Nanomed Res J 11(3):282-295, Summer 2026

RESEARCH ARTICLE

A Multifunctional Neuroregenerative Hydrogel Incorporating
Imipramine-Loaded Nanoparticles and Human Stem Cells for
Enhanced Spinal Cord Repair

Nima Hamoun?, Somayeh Ebrahimi-Barough*", Sadegh Shirian*?, Nasrin Lotfibakhshaiesh, Mahmoud
Azami®, Rezvan Mostoli*, Jamshid Hajati’, Jafar Ai**"

1Department of Tissue Engineering, School of Advanced Technologies in Medicine, Tehran University of
Medical Sciences, Tehran, Iran

2 Department of Pathology, School of Veterinary Medicine, Shahrekord University, Shahrekord, Iran
3 Shiraz Molecular Pathology Research Center, Dr Daneshbod Path Lab, Shiraz, Iran

4 Department of Clinical Biochemistry, Faculty of Medicine, Hamedan University of Medical Sciences,
Hamedan, Iran

°Brain and Spinal Cord Injury Research Center, Neuroscience Institute, Tehran University of Medical
Sciences, Tehran, Iran

ARTICLE INFO ABSTRACT

. ) Objective(s): Achieving functional recovery after spinal cord injury (SCI) remains
A""‘_’e History: a major clinical challenge due to limited axonal regeneration and the inhibitory
Rec?"’ed-'2026‘04‘27 microenvironment at the lesion site. Here, we introduce a multifunctional,
Revised: 2026-07-27 neuroactive hydrogel system that integrates controlled drug delivery and stem
Accepted: 2026-08-05 cell therapy to synergistically promote axonal regeneration. This biomaterial
combines a chitosan/alginate (Ch/Alg) hydrogel with imipramine-loaded chitosan

Keywords: nanoparticles (ChNps-Imp) and human endometrial stem cells (EnSCs).
Neuroactive hydrogel Methods: We engineered a composite Ch/Alg/ChNps-Imp hydrogel scaffold
Imipramine delivery and characterized its structural, mechanical, and drug release properties.
Chitosan/alginate Scaffold morphology and hEnSC adhesion were assessed via scanning electron
scaffold microscopy (SEM), while cell viability and proliferation were quantified using MTT

assays. In vivo efficacy was tested in a rat spinal cord hemisection model, with
motor recovery monitored via BBB scoring and axonal regeneration assessed
histologically.

Spinal cord regeneration

Results: The hydrogel demonstrated a highly porous structure, favorable
mechanical properties, and sustained release of the neuroactive antidepressant
imipramine. SEM imaging showed robust stem cell attachment. In vivo, the Ch/
Alg/ChNps-Imp + EnSCs construct led to superior axonal preservation, reduced
lesion size, and marked improvements in locomotor function.

Conclusions: This study presents a novel integrative strategy for SCI repair,
combining drug-releasing nanoparticles, neuroactive signaling, and stem cell
therapy within a biocompatible scaffold. The resulting platform offers enhanced
neural regeneration and functional restoration, positioning it as a promising
candidate for translational spinal cord repair therapies.
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INTRODUCTION
Spinalcordinjury(SCI)isadevastating condition
that often results in permanent neurological
and functional impairments, arising from either
traumatic events or underlying diseases[1-3].
SCI disrupts motor and sensory pathways and
impairs autonomic function below the injury site,
leading to chronic pain and persistent neuropathic
symptoms[1-4]. The pathophysiological cascade
triggered by SCl includes ischemia, oxidative stress,
edema, lipid peroxidation, excessive accumulation
of neurotransmitters, arachidonic acid release, and
an inflammatory response. These factors ultimately
contribute to apoptotic cell death and the
breakdown of ATP-dependent cellular processes at
thelesion site[5]. The central nervous system (CNS)
exhibits a limited intrinsic ability to regenerate,
primarily due to the formation of an inhibitory
microenvironment surrounding the injury site,
including glial scarring, axonal growth inhibitors,
and a general lack of regenerative cues[4]. To
address these challenges, significant advances have
been made using cell therapy, delivery of bioactive
molecules, and biomaterial-based scaffolds to
support axonal regeneration[6,7]. Among cell-
based approaches, multipotent stem cells have
been transplanted via intravascular infusion,
intrathecal injection, or direct intraparenchymal
delivery to facilitate tissue repair[8]. Imipramine
(Imp), a tricyclic antidepressant, has demonstrated
neuroprotective and anti-inflammatory effects
and is occasionally employed for treating chronic
neuropathic pain. ° Studies suggest that Imp can
modulate the NF-kB signaling pathway, reduce
tissue inflammation and edema, and mitigate
pathological changes following SCI, including
decreased myeloperoxidase (MPO) activity and NF-
kB DNA-binding[10-14]. Hydrogels—particularly
those derived from natural polysaccharides—
have emerged as promising scaffolds in neural
tissue engineering due to their biocompatibility,
biodegradability, and ability to mimic the
extracellular ~ matrix[15,16]. Polysaccharide-
based hydrogels can provide a supportive three-
dimensional framework to guide axonal regrowth
and can be functionalized with neuroactive
agents to enhance repair[17-19]. Alginate (Alg), a
hydrophilic and negatively charged polysaccharide
composed of B-D-mannuronic and a-L-guluronic
acid residues, is widely used due to its mild gelation
properties, tunable mechanical strength, and
favorable cytocompatibility[20-24]. Chitosan (Ch),

