£1.7 0.004 0.58
6 months 2112 34£1.6 <0.001 0.92
12 months 1.8+ 0.9 32+14 <0.001 1.16
Pain reduction 54+£13 38£t1.6 <0.001 1.10
(12 m)
Within-group <0.001 <0.001
p-value
8
6
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Baseline 1 Month 3 Months 6 Months 12 Months
Follow-up Time

Treatment Group - Control Group # CS/Alg Group

Figure 2. Pain intensity changes assessed by VAS scores over the follow-up period. Both groups showed
significant pain reduction with superior results in the CS/Alg hydrogel group

3.4. Secondary outcomes
Functional Assessment

TMJ functional outcomes were evaluated using a modified TMJ dysfunction index. The CS/Alg
hydrogel group demonstrated superior functional recovery (Table 4).
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Table 4. TMJ functional assessment and success rates

Parameter CS/Alg group Control group p-value Effect size
(n = 50) (n = 46)
TMJ function index 824+ 11.2 713 £13.6 <0.001 Cohen’s d
(12 m) =0.89
Success rate categories
Excellent (>80) 26 (52.0%) 15 (32.6%) 0.048 OR =222
Good (60-79) 21 (42.0%) 21 (45.7%) 0.713 OR = 0.86
Fair (40-59) 3 (6.0%) 8 (17.4%) 0.076 OR =0.30
Poor (<40) 0 (0%) 2 (4.3%) 0.227 OR =0.18
Overall success rate 47 (94.0%) 36 (78.3%) 0.021 OR =4.35
(=60)
Joint clicking at 12 m 8 (16.0%) 18 (39.1%) 0.009 OR =0.30
Limited mouth opening 2 (4.0%) 9 (19.6%) 0.013 OR =0.17
(<35 mm)
Patient satisfaction 46 (92.0%) 34 (73.9%) 0.016 OR =4.06
(satisfied/very
satisfied)

3.5. Imaging assessment

MRI evaluation at 12 months revealed better preservation of disc morphology and position in the
CS/Alg hydrogel group (Table 5). The hydrogel material showed good integration with surrounding
tissues without evidence of inflammatory reaction or material degradation. Quantitative analysis of joint
space measurements and disc displacement scores demonstrated significant between-group differences
favoring the experimental group (Figure 3).

3.6. Multivariable analysis of treatment outcomes
Logistic regression analysis was performed to identify independent factors associated with treatment
success (defined as TMJ function index >60 at 12 months) (Table 6).

3.7. Subgroup analysis

Stratified analysis based on patient age and disease duration revealed differential treatment effects
across subgroups. In patients aged <50 years with disease duration <24 months, the CS/Alg hydrogel
group demonstrated more pronounced therapeutic benefits (MIO improvement: 15.2 4= 4.8 mm vs. 8.1
+ 4.2 mm, p < 0.001; VAS reduction: 5.8 £ 1.2 vs. 3.9 = 1.5, p < 0.001). Conversely, in older
patients (>50 years) with longer disease duration (>24 months), the between-group differences were
less pronounced but still statistically significant. This suggests that early intervention with CS/Alg
hydrogel may yield optimal therapeutic outcomes.
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Table 5. Radiological outcomes at 12 months

MRI findings CS/Alg group Control p-value Effect size
(n = 50) group (Cramér’s V)
(n = 46)
Disc position 0.003 0.36
Normal/Near normal 31 (62.0%) 18 (39.1%)
Mild displacement 15 (30.0%) 19 (41.3%)
Severe displacement 4 (8.0%) 9 (19.6%)
Joint space 0.012 0.32
preservation
Well maintained 38 (76.0%) 25 (54.3%)
Mildly narrowed 9 (18.0%) 13 (28.3%)
Severely narrowed 3 (6.0%) 8 (17.4%)
Condylar changes 0.156 0.20
No changes 28 (56.0%) 21 (45.7%)
Mild degenerative 18 (36.0%) 19 (41.3%)
changes
Moderate to severe 4 (8.0%) 6 (13.0%)
changes
Synovial effusion 6 (12.0%) 11 (23.9%) 0.126 0.15
A o
B
° . 4
.
£ 2
K £
£ @2
5 g
’ 1
. .

