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ARTICLE INFO ABSTRACT
Keywords: Recent advancements in tissue engineering have promoted the development of nerve guidance conduits (NGCs)
Peripheral nerve regeneration that significantly enhance peripheral nerve injury treatment, improving outcomes and recovery rates. However,
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Macrophage polarisation

Nerve guidance conduit

utilising tailored biomimetic three-dimensional (3D) topological porous structures combined with multiple bio-
effect neurotrophic factors to create environments similar to neural tissues, regulate local immune responses, and
develop a supportive microenvironment to promote peripheral nerve regeneration and repair poses significant
challenges. Herein, a biomimetic extracellular matrix (ECM) NGC featuring an interconnected 3D porous
network and sustained delivery of insulin-like growth factor-1 (IGF-1) is designed using multi-functional gelatine
microcapsules (GMs). Nerve conduits made by blending chitosan (CS) with GMs demonstrate suitable degra-
dation rates, reduced swelling rates, increased suture tensile strength, improved elongation at break, and 50 %
radial compression performance that meet clinical application requirements. In vitro cytological studies indicate
that biomimetic ECM NGCs exhibit good biocompatibility, promote early survival, proliferation, and remyeli-
nation potential of Schwann cells (SCs), and support neurite outgrowth. The biomimetic ECM NGCs comprising a
3D interconnected porous network in a 10-mm sciatic nerve defect rat model sustain IGF-1 delivery, promoting
early infiltration of macrophages and polarisation towards M2-type macrophages. Furthermore, observations at
12 weeks post-implantation revealed improvements in electrophysiological performance, alleviation of
gastrocnemius muscle atrophy, increased peripheral nerve regeneration, and motor function restoration. Thus,
biomimetic ECM NGCs offer a therapeutic strategy for peripheral nerve regeneration with promising clinical
applications and transformation prospects to regulate immune microenvironments, promoting SC proliferation
and differentiation with nerve axon growth.
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1. Introduction

Peripheral nerve injury (PNI) indicates damage to the structure and
function of peripheral nerve fibres caused by trauma, compression, or
metabolic disorders, leading to abnormal sensory, motor, and auto-
nomic nerve functions [1]. Although partial regeneration can be ach-
ieved, repair processes have inherent limitations and are often
incomplete, resulting in suboptimal functional recovery [2]. According
to the clinical intervention standard of PNI, tension-free epineur-
ium/perineurium end-to-end sutures are only suitable to bridge the gap
for nerve transection injuries with defects less than 2 mm [3]. Autolo-
gous transplantation is regarded as the “gold standard” for treating pe-
ripheral nerve defects (>2 mm) due to its high compatibility and ability
to support axonal regrowth. However, the method has significant dis-
advantages, including donor site morbidity, limited availability of donor
nerves, and the potential for neuroma formation at the harvest site [4]. A
promising therapeutic strategy involves the use of tissue-engineered
NGCs to promote peripheral nerve regeneration. The advantages of
NGCs include customisation to 3D porous structures, topological
morphology, and composition to suit specific injury needs, with the
potential to incorporate growth factors, cells, and ECM components for
enhancing regeneration [5]. The developmental potential of NGCs lies in
their capacity to integrate advanced 3D topological structures and
bioactive molecules, offering a versatile and highly effective approach to
PNI treatment, potentially surpassing traditional methods of functional
recovery and patient outcomes [6].

The key to the successful repair of peripheral nerves by NGCs lies in
their ability to provide a supportive microenvironment that facilitates
SC activity, promotes axonal growth, and modulates the immune
response, particularly the polarisation of macrophages towards the
regenerative M2 phenotype [7,8]. Previous studies [9] have shown that
SCs play a pivotal role in peripheral nerve regeneration as they clear
debris, recruit macrophages, myelinate regenerated axons, deliver
neurotrophic factors, and provide physical and biochemical support for
axonal growth. Their activation and migration to injury sites are
essential for successful nerve repair. Currently, most tissue-engineered
NGCs are designed to support SC activity and enhance regenerative
function [10,11]. Additionally, an immune microenvironment plays a
crucial role in nerve regeneration after PNI by modulating inflammation
and orchestrating cellular responses [12]. Macrophages, the primary
immune-inflammatory cells that infiltrate NGCs early, are central to
such an environment [13]. In response to different stimuli, macrophages
exhibit either a classical activation phenotype (M1, pro-inflammatory)
or an alternative activation phenotype (M2, pro-healing) [8]. Macro-
phages in the early stages of injury are pro-inflammatory and respon-
sible for debris clearance and neurotrophic factor delivery [14]. As
healing progresses, a phenotypic switch to M2 macrophages occurs [15].
M2 macrophages are anti-inflammatory and secrete cytokines with
growth factors that promote tissue repair, SC activity, and axonal
regeneration [16]. The polarisation from M1 to M2 is essential for the
transition from inflammatory to regenerative phases, thereby optimising
nerve repair. Currently, numerous studies [17,18] aim to promote pe-
ripheral nerve regeneration by constructing NGCs that regulate the
immunophenotypic polarisation of macrophages. NGCs can be engi-
neered with specially tailored bionic 3D topologies and bioactive mol-
ecules to promote the transition from M1 to M2 macrophages. For
example, the incorporation of growth factors into NGCs can accelerate
the switch to the M2 phenotype, thereby fostering a regenerative envi-
ronment [19]. Additionally, NGCs can be designed to mimic the natural
ECM structure and provide physical and biochemical cues to support the
beneficial activities of M2 macrophages [20]. NGCs can significantly
improve the efficacy of peripheral nerve repair strategies by modulating
the immune microenvironment and promoting appropriate macrophage
polarisation. Therefore, the primary task in designing NGC-based ther-
apeutic strategies involves the simulation and maintenance of a dynamic
supportive microenvironment conducive to peripheral nerve
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regeneration while
immunophenotypes.

The biomimetic design of NGCs, particularly of those with inter-
connected porous networks, plays a pivotal role in peripheral nerve
regeneration [21]. First, the interconnected porous network structures
provide a 3D scaffold similar to the natural ECM, supporting cellular
attachment, migration, and organisation [22]. Second, the inter-
connected porous network structure of the NGCs facilitates the diffusion
of nutrients and oxygen, which are crucial for cell survival, cell function,
and metabolic waste removal [23]. Additionally, by incorporating
growth factors and cell adhesion molecules, the structures can replicate
biochemical signals present in the ECM that guide cell behaviour and
differentiation [24]. Notably, studies [25,26] have reported that the 3D
topological biomimetic structure of tissue-engineered scaffolds signifi-
cantly affects macrophage immunophenotypic polarisation, which is
critical for creating a regenerative immune microenvironment. Dong
et al. [20] used electrospun fibres to fabricate NGC with an aligned
structure, which significantly promoted the transition of macrophages
from pro-inflammatory M1 to anti-inflammatory M2 phenotypes. The
M2 macrophages secrete anti-inflammatory cytokines and growth fac-
tors that support tissue repair and regeneration. Zhu et al. [27] used
solution-induced crystallisation to form a shish-kebab (SK) structure on
a material surface, creating electrospun fibre scaffolds with varying pore
size and roughness. Their study demonstrated that tissue-engineered
scaffolds with larger pore sizes and lower stiffness promoted macro-
phage polarisation towards the M2 immunophenotype. Therefore, a
tailored 3D biomimetic porous structure is crucial in constructing
tissue-engineered NGCs to enhance interactions between scaffolds and
nerve regeneration-related cells, regulate macrophage immune pheno-
type polarisation, control inflammatory factor secretion, and provide a
supportive microenvironment for nerve regeneration.

The application of IGF-1 in peripheral nerve regeneration and repair
holds significant promise owing to its multi-faceted role in promoting
neuronal health and functions [28]. Unlike other growth factors, IGF-1
offers a broad spectrum of actions that affect neurones, SCs, and other
supporting cells within the nerve tissue [29]. First, IGF-1 enhances the
proliferation and differentiation of SCs, which are vital for myelin
sheath formation around axons [30]. Additionally, IGF-1 protects neu-
rones from apoptosis and promotes nerve axon regeneration after injury
[31]. Furthermore, the anti-inflammatory properties of IGF-1 help
reduce the detrimental effects of chronic inflammation often observed
after nerve injury, thereby enhancing the overall regenerative process
[32]. The comprehensive approach assists in creating a more holistic,
regenerative environment. One of the primary applications of IGF-1
includes the development of biomaterials and scaffolds for nerve
repair [33]. Scaffolds can be embedded with IGF-1, providing localised
and sustained delivery of growth factors to the injured sites [34], which
helps maintain high concentrations of IGF-1 at the site to enhance its
therapeutic efficacy [35].

In this study, NGCs with biomimetic ECM using CS/GMs/IGF-1
composite materials, featuring a 3D interconnected porous network
and sustained delivery of IGF-1, are prepared (Schematic 1). The pore
characteristics, porosity, permeability, in vitro degradation, water ab-
sorption, swelling behaviour, suture tensile properties, 50 % radial
compressive performance, and IGF-1 delivery kinetics of the NGCs are
systematically investigated. From in vitro cellular studies, the effects of
closed non-interconnected porous structures, 3D interconnected porous
networks, and 3D interconnected porous networks sustaining IGF-1
delivery NGCs on SC activation and axonal growth are examined. Sub-
sequently, the impacts of porous connectivity and sustained IGF-1 de-
livery on macrophage recruitment, immune phenotype polarisation, and
the effects of macrophage immune phenotype polarisation on SC
migration and remyelination are systematically investigated. For in vivo
studies, the biomimetic ECM NGCs are implanted into a 10 mm sciatic
nerve defect rat model to explore the effects of a 3D interconnected
porous network and sustained IGF-1 delivery on macrophage
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recruitment, polarisation, axonal regeneration, myelination, target
organ protection, and motor function recovery. This study demonstrates
that ECM-mimicking NGCs with 3D interconnected porous networks and
sustained IGF-1 delivery dynamically modulate macrophage immune
phenotypes and provide a repair-supportive microenvironment for pe-
ripheral nerve regeneration, offering a viable nerve tissue engineering
strategy for PNI repair.

2. Materials and methods
2.1. Gelatin microcapsules (GMs) synthesis and loading with IGF-1

GMs were prepared via a modified water-in-oil (w/0) emulsion
method [36]. Briefly, 2 g of gelatin (Sigma-Aldrich, USA) was dissolved
in 10 ml of deionized water at 55 °C for 30 min under magnetic stirring
to prepare a 20 % (w/v) gelatin solution. The gelatin solution was then
poured into a mixture of 200 ml soybean oil/paraffin oil (Tianjin
Chemical Reagent Company, China) in a 1:4 (v/v) ratio containing 0.1 %
Span 80 (Sigma-Aldrich, USA) and stirred at 55 °C, 650 rpm for 1 h to
form a homogeneous emulsion. The emulsion was rapidly submerged
into liquid nitrogen, causing rapid fixation and formation of GMs.
Finally, the GMs were collected via centrifugation and washed three
times alternately with acetone and PBS.
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For cross-linking, GMs were suspended in a 50 % aqueous ethanol
solution containing 0.5 wt% genipin (Sigma-Aldrich, USA) at 4 °C for
varying durations (4, 8, 12, and 24 h), yielding CL-4h, CL-8h, CL-12h,
and CL-24h, respectively. After centrifugation and washing, GMs were
freeze-dried and sieved to sizes of 20-80 pm. IGF-1 (Aladdin, USA) was
loaded into GMs by soaking them in PBS (pH 7.4) for 6 h at 4 °C, fol-
lowed by washing with a 10 mg/ml albumin solution. The loading ef-
ficiency was quantified using an ELISA kit (Abcam, USA).