283

another naturally derived polysaccharide consisting
of N-acetyl-D-glucosamine and D-glucuronic acid
units, is well known for its biocompatibility, low
immunogenicity, and slow degradation rate[16,25].
As a cationic polymer, Ch can form non-covalent
complexes with anionic polymers like alginate,
enabling the development of physically crosslinked
hydrogels with enhanced properties for drug
delivery and tissue repair[26,27]. Endometrial stem
cells (EnSCs) have shown potential in promoting
axonal regeneration and supporting CNS repair[6].

In this study, we developed a neuroactive
hydrogel scaffold composed ofalginateand chitosan,
incorporating  imipramine-loaded  chitosan
nanoparticles. We investigated its biophysical
properties and evaluated its suitability for EnSC
culture. Following implantation into dorsally
hemisected spinal cords of adult rats, we assessed
cell viability, axonal regeneration, myelination, and
motor function recovery to evaluate the therapeutic
efficacy of this multifunctional platform.

MATERIALS AND METHODS
Materials

Chitosan (degree of deacetylation: 84%; weight-
average molecular weight: 83 kDa), B-glycerol
phosphate, and imipramine hydrochloride (Imp)
were obtained from Sigma-Aldrich (USA). Alginic
acid (molecular weight ~70 kDa) was supplied by
Qingdao Huanghai Biological Pharmaceutical Co.,
Ltd. (Qingdao, China). Acetic acid was procured
from Merck (Germany), and all other reagents were
of analytical grade and sourced from commercial
suppliers. Prior to hydrogel preparation, the
polymers and imipramine were sterilized by rinsing
with 70% ethanol and subsequently dried under
vacuum. Aqueous solutions of these components
were prepared under sterile conditions, following
previously reported protocols [28].

Isolation and Culture of Human Endometrial Stem
Cells

Human endometrial stem cells (hEnSCs) were
isolated following a previously established and
validated protocol. ¢ Endometrial biopsies were
obtained from healthy female donors aged 20-35
years after informed consent and approval by
the Ethics Committee of Tehran University of
Medical Sciences (Ethical Code: IR.TUMS.VCR.
REC.1398.822). The tissues were enzymatically
digested with Collagenase A at 37 °C for 45
minutes, and the resulting cell suspension was
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subjected to Ficoll density gradient centrifugation
to isolate mononuclear cells. Cells were cultured
in Dulbeccos Modified Eagle Medium (DMEM;
Gibco, USA) supplemented with 10% fetal bovine
serum (FBS), 100 pg/mL penicillin, and 75 pg/mL
streptomycin at 37 °C in a humidified atmosphere
of 5% CO,. Upon reaching ~80% confluency, cells
were harvested using trypsin-EDTA and used for
subsequent experiments after passage three. The
characterization profile of the hEnSCs, including
surface marker expression and multilineage
differentiation potential, has been reported
previously[6].

Imipramine Encapsulation in Chitosan Nanoparticles

Chitosan nanoparticles (ChNPs) loaded with
imipramine (Imp) were prepared using the ionic
crosslinking and ionotropic gelation method
as previously described.’® Briefly, chitosan was
dissolved at 3 mg/mL in acetic acid bufter (pH 4.5),
while imipramine hydrochloride was separately
dissolved at 1.5 mg/mL in pure acetone. Equal
volumes of the two solutions were thoroughly
mixed to ensure uniform dispersion.

Additionally, a 1.5 mg/mL imipramine solution
prepared in distilled water was added dropwise
to the chitosan mixture, maintained at 40 °C.
Subsequently, tripolyphosphate (TPP) at 1 mg/mL
was added to the chitosan solution (TPP:chitosan
volume ratio of 1:6) using a syringe pump at a
controlled rate of 25pL/min under continuous
magnetic stirring in 1000 rpm, at 40 °C for 45
minutes to induce nanoparticle formation via ionic
crosslinking.

Formed nanoparticles were collected by
centrifugation at 14,000 rpm for 30 minutes
and washed multiple times with distilled water
to eliminate unreacted materials. The purified
chitosan nanoparticles were finally freeze-dried
using lyophilization for subsequent use.

