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To enhance the repair of peripheral nerve injuries (PNIs), various nerve guidance conduits (NGCs) have been
developed by integrating topological, biochemical, and cellular cues. Hydrogel-based NGCs are particularly
promising owing to their unique tissue-mimicking characteristics, such as high water content, softness, and
porosity. However, their weak mechanical strength and insufficient biological activity limits their application.
Therefore, in this study, we aimed to develop NGCs by encapsulating human umbilical cord-derived mesen-
chymal stem cells (ucMSCs) in double-network (DN) hydrogel conduits for improved peripheral nerve regen-
eration. A DN hydrogel, fabricated via sequential photo- and ionic-crosslinking of 15 % gelatin methacrylate and
1 % alginate, exhibited excellent rheological and mechanical properties, including fatigue resistance, suture
retention, and kink resistance. In a rat sciatic defect model, ucMSC-encapsulated DN NGCs demonstrated
significantly improved functional and structural recovery compared to medical silicone and non-cellular
hydrogel NGCs. Quantitative assessments revealed that the MSC-laden NGC group exhibited superior func-
tional recovery, as indicated by footprint analysis, electromyography, thermal withdrawal latency, and muscle
weight restoration. Moreover, histological analysis and transmission electron microscopy confirmed significantly
enhanced axonal regeneration and myelination in the MSC-laden NGC group (axon diameter and myelin
thickness). Overall, our results indicate that the MSC-laden hydrogel NGCs can serve as a novel platform to treat
PNIs and function as effective stem cell delivery scaffolds for the regeneration of various tissues, such as the skin,
tendons, and muscles.

1. Introduction biophysical and biochemical cues (e.g., mechanical properties, electrical

stimuli, growth factors, and antioxidants) to enhance nerve regeneration

Peripheral nerve injuries (PNIs), commonly caused by trauma and
disease, typically lead to numbness, muscle atrophy, and pain[1-3].
Autograft implantation is currently the gold standard treatment for
severely injured peripheral nerve tissues; however, its use is limited by
various issues, including the lack of appropriate donor tissues, donor site
morbidity, and insufficient efficacy [4,5]. Consequently, nerve guidance
conduits (NGCs) have been developed as alternatives for PNI treatment.
NGCs provide physical support and guide axonal regeneration while
preventing myofibroblast infiltration and scar formation [6,7]. Although
several NGCs fabricated using synthetic or natural polymers have been
approved by the US Food and Drug Administration for clinical appli-
cation, their efficiency remains low. Therefore, extensive studies have
focused on developing new functional NGCs that can deliver various
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[8,9].

Hydrogels have emerged as potential NGC materials because of their
biocompatibility, porosity, high hydration, flexibility, and tissue-like
softness [10,11]. However, their low mechanical strength often causes
irreversible structural deformation and difficulties in handling and su-
turing. Unlike the central nervous system, which is shielded from
external impacts by the skull and vertebral column, peripheral nerves
which are often located in highly mobile areas of the body (e.g., joints)
are not shielded by the bone and are susceptible to external impact and
deformation [12,13]. Therefore, novel NGCs with sufficient strength to
withstand external forces and stably protect the regenerating nerves
during the healing process are required for efficient treatment. Several
efforts have been made to improve the mechanical strength of hydrogels
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for NGC applications, including the development of composites with
reinforcing nanomaterials and double-network (DN) hydrogels [14,15].
For example, we recently demonstrated that DN hydrogels composed of
gamma-ray crosslinked gelatin and ionically crosslinked alginate exhibit
excellent mechanical properties suitable for NGC applications and
effective peripheral nerve regeneration in a rat defect model [16]. DN
hydrogels consist of interpenetrating cross-linked networks of two
distinct polymers. Compared to single-network (SN) hydrogels, DN
hydrogels exhibit enhanced mechanical properties because of the strong
network entanglement of rigid and soft polymers and unique stress
relaxation mechanisms [15].

Concurrently, recent advances in bioactive NGCs, including drug-
and cell-laden platforms, have demonstrated promising results in
enhancing peripheral nerve regeneration. For instance, FK506-loaded
immunohydrogels were developed to modulate the inflammatory mi-
croenvironments in injured peripheral nerves and enhance myelin
reconstruction [17]. In another study, adipose-derived stem cell-seeded
on conductive, topographically aligned scaffolds were demonstrated to
activate the PI3K-Akt pathway and promote neurotrophic cell reprog-
ramming and peripheral nerve regeneration [18]. In particular,
mesenchymal stem cells (MSCs) have been extensively studied for tissue
engineering purposes, including nerve regeneration, because of their
unique paracrine, immunomodulatory, and proangiogenic effects [19].
MSCs produces multiple trophic factors, exosomes, and microvesicles
that can improve nerve regeneration [20-24]. Several studies have
investigated the use of MSCs for the treatment of PNIs, demonstrating
their potential in promoting nerve regeneration. For example, Siemio-
now et al. injected human MSCs (hMSCs) into the lumen of a human
epineural nerve conduit, which was subsequently implanted into nude
rats with sciatic nerve defects [25]. However, they observed no sub-
stantial improvements in gastrocnemius muscle regeneration and axonal
density in the hMSC-injected group compared to those in the
saline-injected group. Direct injection of MSCs into the NGC lumen led
to poor cell stability and retention, resulting in insufficient regenerative
efficacy [26]. Therefore, functional biomaterials that can effectively
deliver and stably support MSCs at nerve defect sites are highly required
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for robust and effective nerve regeneration.

In this study, we developed a DN hydrogel composed of gelatin
methacrylate (GelMA) and alginate, which synergistically combines the
biocompatibility and cell-interactive properties of GelMA with the
structural reinforcement from ionically crosslinked alginate. GelMA is a
widely used derivative of natural gelatin that contains integrin-binding
motifs (e.g., RGD sequences) supporting cell attachment, viability, and
paracrine activity, while its crosslinking density can be finely tuned via
photopolymerization to adjust mechanical stiffness. Alginate, a natu-
rally derived polysaccharide, can enhance the mechanical stability and
viscoelasticity of the hydrogel through ionic crosslinking with divalent
cations. This DN hydrogel can provide a robust, cell-permissive matrix
that supports MSC encapsulation and growth for peripheral nerve
regeneration. Specifically, we developed human umbilical cord-derived
MSC (ucMSC)-laden DN hydrogel NGCs via sequential photo- and ionic-
crosslinking of GelMA and alginate composite hydrogels. DN hydrogel
NGCs were expected to show excellent mechanical strength, long-term
stability, and durability, which are desirable for suitable surgical oper-
ations, long-term mechanical protection of regenerating nerves, and
prolonged support of encapsulated MSCs to produce biologically active
substances. To the best of our knowledge, this is the first study to
perform direct encapsulation of therapeutic cells, such as MSCs, within
DN hydrogel NGCs and evaluate their efficacy in peripheral nerve
regeneration. Additionally, the material properties of DN hydrogels
were characterized, and the therapeutic efficacy of ucMSC-laden DN
NGCs was assessed using a rat sciatic nerve defect model (Fig. 1).

2. Materials and methods
2.1. Materials

Gelatin from porcine skin (type A), alginic acid sodium salt, meth-
acrylic anhydride, nerve growth factor (NGF) 2.5S from the murine
submaxillary gland, formalin solution (10 %), poly-L-lysine solution,
NacCl, CaCl,, and Triton X-100 were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Bovine serum albumin was purchased from Bovogen

ucMSC-laden double-network hydrogel nerve guidance conduit

External shock

Stretching & Compressing

s ‘w
-, _ \
\‘.