2.2. Fabrication of CS/GMs biomimetic ECM NGCs

The process for preparing the NGCs is shown in Schematic 1. The 4 h
and 24 h cross-linked GMs (both loaded and unloaded with IGF-1) were
mixed in a 1:1 mass ratio to create multifunctional GMs. Chitosan (CS)
was dissolved in a 0.08 M acetic acid solution to prepare a 5 % (w/v) CS
solution. To fabricate 3D interconnected porous NGCs, 0.5,0.75,and 1 g
of multifunctional GMs were blended into 20 ml of 5 % CS solution at
4 °C under ultrasonic conditions. For non-interconnected structures,
0.75 g of pure gelatin was added to 20 ml of 5 % CS solution, dissolved at
40 °C, and mixed thoroughly. The solution was ultrasonically treated to
remove bubbles, injected into molds, and pre-cooled at —20 °C and
—40 °C for 6 h before freezing at —80 °C for an additional 6 h. The NGCs
were neutralized in a 4 % (w/v) NaOH solution for 1 h, rinsed with
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‘ ~E T .

Low cross-linked GMs

&e
;.: E
A

»

Appropriate degradation period

» @

M2 phenotype macrophages

M1 phenotype macrophages

Remyelination of SCs

Schematic 1. illustrates the preparation, properties, and promotion of peripheral nerve regeneration by the biomimetic ECM NGC. (A) Multifunctional GMs with
varying degrees of crosslinking facilitate the sustained delivery of IGF-1 and the formation of an interconnected porous network structure. (B) Compared to gelatin/
chitosan conduits, the multifunctional GMs/chitosan NGCs demonstrates superior suture tensile strength, elongation at break, radial compression strength, and
material exchange efficiency, with a degradation rate that aligns with the peripheral nerve regeneration process. (C) The biomimetic ECM NGC promotes SC
remyelination and nerve axon regrowth, modulates macrophage immune phenotypes, and provides a favorable immunological microenvironment for peripheral

nerve regeneration, facilitating repair.
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deionized water, freeze-dried, and stored in glycerol.
2.3. Characterisation of NGC

2.3.1. Porous structure and porosity characteristics

Scanning electron microscopy (SEM, JEOL Ltd., Japan) was used to
examine the morphologies and pore structures of the NGCs. Image J
software quantified the number of pores and their cross-sectional area
ratios across five cross-sections, and the size distribution of pores was
analysed. Dynamic variations in the porosity of the NGCs over different
time intervals (6, 12, 24, 48, 72 and 96 h) in the phosphate buffer so-
lution (PBS) solution were investigated using the ethanol displacement
method. Initially, the NGC was immersed in a pre-determined volume
(V1) of anhydrous ethanol, followed by infiltration of the liquid into the
conduit pores through a series of vacuum delivery cycles, resulting in a
total solution volume of V,. Subsequently, the NGC was removed, and
the volume of the ethanol solution (V3) was measured. Finally, the
porosity of the NGCs was calculated as:

. V-V
P ty rate = —— x 100%
orosity rate = 0

2.3.2. Permeability kinetics studies

To evaluate permeability, a membrane (1.2 mm thick) was affixed to
a 2 mL ampoule containing iodine solution (0.1 mol/mL). The ampoule
was immersed in 5 mL of starch solution (1 mg/mL) at 37 °C. At intervals
(6, 12, 24, 36, 48, and 72 h), absorbance was measured at 610 nm using
a spectrophotometer (Tecan Infinite M200, Switzerland).

2.3.3. Invitro degradation

The in vitro degradation rate of the NGCs with different GM doping
ratios was investigated using a weighing method. First, NGC of known
mass (M) was placed in 5 mL of 0.5 U/mL type II collagenase solution in
a shaker at 37 °C. The NGC was removed after the predetermined time
1, 2, 3, 5, 7, 14, 28, 42, 56, 70, and 84 d), rinsed repeatedly with
deionized water, weighed (M;) after freeze-drying, and replaced with
the original PBS solution. The NGC degradation rate was calculated as:
0

My — M;
———— x 100%
Mo x 100%

Degradation rate =

2.3.4. Suture tensile and 50 % radial compressive mechanical properties

To investigate the effect of different GM doping ratios on the me-
chanical performance of the NGCs, the suture tensile and 50 % radial
compressive strengths of the NGCs were studied after their complete
immersion in PBS solution for 30 min at RT. An 8-0 surgical suture,
consistent with clinical use, was passed 2 mm below the edge of one end
of the sample and sutured in a half-loop. The other end of the sample was
fixed to the sensor clamp, and the sutures were stretched at a steady
speed (10 mm/min). The tensile force that pulled the suture out of the
sample or caused damage to the sample and suture size were recorded.

The inner diameter (1.5 mm) of the sample was recorded. The sample
was placed in the middle of a universal testing machine press, which was
in contact with the sample, and pressed down at a stable speed (1 mm/
s). The radial displacement of the NGC body was half the inner diameter
of the NGC. The maximum pressure that the tube could withstand was
recorded.

The bending strength of the nerve conduit was assessed using a three-
point bending apparatus. The conduits were positioned horizontally on
two supports, ensuring equal spacing. A loading rod was placed at the
midpoint of the conduit. A controlled force was applied vertically at the
midpoint using a mechanical testing machine, with the load gradually
increased until failure.

2.3.5. Swelling measurements
The swelling ratio of the prepared NGCs (outer diameter: 2.7 mm,
inner diameter: 1.5 x 14 mm) was investigated according to ASTM
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D570-98. Initially, the prepared NGC was thoroughly freeze-dried and
weighed to determine the mass, which was recorded as My. Then, the
NGC was immersed in a PBS solution at 37 °C. At predetermined time
intervals (1, 3, 6, 12, 24, 48, and 72 h), the NGC was removed, wiped to
remove residual surface water using dust-free absorbent paper, weighed,
and recorded as M;. The swelling ratio was calculated as:

M,

Swelling rate = MM, x 100%
My

2.3.6. IGF-1 releasing kinetics

An enzyme-linked immunosorbent assay (ELISA; Solarbio, China)
was used to investigate the kinetics of the sustained delivery of IGF-1 in
vitro. Initially, NGCs (2.7 x 1.5 x 14 mm) loaded with IGF-1 were
placed in a 5 mL PBS solution at 37 °C in a shaker. Subsequently, IGF-1
concentrations were measured at predetermined time intervals (1, 2, 4,
6, 10, 16, 24, 32, and 36 d) following the manufacturer’s protocol.

2.4. In vitro grouping scheme and cell culture

Rat SCs (RSC96), undifferentiated murine pheochromocytoma
neuronal (PC12) cells, and murine macrophage (RAW 264.7) cells were
purchased from the Cell Resource Centre in Beijing, China. RSC96 and
RAW264.7 cells were cultured in Dulbecco’s modified eagle medium
(DMEM, Invitrogen Gibco, USA), supplemented with 10 % foetal bovine
serum (FBS, Invitrogen Gibco, USA), and 1 % penicillin/streptomycin
(50 U/mL, Invitrogen Gibco, USA) in a 5 % CO; incubator at 37 °C. PC12
cells were cultured in RPMI-1640 medium (PM150110, Invitrogen
Gibco, USA), supplemented with 15 % horse serum (HS, Invitrogen
Gibco, USA), 5 % foetal bovine serum (FBS, Invitrogen, Gibco, USA), and
1 % penicillin/streptomycin in a 5 % CO> incubator at 37 °C.

The biocompatibility of different samples was evaluated through an
extraction experiment using the CCK-8 assay and a live/dead cell
staining kit (Calcein-AM/PI, Aigma-Aldrich, USA). NGCs were immersed
in a sterile complete medium at a ratio of 6 cm?/mL and incubated at
37 °C for extraction periods of 24 and 72 h. RSC96 cells were seeded in
96-well plates at a density of 8 x 10° cells/well. After 24 h of incubation,
the medium was replaced with 200 pL/well of the extraction solution.
Following an additional 24 h of incubation, 10 pL of CCK-8 solution
(Aigma-Aldrich, USA) was added, and the plates were incubated for
another 2 h. The optical density (OD) was measured at 450 nm, with
complete cell culture medium serving as a control. Additionally, RSC96
cells were seeded on the membrane samples at 2 x 10% cells/well,
cultured for 24 and 72 h according to the manufacturer’s protocol, and
observed under a confocal microscope (CLSM, Leica TCS SP5, Germany).

2.4.1. Proliferation and differentiation of RSC96 cells

The proliferation of RSC96 cells (2 x 10*/well) in various samples
was assessed on 1, 3, and 7 d using the CCK-8 assay. At each observation
time interval, 10 pL of CCK-8 solution was added to each well that
contained 90 pL of serum-free medium, followed by incubation at 37 °C
for 2 h. The ODs of the samples were measured at 450 nm using a
microplate reader (Tecan Infinite M200, Switzerland) to obtain absor-
bance readings.

The transcriptional levels of myelination-related genes, including
peripheral myelin protein 22 (PMP22), nerve growth factor (NGF), and
neural cell adhesion molecule 1 (NCAM), in RSC96 cells following
different treatments, were examined using qRT-PCR. Cells were har-
vested at designated time intervals, and total RNA was extracted using
AG RNAex pro reagent (Accurate Biology, China). Subsequently, cDNA
synthesis was performed using PrimeScript real time master mix
(Aigma-Aldrich, USA) with 1 ug of RNA in a 20 pL reaction volume. Gene
expression levels were quantified by qRT-PCR using SYBR green real-
time PCR master mix (Thermofisher, USA) with cycling conditions:
initial denaturation at 95 °C for 60 s, followed by 40 cycles of dena-
turation at 95 °C for 15 s, annealing at 60 °C for 15 s, and extension at
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72 °C for 45 s. The primer sequences are presented in Table S1
(Supplementary, Table 1). The relative gene expression levels were
determined using the 2722C* method, with GAPDH gene expression
serving as an endogenous control for normalisation.

2.4.2. Differentiation of PC12 cells

PC12 cells were used to evaluate the ability of various samples to
promote neurite outgrowth. PC12 cells were seeded at a density of 2 x
10* cells/well in polylysine-coated samples (Sigma-Aldrich, USA). After
1, 3, 5, and 9 d of culture, the cells were stained with FITC-phalloidin
and 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, USA) and
then imaged using a confocal laser scanning microscope (Leica TCS SP5,
Germany). The levels of neuronal differentiation-related genes, growth-
associated protein 43 (GAP-43) and neurofilament 200 (NF-200), rela-
tive to the control gene GAPDH in individual groups of PC12 cells were
quantified by qRT-PCR, as discussed in Section 2.3.1.

2.4.3. Recruitment and polarisation of macrophages

The recruitment of macrophages (RAW 264.7 cells) was verified
using a transwell co-culture system (24-well plate and 8 pm porous filter,
Corning, USA). First, RSC96 cells were seeded onto the membrane of the
lower chamber at a density of 2 x 10* cells/well in 700 pL of complete
medium. After incubating for 12 h until the cells were fully adherent, the
medium in the lower chamber was replaced with a serum-free medium.
The upper chamber was seeded with 1 x 10° RAW 264.7 cells in 200 pL
serum-free medium per well. After 24 h of culture, the cells were fixed
with 4 % paraformaldehyde (PFA, Solarbio, China) and stained with
crystal violet. Cells that did not migrate to the lower membrane were
removed using a cotton swab, and the macrophages that migrated to the
lower membrane were observed and recorded under a light microscope
(Leica DM3000, Germany).

