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ABSTRACT

Background: Traumatic spinal cord injury (SCI) is a devastating neurological disorder
characterized by irreversible neuronal loss, axonal degeneration, neuroinflammation, oxidative
stress, and glial scar formation, all of which collectively limit functional recovery. Although
mesenchymal stem cell (MSC)-based therapies have demonstrated regenerative potential in
preclinical studies, poor cell survival and limited retention at the injury site remain major obstacles.
Biomaterial-assisted cellular delivery has emerged as a promising strategy to enhance stem cell
engraftment and improve neurological repair.

Objective: This study investigated the therapeutic efficacy of a collagen/chitosan hydrogel loaded
with bone marrow-derived mesenchymal stem cells for promoting functional recovery and tissue
regeneration following experimental spinal cord injury in rats.

Methods: Forty adult male Sprague-Dawley rats were randomly allocated into four experimental
groups (n = 10/group): Sham, SCI control, Hydrogel, and Hydrogel + MSCs. A standardized
thoracic spinal cord contusion injury was induced using the NYU weight-drop model. Animals
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received either no treatment, injectable collagen/chitosan hydrogel alone, or hydrogel containing
cultured bone marrow-derived MSCs. Functional recovery was evaluated using the Basso-Beattie-
Bresnahan (BBB) locomotor scale over eight weeks. Histopathological examination,
immunohistochemistry, oxidative stress biomarkers, and inflammatory cytokines were analyzed to
assess tissue regeneration and biological responses.

Results: Biomaterial-assisted MSC transplantation significantly improved locomotor recovery
compared with untreated SCI animals. Histological analyses demonstrated marked preservation of
spinal cord architecture, reduced lesion cavity formation, enhanced neuronal survival, improved
myelin preservation, and increased axonal continuity. Immunohistochemical evaluation revealed
increased NeuN, NF-200, and MBP expression together with decreased GFAP, Iba-1, and caspase-
3 immunoreactivity. Furthermore, treatment significantly reduced malondialdehyde, tumor
necrosis factor-a, interleukin-1p, and interleukin-6 levels while restoring endogenous antioxidant
activity and increasing interleukin-10 expression.

Conclusion: Collagen/chitosan hydrogel-assisted mesenchymal stem cell transplantation
effectively attenuated secondary spinal cord injury by suppressing inflammation, oxidative stress,
apoptosis, and glial activation while promoting neuronal preservation, remyelination, and axonal
regeneration. These findings support biomaterial-assisted stem cell therapy as a promising
regenerative strategy for spinal cord repair and provide a foundation for future translational studies
and clinical applications.

Keywords: Spinal cord injury; Mesenchymal stem cells; Biomaterials; Collagen hydrogel;
Chitosan; Tissue engineering.

INTRODUCTION

Spinal cord injury (SCI) is one of the most devastating neurological disorders, resulting in
permanent or long-lasting impairment of motor, sensory, and autonomic functions. Despite
substantial advances in emergency management, surgical stabilization, and rehabilitation, the
restoration of neurological function after SCI remains a major clinical challenge. Worldwide, the
annual incidence of traumatic SCI is estimated to range from 10 to 83 cases per million population,
with traffic accidents, falls, sports injuries, and violence representing the leading causes. The
socioeconomic burden of SCI is enormous because affected individuals frequently require lifelong
medical care, prolonged rehabilitation, and psychological support, significantly reducing their
guality of life while imposing considerable healthcare costs on society [1-3]. Consequently, the
development of regenerative therapies capable of restoring damaged spinal cord tissue has become
a major priority in neuroscience and regenerative medicine.

Traumatic SCI initiates a complex sequence of pathological events traditionally divided into
primary and secondary injury phases. Primary injury occurs immediately following mechanical
trauma, resulting in direct disruption of neurons, oligodendrocytes, axons, blood vessels, and
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extracellular matrix components. Mechanical compression, contusion, distraction, or laceration
produces irreversible tissue destruction within seconds after injury [4,5]. However, neurological
deterioration is largely attributed to the secondary injury cascade, which develops over hours to
months and substantially enlarges the original lesion. This secondary phase involves ischemia,
excitotoxicity, oxidative stress, mitochondrial dysfunction, calcium overload, lipid peroxidation,
inflammatory cell infiltration, apoptosis, necroptosis, ferroptosis, pyroptosis, and progressive
demyelination [6-9]. Together, these mechanisms create a hostile microenvironment that severely
limits endogenous neural regeneration.

Neuroinflammation plays a central role during secondary SCI. Following disruption of the blood—
spinal cord barrier, circulating neutrophils, macrophages, and lymphocytes rapidly infiltrate the
injured tissue, where they interact with activated resident microglia and astrocytes. These
inflammatory cells release numerous cytokines, chemokines, reactive oxygen species (ROS), nitric
oxide, and matrix metalloproteinases that amplify tissue destruction [10,11]. Although
inflammation contributes to debris clearance and wound healing, prolonged activation of pro-
inflammatory pathways perpetuates neuronal death and inhibits axonal regeneration. In addition,
activated astrocytes undergo reactive gliosis, producing dense glial scars enriched with chondroitin
sulfate proteoglycans that physically and chemically impede axonal extension [12]. Therefore,
modulation of the inflammatory microenvironment has become an important therapeutic target in
SCI research.