Suture

1
™

Paracrine effect of ucMSCs

Single Network (SN)  Double Network (DN)

=" {.{V ‘m
Bt ‘A} g

Enhanced mechanical properties of DN

. .
- \ S/ GelMA el Live ucMSC
~/ Alginate
¢ ca»# W™\ DeaducMsC

Fig. 1. Schematic illustration of umbilical cord-derived mesenchymal stem cell (ucMSC)-laden double-network (DN) hydrogel nerve guidance conduits (NGCs).
ucMSC-laden DN hydrogel NGCs exhibit beneficial mechanical properties (e.g., resistance to external shock, stretching, and compression, and improved suture

retention) and therapeutic activity (e.g., paracrine effects of encapsulated ucMSCs).
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Biologicals (Keilor, Australia). Human ucMSCs were purchased from
PromoCell (Heidelberg, Germany). Tissue culture plates (TCPs) were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). RAW
264.7 macrophages were purchased from the Korean Cell Line Bank
(Seoul, Republic of Korea). Dulbecco’s modified Eagle’s medium
(DMEM), neurobasal medium, fetal bovine serum (FBS), horse serum, B-
27 supplement, GlutaMAX Supplement, MEM alpha, and human um-
bilical vein endothelial cells (HUVECs) were purchased from Gibco
(Rockville, MD, USA). Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate was purchased from SNVia (Busan, Re-
public of Korea). Dulbecco’s phosphate-buffered saline (DPBS), trypsin/
ethylenediaminetetraacetic acid (EDTA) (0.05 %), and anti-
biotic-antimycotic solutions were purchased from WELGENE (Kyoung-
san, Republic of Korea). An endothelial cell medium (ECM) was
purchased from ScienCell (Carlsbad, CA, USA). Additionally, 4',6-dia-
midino-2-phenylindole (DAPI), ethidium homodimer-1 (EthD-1), and
calcein AM were purchased from Invitrogen (Carlsbad, CA, USA). Eosin
Y, hematoxylin solution, and Masson’s trichrome staining kits were
purchased from BBC Biochemicals (Mount Vernon, WA, USA). Xylene
and ethanol were purchased from Duksan Chemical (Ansan, Republic of
Korea).

2.2. Fabrication of DN hydrogels

2.2.1. Synthesis and characterization of GelMA

GelMA was synthesized as previously described [10]. Briefly, 10 g of
gelatin was completely dissolved in 100 mL DPBS at 37 °C. Subse-
quently, 8 mL of methacrylic anhydride was added dropwise to the
gelatin solution at a concentration of 0.8 mL per gram of gelatin with
stirring at 300 rpm for 2 h. Then, 100 mL of prewarmed DPBS was added
for dilution. The resulting solution was dialyzed using a 10-kDa mem-
brane (Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) at 37
°C for 5 days, filtered using a 0.2-pm filter, freeze-dried, and stored at
—20 °C till use. Then, degree of functionalization (DOF) of the synthe-
sized GelMA was determined by H! NMR spectroscopy (Fig. 2b). The
peaks at 5 = 2.9 ppm, corresponding to the protons of methylene of
lysine in gelatin, and the peak at § 7.5-8 ppm, corresponding to the
aromatic amino acid moieties in gelatin, were used for DOF calculation
[27,28]. DOF of GelMA prepared in the experiment was determined to
be 69.3 + 1.5 % according to the following equation (1):

J GelMA lysine/ [ GelMA aromatic

DOF=|1—-(= 1
{ < [ Gelatin lysine/ [ Gelatin aromatic W

ﬂ % 100 (%)

2.2.2. Fabrication of SN and DN hydrogels

Prepolymer solutions were prepared by dissolving 15 % GelMA for
G15 and 1 % alginate and 15 % GelMA for A1G15 in a 0.15 M NaCl
solution at 37 °C. Then, a photoinitiator (lithium phenyl-2,4,6-
trimethylbenzoylphosphinate) was added to the pre-polymer solution
at a concentration of 0.2 %. Therefore, the composition ratios (GelMA,
alginate, and LAP) were 15:1:0.2 for A1G15 and 15:0:0.2 for G15. The
precursor solution was transferred to various molds. To prepare flat
hydrogel films (approximately 3 mm in thickness), 4 mL of the prepol-
ymer solution was transferred to a 60 mm x 15 mm Petri dish. To
prepare an anulus NGC, a conduit mold was assembled using a glass tube
(inner diameter = 2.4 mm and thickness = 0.8 mm), stainless-steel rod
(diameter 1.2 mm), and custom-made 3D-printed thermoplastic
polyurethane lids (Style-220; Cubicon, Seongnam, Republic of Korea)
(Fig. S1). The rod was placed at the center of the glass tube and filled
with the precursor solution; both ends were sealed with lids. The
assembled molds were exposed to UV-A light (365 nm) for 1 min using a
UV lamp (VL-215.LC; VILBER, Collégien, France) to crosslink the GelMA
component [29]. Hydrogels were carefully retrieved from the mold. To
prepare the DN hydrogel (i.e., A1G15), the samples were further incu-
bated in sterile 0.9 M CaCl, solution for 5 min on a clean bench for
secondary ionic crosslinking of the alginate component. Finally, the
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hydrogels were washed twice with sterile 0.15 M NaCl solution for 10
min each.

2.3. Characterization of NGCs

2.3.1. Scanning electron microscopy (SEM)

Internal microstructure of the hydrogel conduit was examined using
SEM (Verios 5 UC; Thermo Fisher Scientific). Prior to SEM imaging, the
conduit was freeze-dried and coated with a 9-nm platinum layer using a
sputter coater (DSR1; VacCoat, London, UK). The pore wall thickness
was measured from the SEM images using the ImageJ software (version
1.53a; National Institutes of Health, Bethesda, MD, USA).

2.3.2. Rheological and mechanical properties of NGCs

Rheological properties of the hydrogels were measured using an
oscillatory rheometer (Kinexus Lab+; Malvern Instruments, Malvern,
UK). Frequency sweep tests were performed in a 0.1-10 Hz frequency
range with 0.5 % strain and a 3-mm gap using a 6-mm radius plate at 37
°C. The storage modulus was measured at 1 Hz in the frequency sweep
tests. Mechanical properties were evaluated using a universal testing
machine (TO-100-IC; Testone, Gyeonggi, Republic of Korea). For the
tensile test, both ends of the 20-mm-long conduit were clamped and
pulled with a 10 kN load cell at a rate of 5 mm min~! until it broke. The
ultimate tensile strength and elastic modulus of each sample were
determined from the strain-stress curves (n = 5) as previously described
[30]. Durability was assessed via successive compression of a
20-mm-long conduit with alternating 45 and 55 % strains at a rate of 80
mm min~! for 100 cycles using the universal testing machine. Then, kink
resistance was determined by bending a conduit with stainless-steel rods
inserted at both ends and measuring the angle at which kinking
occurred. For the suturability and fixation tests, one end of the conduit
was secured with an 8-0 suture thread to form a suture loop 2 mm from
the end, whereas the other end was clamped. The suture at the clamp
was pulled at 5 mm min~!. Suture retention force was determined as the
strength at which the NGC broke (n = 4).

2.4. Preparation of ucMSC-laden NGCs

2.4.1. ucMSC culture

Human ucMSCs were used at passage number less than 8. ucMSCs
were maintained in TCPs in growth medium (MEM alpha supplemented
with 10 % FBS and 1 % antibiotic-antimycotic solution) in a humidified
incubator with 5 % CO5 at 37 °C. The medium was replaced every day.
When the cells reached 80-90 % confluency, the cells were subcultured
by treating 0.05 % trypsin/EDTA solution at 37 °C for 5 min. The cells
were then collected by centrifugation at 1200 rpm for 5 min, resus-
pended in growth medium, and seeded onto new TCPs.

2.4.2. ucMSC encapsulation in hydrogel NGCs

The ucMSCs were encapsulated in various hydrogel NGCs according
to the process described in section 2.2.2. The final hydrogel solution
consisted of 15 % GelMA and 1 % alginate, mixed with MSCs at a density
of 4 x 10° cells/mL. The DN hydrogel was prepared using 15 % (w/v)
GelMA and 1 % (w/v) alginate, based on a previously established
formulation that demonstrated excellent mechanical properties and
regenerative efficacy in peripheral nerve repair models [16]. For cell
encapsulation, a density of 4 x 10° cells/mL was selected to balance
cellular activity and the structural integrity of the NGC. Notably, this cell
density is comparable to previous studies using MSC-laden hydrogels for
tissue regeneration [31,32]. In brief, all solutions were sterilized by
autoclaving or syringe filtration (0.2 pm in pore size), and all procedures
were performed in a clean biosafety bench. The ucMSCs were suspended
in prepolymer solutions (0.01 w/v% CaCl; in saline) at a concentration
of 4 x 10° cells/mL and transferred to an NGC mold. The mold was
exposed to UV light for 1 min and subsequently incubated in sterile 0.9
M CaCly solution for 5 min for secondary ionic crosslinking. The
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ucMSC-encapsulated hydrogel sample was washed twice with sterile
saline (0.15 M NaCl) for 10 min. The sample was transferred to a growth
medium and incubated at 37 °C for subsequent experiments. To examine
the distribution of the encapsulated ucMSCs in the hydrogel NGCs, the
samples were stained. In brief, the samples were incubated in a 5 mM
calcein AM solution in 10 mL DPBS at 37 °C with 5 % CO5 for 10 min.
Three-dimensional fluorescence images of the ucMSC-laden NGCs were
acquired using a confocal laser-scanning microscope (FV3000RS;
Olympus, Tokyo, Japan).