Immunofluorescence (IF) staining was used to examine the
morphology of macrophage polarisation following culture with different
samples. RAW 264.7 cells were initially seeded onto the samples at a
density of 2 x 10* cells/well in 24-well plates. The RAW 264.7 cells in
the control group were cultured in DMEM, while cells in the experi-
mental groups were cultured in DMEM supplemented with 1 pg/mL of
LPS. After 3 d of culture, the samples were fixed with 4 % PFA for 30
min, permeabilised with permeabilisation buffer (Beyotime, China) for
10 min, and then blocked with blocking buffer (Beyotime, China) for 1 h
at RT. Subsequently, the cells were incubated for 12 h with primary
antibodies, including rabbit anti-iNOS (1:2000, Abcam, USA) and rabbit
anti-Arg-1 (1:2000, Abcam, USA). Thereafter, secondary antibodies of
488-conjugated goat anti-rabbit IgG (1:400, Abcam, USA) and 594-con-
jugated goat anti-rabbit IgG (1:400, Abcam, USA) were applied for 1 h at
RT. Finally, the nuclei were counterstained with DAPI (Sigma-Aldrich),
and the samples were visualised using CLSM (Leica TCS SP5, Germany).

Flow cytometry was employed to investigate the impact of the 3D
interconnected porous network and sustained IGF-1 delivery on the
immunophenotype of the macrophages. The cells were treated following
the same protocol as described for IF. After 24 h of incubation, the RAW
264.7 cells were harvested and stained with anti-CD86 antibody (1:500,
Abcam, USA) and anti-CD206 antibody (4 pL/ml, Abcam, USA) at RT for
30 min. Macrophage clusters were examined by flow cytometry (Beck-
man Coulter, USA) and analysed using FlowJo software (TreeStar, USA).

The relative expression levels of anti-inflammatory and pro-
inflammatory genes during macrophage polarisation towards M1 or
M2 phenotypes were determined using qRT-PCR. The RAW264.7 cells
were processed as aforementioned. After 3 d of incubation, the relative
mRNA transcript levels of tumour necrosis factor-alpha (TNF-a),
arginase-1 (Arg-1), cluster of differentiation 206 (CD206), and inducible
nitric oxide synthase (iNOS) genes in different groups of RAW264.7 cells
were quantified relative to the control GAPDH.

The cytokine secretions of RAW 264.7 cells during polarisation to-
wards M1 or M2 phenotypes were evaluated using mouse IL-10, IL-6, IL-
13 and TNF-a ELISA kits (ThermoFisher, USA). After 3 d of culture, the
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culture supernatant was collected and centrifuged for detection ac-
cording to the manufacturer’s protocol.

2.4.4. Influence of polarised macrophages on the migration and
myelination of RSC96 cells

To characterise the effect of macrophage polarisation on the longi-
tudinal migration of SCs, a transwell co-culture system (24-well plate
and 8 pm porous filter; Corning, USA) was used, as depicted in Fig. 4A.
Different groups of sample membranes were placed in the lower
chamber and seeded with RAW264.7 cells at a density of 2 x 10 cells/
well with 700 pL of complete culture medium. The cells were incubated
for 12 h to allow complete cell attachment. After 3 d of LPS stimulation,
the medium was replaced with a fresh serum-free medium. The upper
compartment was seeded with RSC96 cells (1 x 10° cells in 200 pL of
serum-free medium/well) and allowed to migrate for an additional 24 h.

The effect of macrophage polarisation on the horizontal migration of
SCs was evaluated using a wound-healing assay. RAW264.7 cells were
initially seeded in six-well plates at a density of 2 x 10° cells/well on
different membrane samples. After incubating for 6 h until they were
fully adherent, the cells were incubated in the serum-free medium (with
or without 1 pg/mL LPS) for an additional 3 d. Meanwhile, RSC96 cells
were plated in six well plates at a density of 4 x 10° cells/well and
incubated for 12 h until they reached 90-100 % confluency. For each
experiment, the same 200 pL sterile pipette tip (Axygen, USA) was used
to scratch the cell layer, creating a standardized ‘wound’ in the center of
each well with the help of a ruler, ensuring relative consistency between
groups in each experiment. The medium of the RSC96 cells was replaced
with the medium from RAW264.7 cells in intervals of 12, 24, and 48 h.
Cell migration was observed and recorded at the designated time in-
tervals using an optical microscope (Leica DM3000, Germany). The
wound closure areas in at least five wells/group were calculated using
ImageJ J 8.0.

The effects of macrophage polarisation on the elongation of cyto-
skeletal actin filament and myelination-related mRNA expression in SCs
were investigated using phalloidin IF staining and qRT-PCR, respec-
tively. RAW264.7 cells were seeded onto sample membranes at a density
of 2 x 10° cells/well in a complete medium. After 12 h of incubation,
when the cells were fully adherent, the medium was replaced with the
serum-free medium, and the cells were incubated for an additional 3 d.
The medium from the RAW264.7 cells was transferred to the RSC96 cell
culture system. After 24 h, the cells were fixed with 4 % PFA and stained
for intracellular actin microfilaments and nuclei using FITC-labeled
phalloidin and DAPI.

2.5. Animal surgery and grouping scheme

A 10 mm sciatic nerve defect rat model was established to evaluate
peripheral nerve regeneration following the implantation of the bio-
mimetic ECM NGC. Animal experimental protocols were approved by
the Animal Experiment Ethics Committee of Peking University People’s
Hospital, China, and designed in accordance with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines. A total of 110
female Sprague-Dawley (SD) rats (weighing 280-320 g) were obtained
from the Experimental Animal Centre of Peking University People’s
Hospital (Table 1). The rats were housed in a specific pathogen-free
facility under controlled conditions: temperature 22 + 2 °C, humidity

Table 1

Experimental animal groups.
Group Time

1 weeks 2 weeks 12 weeks

Autograft 11
CS/G 11 11 11
CS/GMs 11 11 11
CS/GMs @IGF-1 11 11 11
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55 + 5 %, 12 h light/dark cycle, and free access to water and food.
Anaesthesia was induced and maintained using 5 % isoflurane and
1.5-2% isoflurane, respectively. Rats were placed in the prone position
on the operating table, and the right thigh area was prepared and
sterilised. The skin of the right leg was incised, and the subcutaneous
and muscular tissues were bluntly dissected to expose the right sciatic
nerve. A 10 mm sciatic nerve defect was created by transecting the
sciatic nerve from the inferior border of the piriformis. Then, the NGC
(Iength, inner diameter, and external diameter of 14, 1.5, and 2.7 mm,
respectively) was sutured to the proximal and distal nerve stumps using
a 10-0 suture. In the nerve autograft group, a 10 mm segment of the
sciatic nerve was harvested, reversed by 180°, and sutured to the
epineurium at both nerve stumps. The muscles and skin were closed
with 6-0 and 4-0 sutures to complete the surgical incision, respectively.
All rats were housed, fed under standard conditions, and euthanised at
designated time intervals.

2.5.1. Walking track assessment

Postoperatively at 12 w, appropriate gait parameters were selected
according to the experimental requirements. The SD rats were placed on
the CatWalk XT runway, and data were recorded. As shown in Fig. 7J,
the recorded parameters included: print length (PL; distance from the
heel to the third toe), toe spread (TS; distance from the first to fifth toes),
and intermediate toe spread IT (distance between the middle of the
second and fourth toes). Data were collected for both experimental (E)
and normal (N) hind legs. The sciatic function index (SFI) values were
calculated as

EPL-NPL 41095 x ETS-NTS 1133 x EIT-NIT

SFI=-38.3 X —pL NTS NIT

-8.8

The SFI values ranged from —100 to 0, where —100 indicates total
impairment and 0 indicates normal function.

2.5.2. Electrophysiology assessment

Electrophysiology was used to observe the functional recovery of the
regenerated nerve at 12 w post-surgery. Briefly, the sciatic nerve on the
experimental side was re-exposed and dissected under anaesthesia.
Rectangular pulses (parameters: duration 0.1 ms, amplitude 0.12 mA,
frequency 1 Hz) were applied to the proximal and distal ends of the
tibialis anterior muscle, with the ground electrode placed at the ipsi-
lateral gluteus maximus muscle. Stimulation was repeated twice for
each animal, and records were saved once the graphics on the display
stabilised. The peak values of the compound muscle action potential
(CMAP) and time to deflection (latency) were measured. The motor
nerve conduction velocity (NCV) was calculated based on the distance
between the latency period and the stimulating electrodes on both sides.

2.5.3. Evaluation of gastrocnemius muscle

Gastrocnemius muscles from both the experimental (M;) and control
sides (Mp) were dissected from individual rats and weighed. The muscle
wet weight ratio (%) was calculated: (M;/Mg) x 100 %. The middle
segment of the gastrocnemius muscle was fixed in 4 % PFA for 48 h,
dehydrated in an ethanol gradient (95, 80, 75 %) for 60 s, cleared in
xylene, embedded in paraffin (Leica, Germany), and cut into 7 pm-thick
sections. Masson’s trichrome and H&E staining was performed to
examine the pathological changes in the muscles. Images were obtained
using an optical microscope (Leica DM3000, Germany) under bright-
field conditions.

2.5.4. Histologic, morphologic, immunohistochemical, and
immunofluorescent evaluation of regenerated nerves

Postoperatively at 1 and 2 w, IF was used to investigate the rela-
tionship between macrophage immune phenotypes and SCs in vivo. NGC
sections were selected from 2 mm distal to the proximal suture site for
staining and analysis. Frozen sections were removed from the —20 °C
refrigerator, allowed to thaw at RT for 1 h, fixed with 4 % PFA for 20 min
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and washed repeatedly with PBS solution. The tissues were per-
meabilised with 0.2 % Triton X-100 for 20 min, and washed three times
with PBS solution. Then, they were blocked with 10 % goat serum for 40
min at RT. Primary antibodies, including rabbit anti-S100p (1:200,
Abcam), mouse anti-CD68 (1:200, Abcam, USA), rabbit anti-iNOS
(1:200, Proteintech, USA) and rabbit anti-CD206 antibody (1:200,
Abcam, USA), were added and incubated overnight at 4 °C. Secondary
antibodies, including 488-conjugated goat anti-mouse IgG (1:400, Pro-
teintech, USA), and 594-conjugated goat anti-rabbit IgG (1:500, Pro-
teintech), were added. Images were visualised and captured using LSCM.

Transmission electron microscopy (TEM), toluidine blue staining
(TBS), and IF were used to analyse the regeneration of peripheral nerves
collected 2 mm from the distal suture site, 12 w postoperatively. For
TEM and TBS, the regenerated nerves were fixed in 4 % PFA for 6 h,
followed by post-fixation in 1 % osmium tetroxide for 3 h and dehy-
dration in a series of graded ethanol solutions (30, 50, 70, 90, and 100
%). After embedding in epoxy resin and freezing in liquid nitrogen, the
samples were cut into 700- or 70-nm-thick sections using an ultrami-
crotome (Leica, Germany). The 700 nm semi-thin sections were stained
with a 1 % toluidine blue/1 % borax solution to observe the amount of
regenerated myelin. Ultra-thin sections were stained with lead citrate
and uranyl acetate for TEM. For IF, regenerated nerves were fixed in 4 %
PFA, embedded in OCT, and sectioned into 10 pm-thick slices. Sections
were blocked with 10 % goat serum for 40 min at RT and incubated
overnight at 4 °C with primary antibodies against NF200 (1:400, Abcam,
USA) and S100p (1:500, Abcam, USA).