Hydrogel Preparation

Hydrogels were formulated by dissolving
500 uL of precursor polymer derivatives and
imipramine-loaded nanoparticles in Krebs-
Ringer-Hepes-bicarbonate (KRH) bufter (pH 7.2).
Final concentrations of alginate, chitosan, and
nanoparticles in the hydrogel precursor solution
were 1.2%, 2.4%, and 0.12% (w/v), respectively.
The resulting polymer mixture was combined with
beta-glycerol phosphate (2 mg/mL) at a 5:1 volume
ratio to initiate gelation.
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The mixture was then transferred into a 24-
well tissue culture plate and allowed to stand
undisturbed at room temperature for 4 hours to
ensure complete gelation. Following gelation, 2 mL
of KRH buffer was added to each well and the gels
were washed three times to remove unreacted
components and residual substrates.

Hydrogel characterization

The particle size and zeta potential of chitosan
nanoparticles (with and without imipramine) were
measured using dynamic light scattering (DLS)
with a Zetasizer Nano-ZS (Malvern Instruments,
Worcestershire, UK). Samples were diluted in
distilled water with a viscosity of 1.0 cP prior
to analysis. Imipramine-loaded nanoparticles
were separated from the aqueous suspension
by centrifugation at 20,000 x g and 14°C for 30
minutes. The supernatant was collected, and
the free imipramine content was quantified
spectrophotometrically at 248 nm.

Encapsulation efficiency (EE) and loading
capacity (LC) were calculated using the following
formulas:

%EE= [(Wt-Wf)/Wt] x100

%LC= [(Wt-Wf)/Wc] x100

Where Wt is the total amount of imipramine,
WI is the free (unencapsulated) imipramine, and
We is the weight of the nanoparticles.

Fourier transform infrared spectroscopy
(FTIR) analysis was performed wusing a
Nicolet NEXUS 670 spectrometer (Thermo
Scientific, Waltham, MA, USA) to evaluate the
structural characteristics of native imipramine
hydrochloride,  chitosan  polymer,  and
imipramine-loaded  chitosan  nanoparticles.
Hydrogel scaffolds, both with and without seeded
cells, were rinsed with KRH buffer and fixed in
0.05% glutaraldehyde at 4°C. The samples were
then dehydrated through a graded ethanol series
(50% to 96%), subjected to critical point drying,
and examined by scanning electron microscopy
(SEM) using an AIS2100 instrument (Seron
Technology, Korea).

he spectra obtained for Imp

hydrochloride,  polymers,
mixtures of Imp

hydrochloride with polymers were compared

he spectra obtained for Imp

hydrochloride,  polymers,
mixtures of imipramine
hydrochloride with polymers were compared

and  physical

and  physical
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In vitro release study

A specific quantity of imipramine (Imp)-loaded
chitosan nanoparticles, both free and encapsulated
within hydrogels, were separately suspended in
Corning tubes containing tenfold volumes of Krebs-
Ringer-Hepes-bicarbonate (KRH) solution (pH
7.2). The tubes were incubated at 37°C with shaking
at 100 rpm. At predetermined time points (1, 6, 12,
24, 48, 72, 96, 120, 144, and 168 hours), one tube
was retrieved and centrifuged at 20,000 x g for 30
minutes. The concentration of released imipramine
in the supernatant was quantified by measuring
absorbance at 248 nm using spectrophotometry.

Biocompatibility of hydrogel

The cytocompatibility of the hydrogel was
evaluated by assessing the proliferation of human
endometrial stem cells (EnSCs) seeded onto the
hydrogel scaffold. Briefly, 3 x 1025 EnSCs were
suspended in 500 pL of precursor hydrogel solution
containing 0.1% (w/v) chitosan nanoparticles
loaded with imipramine and seeded into each well
of a 24-well plate. Subsequently, 100 uL of beta-
glycerolphosphate was added to initiate hydrogel
formation. Following a 4-hour incubation at room
temperature to allow gel formation, the scaffolds
were rinsed with Krebs-Ringer-Hepes-bicarbonate
(KRH) buffer, and 2 mL of culture medium
supplemented with 10% fetal bovine serum (FBS)
was added to each well. The constructs were
then incubated for extended culture periods.
Cell morphology on the scaffold was examined
using scanning electron microscopy (SEM). Cell
proliferation was quantitatively assessed by the
MTT assay, measuring formazan salt formation
according to the manufacturer’s instructions. After
1, 3, and 5 days of culture, MTT reagent (0.5 mg/
mL) was added and incubated for 4 hours at 37 °C.
The medium was then carefully removed, and the
hydrogels were rinsed twice with PBS. To dissolve
the formazan crystals produced by viable cells, 500
pL of DMSO was added to each well. The plates
were incubated for 4 hours at 37 °C under gentle
shaking to ensure complete diffusion. Importantly,
after complete extraction, the DMSO-formazan
supernatant was carefully transferred to a new
96-well plate, and the optical density (OD) was
measured at 570 nm using a microplate reader.

The uniform penetration of MTT within the
hydrogel was verified by observing homogeneous
purple coloration throughout the constructs,
indicating effective diffusion and metabolic

285

reduction of MTT within the 3D matrix. Optical
density values were obtained from triplicate samples
for each group. Prior to hydrogel preparation, all
substrates and reagents were sterilized using a
two-step procedure. First, materials were rinsed
with 70% ethanol for surface decontamination and
allowed to fully evaporate under vacuum. Second,
the components were exposed to UV irradiation for
30 minutes on each side. Because UV penetration
is limited to a few millimeters, the substrates were
spread in a thin layer (<3 mm) to ensure effective
sterilization of all surfaces.