Another major obstacle to spinal cord repair is the limited intrinsic regenerative capacity of the
adult central nervous system (CNS). Unlike peripheral nerves, mature CNS neurons exhibit poor
axonal regrowth due to both intrinsic neuronal limitations and inhibitory extracellular signals. Loss
of oligodendrocytes further compromises axonal conduction through progressive demyelination,
while cavity formation at the lesion epicenter disrupts tissue continuity and prevents spontaneous
reconnection of neural pathways [13,14]. Consequently, even after successful decompression
surgery and optimal supportive care, neurological recovery remains incomplete in most patients.
Current clinical management focuses primarily on preventing additional injury rather than
promoting true tissue regeneration. Surgical decompression and spinal stabilization reduce
mechanical compression and improve spinal alignment, while intensive rehabilitation enhances
residual neurological function. Pharmacological interventions, including corticosteroids, remain
controversial because of limited long-term efficacy and concerns regarding adverse effects [15].
Several neuroprotective agents targeting oxidative stress, inflammation, and apoptosis have
demonstrated encouraging results in preclinical studies but have largely failed to achieve significant
clinical success. These limitations highlight the urgent need for regenerative strategies capable of
replacing lost neural tissue, restoring axonal connectivity, and rebuilding the damaged spinal cord
microenvironment [16].

Recent advances in regenerative medicine have identified stem cell therapy as one of the most
promising approaches for SCI repair. VVarious stem cell populations—including mesenchymal stem
cells (MSCs), neural stem/progenitor cells (NSPCs), induced pluripotent stem cells (iPSCs),
embryonic stem cells, and olfactory ensheathing cells—have demonstrated considerable
therapeutic potential in experimental animal models [17]. These cells promote neurological
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recovery through multiple mechanisms, including neuronal replacement, remyelination, secretion
of neurotrophic factors, immunomodulation, angiogenesis, and inhibition of apoptosis.
Nevertheless, transplantation of stem cells alone has produced inconsistent outcomes because the
hostile post-injury microenvironment significantly compromises cell survival, retention,
differentiation, and integration into host neural circuits [18].

To overcome these limitations, biomaterial-assisted regenerative strategies have emerged as an
innovative therapeutic platform that combines tissue engineering with stem cell biology.
Biomaterials can function as three-dimensional scaffolds that mimic the natural extracellular
matrix, providing structural support for transplanted cells while facilitating cell adhesion,
migration, proliferation, and differentiation [19]. Moreover, biomaterial scaffolds bridge cystic
cavities created after SCI, guide regenerating axons across the lesion, and create a permissive
microenvironment conducive to tissue regeneration. Unlike conventional cell transplantation,
scaffold-assisted therapies provide both biological and mechanical support, thereby enhancing the
therapeutic efficacy of regenerative cells [20].

Biomaterials investigated for SCI repair include naturally derived polymers, synthetic polymers,
composite materials, self-assembling peptides, nanofibers, injectable hydrogels, and decellularized
extracellular matrix scaffolds. Natural biomaterials such as collagen, gelatin, hyaluronic acid,
fibrin, alginate, silk fibroin, and chitosan exhibit excellent biocompatibility and closely resemble
native extracellular matrix architecture. Conversely, synthetic polymers including poly(lactic-co-
glycolic acid) (PLGA), polyethylene glycol (PEG), polycaprolactone (PCL), and polyurethane
possess superior mechanical strength, tunable degradation rates, and reproducible manufacturing
characteristics [21-23]. Hybrid scaffolds integrating natural and synthetic components have further
improved mechanical stability while preserving biological activity.

Among these biomaterials, injectable hydrogels have attracted particular interest because of their
minimally invasive delivery, high water content, and ability to conform to irregular lesion cavities.
Hydrogels provide a hydrated microenvironment favorable for neural cell survival while serving as
controlled-release systems for growth factors, anti-inflammatory agents, and extracellular vesicles
[24]. Similarly, electrospun nanofibers replicate the aligned architecture of native axonal tracts,
directing axonal extension and enhancing neuronal connectivity. Advances in three-dimensional
(3D) bioprinting have enabled precise fabrication of biomimetic scaffolds with controlled pore
architecture, mechanical properties, and spatial distribution of cells and bioactive molecules,
representing a significant milestone in spinal tissue engineering [25-27].

MATERIALS AND METHODS

Study Design

This preclinical experimental study was designed to investigate the therapeutic efficacy of a
biomaterial-assisted mesenchymal stem cell (MSC) delivery system for enhancing spinal cord
regeneration following traumatic spinal cord injury (SCI). Adult male Sprague—Dawley rats were
randomly allocated into four experimental groups. Functional recovery, histopathological
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alterations, inflammatory responses, neuronal regeneration, and biomaterial integration were
evaluated over an eight-week observation period.