2.6. Statistical analysis

Each experiment was conducted three times or more, and the data
were expressed as mean + standard deviation (SD). All statistical ana-
lyses were performed using SPSS (version 23.0; IBM Corp., USA).
Comparisons between and among groups were performed using the
unpaired Student’s t-test, one-way ANOVA, and Tukey’s method. Sta-
tistical significance was set to p-value<0.05.

3. Results

3.1. Characterisation of 3D interconnected porous network for sustained
IGF-1 delivery CS-GMs conduit

3.1.1. Porous structure, porosity, and permeability

To construct the 3D interconnected porous network structure, we
combined freeze-drying and template leaching to prepare a biomimetic
ECM NGC using CS and multi-functional GMs, as shown in Fig. 1A. SEM
observations (Fig. 1A and B) indicated that the freeze-drying method
allowed the construction of a honeycomb-like porous structure in the
CS/GM composite nerve conduit. The porous structure featured isolated
pores with non-interconnectivity (Fig. 1C) because the procedure of
freeze-drying involved freezing a crystalline polymer solution and then
sublimating the crystalline ice directly from solid to gas under vacuum
and low temperatures, leaving behind voids that formed a honeycomb-
like porous structure [37]. Although the method produced highly porous
scaffolds, the honeycomb-like porous structure obtained through the
direct sublimation of solid ice crystals lacked openness and intercon-
nectedness between the pores [38]. Additionally, doping CS with GMs at
mass ratios of 1:0.50, 1:0.75, and 1:1.00 did not significantly affect the
formation of honeycomb-like, non-interconnected porous structures. As
shown in Fig. 1C, the GMs were embedded in the walls of the porous
structure, making the smooth pore walls rough after doping. The num-
ber of pores per coronal plane, pore size distribution, and ratio of pore
structures in the coronal plane were analysed using ImageJ. The number
of pores per coronal plane remained consistent at 417 + 11, 417 + 20,
418 + 16, and 417 + 19 (Fig. 1D), while the distribution of pore sizes
was 10.6-71.5, 10.4-72.4, 10.1-70.9, and 11.2-71.2 pm (Fig. 1E),
respectively. The ratio of pore to coronal areas was 73.61 % + 2.31,
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Fig. 1. Characterization of the biomimetic ECM GMs-CS nerve conduits. (A, B, and C) SEM images of the honeycomb-like porous structures of nerve conduits
prepared by blending CS and GMs at mass ratios of 1:0.50, 1:0.75, and 1:1.00, respectively. Scale bars = 500 pm, 100 pm, and 15 pm. (D, E, and F) Analysis of the
pore structure on the coronal plane of the nerve conduits using Image J software, including the number of pores, pore diameter distribution, and pore/coronal plane
area ratio. (J, H) SEM images of the 3D interconnected porous network structure of the nerve conduits after immersion in PBS solution for 24 h. Scale bars = 200 pm
and 30 pm. (I) Porosity of the nerve conduits after immersion in PBS solution for 6, 12, 24, 48, 72, and 96 h. (J) Permeability kinetics of the sample membranes using
starch as a model substance. (K) Schematic diagram illustrating the efficiency of substances exchange inside and outside the nerve conduits facilitated by the 3D
interconnected porous network. (L) In vitro degradation rate of the nerve conduits in a 0.5 U/ml collagenase type II solution. (M) Swelling ratio of the nerve conduits
after immersion in PBS solution for 1, 3, 6, 12, 24, 48, and 72 h (N, O, P) Sutures tensile mechanical properties, 50 % radial compression performance, and bending
strength of nerve conduits with different GM doping ratios. (Q) In vitro release kinetics of IGF-1 detected using an ELISA kit. Data are expressed as mean &+ SD.n =5

per group. p*<0.05.

73.23 % + 3.15, 73.48 % + 2.66, and 74.44 % + 3.90 (Fig. 1F),
respectively. The obtained results indicated that the doped
multi-functional GMs had no obvious effect on the porous structure of
the NGC.

In this study, GMs with diameters ranging from 20 to 80 pm were
prepared through emulsification (Supplementary Figs. 1A and B) and
cross-linked with a 0.5 wt% genipin solution. Fourier transform infrared
spectroscopy (FTIR) analysis (Supplementary Fig. 1C) indicated that
genipin interacted with the free amino groups of the gelatine molecules
via the Schiff base reaction, thereby promoting self-polymerisation
among gelatine molecules. The phenomenon occurred via a two-step
process: the primary amines of gelatine polypeptides formed stable in-
termediates through Michael’s addition, followed by nucleophilic sub-
stitution with the ester group in genipin to form a secondary amide link
[39]. After reacting in a 0.5 wt% genipin solution for 4, 8, 12, and 24 h,
the cross-linking degrees (Supplementary Fig. 1E) of GMs were 13.49 +
2.79, 26.38 + 3.91, 33.85 £ 4.93, and 68.46 + 3.80 %, respectively.
The corresponding zeta (¢) potential (Supplementary Fig. 1E) in the PBS
solution was —6.33 + 0.67, —10.37 + 0.80, —15.74 + 0.66, and —15.81
+ 0.72, respectively. Thus, the genipin-cross-linked GMs loaded IGF-1,
which was positively charged under physiological conditions (PI =
8.2) [36]. Moreover, in vitro degradation studies (Supplementary
Fig. 1F) showed that the stability of GMs gradually increased with the
degree of cross-linking. Uncross-linked GMs could not exist stably
because gelatin, being a water-soluble protein, rapidly dissolved in the
PBS solution at 37 °C. GMs cross-linked in a 0.5 wt% genipin solution for
4 h were completely hydrolysed in the PBS solution at 37 °C within 24 h.
Whereas, the 24 h cross-linked group remained stable in the PBS solu-
tion at 37 °C, with only 29.8 + 4.2 % hydrolysed over 15 d. GMs with
low cross-linking density exhibit loose structure and fewer chemical
cross-linking points, making them more prone to hydrolysis and disso-
lution in the PBS solution, leading to a faster degradation rate [40].
Contrarily, GMs with high cross-linking density exhibit a tighter struc-
ture and more cross-linking points, which enhance their chemical sta-
bility and physical barrier properties, thereby slowing their degradation
rate [41]. Therefore, GMs in NGCs may be assigned different functions
based on their surface zeta potentials and hydrolytic stabilities. In this
study, inspired by the templating method for preparing porous struc-
tures, GMs with a low degree of cross-linking were cross-linked for 4 h
(CL-4h) and used as sacrificial templates owing to their rapid dissolution
properties for achieving inter-connectivity, openness, and a highly
permeable porous network structure. GMs with a high degree of
cross-linking were cross-linked for 24h (CL-24h) and loaded with IGF-1
for sustained delivery owing to their high zeta potential and long-term
dissolution stability. The CL-4h and CL-24 h GM (loaded or unloaded
with IGF-1) were mixed at a mass ratio of 1:1 to form multi-functional
GMs.

As shown in Fig. 1G and H, the CS/G conduits exhibited a
honeycomb-like porous structure with a smooth wall after being placed
in a PBS solution for 24 h at 37 °C. After immersion of the multi-
functional GMs-doped NGC in the PBS solution for 24 h, voids
appeared in the pore walls between the pores in the CS:0.50 GMs,
CS:0.75 GMs, and CS:1.00 GMs groups due to the hydrolysis and
dissolution of the sacrificial CL-4h GMs in the PBS solution, resulting in
an interconnection between the pore structures. Additionally, in Fig. 1H,

the CL-24 h GM with a high degree of cross-linking remained intact in
the pore wall, and the pore wall was still rough. The initial porosity
(Fig. 11) of the NGCs in the CS/G, CS: 0.50 GMs, CS: 0.75 GMs, and CS:
1.00 GMs groups was 76.43 % + 1.60, 76.30 % + 2.93, 75.37 % + 1.74,
and 76.84 % =+ 1.45, respectively, which was consistent with the cross-
sectional area of the pore structure. In the CS/G group, the porosity of
NGCs in the PBS solution did not change significantly within 96 h,
measuring 76.39 % + 2.25 %, 76.19 % + 2.15 %, 75.97 % + 1.85 %,
75.39 % + 1.54 %, 76.07 % + 1.26 %, and 76.05 % =+ 1.50 %, respec-
tively. In the multi-functional GM doping group, the porosity of the
NGCs dynamically increased as CL-4h GMs hydrolysed. Additionally, the
maximum porosity of the NGCs increased with the GM mass ratio. The
porosity (Fig. 1I) of the CS:0.50 GMs, CS:0.75 GMs, and CS:1.00 GMs
groups increased from 76.30 % =+ 2.93 %-80.57 % + 1.64 %, 75.37 % +
1.74 %-84.38 % =+ 1.39 %, and 76.84 % + 1.45 %-88.85 % =+ 1.35 %,
respectively. Thus, the results indicated that multi-functional GMs pro-
vided NGCs with an interconnected, porous network structure and dy-
namic porosity. Further, a starch solution was used to simulate the
molecular exchange kinetics of bio-signalling molecules across the NGC
wall. The permeability efficiency of substances inside and outside the
membranes in the CS:0.50 GMs, CS:0.75 GMs, and CS:1.00 GMs groups
(Fig. 1J) increased by 1.87 + 0.04, 1.97 + 0.02, and 2.01 + 0.05 times,
respectively, compared to the CS/G group. The increase in substance
exchange efficiency was due to the establishment of the 3D inter-
connected porous structure (Fig. 1K).

The results indicated that the freeze-drying method combined with
CL-4h GMs as sacrificial templates allowed the construction of a dy-
namic 3D porous network structure within the NGCs. The 3D inter-
connected porous structure increased the porosity of the NGCs,
enhancing their permeability and efficiency of substance exchange.

3.1.2. Degradation rate, mechanical properties, swelling properties, and
kinetics of IGF-1 delivery

The primary objective of evaluating the in vitro degradation,
swelling ratio, suture tensile properties, and 50 % radial compression
performance of the NGCs was to determine their clinical applicability.
As shown in Fig. 1L, the NGCs (CS/G) prepared by blending CS and pure
gelatin degraded slowly, which did not match the speed of nerve
regeneration and posed challenges for clinical applications. After being
immersed in the PBS solution at 37 °C for 3 months, the NGCs degraded
by only 16.75 + 2.25 % (w/w%). However, the degradation rate of the
NGCs significantly increased when gelatin was blended with CS in the
form of GMs. After 3 months, the degradation rates of CS:0.50 GMs and
CS:0.75 GMs were 29.65 % =+ 5.35 and 50.65 % =+ 4.35, respectively.
The CS:1.00 GMs group fragmented after 3 months and failed to main-
tain a complete tubular structure. From this study, the obtained data
demonstrated that, compared with the uniform blending of pure gelatine
into CS, blending GMs into CS evidently promoted the degradation rate
of the NGCs due to the following reasons. First, when CS was directly
blended with pure gelatin, their interaction could have led to gelatin
being less soluble and degradable [42]. However, when gelatin was
added to the GMs, concentrated hotspots were created for dissolution,
consistent with the observed rapid degradation phase of the NGCs
within 24 h. Second, the in situ dissolution of CL-4h GMs within the pore
wall structure increased the specific surface area of the NGCs, enhancing
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their exposure to lysozyme, hydrolase, and collagenase in bodily fluids,
thereby accelerating the degradation rate of the composite NGCs. This
study demonstrated that the CS:0.75 GMs NGCs maintained their
structural integrity after 3 months in a simulated in vivo environment,
degrading 50 % of their total mass. The degradation rate aligned with
the typical recovery period for PNIs, which was approximately 6
months.