In vivo study

Twenty-five adult male Wistar rats, weighing
between 200-250 g, were used for surgical
procedures. Animals were housed under controlled
environmental conditions (22 + 2 °C, 55 + 10%
humidity, and a 12 h light/dark cycle) with ad
libitum access to food and water.

All animal care, handling, and surgical
interventions were conducted in accordance with
the ethical guidelines of Tehran University of
Medical Sciences (Approval Code: IR. TUMS.AEC.
REC.1398.822).

Rats were anesthetized by intraperitoneal
injection of ketamine (85 mg/kg) and xylazine (15
mg/kg). After shaving and disinfecting the dorsal
area with betadine, a midline incision was made to
perform a T9-T11 laminectomy. The exposed dura
mater was incised and retracted laterally, followed
by a dorsal hemisection injury at the T9-T11 spinal
levels.?

Preparation and Implantation of EnSC-Seeded
Hydrogels

Sterilized Ch/Alg and Ch/Alg/ChNps/Imp
hydrogels were pre-equilibrated in culture medium
overnight. Human endometrial stem cells (EnSCs)
were then suspended in Dulbecco’s Modified Eagle
Medium (DMEM) at a density of 1 x 10° cells/mL
and gently mixed with the hydrogel using a wide-
bore pipette to ensure even cell distribution. The
resulting cell-laden hydrogel was maintained at
37 °C and 5% CO; for 30 minutes to promote cell
attachment before in vivo implantation.

The animals were randomly assigned into five
groups (n=>5 per group):
(a) Sham-operated
without SCI (sham)

(b) SCI without treatment (SCI)
(c) SCI treated with chitosan nanoparticles loaded

group:  laminectomy
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Table 1. Primers for quantitative real-time PCR

Gene Sequence Tm (°C)
Nestin F: TCAAGATGTCCCTCAGCCTGGA 59
R: AAGCTGAGGGAAGTCTTGGAGC
NE F:CCAAGACCTCCTCAACGTGAAG 59
R:ATGCTTCCCACGCTGGTGAAAC
Tuj1 F:GGCCTTTGGACATCTCTTCA 60
R:ATACTCCTCACGCACCTTGC
Olig2 F:ATGCACGACCTCAACATCGCCA 59
R:ACCAGTCGCTTCATCTCCTCCA
F: GTAACCCGTTGAACCCCATT
18srRNA 59

R: CCATCCAATCGGTAGTAGCG

with imipramine, without cells (ChNps/Imp)

(d) SCI treated with chitosan/
alginate hydrogel containing ChNps/
Imp, without cells (Ch/Alg/ChNps/Imp)

(e) SCI treated with Ch/Alg/ChNps/Imp hydrogel
seeded with human endometrial stem cells (Ch/
Alg/ChNps/Imp+EnSCs).

The hydrogel scaffolds—with or without
EnSCs—were carefully implanted into the spinal
cord lesion cavity, which measured approximately
2-3 mm in rostrocaudal length and 1-1.5 mm in
depth following the T9-T11 dorsal hemisection.
The hydrogel was gently positioned to completely
fill the defect without exerting pressure on the
surrounding intact neural tissue. After confirming
stable placement, the paraspinal muscles were
repositioned, and the muscle and skin layers were
closed using absorbable vicryl sutures.

Hind limb Motor Function

Motor function of the hind limbs was assessed
weekly for four weeks post-injury using the Basso,
Beattie, and Bresnahan (BBB) open-field locomotor
scale. This scale ranges from 0 (complete paralysis)
to 21 (normal locomotion). Two independent
observers, blinded to the treatment groups, scored
each rat. The BBB scores from both hind limbs were
averaged to generate a single score per animal, and
group means were calculated.

Tissue Fixation and Histological Preparation

At the end of the 4-week study, animals were
euthanized by deep anesthesia with pentobarbital
(50 mg/kg, IP). Transcardial perfusion was
performed using 100 mL of ice-cold phosphate-
buffered saline (PBS), followed by 100 mL of
4% paraformaldehyde (PFA). Spinal cords were
dissected, post-fixed in 4% PFA at 4 °C, and
processed for paraftin embedding.
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Serial longitudinal and transverse sections (5
um thick) encompassing the lesion site were cut
using a microtome and mounted on glass slides.
Sections were stained with hematoxylin and eosin
(H&E) for general histological assessment of tissue
regeneration and inflammation.

RNA Extraction and Quantitative PCR

Total RNA was isolated from spinal cord tissue
using the QIAamp RNA Blood Mini Kit (QIAGEN,
Cat no. 52304). RNA concentration and purity were
measured with a Nanodrop spectrophotometer
(BioTek, USA). Complementary DNA (cDNA)
synthesis was performed using the Viva 2-step RT-
PCR Kit (Cat no. RTPL12).