2.5. Invitro cell studies

2.5.1. Cell viability of encapsulated ucMSCs

Live/dead staining was performed according to the manufacturer’s
instructions (Thermo Fisher Scientific). Briefly, a staining solution was
prepared by mixing 20 pL of EthD-1 (2 mM) and 5 pL of calcein AM (5
mM) with 10 mL of DPBS. The ucMSC-laden NGCs were incubated in a
staining solution at 37 °C with 5 % CO; for 10 min and washed twice
with DPBS for 5 min each. Fluorescence images were acquired using a
fluorescence microscope (DMI3000 B, Leica, Wetzlar, Germany). Live
(green) and dead (red) cells were counted from randomly selected im-
ages (n = 8). Cell viability was calculated using the following equation
(2).

Number of live cells

e ey
Cell viability (%) Number of live cells + Number of dead cells

x 100

(2)

2.5.2. Dorsal root ganglion (DRG) isolation

DRGs were isolated from 1-week-old Sprague-Dawley rats as previ-
ously described [33]. All isolation procedures were performed in a
sterile environment on a clean bench. The rats were sacrificed, and their
vertebral columns were separated and incubated in 4 °C DPBS. The
surrounding muscles and fatty tissues were carefully removed, and the
thoracic column was sagittally bisected. The spinal cord was then
extracted. The DRGs located in the intervertebral foramina were care-
fully extracted with tweezers using a stereomicroscope (S6D; Leica,
Wetzlar, Germany). The isolated DRGs were stored in 4 °C DMEM sup-
plemented with 10 % FBS and 1 % antibiotic-antimycotic solution for
subsequent experiments.

2.5.3. Direct co-culture of DRGs with ucMSC-laden NGCs

A 24-well plate was first coated with 300 pL of 0.05 % poly-L-lysine
solution by incubation at 37 °C for 30 min and washed with DPBS. An
isolated DRG explant was placed on the plate containing 100 pL of
Neurobasal A media supplemented with 1 % GlutaMax, 2 % B-27 sup-
plement, 1 % antibiotic-antimycotic solution, and 25 ng/mL NGF, fol-
lowed by incubation in a humidified incubator at 37 °C with 5 % CO, for
additional 30 min for attachment. ucMSC-laden NGC or cell-free NGC
(14 mm in length) was transferred to a Transwell (a 3.0-um pore size;
SPL, Republic of Korea), which was further placed into the plate con-
taining DRG. Subsequently, 1 mL of a 1:1 mixture of Neurobasal A
medium and MEM Alpha was transferred to a Transwell plate and
incubated for 48 h. For immunostaining, DRGs were fixed by incubating
with 4 % paraformaldehyde solution for 30 min and permeabilized using
0.1 % Triton X-100 solution (in PBS) for 20 min. The samples were then
incubated in the blocking solution (30 mg/mL bovine serum albumin in
PBS) for 60 min and incubated in a primary antibody solution containing
anti-neurofilament 200 (anti-NF200) polyclonal antibodies (1:100 in
PBS) at 4 °C overnight. The samples were washed twice with PBS,
incubated in a secondary antibody solution containing Alexa Fluor
555-conjugated donkey anti-rabbit IgG (1:200 in PBS) at 25 °C for 1 h,
and washed twice with PBS. Fluorescent images were acquired using a
fluorescence microscope (DMI3000B; Leica). Neurite length was
measured as the distance from the DRG body to the tip of the neurite by
analyzing random images using the NeuronJ plugin in ImageJ (n > 100).
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2.5.4. Preparation of the conditioned medium (CM) from ucMSC-laden
NGCs

14-mm long ucMSC-laden NGC and non-cell laden NGC were sepa-
rately cultured in a 24-well plate with 800 pL of serum-free MEM alpha
containing 1 % antibiotic-antimycotic solution for 3 days without
changing the medium. After incubation, the medium was collected and
centrifuged at 1500 rpm for 5 min to remove cell debris and filtered
through a 0.2 pm pore size syringe filter. The resulting CM was stored at
—80 °C until use.

2.5.5. Tube formation assay with the CM

HUVECs were used at passage number less than 6 in all experiments.
HUVECs were maintained in ECM supplemented with 5 % FBS, 1 %
penicillin-streptomycin, and 1 % endothelial cell growth supplement in
a humidified incubator with 5 % CO at 37 °C. The medium was replaced
daily, and the cells were subcultured at 80 % confluence. For tube for-
mation assay, HUVECs were cultured in serum-free medium for 12 h.
Then, the cells were harvested by treating 0.05 % trypsin/EDTA solution
at 37 °C for 5 min and seeded onto Matrigel-coated 24-well plates at a
density of 1.2 x 10° cells per well. The cells were further cultured in a
1:1 mixture of serum-free ECM and each sample in a humidified incu-
bator with 5 % CO; at 37 °C for 4 h. The tested sample groups included
serum-free MEM alpha (control), CM from ucMSC NGC (MSC@NGCQ)),
and CM from cell-free NGC (NGC). Optical images were acquired using a
microscope (DM IL LED; Leica). The total numbers of branching points
and closed loops in each group were measured from randomly selected
optical micrographs using the ImageJ software.

2.5.6. Invitro RAW cell culture and cytokine quantification

RAW 264.7 macrophages were maintained in DMEM supplemented
with 10 % FBS on TCP at 37 °C with 5 % CO». RAW cells were seeded in
24-well plates at a density of 10° cells/cm? and cultured in serum-free
DMEM medium for 12 h. The RAW cells were cultured in a 1:1
mixture of serum-free M1 induction medium (DMEM containing 50 ng/
mL LPS) and each sample for 24 h, and the medium in each group was
collected. The sample groups included serum-free MEM alpha (control),
ucMSC NGC CM (MSC@NGCQC)), and cell-free NGC CM (NGC). Inflam-
matory cytokines (i.e., TNFa and IL-6) in each collected medium were
quantified using enzyme-linked immunosorbent assay (ELISA) kits
(Invitrogen), according to the manufacturer’s protocols.

2.5.7. Analysis of the encapsulated ucMSC secretomes

Human Growth Factor Array C1 (Raybiotech, GA, USA) was used to
profile the secretome components in the CM from the culture of ucMSC-
laden NGCs according to the manufacturer’s instructions. In brief, the
membrane was blocked with a blocking buffer at room temperature for
30 min and incubated with the CM at room temperature on a shaker for
2 h. Then, the membranes were incubated with a Biotinylated Antibody
Cocktail on a shaker at 4 °C overnight and subsequently incubated with
HRP-Streptavidin solution at room temperature for 2 h. Finally, the
membrane was incubated in 500 pL detection buffer at room tempera-
ture for 2 min. Medium without ucMSCs was used as the control.
Chemiluminescence images of the sample were acquired using the
ChemiDoc XRS + System (Bio-Rad, Hercules, CA, USA), and the signal
intensity of each protein was quantitatively analyzed with Image Lab
software (version 6.1.0; Bio-Rad). The results were expressed as the
relative ratio (%) between the positive and reference dot intensities.

2.6. In vivo studies

2.6.1. Surgical processes

Eight-week-old male Sprague-Dawley rats (180-200 g) were ob-
tained from Damool Science (Daejeon, Republic of Korea). A sciatic
nerve defect model was established as previously described [34]. All
experimental procedures were reviewed and approved by the Commit-
tee on Animal Research and Ethics at the Gwangju Institute of Science
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and Technology (GIST) Laboratory Animal Resource Center, Republic of
Korea (approval number: GIST-2023-032). The rats were anesthetized
with isoflurane (Hanapharma, Seoul, Republic of Korea). The right hip
joint of each rat was dissected to expose the sciatic nerve, and a 10-mm
defect was created. Each nerve end was placed in a 14-mm-long NGC
and secured to the epineurium using 8-0 silk sutures. The biceps femoris
muscle was closed using 6-0 silk sutures, and the skin was closed using
3-0 silk sutures. For autograft control, a 10-mm segment of the nerve
was excised and reconnected to the distal and proximal ends using 8-0
silk sutures. The experimental groups included sham, autograft,
non-cell laden NGC (Non-MSC), ucMSC-laden NGC (MSC), and a med-
ical silicone conduit (Jiajie Rubber and Plastic, Shenzhen, China). Four
rats were used in sham group and six rats were used in other group (n =
6). The rats were sacrificed with CO; at 6- and 12-weeks after surgery
and treatment for subsequent analyses.