The swelling rates (Fig. 1M) of CS/G, CS:0.50 GMs, CS:0.75 GMs, and
CS:1.00 GMs were 140.41 + 6.31, 106.40 + 5.37, 111.35 + 5.30, and
130.26 + 6.30 %, respectively. CS and gelatin are hydrophilic polymers
with high water absorption capacities. Owing to the polypeptide chain
structure, gelatin can absorb a significant amount of water, whereas the
amino groups in CS can form hydrogen bonds with water molecules
[43]. Therefore, the CS and gelatin composite NGCs exhibited a high
swelling ratio in water. Additionally, compared to CS/G, NGCs doped
with GMs exhibited a lower swelling ratio because, after cross-linking
with genipin, gelatin formed a stable cross-linked network between
the molecules, significantly reducing the hydrophilicity and swelling
capacity of the materials. Cross-linking reduced the gaps between the
molecular chains, hindering the infiltration of water molecules. The
dense structure of the cross-linked GMs further restricted water entry,
reducing the overall water absorption and swelling ratio of the material.

The representative suture tensile properties, 50 % radial compressive
performance, and bending strength stress—strain results are presented in
Fig. 1N, O, and P. Compared to the CS/G group, the elastic modulus
(Table 2) of the NGCs doped with different proportions of GMs increased
from 191.30 + 8.57 to 265.20 + 13.36, 305.84 + 11.84, and 214.36 +
12.94 KPa. Similarly, the elongation at break (Table 2) increased from
54.3+2.1t067.5+1.9,72.1 + 2.6, and 56.2 + 2.4 % for CS:0.50 GMs,
CS:0.75 GMs, and CS:1.00 GMs, respectively. The compressive modulus
(Table 3) increased from 201.39 + 13.26 KPa in the CS:0.75G group to
307.87 + 13.74, 347.22 + 14.57, and 293.98 + 12.54 KPa for the
CS:0.50 GMs, CS:0.75 GMs, and CS:1.00 GMs groups, respectively.
Compared to the CS/G group (148.49 + 12.63 KPa), the compressive
strength of the CS:0.50 GMs, CS:0.75 GMs, and CS:1.00 GMs groups
increased to 171.89 + 12.84, 200.51 + 14.3, and 159.37 + 13.95 KPa,
respectively, attributable to the interfacial integration force between the
negatively charged surface of the GMs and the positively charged CS
[39]. Similarly, the CS:0.75 GMs group of nerve conduits also exhibited
the highest bending modulus and bending strength (Table 4). The GMs
and CS formed a composite structure through the interface, transferring
the load from the CS matrix to the GM reinforcement. The interfacial
bonding force between the CS and GMs dispersed and absorbed crack
energy at the interface, preventing crack propagation and reducing
stress [44].

The NGCs prepared by mixing CS and multi-functional GMs at a
1:0.75 mass ratio (CS:0.75 GMs) exhibited a suitable degradation rate,
water absorption swelling rate, as well as superior suture tensile
strength, elongation at break, bending strength and radial compression
properties, indicating their potential for clinical application. Therefore,
CS:0.75 GMs were selected for subsequent in vitro cytological and in
vivo animal studies. ELISA analysis showed that CL-24 h GM could load
662.64 + 22.7 ng of IGF-1 per mg, with a fixation rate of 82.75 %. The in
vitro delivery kinetics studies (Fig. 1Q) of IGF-1-loaded NGCs in the
CS:0.75 GMs group showed that IGF-1 was gradually delivered as the

Table 2

The tensile mechanical properties of CS/G, CS:0.50 GMs, CS:0.75 GMs, and
CS:1.00 GMs, tested using a suture thread for stretching, are presented as the
mean elastic modulus and breaking elongation for each group.

Samples Elastic Strength (KPa) Breaking Elongation (%)
CS/G 191.30 + 8.57 54.30 £ 2.1
CS:0.50 GMs 265.20 + 13.36 67.50 + 1.9
CS:0.75 GMs 305.84 +11.84 72.06 £+ 2.6
CS:1.00 GMs 214.36 = 12.94 56.16 + 2.4
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Table 3

The radial pressure resistance properties of the CS/G, CS:0.50 GMs, CS:0.75
GMs, and CS:1.00 GMs groups were determined by measuring the maximum
pressure at which the radial displacement of the conduit body reached half of the
inner diameter of the conduit.

Samples Compression modulus (KPa) Compressive strength (KPa)
CS/G 201.39 +13.26 148.49 + 12.63
CS:0.50 GMs 307.87 +£13.74 171.89 +12.84
CS:0.75 GMs 347.22 + 14.57 200. 51 + 14.32
CS:1.00 GMs 293.98 + 12.54 159.37 +13.95
Table 4

Bending performance of CS/G, CS:0.50 GMs, CS:0.75 GMs, and CS:1.00 GMs
determined by measuring the bending modulus (MPa) and maximum bending
strength (KPa) of the nerve conduits in each group.

Samples Bending modulus (MPa) Bending strength (KPa)
CS/G 36.83 + 2.14 920.35 + 27.36
CS:0.50 GMs 125.23 + 2.94 2785.57 + 38.86
CS:0.75 GMs 64.82 + 4.24 1620.58 + 46.68
CS:1.00 GMs 39.70 + 3.20 992.45 + 28.48

high cross-linking degree of GMs slowly degraded.

3.2. Promotion of differentiation of SCs and PC12 cells by interconnected
porous networks and sustained IGF-1 delivery

Further, we investigated the effects of the interconnected porous
network structure and sustained IGF-1 delivery on the in vitro functions
of the RSC96 and PC12 cells. An NGC with a closed, non-connected
porous structure prepared from CS and pure gelatin was used as a con-
trol group (CS/G). NGCs prepared by blending CS with multi-functional
GMs (loaded or unloaded with IGF-1) were used as NGCs with a 3D
interconnected porous network structure (CS/GMs) and those with a 3D
interconnected porous network structure and sustained IGF-1 delivery
(CS/GMs@IGF-1).

The cell viability after 24 and 72 h of extraction of CS/G NGCs was
92.1 + 4.1 and 90.1 + 2.9 %, respectively, indicating that CS/G
exhibited low potential toxicity (Fig. 2A). The multi-functional GMs
imparted good cytocompatibility to the NGCs, with cell viability after 24
and 72 h of extraction of 96.1 + 3.6 and 97.2 + 3.2 %, respectively. The
result was attributed to the high bioactivity of the water-soluble proteins
leached from the hydrolysis and dissolution of the CL-4h GMs. The cell
viability of the CS/GMs@IGF-1 group was significantly higher than that
of the other groups. Additionally, the cell viability after 72 h of
extraction (106.4 % + 2.3 %) was significantly enhanced compared to
that after 24 h of extraction (98.9 % =+ 4.2 %), attributed to the delivery
of IGF-1. Live/dead cell staining using AM-PI (Supplementary Fig. 2)
confirmed the same trend: the CS/GMs@IGF-1 group exhibited the
strongest and weakest green (live cells) and red (dead cells) fluorescence
intensities, respectively. The extracted liquid and AM-PI staining results
demonstrated that NGCs doped with GMs and loaded with IGF-1
exhibited excellent cytocompatibility, supporting the survival of
RSC96 cells within the NGCs.

The proliferation of RSC96 cells on NGCs was assessed using the
CCK-8 assay after 1, 3, and 7 d of culture, as shown in Fig. 2B. After 1 d of
culture, the OD values of the CS/GMs and CS/G groups did not show
significant differences because the CL-4h GMs were still in the process of
dissolution, the interconnected pore structure network was not fully
established, and the difference in the 3D porous morphology between
the two groups was not significant. On days 3 and 7, after the in situ
leaching of the CL-4h GMs to form a 3D interconnected porous network
structure, the OD value of the CS/GMs group was significantly higher
than that of the CS/G, indicating that the interconnectivity of the porous
structure had a significant effect on the proliferation of RSC96 cells.
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Fig. 2. 3D interconnected porous network sustained IGF-1 delivery nerve conduits to promote SC survival, proliferation, remyelination, and axonal growth. (A)
Effect of nerve conduit extracts on RSC96 cell viability after 24 and 72 h. (B) Cell viability of RSC96 cells cultured on different sample membranes for 1, 3, and 7 d,
assessed using the CCK-8 assay. (C, D, E) Relative expression levels of myelination-related genes in RSC96 cells evaluated by qRT-PCR, examining the impact of the
3D interconnected porous network and sustained IGF-1 delivery. (F) Representative IF images showing the effect of the 3D interconnected porous network and
sustained IGF-1 delivery on PC12 cell neurite outgrowth at 1, 3, 5, and 9 d. Scale bars = 50 pm. (G) Statistical analysis of neurite length in PC12 cells cultured on
different samples for 1, 3, 5, and 9 d, conducted using Image J. (H, I) Relative expression levels of axonal growth-related genes in PC12 cells evaluated by qQRT-PCR,
analyzing the impact of the 3D interconnected porous network and sustained IGF-1 delivery. Data are expressed as mean + SD. n = 3 per group. p*<0.05.

Moreover, after 1, 3, and 7 d of culture, the OD value of CS/GMs@IGF-1
was significantly higher than those of the CS/G and CS/GMs groups,
indicating that IGF-1 significantly promoted the proliferation of RSC96
cells.

Furthermore, the potential for myelination in RSC96 cells at 3 and 5
days was measured by qRT-PCR to detect the transcription levels of
myelination-related markers (PMP22, NGF, and NCAM), as shown in
Fig. 2C, D, and E. Compared with the CS/GMs group demonstrated
significantly upregulated PMP22 and NGF gene expression and down-
regulated NCAM transcription levels in the RSC96 cells after incubation
for 3 and 5 d. After loading IGF-1 with CL-24 h GM, the increase in

10

PMP22 and NGF gene expression and the decrease in NCAM gene
expression in the CS/GMs@IGF-1 group were more significant than
those in the CS/G and CS/GMs groups, indicating that sustained delivery
of IGF-1 promoted the differentiation of RSC96 cells from an unmy-
elinated to myelinated state.