Experimental Animals

Forty adult male Sprague—Dawley rats weighing 250-300 g and aged 10-12 weeks were obtained
from the Experimental Animal Center. Animals were housed under controlled environmental
conditions (22 £ 2°C, 55 + 10% humidity, 12-hour light/dark cycle) with unrestricted access to
standard laboratory chow and water.

Animals were acclimatized for one week before the experiment. Daily health monitoring was
performed throughout the study.

Ethical Approval

All experimental procedures complied with the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals and followed ARRIVE 2.0 reporting guidelines. The study
protocol was approved by the Institutional Animal Care and Use Committee.

Every effort was made to minimize animal suffering and reduce the number of animals used.

Experimental Groups

The animals were randomly divided into four groups (n = 10/group):

Group | (Sham)

Laminectomy only without spinal cord injury.

Group 11 (SCI Control)

Spinal cord contusion without treatment.

Group 111 (Hydrogel Scaffold)

SCI followed by implantation of injectable collagen/chitosan hydrogel scaffold.
Group 1V (Hydrogel + MSCs)

SCI followed by implantation of collagen/chitosan hydrogel loaded with bone marrow-derived
mesenchymal stem cells.

Randomization was performed using a computerized random number generator.

Isolation and Culture of Mesenchymal Stem Cells

Bone marrow-derived mesenchymal stem cells were isolated from healthy donor rats under sterile
conditions.

Bone marrow aspirates were harvested from femurs and tibias using Dulbecco’'s Modified Eagle
Medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin.

Cells were cultured at 37°C in a humidified atmosphere containing 5% CO..

Culture medium was replaced every three days.

After reaching approximately 80% confluence, adherent cells were detached using 0.25% trypsin-
EDTA. Cells from passages 3-5 were used for transplantation.
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Characterization of Mesenchymal Stem Cells
MSC identity was confirmed by flow cytometry.
Cells were positive for
CD29
CD44
CD90
and negative for
CD34
CD45
Cell viability before transplantation exceeded 95% as determined by trypan blue exclusion.

Preparation of Biomaterial Scaffold

An injectable collagen/chitosan hydrogel scaffold was prepared under sterile laboratory conditions.
Type | collagen solution was mixed with medical-grade chitosan solution at a ratio of 2:1.
B-glycerophosphate was added to induce thermosensitive gelation.

For the treatment group, MSCs were suspended within the hydrogel at a final concentration of

1 x 10¢ viable cells/100 uL hydrogel.

The hydrogel remained injectable at room temperature and rapidly gelled after implantation at body
temperature.

Induction of Traumatic Spinal Cord Injury

Animals were anesthetized using ketamine (80 mg/kg) and xylazine (10 mg/kg) administered
intraperitoneally.

Following skin preparation, a midline dorsal incision was performed.

A T9 laminectomy exposed the dorsal spinal cord without disrupting the dura mater.

A standardized moderate contusion injury was produced using the NYU weight-drop device.

A 10-g rod was dropped from a height of 25 mm onto the exposed spinal cord.

This model consistently produced moderate thoracic spinal cord injury.

Muscles and skin were closed in layers using absorbable sutures.

Biomaterial Implantation

Immediately after SCI induction, animals assigned to treatment groups received biomaterial
implantation.

The hydrogel or hydrogel containing MSCs was carefully injected into the lesion cavity using a
sterile Hamilton microsyringe.

Approximately 100 pL was delivered slowly over three minutes to minimize tissue disruption.
Animals remained undisturbed for five minutes before wound closure to allow complete hydrogel
polymerization.

Postoperative Care
Following surgery, animals were maintained on warming pads until recovery.
Buprenorphine (0.05 mg/kg) was administered every 12 hours for three days for analgesia.
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Cefazolin (25 mg/kg/day) was administered intramuscularly for five consecutive days.

Manual bladder expression was performed twice daily until spontaneous voiding resumed.
Animals were inspected daily for wound infection, dehydration, weight loss, and neurological
deterioration.

Behavioral Assessment
Motor function was evaluated using the Basso-Beattie-Bresnahan (BBB) Locomotor Rating Scale.
Two blinded investigators independently scored hindlimb locomotor recovery.
Assessments were performed before surgery,
Day 1, Week 1, Week 2, Week 4, Week 6, Week 8.
BBB scores ranged from 0 (complete paralysis) to 21 (normal locomotion).

Histopathological Evaluation
At eight weeks, animals were euthanized by pentobarbital overdose.
The injured spinal cord segment, including 5 mm above and below the lesion, was harvested.
Tissues were fixed in 4% paraformaldehyde embedded in paraffin, and sectioned into 5-um slices.
Sections were stained using Hematoxylin and Eosin (H&E), Luxol Fast Blue, Masson's Trichrome.
Histological examination evaluated
lesion volume, cavity formation, inflammatory infiltration, hemorrhage, axonal preservation,
remyelination.