2.6.2. Sciatic nerve function evaluation

Sciatic nerve function recovery was evaluated by walking track
analysis. The rats were allowed to freely walk on white paper, leaving
footprints at 2, 4, 6, 9, and 12 weeks after surgery and treatment. Three
parameters (i.e., print length (PL), toe spread (TS), and intermediate toe
spread (IT)) were measured from the footprints of the operated (surgi-
cal) and non-operated (normal) sides. These parameters were used to
calculate the sciatic functional index (SFI) using the following equation

3):

EPL — NPL

ETS — NTS 4
NPL

y EIT — NIT
NTS

SFI— — 38.8
x NIT

+109.5 x 13.3

-88
3

where EPL is the PL of the operated side, NPL is the PL of the non-
operated side, ETS is the TS of the operated side, NTS is the TS of the
non-operated side, EIT is the IT of the operated side, and NIT is the IT of
the non-operated side. An SFI value of 0 indicates normal nerve func-
tion, whereas an SFI value of —100 indicates the total loss of nerve
function [35]. Measurements were performed by three independent
blinded examiners.

2.6.3. Electromyography (EMG) signal recording

EMG signals were recorded from the gastrocnemius muscles using
the Biopac MP36 system (Biopac Systems, Inc., Goleta, CA, USA) with a
concentric needle electrode while stimulating the proximal part of the
sciatic nerve of each experimental group with a Plexiglas-platinum
electrode with a 1-ms pulse stimulus (1.5 V and 1 Hz). The recorded
EMG signals were further analyzed to determine the peak-to-peak
voltage after each electrical stimulus and evaluate the electrical activ-
ity of the gastrocnemius muscles using the Biopac Student Lab software
(version 4.1.2; Biopac Systems, Inc.) [10,36].

2.6.4. Thermal paw withdrawal test

Thermal withdrawal response of experimental rats was assessed as
previously described [37,38]. Briefly, right paw of each animal was
placed in 60 °C water, and a video was recorded to measure the reaction
time during the experiment. Reaction time was defined as the time be-
tween the paw’s contact with hot water and its withdrawal from the
water.

2.6.5. Gastrocnemius muscle evaluation

Gastrocnemius muscles from the left and right sides were collected at
6- and 12-weeks after surgery. The samples were rinsed with PBS and
weighed. Then, muscle weight was measured, and muscle weight ratio
was calculated by comparing the weights of the operated (right) and
non-operated (left) muscles of each animal. For histological evaluation,
muscle tissues were fixed by incubation in 4 % paraformaldehyde at 4 °C
for 24 h, washed twice with PBS for 5 min each, embedded with paraffin,
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and sectioned into 10-pm thick slices using a microtome (RM2235;
Leica). Masson’s trichrome staining was performed, according to man-
ufacturer’s instructions (BBC Biochemicals). Masson’s trichrome stain-
ing images were acquired using an optical microscope (DM-IL LED;
Leica). The area of each muscle fiber (red) was measured, and the ratio
of the fibrotic collagen area (blue) to the total muscle area (red) was
determined from the Masson’s trichrome staining images (n = 5) using
the ImageJ software [39-41].

2.6.6. Morphometric analysis of the regenerated nerves

At 6- and 12-weeks after surgery and treatment, sciatic nerves were
harvested, fixed overnight with 2.5 % glutaraldehyde solution at 4 °C for
24 h, and washed twice with PBS for 5 min each. Then, the samples were
embedded in LR White Resin (EMS, Hatfield, PA, USA), sectioned into
ultrathin slices (80 nm in thickness), and stained with lead citrate and
uranyl acetate. Transmission electron microscopy (TEM) images were
acquired using a transmission electron microscope (JEM-2100F; JEOL
Ltd., Tokyo, Japan). Myelin sheath thickness and axon diameter were
measured from at least three randomly selected TEM images using the
ImageJ software. Finally, G-ratio was calculated using the following
equation:

axon diameter
single nerve fiber diameter

4

G ratio=

Single nerve fiber diameter was defined as the sum of the axon
diameter and myelin sheath thickness [42].

2.6.7. Immunohistochemical analysis of the regenerated nerves

Harvested nerve tissues were fixed by incubation in 4 % para-
formaldehyde at 4 °C for 24 h, washed twice with PBS for 5 min each,
embedded with paraffin, and sectioned into 8-pm thick slices using a
microtome. Then, the sections were permeabilized with 0.1 % Triton X-
100 in PBS at room temperature for 10 min, blocked with 3 % goat
serum in PBS at room temperature for 1 h, and incubated overnight at 4
°C with a primary antibody solution (anti-NF-200 polyclonal antibodies
[1:100] and anti-S-100 monoclonal antibodies [1:100] in 1.5 % goat
serum and 0.05 % Triton X in PBS). After washing twice with PBS, the
sections were incubated with the secondary antibody solution (Alexa
Fluor 555-conjugated donkey anti-rabbit IgG [1:200] and Alexa Fluor
488-conjugated donkey anti-mouse IgG [1:200] in PBS) at 37 °C for 1 h.
To further reduce autofluorescence, the sections were incubated with
0.2 % Sudan Black B (in 70 % ethanol) for 2 h. Nuclei were stained with
the DAPI solution (1:1000 in PBS). Fluorescence images were obtained
using a fluorescence microscope. S-100- and NF-200-stained areas were
quantified from randomly selected fluorescence images (n = 5) using the
ImageJ software.

2.7. Statistical analyses

All experiments were performed at least in triplicate (n > 3), and
results are expressed as the mean + standard deviation, unless otherwise
stated. Statistical significance was analyzed using a one-way analysis of
variance, followed by Tukey’s post-hoc comparison of the mean values.
Statistical analyses were performed using Origin Pro 9.3 (OriginLab
Corp., Northampton, MA, USA). Statistical significance was determined
at p < 0.05.

3. Results and discussion
3.1. Preparation of GelMA/alginate DN hydrogel NGCs

DN hydrogel NGC (A1G15) was fabricated via a two-step process
with 1 % alginate and 15 % GelMA: i) UV photopolymerization and ii)
ionic crosslinking with calcium ions (Fig. 2a). On the other hand, SN
hydrogel NGC (G15) was fabricated as a control using 15 % GelMA and
UV photopolymerization. Synthesis of GelMA was confirmed via 'H
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NMR spectroscopy (Fig. 2b). DOF of the synthesized was 69.3 + 1.5 %.
Hydrogel NGCs were fabricated using a laboratory-made assembly mold
(Fig. S1). Annulus DN and SN NGCs of 1 cm length, 1.2 mm inner
diameter, and 0.6 mm wall thickness were successfully fabricated. G15
was transparent, whereas A1G15 was slightly milky, likely due to the
ionic crosslinking of the alginate chains with calcium ions (Fig. 2¢) [43].
FT-IR spectroscopy was performed to confirm DN structure formation on
three A1G15 hydrogel types: non-crosslinked, photo-crosslinked, and
photo- and ionic-ally crosslinked samples (Fig. S2). The non-crosslinked
sample exhibited characteristic GelMA peaks at 3311 cm™! (O-H/N-H
stretching), 1645 cm ™! (C=0 stretching and methacrylate C=C), 1529
em™! (amide II) and 1232 cm™! (amide III) [44-47]. After
photo-crosslinking, the intensity of 1645 cm™' peak decreased, indi-
cating methacrylate consumption and covalent network formation. In
the DN hydrogel, asymmetric and symmetric carboxylate peaks
appeared at 1633 and 1440 cm ™!, respectively. Notably, these peaks
were slightly red-shifted (~2 cm™1) compared to the photo-crosslinked
sample, suggesting Ca?"-mediated ionic crosslinking of alginate.
Although alginate signals were weak due to its low content, these
spectral shifts combined with enhanced mechanical properties (Fig. 3)
confirm successful DN hydrogel formation. SEM images showed that
both the SN and DN NGCs had typical hydrogel microstructures with
internal pores that can facilitate efficient nutrient and waste transport
(Fig. 2d). Interestingly, DN hydrogels had pore walls (13.7 + 7.1 pm)
1.7-times thicker than the SN hydrogels (8.2 + 3.4 um) (Fig. 2e), indi-
cating a denser network in DN NGC. The thick pore walls observed in the
SEM images are generally indicative of enhanced mechanical properties
and dense hydrogel networks [16,48].