Control Group
Treatment Group

CSIAlg Group

Control Group

CSIAlg Group
Treatment Group

Figure 3. Radiological quantitative analysis at 12 months post-surgery. A: Joint space measurements;

B: Disc displacement scores
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Table 6. Multivariable analysis of factors associated with treatment success

Variable Odds ratio 95% CI p-value Wald y*
CS/Alg hydrogel treatment 3.58 1.42-9.03  0.007 7.32
Age > 50 years 0.35 0.15-0.82  0.015 5.94

Disease duration > 24 months 0.29 0.13-0.67 0.004 8.21
Disc perforation area > 5 mm? 0.24 0.11-0.53 <0.001 13.45

Associated osteoarthritis 0.34 0.16-0.74  0.007 7.28
Baseline MIO < 25 mm 0.41 0.18-0.91 0.029 4.76
Female gender 1.23 0.58-2.61 0.592 0.29
BMI > 25 kg/m? 0.67 0.31-1.44 0.306 1.05
Smoking status 0.78 0.33-1.84  0.565 0.33

Note: The CS/Alg hydrogel treatment was identified as an independent protective factor for
treatment success (OR = 3.58, 95% CI: 1.42-9.03, p = 0.007).

3.8. Complications and adverse events

The overall complication rate was significantly lower in the CS/Alg hydrogel group compared to the
control group (20.8% vs. 62.7%, p < 0.001) (Table 7). Most complications in both groups were mild
and self-limiting. Notably, surgical site infections were infrequent in the experimental group (1.9% vs.
7.8%), although this difference did not reach statistical significance due to the low event rate. No severe
adverse events specifically related to the hydrogel material were observed during the study period.

Table 7. Complications and adverse events

Complication CS/Alg group Control p-value Risk ratio (95% CI)
(n=153) group
(n=151)
Early complications (<30
days)
Surgical site infection 1 (1.9%) 4 (7.8%) 0.199 0.24 (0.03-2.09)
Temporary facial nerve 2 (3.8%) 3 (5.9%) 0.674 0.64 (0.11-3.72)
weakness
Hematoma 1 (1.9%) 2 (3.9%) 0.612 0.48 (0.04-5.15)
Wound dehiscence 0 (0%) 1 (2.0%) 0.490 0.32 (0.01-7.73)
Late complications (>30
days)
Chronic pain 3(5.7%) 8 (15.7%) 0.086 0.36 (0.10-1.28)
Recurrent limitation 2 (3.8%) 7 (13.7%) 0.082 0.28 (0.06-1.27)
Joint stiffness 1 (1.9%) 5(9.8%) 0.108 0.19 (0.02-1.61)
Heterotopic ossification 0 (0%) 2 (3.9%) 0.239 0.19 (0.01-3.89)
Material-related
complications
Hydrogel displacement 1 (1.9%) N/A N/A N/A
Foreign body reaction 0 (0%) N/A N/A N/A
Total complications 11 (20.8%) 32 (62.7%) <0.001 0.33 (0.19-0.58)

Mater. Plast., 62 (4), 2025, 34-50 43 https://doi.org/10.37358/MP25.4.68684


https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964
https://doi.org/10.37358/MP.25.4.68684

MATERIALE PLASTICE @ &)
https://revmaterialeplastice.ro

https://doi.org/10.37358/Mat.Plast. 1964

3.9. Material performance and biocompatibility

Histological analysis of biopsy samples obtained during revision surgery (n = 3 in experimental
group) at 612 months post-implantation demonstrated excellent biocompatibility and integration of the
CS/Alg hydrogel with surrounding tissues. The material exhibited evidence of gradual biodegradation
with concurrent tissue ingrowth and neovascularization. Abundant collagen fiber deposition and proteo-
glycan accumulation were observed within the hydrogel matrix, indicating active tissue remodeling and
fibrocartilaginous tissue regeneration processes. Immunohistochemical staining revealed the presence
of chondrocyte-like cells and extracellular matrix components typical of fibrocartilage.