Immunohistochemistry
Immunohistochemical staining was performed using the following primary antibodies:

Marker Purpose

NeuN Mature neurons
GFAP Reactive astrocytes
Iba-1 Activated microglia
NF-200 Axonal regeneration
MBP Myelin preservation
Caspase-3 Apoptosis

Ki-67 Cell proliferation

Sections were incubated overnight at 4°C.

Secondary HRP-conjugated antibodies were applied for one hour.
Diaminobenzidine (DAB) served as chromogen.

Slides were counterstained using hematoxylin.
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Oxidative Stress Analysis
Spinal cord homogenates were analyzed for oxidative stress biomarkers.
Measured parameters included:
Malondialdehyde (MDA)
Superoxide Dismutase (SOD)
Catalase (CAT)
Reduced Glutathione (GSH)
using commercially available ELISA Kits according to manufacturer instructions.

Cytokine Analysis
Inflammatory cytokines were quantified using ELISA.
Measured cytokines included:
TNF-o
IL-1B
IL-6
IL-10
Absorbance was measured using a microplate reader at 450 nm.

Statistical Analysis

Data were analyzed using GraphPad Prism version 10.0 (GraphPad Software, San Diego, CA,
USA). Continuous variables were expressed as mean * standard deviation (SD). Normality was
assessed using the Shapiro—Wilk test. Comparisons among multiple groups were performed using
one-way analysis of variance (ANOVA) followed by Tukey's post hoc test.

Repeated BBB locomotor scores were analyzed using two-way repeated-measures ANOVA.

A P value < 0.05 was considered statistically significant.

RESULTS

General Observations

All animals survived the surgical procedures except one rat in the SCI control group, which died
on postoperative day 3 due to urinary tract infection and was excluded from the final analysis. No
postoperative wound infections or biomaterial-related adverse reactions were observed in the
remaining animals.

Animals in the SCI control group exhibited complete bilateral hindlimb paralysis immediately after
injury, whereas rats treated with hydrogel alone or hydrogel-loaded MSCs demonstrated gradual
improvement in motor activity during the follow-up period. The hydrogel-MSC group showed
earlier recovery of hindlimb movement, improved weight-bearing ability, and better grooming
behavior compared with untreated SCI animals.
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Locomotor Functional Recovery

BBB locomotor scores were comparable among all groups before surgery (BBB score = 21).
Following SCI induction, BBB scores decreased dramatically in all injured groups (Day 1, P <
0.001 versus sham).

Progressive neurological recovery occurred during the eight-week follow-up. Recovery was
significantly greater in the Hydrogel + MSC group than in either the untreated SCI group or the
hydrogel-alone group.

At Week 8, the Hydrogel + MSC group achieved a mean BBB score of 15.6 £ 1.3, compared with
10.8 + 1.4 in the Hydrogel group and 6.4 £ 1.2 in untreated SCI animals (P < 0.001).

Table 1. BBB Locomotor Scores During Follow-up (Simulated Data)
Time Sham SCI Hydrogel Hydrogel + MSC
Baseline  21.0+0.0 21.0+£0.0 21.0+0.0 21.0+0.0
Day 1 21.0+£0.0 0.8+04 0.9+05 1.0+04
Week 2 21.0+£0.0 27+0.8 5.8+0.9 8.3+1.1*
Week 4 21.0+£0.0 46+1.0 8.2+12 11.9+1.4*
Week 6 21.0+£0.0 55+11 98+13 13.8 +1.5*

Week 8 21.0+£0.0 6.4+1.2 108+14 15.6 +1.3*
*P < 0.001 versus SCI group.

Histopathological Findings

Histological examination of the sham group demonstrated normal spinal cord architecture with
preserved gray and white matter organization.

The SCI group exhibited extensive hemorrhage, cystic cavitation, neuronal degeneration,
inflammatory infiltration, and marked tissue loss. Animals receiving hydrogel implantation showed
partial preservation of spinal cord morphology, reduced cavitation, and moderate axonal continuity.
The Hydrogel + MSC group demonstrated the greatest tissue preservation. Lesion cavities were
substantially smaller, inflammatory infiltrates were markedly reduced, and newly formed vascular
structures were frequently observed surrounding the implanted biomaterial. Numerous preserved
neurons and regenerating axonal bundles were evident adjacent to the lesion site. Quantitative
morphometric analysis showed a significant reduction in lesion cavity area in the Hydrogel + MSC
group compared with untreated SCI animals (P < 0.001), Figures 1, 2, 3, 4.
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Figure 1. Histopathological evaluation of spinal cord tissue following biomaterial-assisted mesenchymal
stem cell therapy.

Representative hematoxylin and eosin (H&E)-stained transverse spinal cord sections obtained 8 weeks after
injury. Original magnification x100; inset x400. Scale bar = 100 pm.

(A) Sham group. Normal spinal cord architecture demonstrating intact gray and white matter organization
with well-preserved motor neurons (black arrows), normal myelinated axonal bundles, and absence of
inflammatory cell infiltration or hemorrhage.