a
GelMA (15%)

ucMSC encapsulation

1 min UV crosslinking i 1 min UV crosslinking

v (post-crosslinking)

A1G15 (DN)

G15 (SN)

Alginate (1%) + GelMA (15%)

i 0.01% CaCl, pre-crosslinking

8 min incubation in CaCl, solution
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3.2. Mechanical properties of hydrogel NGCs

For robust and efficient PNI recovery, hydrogels with appropriate
mechanical properties, such as strength and fatigue resistance, are
required. As peripheral nerves are located just beneath the skin or around
highly mobile joints and experience repeated elongation and relaxation,
mechanical protection of regenerating nerves is important [12,49].
Traditional hydrogels are soft and weak and considered unsuitable as
NGC materials. In contrast, DN hydrogels can demonstrate superior me-
chanical properties, fatigue resistance, and suture retention, which are
beneficial for the protection and long-term stability of the regenerating
peripheral nerves. In this study, rheological and mechanical character-
istics of SN G15, SN A1G15 (photopolymerized but non-ionic cross-
linked), and DN A1G15 (photopolymerized followed by a second ionic
crosslinking) were investigated. First, SN A1G15 (6.4 + 1.3 kPa)
exhibited a lower storage modulus than G15 (23.6 + 3.0 kPa), possibly
because of the interference of alginate polymer chains with the formation
of the GelMA network in A1G15 during UV crosslinking (Fig. 3a; Fig. S3).
Conversely, after calcium treatment for secondary ionic crosslinking, DN
A1G15 exhibited a significantly increased modulus of 35.5 + 3.0 kPa,
which was 1.5- and 5.5-fold higher than those of SN G15 and
non-ionically crosslinked SN A1G15, respectively, indicating enhanced
mechanical properties attributed to the ionic crosslinking network of the
alginate chains. Furthermore, mechanical characteristics of SN G15, SN
A1G15, and DN A1G15 hydrogels were examined using tensile stress—
strain curves (Fig. 3b). The ultimate tensile strengths of SN G15 (63 + 26
kPa) and SN A1G15 (79 + 15 kPa) were not significantly different. DN
A1G15 exhibited the highest tensile strength (173 + 62 kPa) (Fig. 3c). In
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Fig. 2. Fabrication of gelatin methacrylate (GelMA)/alginate DN NGCs. (a) Fabrication processes of single-network (SN) GelMA (G15) and DN GelMA/alginate
(A1G15) NGCs. (b) 'H NMR spectra of gelatin and GelMA. (c) Photographs of G15 and A1G15 NGCs with side and cross-sectional views. Scale bars = 2 mm. (d) Cross-
sectional scanning electron microscopy (SEM) images of G15 and A1G15 NGCs. Scale bars = 500 pm (top) and 300 pm (bottom). (e) Pore wall thicknesses of G15 and

A1G15 NGCs (n > 80; **p < 0.01).
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Fig. 3. Rheological and mechanical properties of hydrogel-based NGCs. (a) Storage moduli (G") of SN G15, SN A1G15, and DN A1G15 (n = 5; *p < 0.05). Storage
modulus was obtained at 1 Hz in the frequency sweep test. (b) Tensile stress—strain curves of SN G15, SN A1G15, and DN A1G15. (c¢) Ultimate tensile strength and (d)
elastic moduli of SN G15, SN A1G15, and DN A1G15 obtained from the tensile stress—strain curves (n = 5; *p < 0.05; **p < 0.01). (e) Photographs of the medical
silicone conduit, SN G15, and DN A1G15 NGCs at their respective critical bending angles. (f) Successive compression of SN G15 and DN A1G15 at 45 and 50 % strain
during 100 cycles. (g) Suture retention tests of SN G15 and DN A1G15. Photographs were acquired at the breaking point of SN G15 (approximately 6 % strain). (h)

Suture retention forces of SN G15 and DN A1G15 (n = 4; **p < 0.01).

addition, the elastic modulus of DN A1G15 (215 + 48 kPa) was signifi-
cantly higher than those of SN G15 (144 + 20 kPa) and SN A1G15 (108 +
11 kPa) (Fig. 3d). Compression test revealed trends similar to those
observed in the tensile tests. For example, ultimate compressive strength
of DN A1G15 (439 + 146 kPa) was 1.7-times higher than that of SN G15
(255 + 89 kPa) (Fig. S4). Although the alginate concentration in the DN
hydrogel was relatively low (1 % w/v), incorporated alginate can form an
ionically crosslinked secondary network that can significantly enhances
mechanical strength. This alginate network can act synergistically with
the covalently crosslinked GelMA network to provide efficient stress
dissipation and energy distribution.

Kink-resistance test was performed to determine the maximum
bending angle at which the hollow lumen of the NGC remained unob-
structed (Fig. 3e). Appropriate kink resistance of an NGC is crucial to
ensure the protection of regenerating nerves in dynamic environments
[50]. DN A1G15 NGC exhibited excellent kink resistance. Critical
bending angle was 42.7° for medical silicone conduit, 48.0° for SN G15,
and 61.9° for DN A1G15. Superior kink resistance of the DN hydrogel
NGC indicated its suitability for maintaining an open lumen, thereby
preventing nerve regeneration failure in highly mobile tissues, such as the
elbow, knee, and finger joint tissues. Notably, the developed DN hydrogel
NGCs exhibited better kink resistance than the commercially available
collagen-based NGCs, such as NeuraGen® (approximately 55°) and
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Neuroflex® (approximately 60°), and other conventional non-flexible or
silk fibroin NGCs [50-53]. As fatigue resistance and durability are also
essential for high NGC performance, we conducted cyclic compression of
the SN G15 and DN A1G15 NGCs and examined their mechanical sta-
bility. After 100 cycles under 45 % strain, the compressive strength of
A1G15 (0.405 kgf) was significantly higher than that of G15 (0.251 kgf).
In additional tests under more rigorous conditions with 50 % strain for
100 cycles, SN G15 failed after only two cycles, whereas DN A1G15
maintained its mechanical strength for up to 44 cycles, demonstrating
that DN A1G15 NGC exhibited excellent fatigue resistance and durability.
Suturability is desirable for the practical use of NGCs. Hence, suture
retention test was performed to determine that each NGC could endure
without breaking when subjected to 8-0 suture. A1G15 exhibited
1.67-fold higher suture retention strength (7.5 + 1 kgf) than G15(4.5+ 1
kgf). Collectively, these findings suggest that DN A1G1l5 possesses
excellent mechanical properties, including kink resistance, fatigue
resistance, and suture retention, suitable for NGC implantation.

3.3. Regenerative potential of the encapsulated ucMSCs in vitro

The distribution and viability of the ucMSCs encapsulated within
NGCs were assessed by calcein-AM staining and confocal microscopy
(Fig. 4a and Video S1). Viable (green) ucMSCs were uniformly
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Fig. 4. In vitro studies to characterize the efficiency of ucMSC-laden NGCs in peripheral nerve regeneration. (a) Confocal image of ucMSCs encapsulated in A1G15
NGC. Scale bar = 500 pm. (b) Live/dead images of ucMSCs encapsulated in A1G15 NGC. Fluorescence images were acquired on days 1, 4, and 7. Scale bar = 100 pm.
(c) Cell viability of encapsulated ucMSCs after incubation for seven days (n = 8; **p < 0.01). (d) In vitro co-culture of NGCs and dorsal root ganglion (DRG) using a
Transwell. Samples included cell-free A1G15 NGCs (Non-MSC) and MSC-laden A1G15 NGCs (MSC). (e) DRG explants stained for NF-200 (red) after 48 h of co-
culture. Scale bars = 200 pm (left) and 100 pm (right). (f) Neurite lengths of DRG explants cultured with cell-free NGCs or MSC-laden NGCs (n > 100; **p <
0.01). (g) Total branching points and (h) total number of closed loops for human umbilical vein endothelial cells (HUVECs). HUVECs were cultured with the control
(medium) or conditioned medium (Non-MSC or MSC groups) for 4 h (n = 4 per group; **p < 0.01). (i) Quantification of tumor necrosis factor (TNF)-a and interleukin
(IL)-6 levels in various culture media. RAW cells were cultured in the medium (control) or conditioned medium (Non-MSC or MSC groups) for 24 h (n = 3; *p < 0.05;
*p < 0.05). (j) Antibody array analysis of human growth factors in a conditioned medium with ucMSC-laden A1G15 NGCs.
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distributed throughout the NGC matrix. The encapsulated ucMSCs
retained high cell viability with >80 % up to 7 days (Fig. 4b and c),
indicating cytocompatibility of the materials and procedures for ucMSC-
laden NGC fabrication. Additionally, the metabolic activity of ucMSCs in
NGCs gradually increased from days 1-7, suggesting appropriate pro-
liferation (Fig. S5).