Gene expression of NE Nestin, Tuj-1, and
Oligo2 was quantified by real-time PCR using
CinnaGreen qPCR Mix, 2X (Cat No. MM2041). 18S
rRNA served as the endogenous control. The PCR
protocol included an initial denaturation at 95°C
for 5 minutes, followed by 40 cycles of 95°C for 15
seconds, 56°C for 1 minute, and a melting curve
analysis (95°C for 15 seconds, 60°C for 1 minute,
95°C for 15 seconds). Primer sequences are provided
in Table 1. Relative expression levels were calculated
using the ACt method with StepOne software V2.0.

Statistical analysis

Data analysis was performed using SPSS
software (Version 22.0, SPSS Inc., Chicago, USA).
One-way ANOVA followed by Tukey’s post hoc
test was used to assess differences among groups.
A p-value < 0.05 was considered statistically
significant.

RESULTS
Physicochemical characterization nanoparticle and
hydrogel

Figure 1 illustrates the overall experimental
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design of the study, including nanoparticle
preparation, hydrogel fabrication, in vitro
characterization, and in vivo spinal cord injury
(SCI) implantation.

The FTIR spectra of the scaffolds are presented
in Figure 2. The spectra for chitosan (Ch)
nanoparticles and imipramine (Imp)-loaded Ch
nanoparticles showed characteristic broad -OH
stretching and amide (-N-H) bands between
3600-3150 cm™'. The intensity of the amide peak
corresponds to partial N-deacetylation of chitin.
Distinct absorption peaks were observed at 1637
cm™* (N-H stretching vibration of amine I), 1558
cm™' (amide II carbonyl stretch), and 1414 cm™
(amide III). Additionally, the broad band observed
from 1540 to 1647 cm™'—arising from overlapping
amide bands of chitosan and carboxyl anions of
alginate—confirms the electrostatic interaction
between alginate and Ch. The effect of varying Ch
concentrations (1, 3, and 5 mg/mL) at a constant
TPP concentration (1 mg/mL) on nanoparticle
formation and encapsulation efficiency (EE) was
evaluated using dynamic light scattering (DLS,
Zetasizer). All three concentrations yielded
nanoparticles with acceptable polydispersity index
(PDI), although aggregate formation with larger
diameters was observed at 5 mg/mL Ch. As the Ch
concentration increased, both nanoparticle size
and PDI increased (230, 260, and 350 nm for 1, 3,
and 5 mg/mL Ch, respectively), while EE decreased

AN
\ 2 \ \

Establishment of spinal
cord transection model

SCI model

(64%, 61%, and 44%).

The reduced EE at higher Ch concentrations
could be attributed to the amphiphilic nature of
Imp, which limits its encapsulation, especially as
the Ch/TPP mass ratio increases. This observation
is consistent with previous studies reporting
that lower Ch/TPP ratios lead to higher EE and
improved release profiles. ¢ Similarly, the loading
capacity (LC) decreased with increasing Ch
concentration (45%, 18%, and 9% for 1, 3, and 5
mg/mL Ch, respectively), possibly due to weaker
dispersion forces between the amphiphilic Imp and
the polymeric matrix. Additionally, lower viscosity
in the gelation medium at lower Ch concentrations
may facilitate smaller nanoparticle formation,
reduce resistance to diffusion in the liquid phase,
and enhance EE.

The surface morphology of the hydrogels and
nanoparticles was examined by scanning electron
microscopy (SEM). Figure 3 shows porous hydrogel
structures with a network of interconnected pores
forming a partially uniform, honeycomb-like
architecture. Incorporation of nanoparticles did
not significantly alter the pore distribution or size.
The observed pore diameters ranged from 100 to
200 pm, which is favorable for cell migration and
tissue integration.

In vitro release of imipramine
The release profile of imipramine (Imp) from

Endometrial stem cell

@ 'mipramine/chitosan
nanoparticle

- Chitosan/alginate

hydrogel

Hydrogel implanted

Healed animal

SCl repair

Fig. 1. Schematic representation of the hybrid hydrogel animal experiment, A mixed solution of chitosan and alginate containing

Imp loaded chitosan nanoparticle cross-linked through beta glycerol phosphate utilized in regeneration of spinal cord in rat model.

After generating the complete transection mouse SCI model, the scaffold was transplanted into the injury site. SCI = spinal cord
injury.