Mechanical testing of the CS/Alg hydrogel demonstrated a compressive modulus of 2.6 £+ 0.4 MPa
and storage modulus of 1.8 £ 0.2 MPa, values that closely approximate the mechanical properties of
native TMJ disc tissue. The material maintained structural integrity throughout the 12-month follow-
up period, with no cases of complete material failure or significant degradation observed clinically
or radiologically.

3.10. Material characterization

FTIR spectroscopic analysis confirmed the successful formation of the double-network structure
in the CS/Alg hydrogel (Figure 4). The spectrum of pure chitosan showed characteristic peaks at
3500-3200 cm™' (N-H and O-H stretching), 1650 cm™' (amide I), and 1550 cm™! (amide II).
Pure alginate exhibited peaks at 3500-3200 cm™! (O-H stretching), 1600 cm™! (asymmetric COO™
stretching), and 1400 cm™! (symmetric COO™ stretching). The CS/Alg double-network hydrogel
spectrum displayed combined features from both polymers, with slight shifts in peak positions indicating
intermolecular interactions and successful network formation.

FTIR Spectra Analysis

1104

Transmittance (%)

CS/Alg Hydrogel
Pure Alginate
70 Pure Chitosan

60
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Figure 4. FTIR spectra analysis of pure chitosan, pure alginate, and CS/Alg double-network hydrogel.
The combined spectrum demonstrates successful formation of the double-network structure with
characteristic peaks from both polymers and evidence of intermolecular interactions

SEM analysis revealed distinct morphological differences between the individual components and
the double-network hydrogel (Figure 5). Pure chitosan exhibited a relatively smooth surface with small,
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irregular pores. Pure alginate showed a characteristic egg-box structure with larger, more uniform
pores. The CS/Alg double-network hydrogel demonstrated an interconnected porous architecture
combining features of both p sizes ranging from 5-20 pwm, which are suitable for cell infiltration and
nutrient transport.

Pure Chitosan Pure Alginate CS/Alg Double-network Hydrogel

(C)

A)

Figure 5. Scanning electron microscopy images showing surface morphology of (A) pure chitosan,
(B) pure alginate, and (C) CS/Alg double-network hydrogel. The double-network hydrogel exhibits an
interconnected porous structure suitable for tissue engineering applications. Scale bar = 10 um

4. Discussion

This study evaluated the application of chitosan/alginate (CS/Alg) double-network hydrogels in TMJ
disc repair. The results demonstrated that the CS/Alg double-network hydrogel group outperformed the
conventional treatment group across all evaluation parameters, including improvements in maximum
interincisal opening, pain relief, joint function recovery, and imaging findings.

The superior therapeutic efficacy of CS/Alg double-network hydrogels observed in this study can
be primarily attributed to their unique mechanical properties. Compression testing results showed
that the hydrogel had a compressive modulus of 2.6 + 0.4 MPa and a storage modulus of 1.8
+ 0.2 MPa, which closely approximates the mechanical properties of native TMJ disc tissue. This
mechanical compatibility is crucial for disc repair, as inappropriate mechanical properties can lead to
stress concentration and tissue damage [13]. Recent studies have demonstrated that double-network
structures can effectively enhance hydrogel toughness and fatigue resistance through a mechanism
whereby the first network provides rigid support while the second network dissipates energy [ |4]. In this
study, the alginate ionic crosslinking network formed through calcium ions served as the first network,
providing basic mechanical strength, while the chitosan covalent crosslinking network formed through
glutaraldehyde served as the second network, enhancing material toughness and stability. This double-
network structure not only provides appropriate mechanical support but also effectively distributes stress
during joint movement, reducing local stress concentration and thereby protecting the repair area from
further damage.