MSCs secrete various neuro-regenerative factors, including glial cell-
derived neurotrophic factor, NGF, brain-derived neurotrophic factor,
and neurotrophin-3 (NT-3) [54]. Hence, the neuroregenerative potential
of the encapsulated ucMSCs was assessed by a co-culture of DRG with
either ucMSC-laden NGCs (MSC group) or NGCs without MSCs
(non-MSC group) (Fig. 4d). The DRGs in the MSC group exhibited
significantly longer neurite outgrowth (381 + 106 pm) compared to the
non-MSC group (225 + 78 pm) after 48 h of co-culture (Fig. 4e and f).
These results imply paracrine effects of the encapsulated ucMSCs on the
promotion of neurite growth, confirming the neurogenic potential of
ucMSCs via neurotrophic factor secretion. Similarly, the DRG cultured in
CM of the MSC group showed a 1.5-fold longer neurites (433 + 92 pm)
compared to that of the non-MSC group (228 + 54 pm) (Fig. S6).
Furthermore, we cultured primary rat Schwann cells in CM from
MSC-laden DN NGCs (Fig. S7). Schwann cells cultured in CM MSC-laden
DN NGCs exhibited significantly enhanced migration compared to those
cultured in CM from MSC-free NGCs, indicating that the MSCs encap-
sulated in the DN hydrogels promoted Schwann cell migration via
paracrine signaling.

Microvessels are crucial components for peripheral nerve tissue
regeneration, nutrient and oxygen delivery, and waste removal [55,56].
MSCs promote vascular formation by secreting various angiogenic fac-
tors, such as vascular endothelial growth factor (VEGF) and
platelet-derived growth factor (PDGF) [57]. The angiogenic potential of
the encapsulated ucMSCs was assessed by a tube formation assay
(Fig. 4h and Fig. S8). After 4 h of incubation in CM, the total branching
points and closed-loop numbers of the HUVECs were examined. Inter-
estingly, the MSC group exhibited significantly more branching points
(Fig. 4g) and closed loops (Fig. 4h). This promotion of angiogenesis can
be attributed to the production of proangiogenic factors by the encap-
sulated ucMSCs. NGC implantation can also cause foreign body re-
actions and inflammation, which can hinder effective functional nerve
regeneration [58-60]. Hence, several efforts have been made to provide
anti-inflammatory substances to attenuate inflammation and promote
nerve regeneration [61,62]. In general, MSCs possess unique immuno-
modulatory abilities that can mitigate excessive inflammatory reactions.
Such immunomodulatory ability of encapsulated ucMSCs was assessed
by quantifying pro-inflammatory cytokines (i.e., TNFa and IL-6) in
medium cultured with macrophages and CM for 24 h the TNFa con-
centration in the MSC group (628 + 60 pg/mL) was found statistically
lower than in the non-cell group (743 + 18 pg/mL) and the negative
control (739 + 25 pg/mL). Similarly, the MSC group (203 + 7 pg/mL)
produced a significantly smaller amount of the IL-6 than non-cell (290
+ 11 pg/mL) and the negative control (324 + 8 pg/mL) groups (Fig. 4i).
These results suggest the anti-inflammatory ability of the encapsulated
ucMSCs. Finally, a human growth factor antibody array was used to
profile the secretomes produced by the ucMSCs encapsulated in A1G15
(Fig. 4j). More growth factors were detected in the MSC group. For
example, granulocyte macrophage colony-stimulating factor (GM-CSF)
and hepatocyte growth factor (HGF) levels were approximately 59-fold
and 19-fold higher, respectively, in the MSC group compared to those in
the control group (Fig. S9). GM-CSF is a key modulator of post-injury
immune responses and has been reported to accelerate early axonal
regeneration in rat sciatic nerve injury models [63]. HGF plays a pivotal
role in peripheral nerve repair by activating Schwann cells and
enhancing neurite extension and axonal growth [64,65]. In addition, the
MSC group exhibited increased levels of other regenerative factors,
including heparin-binding EGF-like growth factor (HB-EGF), insulin-like
growth factor binding protein 4 (IGFBP-4), and platelet-derived growth
factors (PDGF-AA and PDGF-AB). These growth factors are involved in
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tissue regeneration processes, such as angiogenesis, cell proliferation,
and matrix remodeling. Altogether, the results indicated that encapsu-
lated uc-MSCs produced diverse bioactive factors that can enhance pe-
ripheral nerve regeneration.

3.4. In vivo efficacy tests of ucMSC-laden NGCs in a rat sciatic nerve
defect model

For in vivo studies, 14-mm-long NGC and 10-mm sciatic nerve defect
rat model were used. The experimental groups included i) sham ii)
autograft (Auto) as a positive control, iii) medical-grade silicone conduit
(Silicone) as a control, iv) non-cell-laden NGC (Non-MSC), and v)
ucMSC-laden NGC (MSC) (Fig. S10). All NGCs were successfully
implanted into the nerve defects and found to remain at the implanted
sites for 6 weeks (Fig. 5a). At week 12, the hydrogel NGCs (Non-MSC and
MSC) disappeared, whereas intact regenerating nerves were observed. It
should be noted that non-degradable NGCs may require secondary sur-
geries for removal after complete nerve regeneration, whereas rapidly
degrading NGCs cannot sufficiently support nerve reconnection [66].
Hence, NGCs with suitable degradation kinetics are highly desirable
[67]. During 10-mm sciatic nerve gap regeneration with implanted
NGCs, the axonal phase begins around two weeks post-surgery, where
the first axons migrate from the proximal nerve end. Subsequently, the
myelination phase occurs approximately four weeks post-surgery, dur-
ing which Schwann cells produce myelin. Therefore, it is ideal for the
NGC to begin gradually degrading thereafter [68]. Hematoxylin and
eosin staining revealed that the DN hydrogel NGCs (Non-MSC and MSC)
gradually degraded and mostly disappeared by 12 weeks, implying their
suitable degradation kinetics for peripheral nerve regeneration (Fig. S11
and S12). To explore the degradation profile, the thickness of residual
NGCs was measured at weeks 4, 8, and 12 post-implantation (Fig. S13).
Gradually decrease in NGC thickness indicates that the DN hydrogel
degrades in a rate compatible with peripheral nerve regeneration. A
degradation rate matched to tissue healing may enhance therapeutic
efficacy by supporting axonal growth and reducing long-term material
persistence [66]. Future studies will incorporate non-invasive imaging
methods, such as fluorophore labeling or MRI-based tracking, for more
precise and real-time monitoring of hydrogel degradation in vivo. We
previously observed that alginate/gelatin DN hydrogel NGCs prepared
via gamma irradiation showed superior in vivo retention compared to
SN gelatin NGCs [16]. For example, DN NGCs remain intact for 6 weeks
in injured sciatic nerves. In addition, no significant symptoms of severe
immune responses were observed at 12 weeks (Fig. S12).