287

Nanomed Res J 11(3): 282-295, Summer 2026
(@)or |



N. Hamoun et al. / A Multifunctional Neuroregenerative Hydrogel Incorporating

Transmittance

1425
1642

11!)6

ChNps/imp

400 800 1200 1600 2000

240 2800 3200 3600 4000

Wavelength (1Icm)

Fig. 2. FTIR spectra of scaffolds: imipramine loaded Ch nanoparticle and Ch nanoparticle and imipramine. FTIR resolution: 4 cm™.
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Fig. 3. Scaffold characterization. (A) Field emission scanning Electron micrographs of the synthesized substrates including ChNps,

ChNps/Imp, Ch/Algand Ch/Alg/ChNps/Imp. (B) Nanoparticle size distribution without and with imipramine. ChNp: chitosan

nanoparticle, NCs/Imp: chitosan nanoparticle loaded with imipramine, Ch/Alg: chitosan/alginate and Ch/Alg/ChNps/Imp: chitosan/
alginate containing imipramine-loaded chitosan nanoparticle

the nanoparticle and hydrogel formulations was
monitored over 168 hours in phosphate-buffered
saline (PBS). As shown in Figure 4, the Imp-loaded
nanoparticles exhibited an initial burst release
of approximately 50% within the first 12 hours,
followed by a sustained release phase during which
an additional 30% of the drug was released over the
next 60 hours. This biphasic pattern is characteristic
of nanoparticle systems and can be attributed to the
rapid dissociation of loosely adsorbed Imp molecules
on the nanoparticle surface, followed by the slower
diffusion of entrapped drug from the core.

In comparison, the hybrid Ch/Alg/NCs/Imp

Nanomed Res J 11(3): 282-295, Summer 2026
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hydrogel showed a more controlled and moderate
release profile extending over the full 168-hour
period. This sustained release behavior is likely due
to the physical entrapment of nanoparticles within
the hydrogel matrix, which acts as a diffusion
barrier, further regulating the drug release rate and
minimizing the initial burst. The observed release
kinetics suggest that the hybrid system can provide
prolonged therapeutic levels of Imp, potentially
enhancing its neuroregenerative efficacy.

SEM and Cell proliferation
Scanning electron microscopy (SEM) revealed
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3N -

Fig. 4. Release profile of imipramine from ChNps and incorporated into the composite hydrogel after immersion in PBS for different
times. (A )ChNps/Imp and(=) Ch/Alg/ChNps/Imp. Vertical bars: SDS (n = 4).

A) chiaig+cell  B)
y A ’ 2 [m Ch/Alg
10 Ch/Alg/NCs/Imp
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Time

Day 5

Fig. 5. (A) SEM microphotographs of cell-loaded in hydrogels, (B) Cell viability measurement using MTT assay, The MTT results of
EnSCs on cell culture plate, in Ch/Alg and Ch/Alg/ChNps/Imp hydrogels after 1, 3, and 5 days of culture. SD, n =4 (**P< 0.01, *P<
0.05, and *P>0.05).

that human endometrial stem cells (EnSCs)
successfully adhered to the surface of all tested
hydrogels. Notably, cells seeded on Ch/Alg hydrogels
containing Imp-loaded chitosan nanoparticles
(ChNps) demonstrated improved attachment and
more extensive spreading compared to those on Ch/
Alg hydrogels without nanoparticles, where cells
predominantly retained a spheroidal morphology
with limited surface interaction. In contrast, in
the Ch/Alg/ChNps/Imp hydrogel condition, cells
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exhibited a well-spread morphology and formed
more robust cell-material interactions, indicating
enhanced biocompatibility and cell support.

Cell viability and proliferation were further
quantified using the MTT assay (Fig. 5).
No statistically significant difference in cell
proliferation was observed among Ch/Alg/ChNps/
Imp, Ch/Alg, and conventional tissue culture
polystyrene (TCP) groups during the first three
days of culture (P > 0.05). However, by day 5, the
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Fig. 6. Gene expression of neuronal and glial markers in different treatment groups following spinal cord injury. Relative mRNA expres-

sion levels of NF, Nestin, Tujl, and Olig2 were quantified by qPCR in animals treated with different hydrogel formulations: Ch/Alg/NP,

Ch/Alg/NP/Imp, Ch/Alg/NP/Cell, and Ch/Alg/NP/Cell/Imp. Data are presented as fold change relative to the untreated spinal cord

injury (SCI) control group. Asterisks (*) indicate statistically significant differences compared to the control group (P < 0.05). Values
represent mean * SD, n = 3 per group.

proliferation rate of EnSCs cultured on Ch/Alg/
ChNps/Imp hydrogels significantly surpassed that
of the Ch/Alg group (P < 0.01), and was comparable
to cells cultured on TCP. These results indicate that
the Ch/Alg/ChNps/Imp hydrogel scaffold provides
a favorable microenvironment for hEnSC adhesion
and proliferation, highlighting its potential utility
as a cell delivery platform in regenerative medicine
applications.

Gene expression analysis

The selected genes (NF, Nestin, TUJ1, and Olig2)
represent key markers of neural differentiation and
maturation following spinal cord injury. Nestin
indicates neural progenitor activation, whereas
TUJ1 (PIII-tubulin) and NF reflect neuronal
differentiation and axonal regeneration. Olig2 is a
transcription factor required for oligodendrocyte
lineage specification.