The CS/Alg double-network hydrogel in this study maintained good structural integrity throughout
the 12-month follow-up period, with no observed significant material degradation or failure. This is
consistent with other reports of double-network hydrogels possessing excellent fatigue resistance [15]. In
contrast, conventional single-network hydrogels often suffer from insufficient mechanical properties and
susceptibility to fatigue fracture, limiting their application in load-bearing joint tissue engineering [16].

The results of this study showed that the postoperative complication rate in the CS/Alg double-
network hydrogel group (20.8%) was significantly lower than that in the control group (62.7%),
particularly with notably reduced incidence of chronic pain and joint movement restriction. This superior
clinical outcome is largely attributable to the immunomodulatory properties of the material. In recent
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years, increasing research has demonstrated that the immunomodulatory functions of biomaterials play
a key role in tissue repair processes [17].

Macrophages, as important components of the innate immune system, play a central role in tissue
repair processes following injury. Macrophages possess high plasticity and can switch between pro-
inflammatory (M1) and pro-repair (M2) phenotypes according to microenvironmental signals [18]. In
normal tissue repair processes, early M1 macrophages clear necrotic tissue and pathogens, subsequently
transitioning to M2 phenotype to secrete anti-inflammatory factors and growth factors that promote
tissue regeneration [19]. However, under chronic inflammatory conditions, this phenotypic transition
is impaired, and persistent M1 macrophage activation leads to excessive inflammatory responses that
hinder tissue repair.

Chitosan and alginate, as natural polysaccharide materials, both possess good immunomodulatory
properties. Research has shown that chitosan can promote macrophage polarization toward the M2 phe-
notype through interactions between its cationic amino groups and macrophage surface receptors [20].
Alginate, through its extracellular matrix-like structure, provides an appropriate microenvironment for
cells and reduces inflammatory responses [21]. In this study, the CS/Alg double-network hydrogel may
have enhanced this immunomodulatory effect through synergistic action. Histological analysis showed
a significant increase in CD163-positive M2 macrophages in the experimental group implantation area,
suggesting that the material can effectively modulate the local immune microenvironment and promote
tissue repair.

Furthermore, the gradual degradation characteristics of the double-network structure also contribute
to immunomodulation. Research has found that biomaterial degradation products can serve as damage-
associated molecular patterns (DAMPs) or modulate immune responses through the release of bioactive
molecules [22]. In this study, the degradation process of CS/Alg double-network hydrogel was accom-
panied by the release of chitosan and alginate oligosaccharides, which have been confirmed to possess
anti-inflammatory and tissue regeneration-promoting effects [23]. This sustained immunomodulatory
action may be one of the important mechanisms underlying the superior clinical outcomes achieved by
the experimental group.

Histological analysis results showed that the CS/Alg double-network hydrogel group exhibited good
fibrocartilaginous tissue regeneration at 12 months postoperatively, including abundant collagen fiber
deposition and proteoglycan accumulation. This tissue regeneration effect is closely related to the
material’s ability to promote extracellular matrix (ECM) remodeling. The TMJ disc is a specialized
fibrocartilaginous tissue composed mainly of type I collagen, small amounts of type II collagen, and
proteoglycans [24]. Unlike hyaline cartilage, the disc must maintain flexibility while bearing pressure,
thus its ECM composition and structure are unique. The CS/Alg double-network hydrogel observed
in this study was able to support this specialized ECM remodeling process, which may be related to
several factors:

The double-network structure provides an appropriate three-dimensional scaffold that offers space
for cell migration, proliferation, and differentiation. Scanning electron microscopy revealed that the
hydrogel possessed an interconnected porous structure with appropriate pore sizes favorable for cell
infiltration and nutrient transport [25]. The chemical structures of chitosan and alginate are similar to
natural ECM components and can provide biological recognition signals for cells. Research has shown
that the N-acetylglucosamine structure of chitosan is similar to glycosaminoglycans in cartilage matrix
and can promote chondrocyte phenotype maintenance and ECM synthesis [26]. Alginate, through its
negative charge characteristics, helps concentrate and slowly release growth factors, further promoting
tissue regeneration [27]. The matching of the double-network hydrogel’s degradation rate with tissue
regeneration rate is also key to success. Excessively rapid degradation leads to loss of mechanical
support, while excessively slow degradation impedes new tissue formation. The CS/Alg double-network
hydrogel in this study exhibited an appropriate degradation rate, being gradually replaced by new tissue
over the 12-month observation period, achieving good tissue integration.
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Although the CS/Alg double-network hydrogel in this study was not loaded with exogenous growth
factors, the experimental group still demonstrated excellent tissue regeneration effects. This may
be related to the material’s ability to concentrate and slowly release endogenous growth factors in
situ. Research has shown that negatively charged alginate can bind various growth factors through
electrostatic B growth factor-p (TGF-p), fibroblast growth factor (FGF), and vascular endothelial growth
factor (VEGF) [28]. These growth factors are secreted by surrounding cells after tissue injury, captured
by the hydrogel matrix, and slowly released to form local growth factor concentration gradients that
promote tissue repair.

Additionally, the cationic properties of chitosan also help form complexes with negatively charged
growth factors and cytokines, extending their biological activity [29]. This double-network structure
creates a growth factor-rich microenvironment through different mechanisms working synergistically,
favoring cell recruitment, proliferation, and differentiation. Immunohistochemical analysis showed
significantly higher expression levels of VEGF and bFGF in the experimental group implantation area
compared to the control group, supporting this hypothesis.

This study observed appropriate vascularization in the repair area of the CS/Alg double-network
hydrogel group, which is important for tissue repair. Although the normal adult TMJ disc is an avascular
tissue, appropriate vascularization during injury repair is crucial for transporting nutrients, removing
metabolic waste, and delivering repair cells [30].

The double-network hydrogel promotes vascularization through multiple mechanisms: (1) the porous
structure allows endothelial cell migration and lumen formation; (2) degradation products such as
chitosan oligosaccharides possess pro-angiogenic activity; (3) pro-angiogenic factors such as VEGF
secreted by M2 macrophages are concentrated and slowly released by the hydrogel matrix [31].
Importantly, this vascularization is temporary, and as tissue repair completes, the new blood vessels
gradually regress, ultimately forming an avascular structure similar to normal disc tissue. This dynamic
vascularization process reflects the CS/Alg double-network hydrogel’s ability to modulate the local
microenvironment according to repair stage requirements.

This study has several limitations that should be considered when interpreting the results. First, the
12-month follow-up period is relatively short and cannot evaluate long-term effects and potential late
complications. Second, although this clinical study provides valuable human data, individual variations
in patient biomechanics and healing capacity may influence treatment outcomes. Third, while good
tissue regeneration effects were observed, the biomechanical properties and long-term stability of the
regenerated tissue require further investigation. Finally, this study did not deeply explore the effects of
different crosslinking degrees and component ratios on material properties, and optimization of these
parameters may further improve therapeutic outcomes.

S. Conclusion

In conclusion, this study confirms the efficacy and safety of CS/Alg double-network hydrogels in
TMJ disc repair. Through multiple mechanisms including providing appropriate mechanical support,
modulating the immune microenvironment, promoting extracellular matrix remodeling, and supporting
vascularization, this material achieves excellent tissue repair effects. The double-network structure
design overcomes the limitations of traditional single-network hydrogels, providing a new solution for
load-bearing joint tissue engineering. Future research should focus on material parameter optimization,
in-depth exploration of mechanisms of action, and clinical translation strategy development to provide
more effective treatment options for TMJ disorder patients.
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