Undifferentiated PC12 cells were used to investigate the effects of
biomimetic ECM NGCs with 3D interconnected porous networks and
sustained IGF-1 delivery on neurite outgrowth. As shown in Fig. 2F,
PC12 cells were attached to each grouped sample after 1 d of culture,
showing a small and round cell morphology with no significant differ-
ence, and the length of neurites could not be counted because they were
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protrusions. The PC12 cells in the CS/GMs@IGF-1 group spread more
evidently; some cells extended more than one protrusions, and the
protrusion was longer. The protruding lengths of PC12 cells (Fig. 2G) in
3 d of the control, CS/G, CS/GMs, and CS/GMs@IGF-1 groups were 2.6
+0.2,2.4 +£0.2,55 + 0.3, and 10.6 £ 0.7 pm, respectively. With the

not yet grown. After 3 d of cultivation, the formation trends of neural
axons in each group exhibited significant differences. Compared with
the control and CS/G groups, in which cellular morphology showed a
disc-shaped unstretched state, the PC12 cells in the CS/GMs group were
stretched in a flat state, and some cells were observed to exhibit short
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Fig. 3. Effects of the biomimetic ECM nerve conduit on macrophage recruitment and polarisation. (A) Schematic diagram illustrating the impact of activated SCs on
macrophage recruitment in a Transwell co-culture system. (B) Representative images showing the effect of RSC96 cells cultured on different substrates on the
recruitment of RAW264.7 cells. RAW264.7 cells were stained purple with crystal violet. Scale bars = 200 pm. (C) Quantitative analysis of recruited RAW264.7 cells.
(D) Flow cytometry analysis of the impact of the 3D interconnected porous network and sustained IGF-1 delivery on the immunephenotype polarisation of
RAW264.7 cells under LPS-stimulated inflammatory conditions. (E) Quantitative analysis of CD86-positive (M1) and CD206-positive (M2) RAW264.7 cells. (F) F-
actin staining with FITC-labeled phalloidin to observe the morphology of RAW264.7 cells cultured under different substrate conditions. Immunofluorescence
detection of CD68 (MO, pan-macrophage, green), iNOS (M1, pro-inflammatory, red), and CD206 (M2, anti-inflammatory, red) expression in RAW264.7 cells. Nuclei
were stained blue with DAPI. Scale bars = 20 pm. (G) qRT-PCR analysis of the transcription levels of macrophage polarisation-related genes (iNOS, TNF-a, CD206,
Arg-1) in RAW264.7 cells cultured on different substrates for 3 d. (H) ELISA analysis of the secretion levels of anti-inflammatory cytokines (IL-10 and IL-13) and pro-
inflammatory cytokines (TNF-a and IL-6). Data are expressed as mean + SD. n = 3 per group. p*<0.05.
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extension of the cultivation period, differentiation of PC12 cells became
more pronounced on days 5 and 9. Some of the PC12 cells in the control
and CS/G groups were still round in shape, but only some began to
flatten and form short protrusions. However, in the CS/GM group, more
cells differentiated into neuron-like cells, cell size began to increase,
neurites began to grow, and cells formed a bipolar morphology with two
main protrusions by 9 d. With the extension of culture time, the exten-
sion area of PC12 cells in the CS/GMs@IGF-1 group continued to in-
crease, the amount of cytoplasm increased, and the neurites continued
to extend and branch, forming a complex network structure similar to
the morphology of neurones. The lengths of neurite outgrowth in con-
trol, CS, CS/GM, and CS/GM@IGF-1 cells were 5.8 + 0.7, 6.5 + 0.9,
16.7 + 2.8, and 32.7 + 4.3 pm on the 9 d, respectively.

Further, the expression of GAP-43 and NF-200 in PC12 cells was

(A) (B) Control Control + LPS CS/G + LP!

Rscoscate
1

Control

(E)

o

(D)

§
i
uzr

urz

ugy

G
@ Control

Control + LPS CS/G + LPS

upoe-y

1dva

eI

CS/GMs + LPS

Materials Today Bio 30 (2025) 101403

examined using qRT-PCR (Fig. 2H and I). Consistent with the results of
IF staining, GAP-43 and NF200 were significantly upregulated in the
interconnected porous network structure group (CS/GMs) compared to
those in the CS/G group. Moreover, CS/GMs@IGF-1 exhibited the
highest expression of GAP-43 and NF200 among all the groups. Thus,
the interconnected open porous network structure provided a supportive
microenvironment for PC12 cells relative to the closed porous structure.
The effect was further enhanced by the addition of IGF-1, which accel-
erated neurite outgrowth and branching.

The obtained results suggested that biomimetic ECM NGCs with an
3D interconnected porous network and sustained IGF-1 delivery pro-
moted the survival, proliferation, and remyelination of SCs, along with
axon growth after PNI, thereby providing a supportive microenviron-
ment for nerve regeneration.
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Fig. 4. Effects of the 3D interconnected porous network with sustained IGF-1 delivery in biomimetic ECM nerve conduits on SC migration, actin filament elongation,
and remyelination through the regulation of macrophage phenotype polarisation. (A) Schematic diagram illustrating the impact of macrophage phenotype polar-
isation on Schwann cell migration using a Transwell co-culture system. (B) Representative images of longitudinal migration of RSC96 cells influenced by RAW264.7
cells cultured on different substrates. RSC96 cells were stained purple with crystal violet. Scale bars = 200 pm. (C) Quantitative analysis of longitudinal migration of
RSC96 cells. (D) Schematic diagram illustrating the effect of macrophage-conditioned medium on the lateral migration of RSC96 cells. (E) Representative images of
lateral migration of RSC96 cells at 12, 24, and 48 h in a wound healing assay, influenced by macrophage-conditioned medium from different substrates. Scale bars =
200 pm. (F) Quantitative analysis of wound healing rates. (G) Representative IF images showing actin filament elongation in RSC96 cells cultured for 24 h with
macrophage-conditioned medium from different substrates. Scale bars = 20 pm. (H) qRT-PCR analysis of the relative expression levels of remyelination-related genes
(PMP22, NGF, NCAM) in RSC96 cells cultured for 3 d with macrophage-conditioned medium from different substrates. Data are expressed as mean + SD. n = 3 per

group. p*<0.05.
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3.3. Promotion of the recruitment and polarisation of macrophages in
vitro by interconnected porous networks and sustained IGF-1 delivery

As the recruitment of macrophages after PNI was primarily regulated
by cytokines secreted by activated SCs, RSC96 cells were cultured in an
3D interconnected porous network with sustained IGF-1 delivery
matrices in the lower chamber of the Transwell co-culture system
(Fig. 3A) to simulate the recruitment of macrophages. Crystal violet
staining and quantitative analysis (Fig. 3B and C) revealed that macro-
phage recruitment was significantly enhanced in the RSC96 cells
cultured on CS/GMs compared with those cultured on CS/G because the
3D interconnected porous network structure promotes the early acti-
vation of SCs, which in turn facilitates the recruitment of macrophages.
Furthermore, the number of macrophages migrating towards the CS/
GMs@IGF-1 group was the highest among all groups, indicating that
the biomimetic ECM NGCs with the 3D interconnected porous network
structure and sustained IGF-1 delivery effectively achieved early
macrophage recruitment.

Subsequently, flow cytometry, IF staining, qRT-PCR, and ELISA were
used to explore the immunophenotypic polarisation of macrophages
cultured on different substrates. The RAW264.7 cells cultured on blank
plates (with or without LPS) were used as controls. LPS (1 pg/mL) was
applied to macrophages to simulate inflammatory injury under nerve
damage. CD86, iNOS, and TNF-a were considered biomarkers of M1
macrophages, while CD206 and Arg-1 were regarded as M2 macrophage
markers. Flow cytometry analysis (Fig. 3D) showed that LPS signifi-
cantly stimulated the transformation of macrophages to the M1 type
compared with the control group, as the ratio of CD86-positive macro-
phages (Fig. 3E) in the control + LPS and CS/G + LPS groups was 60.1
+ 3.7 and 63.2 £+ 5.4 %, respectively. The 3D interconnected porous
network significantly reversed the polarisation trend of macrophages.
After 3 d of culture in the CS/GMs + LPS group, the CD86-positive
macrophage ratio was 40.2 + 4.2 %, while CD206-positive macro-
phages were 39.87 + 5.3 %. After IGF-1 loading, the trend of promoting
macrophages to the M2 phenotype was more pronounced, as the ratio of
CD68-positive macrophages and CD206-positive macrophages in the
CS/GMs@IGF-1 + LPS group was 28.4 + 3.1 and 50.8 + 6.3 %,
respectively. Morphological alterations in macrophages cultured on
various substrates were visualised by staining for cytoskeletal proteins
(F-actin). As shown in Fig. 3F, macrophages in the control + LPS and CS/
G + LPS groups changed from small and round in the resting state to
pancake-like after 3 d of LPS stimulation, accompanied by an increase in
the cell spreading area. However, the macrophages cultured in the
interconnected porous network structure groups (CS/GMs) had a
smaller area of cell extension and formed fewer cellular pseudopodia,
with some cells taking on an oval or fusiform shape, which was char-
acteristic of M2 phenotype macrophages. In the CS/GMs@IGF-1 + LPS
group, most macrophages exhibited an elongated oval or spindle shape
with smaller cell extension areas and fewer pseudopodia, which were
morphological characteristics of macrophages polarising towards the
M2 immune phenotype. The qRT-PCR (Fig. 3G) test demonstrated that
the CS/GMs group, with its interconnected porous network structure,
downregulated the relative levels of iNOS and TNF-o mRNA transcripts
in macrophages and upregulated the relative levels of Arg-1 and CD206
mRNA transcripts compared to the CS/G group. Moreover, the CS/
GMs@IGF-1 + LPS group showed the most significant increase in the
relative gene expression of M2 macrophages and a reduction in the
relative gene expression of M1 macrophages. ELISA (Fig. 3H) was used
to examine the secretion of inflammation-related factors (IL-10, IL-6, IL-
13 and TNF-a) after 3 d of culture on different substrate membranes. The
CS/GMs + LPS group significantly reduced the secretion of IL-6 and
TNF-a and enhanced the secretion of IL-10 and IL-13 compared to the
CS/G + LPS and control + LPS groups. After loading with IGF-1, the CS/
GMs@IGF-1 + LPS group showed a more significant decrease in IL-6 and
TNF-a secretion and an increase in IL-10 and IL-13 secretion by
macrophages.
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Thus, the biomimetic ECM NGC with the 3D interconnected porous
network and sustained IGF-1 delivery favoured macrophage polarisation
towards pro-healing M2 phenotypes, characterised by an elongated
morphology and increased expression of anti-inflammatory genes and
cytokines.

3.4. Promotion of migration, pseudopod extension, and remyelination of
RSC96 cells in vitro by activated macrophages

As shown in Fig. 4A, a transwell chamber assay was used to inves-
tigate the effect of the 3D interconnected porous network and sustained
IGF-1 delivery on the longitudinal migration of SCs by promoting
macrophage phenotype polarisation. Crystal violet staining and quan-
titative analysis (Fig. 4B and C) showed that the formation of M1 mac-
rophages stimulated by LPS was not conducive to the longitudinal
migration of SCs, as the longitudinal migration of RSC96 in the control
+ LPS and CS/G + LPS groups decreased. However, the visual results
and corresponding quantitative data showed a significant increase in the
longitudinal migration of SCs in the CS/GMs + LPS group, which was
attributed to the 3D interconnected porous network promoting macro-
phage polarisation towards the M2 phenotype. Moreover, the longitu-
dinal migration of SCs in the CS/GMs@IGF-1 + LPS group was the most
significant compared to that in the other groups, as this group promoted
the transformation of macrophages to the M2 phenotype most signifi-
cantly, as previously verified. Macrophage-conditioned medium (MCM)
obtained from the culture supernatants of macrophages exposed to
different substrates (control, control + LPS, CS/G + LPS, CS/GM + LPS,
and CS/GMs@IGF-1 + LPS groups) was used to cultivate the RSC96
cells, as illustrated in Fig. 4D. A wound scratch assay to assess horizontal
migration of RSC96 cells under MCM stimulation showed that the
healing rates in the CS/GMs MCM exposure group were significantly
improved in inflammatory environments at three-time intervals
(Fig. 4E), which was similar to the results of the control group.
Comparatively, the CS/G + LPS and LPS alone groups showed less
scratch gap closure (the healing rates at 48 h (15.4 + 1.2 and 16.8 + 3.3
%, respectively). The healing rate of the CS/GMs@IGF-1 group was the
highest among all the groups (Fig. 4F), while those at 12, 24, and 48 h
were 12.3 & 3.5, 40.4 £ 4.2, and 62.3 + 3.2 %, respectively. Such sig-
nificant differences in the transwell assay and wound healing experi-
ments implied that the interconnected porous network structure and
sustained delivery of IGF-1 promoted the migration ability of SCs by
regulating the immunophenotype of macrophages to the M2 type.