Functional recovery of the regenerated sciatic nerve was assessed
using walking analysis. Specifically, SFI was analyzed using footprint
images (Fig. S14). The SFI gradually increased in all groups after surgery
and treatment. At 2 weeks, the Auto and MSC groups had significantly
higher SFI values than the Silicone group. Both groups presented higher
SFI values than the Non-MSC and Silicone groups by week 4; however,
the difference between the Auto and MSC groups was not significant.
These results suggest that ucMSCs encapsulated in DN hydrogel NGCs
promoted nerve regeneration in the early stages, comparable to the gold
standard autograft. After 6 weeks, Auto group showed significantly
higher SFI values than the MSC group. Nevertheless, SFI values in the
MSC group were significantly higher than those in Non-MSC and Sili-
cone groups. At 12 weeks, the SFI values in the individual groups were in
the following order: Sham > Auto > MSC > Non-MSC > Silicone
(Fig. 5b). For example, the SFI values of Sham, Auto, MSC, Non-MSC,
and Silicone groups were —9 + 3, —61 + 4, —72 + 4, —85 £ 1, and
—90 + 1, respectively (Fig. 5¢). To better understand the performance of
our MSC-laden DN hydrogel NGCs, we compared our SFI results with
those reported in the literature for other natural and synthetic polymer-
based NGCs. Our NGC demonstrated superior regenerative performance
compared to NGCs made from silk fibroin [69], collagen, chitosan [70],
polycaprolactone (PCL) [70] and poly(L-lactide-co-e-caprolactone)
(PLCL) [71,72]. Furthermore, our system was superior to other stem
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Fig. 5. In vivo peripheral nerve regeneration in a sciatic nerve defect model using various NGCs. Experimental groups included sham, autograft (Auto), medical
grade silicone conduit (Silicone), non-cell-laden NGC (Non-MSC), and ucMSC-laden NGC (MSC) groups. (a) Images at 0 d, 6 weeks, and 12 weeks after surgery and
NGC implantation. (b) Sciatic functional index (SFI) at weeks 2, 4, 6, 9, and 12 (#p < 0.05 vs. silicone group in the same week; @p < 0.05 vs. non-MSC group in the
same week; $p < 0.05 vs. MSC group in the same week). (c) SFI at 12 weeks after surgery and treatment (n = 6; **p < 0.01). (d) Thermal withdrawal latency at 12
weeks (n = 6; *p < 0.05). (e) Onset-to-peak amplitudes at weeks 6 and 12 (n = 6; **p < 0.01). (f) Electromyograms 12 weeks after surgery. (g) Photographs of
gastrocnemius muscles (surgery [right] and non-surgery [left]). Scale bar = 25 mm. (h) Muscle wet weight ratio of gastrocnemius muscles at weeks 6 and 12 (n = 6;
*+p < 0.01).
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cell-based conduits, including those incorporating bone marrow- or
adipose-derived MSCs within Matrigel or fibrin—collagen hydrogels in
similar sciatic nerve defect models [73,74].

As an additional functional evaluation, the thermal paw withdrawal
test was performed to compare the recovery of sensory and motor
functions by measuring the pain response in each group. At 12 weeks,
the thermal withdrawal latency of the Sham (0.57 + 0.05 s), Auto (0.71
+ 0.12's), and MSC (0.75 £ 0.10 s) groups was significantly lower than
those of the Non-MSC (1.02 + 0.28 s) and Silicone (1.12 4+ 0.24 s)
groups (Fig. 5d). These results indicate enhanced recovery of sensory
and motor functions originating from the encapsulated ucMSCs. Elec-
trophysiological functions of the regenerated sciatic nerves were
assessed with respect to the EMG signal amplitude (Fig. 5e and f). The
onset-to-peak amplitudes increased in all groups after surgery. These
amplitudes at 12 weeks were in the order of the Sham (0.82 + 0.04 mV),
Auto (0.56 + 0.02 mV), MSC (0.5 + 0.02 mV), Non-MSC (0.33 £ 0.02
mV), and Silicone (0.38 + 0.02 mV) (Fig. 5e and f). These results indi-
cated that ucMSC-laden NGCs promoted the recovery of electrophysio-
logical functions in the regenerating sciatic nerve. Nerve conduction
velocity (NCV) was measured at 12 weeks post-implantation to evaluate
functional integration. No significant differences in NCV were observed
among the experimental groups, which may be attributed to the rees-
tablishment of nerve connection in all groups despite differences in re-
generated nerve diameter (Fig. S15). Sciatic nerve injury can lead to
skeletal muscle atrophy, which results in reduced muscle mass,
decreased strength, and impaired mobility [75]. The extent of muscle
atrophy was assessed by examining the weight ratios of the right (sur-
gical) and left (non-surgical) gastrocnemius muscles at 6 and 12 weeks
(Fig. 58). At 6 weeks, significant muscle atrophy was observed in all
groups, in which the Auto group showed the highest muscle weight
ratio. Interestingly, only the Auto and MSC groups showed 2.0- and
1.9-fold increases in muscle weight ratios, respectively, whereas the
Non-MSC and Silicone groups showed no improvement. The MSC group
showed higher muscle weight ratios than the Non-MSC and Silicone
groups at 12 weeks. For example, muscle weight ratios of the Sham,
Auto, MSC, Non-MSC, and Silicone groups were 100.2 + 2.1, 57.3 + 2.2,
35.2 + 11.8, 18.8 + 3.9, and 14.4 + 1.1 %, respectively (Fig. 5h).
Altogether, these findings suggest that ucMSC-laden NGC efficiently
promoted nerve regeneration, mitigated gastrocnemius muscle atrophy,
and enhanced muscle regeneration. Overall, significant functional re-
covery of injured nerves was observed by treatment of MSC-laden DN
hydrogel NGC, as demonstrated by SFI, EMG, and thermal withdrawal
latency tests, which are widely used methods for evaluating motor,
electrophysiological, and sensory function in peripheral nerve injury
models. Nevertheless, advanced techniques (e.g., dynamic gait analysis
and compound muscle action potential recordings) would be valuable in
future studies to provide deeper insights into functional restoration.

3.5. Histological analysis of the regenerated sciatic nerves

Sciatic nerve regeneration was further histologically assessed. First,
sciatic nerve tissues obtained at week 12 were stained for S-100 and NF-
200 as biomarkers for Schwann cells and neurons, respectively.
Schwann cells play critical roles in peripheral nerve regeneration by
producing trophic factors and cytokines, promoting nerve regeneration,
and forming the Bands of Biingner, thereby creating tracks for axon
elongation [76,77]. Neurofilaments are mature neuronal cytoskeleton
proteins supporting the structural integrity and shape of neurons; higher
expression levels of neurofilaments indicate better neuronal maturation
[78,79]. Immunostaining at 12 weeks post-surgery revealed that the
MSC group exhibited higher S-100 and NF-200 expression levels than
the other NGC groups (Non-MSC and Silicone) (Fig. 6a). Quantitative
analysis revealed that S-100 expression levels in the MSC group (51.9 +
6.5 %) were lower than those in the Sham (84 + 6.9 %) and Auto groups
(76.4 £ 5.6 %) but significantly higher than those in the Non-MSC (41.2
+ 5.7 %) and Silicone (25.9 + 9.0 %) groups (Fig. 6b). NF-200
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expression levels exhibited similar trends. For example,
NF-200-positive areas were 136.2 + 15.7, 80.1 + 4.1, 64.1 + 5.0, 41.2
4 3.0, and 36.3 & 2.5 % in the Sham, Auto, MSC, Non-MSC, and Silicone
groups, respectively (Fig. 6¢). To further assess the spatial pattern of
nerve regeneration within the conduit, immunofluorescence staining for
S-100 and NF-200 was performed on transverse sections obtained from
the proximal, central, and distal regions of the regenerated nerve
(Fig. S16). The MSC-laden DN hydrogel group showed robust and
continuous expression of both markers across all three regions, indi-
cating progressive Schwann cell migration and axonal elongation along
the conduit. In contrast, Non-MSC and Silicone groups showed weak
intensities, particularly in the central and distal regions, indicating
insufficient axonal regeneration and Schwann cell migration. These
immunohistochemical analyses with NF-200 and S100 suggest that the
MSC-laden DN hydrogel NGCs effectively promoted nerve regeneration
and Schwann cell myelination, respectively. However, molecular-level
analyses, such as qPCR and Western blotting, would be necessary as
future studies to provide additional insights into gene and protein
expression associated with nerve repair, including key neurotrophic and
regeneration-associated markers.