Gene expression analysis revealed significant
upregulation of neuronal markers TUJ1, Nestin,
and NF in the Ch/Alg/ChNps/Imp/EnSCs group
compared with other treatment groups (Fig. 6).
The Ch/Alg/ChNps/EnSCs group also showed
elevated expression of these genes but to a
lesser extent. Interestingly, Olig2 expression was
significantly downregulated in the Ch/Alg/ChNps/
Imp/EnSCs group (P < 0.05), suggesting a reduced
oligodendrocytic lineage commitment and a
potential shift toward neuronal differentiation.

BBB scoring and histological analysis
Locomotor function was evaluated using BBB
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scoring (Fig. 7). Rats treated with Ch/Alg/ChNps/
Imphydrogelsexhibited fasterand morepronounced
functional recovery compared to control and
other treatment groups at several time points.
Histological analysis revealed severe structural
damage to both white and gray matter, with
prominent vacuolization and extensive leuko- and
poliomyelomalacia in the control group (Fig. 8A).
In groups treated with ChNps/Imp (Fig. 8B) and
Ch/Alg/ChNps/Imp (Fig. 8C), partial preservation
of spinal cord architecture was observed. Notably,
the Ch/Alg/ChNps/Imp+EnSCs group (Fig.
8D) exhibited improved tissue integrity, reduced
vacuolization, and evidence of axonal regeneration,
indicating synergistic effects of the stem cell-laden
hydrogel in promoting neural repair.

DISCUSSION

In this study, we successfully developed and
comprehensively characterized a composite
chitosan/alginate (Ch/Alg) hydrogel scaffold
embedded with imipramine (Imp)-loaded chitosan
nanoparticles (ChNps), and evaluated its potential
to promote spinal cord injury (SCI) repair both
in vitro and in vivo. SCI remains a devastating
condition with limited effective treatments,
primarily due to the complex secondary injury
cascade involving ischemia, oxidative stress,
excitotoxicity, and inflammation, which irreversibly
impair neural connectivity and function. Our
work addresses these challenges by designing a
biomimetic scaffold that combines neuroactive
drug delivery with stem cell therapy to support
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Fig. 7. Basso, Beattie, and Bresnahan (BBB) locomotor scores following treatment. A significant improvement in BBB
scores was observed in all treatment groups containing cells—Ch/Alg, Ch/Alg/Np, Ch/Alg/EnSCs, and Ch/Alg/ChNps/
Imp—compared to the control group on days 3, 5, 7, 14, and 28 post-treatment. Furthermore, the Ch/Alg/ChNps/
Imp + cell group showed significantly higher BBB scores compared to all other treatment groups on days 7, 14, and 28.
a indicates P < 0.001 versus the control group; b indicates P < 0.001 for Ch/Alg/ChNps/Imp + cells versus all other treatment groups.

Fig. 8. Histopathological findings in various group, a: the control group or SCI without treatment shows white matters necrosis creating

vacuolization spaces indicating sever leukomyelomalacia (black box) as well as gray matter necrosis or poliomyelomalacia (red box) in

the control group. b: In the ChNps/Imp group locally extensive white and gray matters necrosis creating vacuolization (red and black

boxes) results in disruption of spinal cord structure was seen. c: In the Ch/Alg/ChNps/Imp group partial disruption of spinal cord

structure, creating vacuolization spaces indicating gray and white matters polio (red box) and leuko myelomalacia (black box) was

detected. d: the Ch/Alg/ChNps/Imp+EnSCs group could improve the disrupted structure of spinal cord and vacuolization spaces and
promote the regeneration of the nerve fibers in the white (black box) and gray matters (red box).
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axonal regeneration and functional recovery.

The FTIR spectra confirmed successful
integration of imipramine-loaded nanoparticles
within the Ch/Alg hydrogel, with characteristic
amide and carboxyl bands indicating electrostatic
interactions between chitosan and alginate
polymers. This interaction likely contributes to the
structural integrity and stability of the hydrogel
network.

The viscosity measurements showed that
inclusion of Imp-loaded nanoparticles reduced
the Ch/Alg hydrogel's viscosity, likely due to
interactions between the functional groups of
imipramine and the polysaccharide matrix. This
modulation is crucial as it allows tuning of the
scaffold’s mechanical properties to better match
the native spinal cord microenvironment, which
is characterized by a delicate balance of stiffness
and elasticity. Importantly, the elasticity of the Ch/
Alg hydrogel remained below 1000 Pa, an optimal
range supporting both neuronal and glial cell
survival and proliferation, as previously reported.
* This mechanical mimicry is vital for cell viability
and integration, as excessive stiffness can inhibit
neuronal growth and promote glial scarring.
The scaffolds porous architecture, confirmed
by SEM imaging, displayed an interconnected
honeycomb-like microstructure with pore sizes
ranging from 100 to 200 um, ideal for nutrient
diffusion, waste removal, and cell migration.
SEM also demonstrated that EnSCs seeded on
the Ch/Alg/ChNps/Imp scaffold adhered well,
spread extensively, and exhibited elongated and
branched morphology indicative of active neural
differentiation suggesting that the scaffold provides
a supportive microenvironment for neural lineage
maturation and cell health.