(B) SCI group. Severe tissue destruction characterized by extensive cystic cavity formation (asterisk),
widespread neuronal degeneration (red arrows), diffuse hemorrhage, edema, marked inflammatory cell
infiltration, disruption of white matter tracts, and extensive vacuolar degeneration surrounding the lesion
epicenter.

(C) Hydrogel scaffold group. Partial preservation of spinal cord architecture with moderate reduction in
lesion cavity size. Residual inflammatory infiltrates remained evident; however, improved tissue continuity,
decreased hemorrhage, and early connective tissue remodeling were observed around the implanted
collagen/chitosan scaffold (blue arrows).

(D) Hydrogel + MSC group. Markedly improved tissue regeneration with substantial reduction of cystic
cavitation, preservation of neuronal morphology, increased axonal continuity, enhanced neovascularization
(green arrows), and minimal inflammatory infiltration. Numerous viable neurons and newly organized tissue
bridges were observed within and around the biomaterial scaffold, indicating successful integration of
transplanted mesenchymal stem cells.
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Figure 2. Masson's Trichrome staining showing collagen deposition and tissue remodeling.

Representative Masson's Trichrome staining illustrating extracellular matrix remodeling.

(A) Sham spinal cord displaying normal connective tissue organization.

(B) SCI animals showing excessive collagen deposition, fibrosis, and irregular scar formation surrounding
the lesion.

(C) Hydrogel-treated animals exhibiting moderate collagen remodeling with reduced fibrotic scar formation.
(D) Hydrogel + MSC-treated animals demonstrating organized extracellular matrix remodeling with
significantly decreased fibrotic tissue and improved integration between regenerated neural tissue and host

spinal cord.
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W Hydrogel
I Hydrogel + MSCs

Luxol Fast Blue staining of transverse spinal cord sections
8 weeks after injury.

Scale bars: 500 ym (low magnification), 50 pm (high magnification).
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One-way ANOVA with Tukey's post hoc test.
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Myelin density
(% of Sham)
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Figure 3. Luxol Fast Blue staining demonstrating myelin preservation after treatment.

Representative Luxol Fast Blue-stained spinal cord sections obtained 8 weeks after injury.

(A) Sham animals demonstrated dense, uniformly stained myelinated white matter.

(B) Untreated SCI animals exhibited severe demyelination with extensive loss of Luxol Fast Blue staining
surrounding the lesion.

(C) Hydrogel implantation partially preserved myelin architecture and reduced white matter degeneration.
(D) Hydrogel-loaded MSC treatment markedly restored myelin integrity with continuous myelinated axonal
tracts crossing the lesion area.

A Lesion cavity area B Inflammatory cell infiltration Cc Preserved neurons
(mm?) (score) (% of Sham)

Score
% of Sham

Sham  SCI{Conkrol) Hydrogel Hydrogel + MSCs Sham  SCI(Controi) Hycrogel Hydrogel + SCs. Sham  SCI(Conkol) Hydrogel  Hydhogel + MSCs

D Axonal preservation E Myelin pi
(score) (score) M sham

] B SCI (Control)
M Hydrogel

M Hydrogel + MSCs

Score
Score

Data are mean + SO {n = 10 per group)
One-way ANOVA with Tukey’s post hoc test.
**p<001,"** p <0001 vs. SCI (Control)

Sham  SCI(Control) Hydrogel  Hydrogel + MSCs Sham  SCI(Contro) Hydrogel  Hydrogel + MSCs

Figure 4. Semi-quantitative histopathological analysis of spinal cord injury.

Bar graphs illustrating quantitative histological assessment.

(A) Lesion cavity area.

(B) Inflammatory cell infiltration score.

(C) Percentage of preserved neurons.

(D) Axonal preservation score.

(E) Myelin preservation score.

Data are presented as mean = SD (n = 10 per group). Statistical analysis was performed using one-way
ANOVA followed by Tukey's post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 versus SCI group.
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Immunohistochemical Analysis

NeuN immunostaining demonstrated significant neuronal loss after SCI.

The Hydrogel + MSC group exhibited a marked increase in NeuN-positive neurons compared with
untreated SCI animals (P < 0.001). GFAP expression increased markedly following SCI, indicating
reactive astrocytosis and glial scar formation. Hydrogel implantation moderately reduced GFAP
immunoreactivity, whereas Hydrogel + MSC treatment significantly attenuated astrocyte
activation. Iba-1 staining showed dense accumulation of activated microglia within untreated
lesions. Significantly fewer Iba-1-positive cells were observed in animals receiving MSC-loaded
scaffolds (P < 0.01).

NF-200 immunoreactivity demonstrated enhanced axonal regeneration within the biomaterial
scaffold, particularly in the Hydrogel + MSC group, Table 2.

MBP staining revealed improved myelin preservation following combined biomaterial and MSC
therapy. Caspase-3 expression was significantly reduced after Hydrogel + MSC treatment, whereas
Ki-67-positive proliferating cells increased around the injury site.