As shown in Fig. 4G, the RSC96 cells cultivated in the control + LPS
and CS/G + LPS MCM groups remained small, round, or spindle-shaped
after 24 h of culture, and almost no pseudopodia formation was
observed. Comparatively, the RSC96 cells in the control group showed a
flat shape, a relatively large cell volume, and a few pseudopodia for-
mations. Thus, the M1-phenotype macrophage-mediated inflammatory
microenvironment, in which non-interconnected porous structures were
located, was not conducive to the extension of the RSC96 cell cyto-
skeleton and the growth of pseudopodia. Contrarily, the RSC96 cells
cultured in the CS/GMs + LPS group of interconnected porous network-
regulated M2-phenotype MCM extended into a flat shape, with the
formation of membrane folds and the beginning of processes at the cell
edge, which was the preliminary stage of pseudopodia formation.
Moreover, the RSC96 cells incubated with CS/GMs@IGF-1 + LPS
exhibited a disc-shaped flat cell morphology with an increased attach-
ment area, and membrane folds and processes at the cell edge gradually
extended and fused to form pseudopodia due to the biomimetic ECM
NGC with the 3D interconnected porous network and sustained delivery
of IGF-1, promoting the extension of the RSC96 cell cytoskeleton and the
growth of pseudopodia by regulating the polarisation of macrophages to
the M2 phenotype.

The effect of macrophage immunophenotypic polarisation on SC
remyelination when cultured on different sample substrates was further
investigated. Compared to the control group, the expression of PMP22
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and NGF was lower, whereas the expression of NCAM was higher in the
RSC96 cells cultured in the control + LPS and CS/G + LPS MCM expo-
sure groups. Thus, the immune microenvironment mediated by M1
macrophages in the closed, non-interconnected porous structure was not
conducive to the remyelination of the RSC96 cells (Fig. 4H). The MCM of
the CS/GM + LPS exposure group could reverse the relative expression
of myelinating genes in the RSC96 cells, such that the expressions of
PMPP22 and NGF increased while that of NCAM decreased, owing to the
regulation of macrophages to the M2 phenotype by the interconnected
porous network. Moreover, in the RSC96 cells cultured in CS/GMs@IGF-
1 + LPS MCM, the relative expression of the myelin genes PMP22 and
NGF was upregulated, while NCAM was downregulated, most signifi-
cantly compared to the other groups. The effect was due to IGF-1 de-
livery and the 3D interconnected porous network structure, which
significantly regulated the immune microenvironment by polarising
macrophages towards the M2 phenotype, thereby significantly pro-
moting SC remyelination.

The obtained data indicated that the biomimetic ECM NGC with 3D
interconnected porous networks and sustained IGF-1 delivery regulated
the polarisation of macrophages to the M2 immune phenotype. The
immune microenvironment of activated MCM promoted the migration,
spread, maturation, and remyelination of SCs.

3.5. Promotion of SC proliferation, macrophage recruitment, and
polarisation, by biomimetic ECM NGCs during the early grafting period

The effects of the 3D interconnected porous network and sustained
IGF-1 delivery on macrophage recruitment, polarisation, and subse-
quent peripheral nerve regeneration were assessed at 1 and 2 w post-
operatively in a 10 mm rat sciatic nerve defect model. As shown in
Fig. 5A, the total number of pan-macrophages (MO0), pro-inflammatory
macrophages (M1), pro-healing macrophages (M2), and SCs was iden-
tified by immunofluorescence staining for CD68, iNOS, CD206, and
S100B, respectively, in a 2 mm transverse section proximal to the NGC.
The results (Fig. 5B and C) showed no significant difference in the
expression of S100p among all groups 1 w post-implantation. However,
at 2 w post-implantation, the S100p IF intensity in the CS/GMs nerve
conduits was significantly higher than that in the CS/G group, indicating
that the 3D interconnected porous structure in the nerve conduits pro-
moted early SC remyelination following implantation. After loading
with IGF-1, the CS/GMs@IGF-1 group exhibited the highest S100p IF
intensity among all groups, indicating that the sustained delivery of IGF-
1 further enhanced the early promotion of SC myelination.

Subsequently, the number of macrophages infiltrating the NGCs and
the polarisation of their immune phenotypes at 1 and 2 w post-
implantation were investigated. The IF intensities of the CD68" and
CD206+ M2-like phenotypes in the CS/GMs group were significantly
higher at 1 and 2 w post-implantation than those in the CS/G group.
Statistical analysis of the five IF images showed the number of MO
macrophages (Fig. 5D) in the CS/GMs group was 105 + 7 and 185 + 7
per field at 1 and 2 w, respectively, which was significantly higher than
41 £ 7 and 75 + 7 per field in the CS/G group. Statistical analysis of
iNOS and CD206+ markers showed that the proportion of M2/M1
macrophages (Fig. S5E) was significantly higher in the CS/GMs group
(1.15 £ 0.13, 1.46 + 0.21) than that in the CS/G group (0.94 + 0.09,
1.03 + 0.25) at 1 and 2 w. Thus, compared to the closed, non-
interconnected porous structure, the interconnected porous network
significantly enhanced macrophage recruitment and promoted the
polarisation of infiltrating macrophages towards the M2 phenotype.
After loading IGF-1, the CS/GMs@IGF-1 group NGCs exhibited
increased numbers of infiltrating MO macrophages (175 + 8, 314 + 6),
CD206+ IF intensity, and M2/M1 macrophage ratios (1.25 + 0.21, 2.94
+ 0.33) at 1 and 2 w post-implantation compared to the CS/GMs group
NGC. Thus, the sustained delivery of IGF-1 further increased the number
of infiltrating macrophages and regulated their polarisation towards the
M2 phenotype.
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Therefore, the biomimetic ECM NGC with a 3D interconnected
porous network and sustained IGF-1 delivery promoted SC maturation
by rapidly recruiting macrophages and polarising them towards the pro-
healing (M2) phenotype.

3.6. Promotion of axonal regeneration and myelination during long-term
implantation by biomimetic ECM NGCs

IF, TEM, and TB staining were used to further investigate the effects
of interconnected porous network structures and sustained IGF-1 de-
livery on axonal regeneration and remyelination of peripheral nerves.
Nerve graft samples were collected 12 w after the nerve conduits were
implanted in vivo, and cross-sections of the regenerated nerve at a dis-
tance of 2 mm were observed. TB-stained images (Fig. 6A) revealed that
uniform myelinated nerve fibres were successfully regenerated in all
groups at 12 w postoperatively. Quantitative analysis (Fig. 6B) showed
that the autograft group (11210 + 780 nerve/mm?) had the highest
number of myelinated nerve fibres among all groups. The number of
myelinated nerve fibres in the CS/GMs@IGF-1 group (10920 + 739
nerve/mm?) was similar to that in autografts and significantly higher
than that in the CS/G and CS/GMs groups. The density of myelinated
nerve fibres in the CS/GMs group (6320 + 638 nerve/mm?) was
significantly increased compared to the CS/G group (8090 + 839 nerve/
mm?). The results of TB staining showed that the interconnected porous
network and IGF-1 delivery to the NGCs promoted the regeneration of
axons during peripheral nerve repair.

The morphology and myelin sheath thickness of the regenerated
nerve were observed using TEM to determine the electrical conduction
velocity, maturity, and remyelination of the regenerated nerve. The
newly regenerated nerve fibres in the CS/GMs@IGF-1 group and auto-
graft group were mainly regular oval shapes, with the diameter of re-
generated nerve fibres (Fig. 6C) being 3.80 £+ 0.19 and 3.5 + 0.21 pm,
and the myelin sheath thickness (Fig. 6D) being 1.25 + 0.07 and 1.19 +
0.09 pm, respectively. The diameter of the nerve fibres (3.05 + 0.23 pm)
and the thickness of the myelin sheath (0.95 + 0.23 pm) in the CS/GMs
group were lower than those in the CS/GMs@IGF-1 group but higher
than those in the CS/G group (nerve fibre diameter: 2.58 + 0.19 pm,
myelin sheath thickness: 0.60 + 0.08 pm). Thus, the interconnected
porous network promoted myelin regeneration in the regenerated
axons, and sustained delivery of IGF-1 further enhanced the promoting
effect. Subsequently, the g-ratio of the regenerated myelinated fibres,
defined as the ratio of the inner diameter to the outer diameter of the
neurites, indicating the optimal function and structure of neural mye-
lination, was calculated. As shown in Fig. 6E, the g-ratio distribution
trend of the CS/GMs@IGF-1 group was comparable to that of autografts,
and the value of g-ratio gradually increased following the order: Auto-
graft (0.63 £ 0.04) < CS/GMs@IGF-1 (0.65 + 0.05) < CS/GMs (0.67 +
0.07) < CS/G (0.71 £ 0.06). Previous studies have reported that the g-
ratio of healthy sciatic nerves is approximately 0.6 [45]. By constructing
an interconnected porous network and loading IGF-1 into the nerve
conduit, the g-ratio value of regenerated nerves in the CS/GMs@IGF-1
group was reduced to the normal range, and axon diameters became
larger, close to those of autografts. Additionally, the fitting curve
(Fig. 6F) of the g-ratios in each group revealed that the myelin degree of
the regenerative nerves in the CS/GMs@IGF-1 group was closest to that
in the autograft group. Notably, axons in the CS/G group, mostly with
small diameters, had higher g-ratios than those in the CS/GMs group,
indicating that the potential for remyelination of regenerated axons in
the non-interconnected porous structure group was lower. Contrarily,
the fitting curves of the CS/GMs and CS/GMs@IGF-1 groups cut across
each other, indicating that the CS/GMs group had more myelinated
nerves with small diameters and a low g-ratio, which exhibited the po-
tential for remyelination.

IF staining for axonal protein NF200 and myelination-specific pro-
tein S100p was performed to further evaluate axonal regeneration and
SCremyelination (Fig. 6G), respectively. Compared with the closed non-
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Fig. 5. Relationship between macrophage polarisation and SCs in vivo at 1 and 2 w post-implantation. (A) Schematic diagram of the in vivo analysis of a 10 mm
sciatic nerve defect model in rats. (B) Immunostaining for S100p (SCs, red), CD68 (MO, pan-macrophage, green), iNOS (M1, pro-inflammatory, red), and CD206 (M2,
anti-inflammatory, red) at 1 and 2 w post-nerve conduit implantation. Scale bars = 100 pm. (C, D, E) Quantification of the number of regenerated SCs, infiltrated MO
macrophages in the nerve conduit, and the M2/M1 macrophage ratio. Data are expressed as mean + SD. n = 11 per group. p*<0.05. Ns, no significance.
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interconnected porous structure group, the CS/GMs group had higher
expression of NF200 and S100p, which was confirmed by quantitative IF
intensity analysis (Fig. 6H and I), indicating the 3D interconnected
porous network in nerve conduits can promote the regeneration and
remyelination of axons. Consistent with the results of TEM and TB
staining, it was found that the CS/GMs@IGF-1 group had similar IF
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expression intensity of NF200 and S100p as the Autograft group, which
was significantly higher than the CS/GMs group and CS/G group, indi-
cating the promoting effect of IGF-1 delivery on regenerating nerve.
The data obtained indicate that biomimetic ECM NGCs with a 3D
interconnected porous network and sustained IGF-1 delivery support
nerve regeneration at the histological level in a manner equivalent to
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that of autografts.