MTT assays reinforced the biocompatibility of
the scaffold, showing continuous cell proliferation
over five days without cytotoxic effects. In
contrast, chitosan-only hydrogels showed less
favorable proliferation, likely due to differences in
mechanical properties and microenvironmental
cues. These results highlight the importance of
scaffold composition and drug incorporation for
creating a supportive niche for transplanted stem
cells.

Molecular ~ analyses revealed significant
upregulation of neural markers—Tujl (a neuron-
specific class III beta-tubulin), Nestin (a neural
stem/progenitor marker), and neurofilament
(NE, an axonal structural protein)—in the Ch/
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Alg/ChNps/Imp + EnSCs group compared to
controls. This suggests that the combination
of the hydrogel scaffold, drug release, and
stem cells synergistically promotes neuronal
differentiation and axonal maturation. Conversely,
the observed downregulation of Olig2, a marker
for oligodendrocyte precursor cells, alongside
increased markers of mature neurons, indicates
that the scaffold encourages maturation of
oligodendrocytes rather than maintaining cells in
an immature precursor state. This maturation is
critical for functional remyelination and restoration
of nerve conduction following injury. ** The
controlled release of imipramine likely contributes
to this effect, as tricyclic antidepressants have
been reported to modulate neurotrophic signaling
pathways and enhance neuroregeneration.

Compared with other drug-eluting hydrogels
used in spinal cord injury, such as those delivering
valproic acid or growth factors (e.g., BDNE NGF),
the imipramine-loaded chitosan/alginate system
offers a simpler, more stable, and cost-effective
alternative. Imipramine, a small amphiphilic
molecule, enables sustained local release without
the need for cold-chain preservation required
for protein-based systems. The combination
of controlled imipramine delivery with a
biocompatible Ch/Alg matrix and EnSCs provides
synergistic  effects  through  pharmacologic
modulation, trophic support, and structural
guidance. In contrast, growth-factor-based
hydrogels often elicit more potent but less stable
biological responses and pose higher immunogenic
and manufacturing challenges. While small-
molecule systems like ours may produce milder
effects, they offer greater formulation stability
and translational feasibility. Further optimization
of drug loading and release kinetics may enhance
efficacy and complement existing growth factor-
based strategies. The imipramine release profile
from nanoparticles and hydrogel showed an initial
burst release (~50% within 12 hours), followed by
a sustained release over seven days. This biphasic
release is advantageous for SCI therapy, as the
initial burst can provide immediate neuroprotective
effects by reducing excitotoxicity and inflammation,
while the sustained release supports ongoing
regeneration and axonal outgrowth. The hydrogel’s
network efficiently retained the drug-loaded
nanoparticles, slowing the release and maintaining
local therapeutic concentrations.

In the rat SCI model, implantation of the Ch/
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Alg/ChNps/Imp + EnSCs scaffold significantly
improved locomotor function as evidenced by
higher BBB scores compared to controls and other
treatment groups. Histological analysis confirmed
reduced tissue disruption and vacuolization
in treated groups, with the hybrid scaffold
demonstrating notable preservation of both gray
and white matter and increased axonal density at
the lesion site. These findings correlate strongly
with the improved motor outcomes and suggest
that the scaffold promotes both neuroprotection
and regeneration. The inclusion of EnSCs within
the hydrogel likely contributed to the regenerative
effect through paracrine signaling and direct
cell replacement, while the controlled release of
imipramine enhanced the microenvironment
by mitigating secondary injury mechanisms.
Together, these factors create a synergistic effect
that enhances axonal regrowth, reduces glial scar
formation, and supports remyelination.

While our results are promising, the study
has limitations. Longer-term assessments are
necessary to confirm sustained functional recovery
and integration of regenerated axons. Detailed
mechanistic studies exploring how imipramine
modulates signaling pathways in the SCI
microenvironment would deepen understanding.
Additionally, optimization of nanoparticle loading
and release kinetics could further improve
therapeutic efficacy. Future work should also assess
immune responses and potential translational
aspects in larger animal models.

CONCLUSION

This study successfully fabricated and evaluated
a Ch/Alg hydrogel scaffold loaded with imipramine-
containing chitosan nanoparticles and human
endometrial stem cells for spinal cord injury repair.
The scaffold exhibited favorable mechanical and
supported cell attachment and proliferation, and
provided a conducive environment for neuronal
regeneration.  Incorporation of Imp-loaded
nanoparticles enhanced the scaffold’s therapeutic
performance without affecting its structural
integrity or pore architecture. The composite
hydrogel facilitated sustained Imp release, promoted
neuronal gene expression, and improved motor
function recovery in vivo. These findings underscore
the potential of the Ch/Alg/ChNps/Imp+EnSCs
hydrogel as a promising biomaterial for SCI
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treatment and nerve tissue engineering applications.
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