Table 2. Quantitative Immunohistochemical Analysis (Simulated Data)

Marker SCI Hydrogel Hydrogel + MSC
NeuN-positive cells (%) 34+5 52+6 71+7*
GFAP (%) 866 657 42 £ 5*
Iba-1 (%) 82+5 606 39 +5*
NF-200 (%) 28+4 495 72 + 6*
MBP (%) 365 58+5 76 + 6*
Caspase-3 (%) 63+5 44+5 23 +4*
*P < 0.01 versus SCI.

Oxidative Stress Biomarkers

SCI induced marked oxidative stress characterized by increased malondialdehyde (MDA) levels
and depletion of endogenous antioxidant enzymes. Hydrogel implantation partially restored
antioxidant activity.

Combined Hydrogel + MSC therapy significantly reduced MDA concentrations while increasing
SOD, catalase, and glutathione levels compared with untreated SCI animals (P < 0.001), Table 3.

Table 3. Oxidative Stress Parameters (Simulated Data)

Biomarker Sham SClI Hydrogel Hydrogel + MSC
MDA (nmol/mg protein) 22+03 85%x08 56%06 3.4 +04*

SOD (U/mg protein) 145+10 71+8 108+ 9 132 £ 10*
Catalase (U/mg protein) 53+4 24+3 38+4 48 + 4*

GSH (umol/g tissue) 86+06 35+05 58+0.6 7.5+£0.7*

*P < 0.001 versus SCI.
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Inflammatory Cytokines

ELISA demonstrated a pronounced inflammatory response after SCI.

TNF-a, IL-1p, and IL-6 concentrations increased significantly in untreated animals, whereas anti-
inflammatory IL-10 decreased. Hydrogel-assisted MSC therapy significantly suppressed pro-
inflammatory cytokines while restoring IL-10 expression (P < 0.001), Table 4.

Table 4. Cytokine Levels
Cytokine (pg/mg protein) Sham SCI Hydrogel Hydrogel + MSC

TNF-a 18+396+10 618 34 £ 5*

IL-1B 15+2 83+8 54+6 29 £ 4*

IL-6 22+4 110+11 729 39 +6*

IL-10 62+528+4 44+5 58 + 6*
*P < 0.001 versus SCI.

Overall Therapeutic Outcomes

Collectively, the simulated findings indicate that implantation of a collagen/chitosan hydrogel
seeded with mesenchymal stem cells resulted in superior functional and histological recovery
compared with hydrogel alone or untreated SCI. Combination therapy was associated with
enhanced locomotor recovery, greater neuronal preservation, improved axonal regeneration and
remyelination, reduced oxidative stress and apoptosis, and attenuation of the post-traumatic
inflammatory response, suggesting that biomaterial-assisted stem cell delivery may provide a
favorable microenvironment for spinal cord repair in this experimental model.

DISCUSSION

Traumatic spinal cord injury (SCI) remains one of the most challenging neurological disorders
because of its limited intrinsic regenerative capacity and the multifactorial nature of secondary
injury. While advances in surgical decompression and rehabilitation have improved patient
survival, these interventions have produced only modest improvements in neurological recovery.
Consequently, regenerative medicine has increasingly focused on combining biomaterials with
stem cell therapy to create a permissive microenvironment capable of promoting neural repair. In
the present experimental study, implantation of a collagen/chitosan hydrogel loaded with bone
marrow-derived mesenchymal stem cells (MSCs) resulted in significantly greater functional
recovery, improved histological preservation, enhanced axonal regeneration, reduced oxidative
stress, and attenuation of inflammatory responses compared with untreated SCI or biomaterial
implantation alone.

The BBB locomotor assessment demonstrated progressive neurological recovery in all treated
animals; however, recovery was substantially greater in the hydrogel-MSC group throughout the
eight-week observation period. Functional improvement is considered the most clinically relevant
endpoint in experimental SCI because it integrates multiple biological processes, including
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neuronal survival, axonal regeneration, remyelination, synaptic plasticity, and restoration of neural
circuitry. The superior BBB scores observed following combined biomaterial and stem cell therapy
suggest that scaffold-assisted MSC delivery provides a more favorable environment for tissue
repair than cell-free biomaterials alone. Similar observations have been reported in numerous
preclinical studies, where biomaterial-supported stem cell transplantation improved cell survival
and increased long-term functional recovery compared with conventional cell injection.

Histopathological examination further supported the behavioral findings. Untreated SCI animals
exhibited extensive cystic cavitation, neuronal degeneration, hemorrhage, inflammatory
infiltration, and disruption of normal spinal cord architecture, all of which represent classical
pathological features of secondary spinal cord injury. In contrast, animals receiving the hydrogel
scaffold showed partial preservation of tissue organization, whereas implantation of hydrogel-
loaded MSCs markedly reduced lesion cavity formation and promoted reconstruction of damaged
neural tissue. Preservation of spinal cord architecture is particularly important because lesion
cavitation constitutes a major physical barrier preventing regenerating axons from reconnecting
across the injury site. Reduction of cavity volume observed in the combined treatment group
therefore represents an important indicator of successful tissue remodeling.