Remyelination is essential for successful regeneration and nerve
function as it facilitates rapid and efficient transmission of nerve signals
and protects the neurons [80]. Appropriate nerve regeneration is
commonly indicated by increased myelin sheath thickness and axon
size. In our studies, TEM images of the distal regions of nerve tissues 12
weeks post-surgery revealed thick and dense myelin structures in the
Auto and MSC groups. In contrast, Silicone group exhibited thin myelin
sheaths and numerous vacuolar-like defects (Fig. 6d). Quantitative
analysis of myelin sheath indicated that the Sham (1.26 + 0.07 pm) and
Auto groups (0.63 £ 0.03 pm) had the thick myelin. Myelin thickness in
the MSC group (0.43 + 0.04 pm) was significantly higher than those in
the Non-MSC (0.34 + 0.04 pm) and Silicone (0.32 + 0.04 pm) groups)
(Fig. 6e). A similar trend was observed for axon diameter, with Sham
(3.39 £ 0.2 pm) > Auto (2.13 + 0.14 pm) > MSC (1.8 £ 0.13 pm) >
Non-MSC (1.56 + 0.11 pm) ~ Silicone (1.48 + 0.08 pm) groups (Fig. 6f).
G-ratio, defined as the ratio of the inner to outer myelin sheath, was
obtained and compared to assess the myelin thickness and nerve con-
duction efficiency [42]. A low G-ratio indicates excessively thick myelin,
which leads to inefficient space utilization and reduced nerve conduc-
tion velocity. Conversely, a high G-ratio indicates excessively thin
myelin, which causes insufficient axonal protection and reduced nerve
conduction velocity. The optimal G-ratio is generally considered to be
approximately 0.6 to for balanced characteristics between the axon size
and myelin thickness [81]. Sham (0.55 + 0.02) and Auto groups (0.56
+ 0.02) exhibited values closest to the optimal G-ratio, followed by the
MSC group (0.67 + 0.02). In contrast, G-ratios of the Non-MSC (0.69 +
0.02) and Silicone (0.69 + 0.02) groups largely deviated from 0.6 and
were significantly higher than that of the MSC group (Fig. 6g).

Human nuclear antigen (HNA) staining was performed on nerve
tissues 12 weeks post-surgery to determine the residence and distribu-
tion of transplanted ucMSCs in the DN NGCs. HNA-positive cells, indi-
cating the transplanted MSCs, were rarely observed in the nerve tissues,
likely due to DN hydrogel degradation and cell migration (Fig. S17).
Nevertheless, some HNA-positive cells were observed, especially in the
epineurium, but not in the nerve fascicle. While the number of residual
ucMSCs was insufficient for phenotypic analysis, their presence in-
dicates a potential contribution to the regenerative process. Notably,
over 80 % of transplanted MSCs encapsulated within NGCs remained
viable at 1 week post-implantation (Fig. S18), indicating that the MSCs
may contribute to at least the early stages of nerve regeneration.

Microvessels facilitate the supply of nutrients and oxygen and guide
Schwann cells to reconnect the severed nerves during nerve regenera-
tion [55,82]. von Willebrand factor immunostaining indicated
well-structured and more blood vessels in the nerve tissues of the Auto
and MSC groups at 12 weeks (Fig. S19). This result is consistent with
those of the in vitro culture of HUVECs (Fig. 4g and h) and growth factor
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Fig. 6. Histological evaluation of the regenerated sciatic nerves. (a) Immunofluorescence images of the distal regions of regenerated sciatic nerves. S-100, NF-200,
and nuclei (4,6-diamidino-2-phenylindole [DAPI]) are indicated in green, red, and blue, respectively. Scale bars = 50 pm. (b) S-100 and (c) NF-200 staining areas
normalized by DAPI staining areas in each sample (n = 5; *p < 0.05; **p < 0.01). (d) TEM images of the distal regions of regenerated nerves. Scale bars = 2 pm. (e)
Thickness of myelin sheath (n = 5; **p < 0.01). (f) Diameter of axons (n = 5; **p < 0.01). (g) G-ratios of the regenerated nerves (n = 5; *p < 0.05).

arrays (Fig. 4j), suggesting that encapsulated ucMSCs induce vascular-
ization in injured nerve tissues by secreting angiogenic molecules.
Specifically, the MSCs incorporated within the DN hydrogels secreted
high levels of pro-angiogenic factors such as HGF and GM-CSF (Fig. 4j),
which promote endothelial cell migration and vessel formation.
Furthermore, inflammatory response in vivo was analyzed by immu-
nohistochemical staining for inducible nitric oxide synthase (iNOS), a
marker for pro-inflammatory macrophages at 4  weeks
post-implantation. The MSC-laden NGC group exhibited significantly
reduced iNOS expression compared to control groups (Fig. S20), indi-
cating attenuation of inflammatory reactions in nerve tissues. This
anti-inflammatory effect appears to be mediated by the paracrine
signaling of the encapsulated MSCs, which modulate immune responses
and reduce M1 macrophage polarization, thereby creating a more
favorable microenvironment for nerve regeneration.

Encapsulation of MSCs within DN hydrogel conduits offers several
unique advantages over microsphere- or fiber-based delivery methods.
Our strategy permits uniform cell distribution, supports sustained
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paracrine signaling, and maintains a permissive environment for
Schwann cell migration and axonal elongation. In contrast, micro-
spheres or fibers may hinder cell migration, limit factor diffusion or
introduce fabrication complexity. Thus, MSC encapsulation within DN
hydrogel NGCs provides a simple and effective approach for peripheral
nerve repair.

Sciatic nerve injury leads to a reduction in the muscle fiber size, as
described above. Muscle denervation inhibits muscle collagen degra-
dation, resulting in the accumulation of fibrotic collagen in the muscle
tissue [75]. Masson’s trichrome staining of the gastrocnemius muscle at
12 weeks post-surgery revealed large muscle fibers with minimal scar-
ring in the Sham, Auto, and MSC groups but irregular and small muscle
fibers with significant scarring in the Non-MSC and Silicone groups
(Fig. 7a). Specifically, MSC group (1027 + 107 pm?) exhibited a larger
muscle fiber area than the Non-MSC (806 + 143 pmz) and Silicone (389
+ 64 pm?) groups but a smaller muscle fiber area than the Sham (3396
+ 248 pmz) and Auto groups (1395 + 126 pmz). In addition, fibrotic
collagen deposition area of the MSC group (3.5 + 0.7 %) was smaller
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Fig. 7. Histological analysis of gastrocnemius muscles. Gastrocnemius muscles were analyzed 12 weeks after surgery and treatment. (a) Masson’s trichrome staining
images. Scale bars = 200 pm. Areas of (b) muscle fibers and (c) fibrotic collagen (n = 6; **p < 0.01).

area than those of the Non-MSC (8.4 + 2.1 %) and Silicone (17.2 + 2.8
%) groups but larger than that of the Sham (0.7 + 0.3 %) and Auto
groups (1.6 + 0.4 %). Overall, our histochemical results suggest that
ucMSC-laden NGCs effectively promote remyelination, axon regenera-
tion, and muscle recovery.

4. Conclusion

To enhance peripheral nerve regeneration, we developed functional
NGCs by encapsulating ucMSCs in DN hydrogels composed of GelMA
and alginate. The established DN hydrogel NGCs exhibited excellent
rheological and mechanical properties (e.g., fatigue resistance, suture
retention, and kink resistance) for NGC applications. The encapsulated
ucMSCs exerted potent neurogenic, angiogenic, and anti-inflammatory
effects, as confirmed by various in vitro assays, including DRG,
HUVEC, and RAW cell culture, secretome analyses, and in vivo studies
using a 10-mm rat sciatic nerve defect model. Compared to the cell-free
DN hydrogels and medical Silicone conduits, ucMSC-laden DN hydrogel
NGCs significantly promoted nerve regeneration, as evidenced by
improved axon maturation, remyelination, vascularization, and muscle
recovery. Their efficacy was slightly lower but comparable to that of the
gold standard autograft. Overall, our developed NGCs demonstrated
excellent nerve regeneration performance. However, further optimiza-
tion is necessary to achieve an efficacy comparable to or surpassing that
of autografts using various cellular and material approaches (e.g., ge-
netic engineering or potentiation of stem cells, incorporation of addi-
tional therapeutic substances, and engineering of stiffness and
topography). We successfully demonstrated the regenerative efficacy of
the MSC-laden DN hydrogel conduit in a rat sciatic nerve model. How-
ever, due to significant anatomical and physiological differences be-
tween rodent and human peripheral nerves, such as nerve size,
fascicular complexity, and regeneration rates, further studies in large
animal models are needed to confirm the safety, functionality, and
scalability of this hydrogel conduit system for human application.
Furthermore, DN hydrogel structure of NGCs has potential applications
beyond peripheral nerve repair, serving as a promising platform for cell-
based therapies in tissues such as the skin, tendons, muscles, and blood
vessels. Collectively, our findings highlight the potential of NGCs for PNI
treatment and other tissue engineering applications.
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