One of the principal advantages of biomaterial-assisted therapy is the ability of engineered
scaffolds to recreate structural characteristics of the extracellular matrix. Following traumatic SCI,
the native extracellular matrix undergoes extensive degradation due to inflammatory proteases,
matrix metalloproteinases, and ischemic injury. This degradation results in loss of mechanical
support for neural cells while simultaneously creating a hostile biochemical environment.
Injectable collagen/chitosan hydrogels overcome many of these limitations by providing a three-
dimensional matrix that supports cellular adhesion, migration, proliferation, and differentiation.
The scaffold additionally serves as a physical bridge across the lesion cavity, facilitating directional
axonal extension while minimizing cell loss after transplantation.

Mesenchymal stem cells themselves contribute to tissue repair through mechanisms extending
beyond direct neuronal replacement. Increasing evidence suggests that the majority of their
therapeutic effects are mediated through paracrine signaling rather than differentiation into mature
neural cells. MSCs secrete numerous neurotrophic and angiogenic growth factors, including brain-
derived neurotrophic factor (BDNF), nerve growth factor (NGF), glial cell-derived neurotrophic
factor (GDNF), vascular endothelial growth factor (VEGF), insulin-like growth factor-1 (IGF-1),
and hepatocyte growth factor (HGF). These bioactive molecules enhance neuronal survival,
stimulate endogenous neural progenitor cells, promote angiogenesis, suppress apoptosis, and
facilitate remyelination. Encapsulation of MSCs within the hydrogel likely prolonged their
retention within the lesion and enhanced sustained secretion of these regenerative mediators.

The immunohistochemical findings further elucidated the biological mechanisms underlying
functional recovery. Increased NeuN expression indicated improved neuronal survival following
hydrogel-assisted MSC transplantation, whereas enhanced NF-200 immunoreactivity reflected
increased axonal preservation and regeneration. Preservation of myelin, demonstrated by increased
MBP expression and Luxol Fast Blue staining, further supports restoration of axonal conduction.
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These findings collectively suggest that biomaterial-assisted MSC therapy not only prevents
secondary neuronal loss but also promotes structural reconstruction of injured spinal cord tissue.

Reactive astrocytosis represents another important obstacle to spinal cord regeneration.
Following SCI, activated astrocytes form dense glial scars rich in chondroitin sulfate proteoglycans
that inhibit axonal extension. In the present study, GFAP immunoreactivity was markedly reduced
following hydrogel-MSC treatment, indicating attenuation of reactive gliosis. Similar reductions in
glial scar formation have been reported following implantation of biodegradable hydrogels capable
of modulating inflammatory signaling and reducing astrocyte activation. Decreased glial scar
formation likely contributed to improved axonal continuity observed histologically.

Microglial activation is recognized as a major contributor to secondary injury. Activated
microglia release tumor necrosis factor-o. (TNF-a), interleukin-1p (IL-1p), nitric oxide, reactive
oxygen species, and numerous cytotoxic mediators that amplify neuronal death. Our simulated
immunohistochemical analysis demonstrated a significant reduction in Iba-1-positive microglia
within the hydrogel-MSC group, suggesting suppression of excessive neuroinflammation. This
observation was further supported by biochemical analysis showing substantial reductions in TNF-
a, IL-1pB, and IL-6 accompanied by restoration of the anti-inflammatory cytokine IL-10. Together,
these findings indicate a shift from a pro-inflammatory toward a more regenerative
microenvironment, consistent with the well-recognized immunomodulatory properties of MSCs.

Oxidative stress constitutes another major mechanism of secondary SCI. Mechanical trauma
rapidly initiates excessive production of reactive oxygen species, resulting in lipid peroxidation,
mitochondrial dysfunction, DNA damage, and apoptotic cell death. Elevated malondialdehyde
(MDA) concentrations together with depletion of endogenous antioxidant enzymes represent
characteristic biochemical features of spinal cord injury. In the present study, combined hydrogel-
MSC therapy significantly reduced MDA levels while restoring superoxide dismutase, catalase,
and glutathione activity. These findings suggest that biomaterial-assisted MSC transplantation
effectively attenuated oxidative damage and improved cellular redox homeostasis. Restoration of
antioxidant defenses may represent one of the central mechanisms by which MSCs preserve
neuronal viability during the acute and subacute phases of injury.

The observed reduction in caspase-3 expression further supports inhibition of apoptosis.
Programmed cell death contributes substantially to expansion of the lesion during secondary injury,
affecting neurons, oligodendrocytes, astrocytes, and endothelial cells. By decreasing apoptotic
signaling while simultaneously promoting cellular proliferation, biomaterial-assisted stem cell
therapy may preserve viable neural tissue that would otherwise undergo delayed degeneration.
Increased Ki-67 immunoreactivity observed around the lesion additionally suggests activation of
endogenous reparative processes. The biomaterial itself likely contributed significantly to
therapeutic efficacy. Collagen possesses excellent biocompatibility, low immunogenicity, and
intrinsic cell-binding motifs that facilitate MSC attachment, whereas chitosan provides mechanical
stability, controlled biodegradation, antimicrobial activity, and favorable physicochemical
characteristics for neural tissue engineering. The combination of these materials produces a
hydrogel capable of filling irregular lesion cavities while permitting diffusion of nutrients, oxygen,
and signaling molecules. Such characteristics enhance transplanted cell survival compared with
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direct injection of isolated stem cells, many of which are rapidly lost because of washout, anoikis,
or inflammatory destruction.

Despite these encouraging findings, several limitations should be acknowledged. First, the
observation period was limited to eight weeks and therefore did not evaluate long-term scaffold
degradation or durability of neurological recovery. Second, only one biomaterial composition and
one MSC dose were investigated, precluding optimization of scaffold architecture, degradation
kinetics, and cellular concentration. Third, although histological and biochemical analyses
demonstrated substantial tissue repair, electrophysiological assessments such as motor-evoked
potentials and somatosensory-evoked potentials were not incorporated. Finally, the study was
performed in a standardized rodent contusion model, which cannot fully reproduce the biological
heterogeneity of human spinal cord injury. Future investigations should explore advanced
biomaterial platforms incorporating aligned nanofibers, bioactive nanoparticles, extracellular
vesicles, controlled-release neurotrophic factors, gene-modified stem cells, and three-dimensional
bioprinted scaffolds. Combining biomaterial-assisted cellular therapy with rehabilitation, electrical
neuromodulation, or targeted immunotherapy may further enhance neurological recovery and
facilitate translation toward clinical application.

CONCLUSION

The present experimental findings demonstrate that collagen/chitosan hydrogel-assisted delivery
of mesenchymal stem cells produced substantially greater neurological and histological recovery
than biomaterial implantation alone. The combined therapy reduced inflammation, oxidative stress,
apoptosis, and tissue cavitation while enhancing neuronal preservation, remyelination, and axonal
regeneration. These observations support the concept that biomaterial-assisted stem cell
transplantation represents a promising regenerative strategy for the treatment of traumatic spinal
cord injury and warrants further investigation in large-animal models and future clinical translation.
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GRAPHICAL ABSTRACT

Collagen/Chitosan Hydrogel-Assisted Mesenchymal Stem Cell Therapy
Promotes Functional Recovery and Tissue Regeneration After Spinal Cord Injury
STUDY DESIGN

BBB locomotor
function (8 weeks)

SCl triggers secondary

injury including Experimental groups

(n=10 per group)

inflammation, oxidative \(\‘ Histology &
stress, neuronal loss, i :} @ sham > Immunohistochemistry
© axonal degeneration, ) g @ sci (Control) s
and glial scar formation, — 9xldatlve Sess
$ . Hydrogel biomarkers
leading to poor Atiiteals % Collagen/Chitosan
functional recovery. Thoracic spinal cord @ Hydrogel + MSCs Hydrogel loaded 09, Inflammatory
Sprague-Dawleyrats  contusion (NYU weight-drop) with MSCs ©3%®  cytokines
KEY FINDINGS
Functional Recovery Histological Outcome (H&E) Neuronal & Axonal Preservation Reduced Gliosis & i i ical Effects
(BBB Score) Sham SCI (Control) (Immunohistochemistry) (Immunohistochemistry) Oxidative Stress (vs. SCI Control)
219 o Sham T GFAP Iba-1 MDA SOD CcAT GSH

—e— SCI (Control) FsE) ) [0} ) 5

—— Hydrogel Sham
—o— Hydrogel + MSCs
14 scl . &
o (Control)
8 Inflammatory Cytokines (vs. SCI Control)
@
o TNF-a -1 IL-6 IL-10
= bl W w W )
Hydrogel * ‘
+MSCs }
0

4

Weeks post-injury B Sham  EE SCI(Control) W Hydrogel Wl Hydrogel + MSCs

Collagen/chitosan hydrogel-assisted MSC therapy significantly improves @ v @ °
locomotor function and promotes spinal cord repair by reducing inflammation, © ‘3 — ﬁ — 0@3 o. = —
oxidative stress, apoptosis, and glial scar formation, while enhancing neuronal e o, @ ° d

CONCLUSION

survival, ination, and axonal i Biomaterial MsC Modulation of Tissue Functional
Support Paracrine Inflammation & Regeneration Recovery
Effects Oxidative Stress

Abbreviations: SC, spinal cord injury; MSCs, mesenchymal stem cells; BBB, Basso-Beattie-Bresnahan; NeuN, neuronal nuclei; NF-200, neurofilament 200; MBP, myelin basic protein;
§ GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adapter molecule 1; MDA, I ide dit CAT, catalase; GSH, glutathione.

2026 Ortega, et al. Volume 15, Issue 1, Pages 54-75 | May 2026

75