3.7. Improvement in functional recovery of the sciatic nerve in long-term
implantation by biomimetic ECM NGCs

The ultimate goal of peripheral nerve repair after injury is to restore
electrophysiological conduction and motor function. This recovery can
objectively evaluate the efficacy of the prepared tissue-engineered
NGCs, clearly demonstrating successful nerve repair. The representa-
tive CMAP curves are shown in Fig. 7A. Quantitative analysis of the
CMAP peak amplitude (Fig. 7B) revealed that the injured side in the CS/
GMs@IGF-1 group (18.25 + 1.94 mV) was significantly higher than in
the CS/GMs (10.31 + 1.03 mV) and CS/G (5.23 + 1.06 mV) groups,
approaching the Autograft group (22.24 + 1.57 mV). This indicates that
the CS/GMs@IGF-1 group had more nerve fibres innervating the mus-
cles. Notably, a comparison of the peak amplitude of CMAP in the CS/
GMs and CS/G groups showed that the 3D interconnected porous
network in nerve conduits could increase nerve fibre innervation of the
muscle. Similarly, the CS/GMs@IGF-1 group (1.73 + 0.19 ms) had
conduction latency (Fig. 7C) similar to the Autograft group (1.59 + 0.14
ms, p > 0.05) and better than the CS/GMs and CS/G groups. Further-
more, the CMAP latency of the CS/GMs group (2.65 + 0.18 ms) was
significantly lower than that of the CS/G group (3.36 + 0.29 ms).
Further analysis showed that the 3D interconnected porous network and
sustained IGF-1 delivery enhanced the NCV of the regenerated nerve.
The order of NCV (Fig. 7D) from lowest to highest was CS/G (9.97 +
1.19 m/s), CS/GMs (20.37 £ 2.94 m/s), CS/GMs@IGF-1 (34.89 £ 2.19
m/s), and Autograft (35.42 + 2.14 m/s). The results of the CMAP peak
amplitude, CMAP latency, and NCA suggested that the 3D inter-
connected porous network and sustained IGF-1 delivery of the bio-
mimetic ECM conduits could enhance myelination of the regenerated
nerve.

Pathological changes in the structure and function of the gastroc-
nemius muscle after PNI can be used to indirectly evaluate peripheral
nerve regeneration. To evaluate muscle atrophy quantitatively, the
muscle weight ratio was calculated by comparing the muscle on the
lesioned side with that on the non-lesioned side. As confirmed in Fig. 7E
and F, no measurable difference was identified between the CS/
GMs@IGF-1 and Autograft groups in the gastrocnemius wet weight
ratio, which were 60.1 + 2.4 % and 58.0 + 3.2 %, respectively. The wet
weight ratio of the gastrocnemius muscle in the CS/GMs group (40.1 +
3.5 %) was higher than that in the CS/G group (25.8 + 2.8 %), but worse
than that in the CS/GMs@IGF-1 group. Cross-sectional H&E and
Masson-trichrome staining (Fig. 7E) showed that there was no obvious
degradation of gastrocnemius muscle fibres in the CS/GMs@IGF-1
group (39.3 + 3.3 pm) and Autograft group (42.7 + 2.5 pm), and the
diameter (Fig. 7G) was significantly higher than that in the CS/GMs and
CS/G groups. Masson-trichrome staining results (Fig. 7H) indicated that
the CS/G group exhibited extensive collagen deposition in the atrophied
muscle fibers, while collagen deposition was significantly reduced in
both the CS/GMs@IGF-1 group and the autologous nerve graft group.
However, the gastrocnemius muscle of the CS/GMs and CS/G groups
showed atrophy to a certain extent, but the CS/GMs group (29.3 + 2.6
pm) retained more gastrocnemius muscle fibres than the CS group with
closed, non-interconnected nerve conduits (22.3 + 2.5 pm). The wet
weight ratio of the gastrocnemius muscle and the pathological exami-
nation of the muscle fibres showed that biomimetic ECM nerve conduits
with an interconnected porous network and sustained IGF-1 delivery
could prevent muscle atrophy after PNIL

Gait analysis and footprints (Fig. 7I) were used to evaluate the re-
covery of motor function in rats. The SFI was calculated from the foot-
prints to evaluate sciatic nerve function. After 12 w, the SFI (Fig. 7K) of
each group from poor to excellent was as follows: Autograft (—23.3 +
2.2), CS/GMs@IGF-1 (—26.2 =+ 2.4), CS/GMs (—40.2 + 3.2), and CS/G
(—72.5 + 3.2). It can be found that the SFI value of the Autograft group
and CS/GMs@IGF-1 was almost the same and significantly higher than
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that of CS/GMs and CS/G. Moreover, the SFI value of the CS/GMs group
was higher than that of the closed, non-interconnected, porous structure
group. The representative images of 3D stress diagrams are shown in
Fig. 71, in which the stress area of the right hind limb in the CS/
GMs@IGF-1 group was similar to that of the autograft group but
larger than that of the CS/G and CS/GMs groups. Moreover, the CS/GMs
group, which had a 3D interconnected porous network, had a larger
right hindfoot stress area than the CS/G group.

Taken together, these measurements further support the hypothesis
that biomimetic ECM-conduits with 3D interconnected porous networks
and sustained IGF-1 delivery facilitate the recovery of motor function
following sciatic nerve defects.

4. Discussion

Recent developments in tissue-engineered NGCs have focused on
enhancing structural and functional capabilities [6]. Advances in 3D
porous structures have significantly improved the effectiveness of these
conduits by providing scaffolds that closely mimic the ECM and facili-
tate cell adhesion, migration, and nutrient exchange [46]. Additionally,
the incorporation of IGF-1 into these conduits enhances neurotrophic
support, thereby promoting nerve regeneration and functional recovery
[28]. Collectively, these advancements optimise peripheral nerve repair
and offer promising prospects for improved clinical outcomes in patients
with nerve injuries [3]. Therefore, we developed a biomimetic ECM
nerve conduit with a 3D interconnected porous network and sustained
IGF-1 delivery to provide an optimal supportive microenvironment and
dynamic immune modulation for nerve regeneration. By utilising the
different hydrolytic properties and zeta potentials of GMs with varying
degrees of cross-linking, a multifunctional GM system was established to
achieve a 3D interconnected porous network and sustained delivery of
IGF-1. The CL-4h GMs were completely hydrolysed and dissolved within
approximately 24 h, and they were used as a sacrificial template in
combination with freeze-drying to fabricate a highly porous 3D inter-
connected porous biomimetic ECM network structure. The 3D inter-
connected porous network structure allowed for a higher efficiency of
substance exchange between the inside and outside of the nerve conduit
wall. Sustained delivery of IGF-1 was achieved using GMs cross-linked
for 24 h, which had a slower degradation rate and higher zeta potential.

The good biocompatibility, promising translational potential, and
clinical operability of the fabricated NGCs are still being emphasised
[47]. The materials used to prepare the nerve conduits must have good
biocompatibility and be FDA-approved to ensure complete degradation
without biotoxicity. The CS, gelatin, and IGF-1 used in this study have
been approved by the FDA for use in tissue engineering scaffolds and
medical devices [48]. In this study, the biomimetic ECM nerve conduit
exhibited good biocompatibility. Twelve weeks after implantation, HE
staining (Supplementary Fig. 3) of the heart, liver, spleen, lungs, and
kidneys showed no abnormalities. An ideal nerve conduit should have a
degradation cycle that matches the physiological processes of nerve
regeneration. It should provide structural support and protection for
injured peripheral nerves after implantation while avoiding compres-
sion of newly regenerated nerve fibres owing to a slow degradation rate
[49]. Although nerve conduits prepared from CS and gelatin have good
biocompatibility, their slow degradation is a significant drawback in
clinical applications [5]. Since the repair of approximately 10 mm pe-
ripheral nerve defects typically requires around 6 months, nerve con-
duits that degrade by 50 % within 3 months were prepared by
combining CS with multifunctional GMs at a mass ratio of 1:0.75.
However, it is important to note that repairing longer peripheral nerve
defects (40-50 mm) would require nerve conduits with slower degra-
dation rates to align with the physiological timeline of peripheral nerve
regeneration. Further investigation is needed to determine the optimal
doping ratio of gelatin microcapsules in nerve conduits for these appli-
cations. Exploring larger nerve gap models remains a limitation of this
study and represents a key direction for future research. Additionally,
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the suture tensile and 50 % radial compression mechanical properties of
the nerve conduits must be considered in clinical applications [50]. A
nerve conduit with strong suture tensile strength and elongation at
break effectively prevents the suture from breaking through the conduit
wall when suturing injured peripheral nerves, making the operation
easier for the surgeon [51]. The 50 % radial compressive performance of
the nerve conduit ensures it does not easily deform when squeezed by
surrounding tissues, maintaining its original circular structure and
preventing compression or blockage of regenerating nerve tissue [52]. In
this study, genipin-crosslinked GMs were incorporated into CS as a
reinforcing phase. A nerve conduit with enhanced mechanical proper-
ties was constructed through the stress interface between the GMs and
CS. In practical applications, the swelling rate of the hydrophilic poly-
mer conduits must also be thoroughly considered. Excessive swelling of
nerve conduits may compress or damage the surrounding nerves,
causing pain, abnormal sensation, or even functional impairment [53].
The composite nerve conduit prepared with genipin-cross-linked GMs in
this study exhibited a significantly lower water-absorption swelling rate
than the control group prepared with homogenously blended gelatin
and CS. This effectively mitigates the risk of potential compression of
newly regenerated nerves. These results indicated that the multifunc-
tional GM-CS biomimetic ECM nerve conduit developed in this study
exhibits a favorable degradation rate, water swelling capacity, suture
tensile strength, elongation at break, bending strength and 50 % radial
compression performance, demonstrating strong clinical operability and
translational potential.

Peripheral nerve regeneration is a complex process that relies on the
interaction between SCs, macrophages, and axons within a supportive
microenvironment [54]. After PNI, Wallerian degeneration occurs,
where the distal nerve fibres degrade [55]. SCs are activated into a
repair-supportive state, clearing debris and creating a favorable envi-
ronment for axonal regrowth [56]. These activated SCs release cytokines
to recruit macrophages to the injury site, a process that peaks three days
after injury [57]. Macrophages then assist in Wallerian degeneration
and polarise to the M2 pro-healing phenotype, promoting SC prolifera-
tion and migration through the secretion of neurotrophic factors [58].
SCs proliferate, form the “Biingner band,” and guide regenerating axons
[59]. Successful nerve regeneration depends on reestablishing func-
tional connectivity between regenerated axons and their target tissues
[60], with SCs and macrophages coordinating inflammation resolution
and regeneration [61]. The biomimetic ECM-nerve conduit prepared in
this study exhibited excellent biocompatibility and promoted SC sur-
vival at the implantation site after PNI. The 3D interconnected porous
network and sustained delivery of IGF-1 promoted the early function-
alisation of SCs and axon outgrowth along the Biingner band to the distal
target organ. Early activated SCs recruited macrophages through che-
mokine release, while the conduit influenced macrophage polarisation
towards the M2 phenotype, supporting SC migration and remyelination.
The 3D interconnected porous network with the IGF-1 delivery nerve
conduit prepared in this study can provide a repair-supportive micro-
environment for nerve regeneration, and its biofunction meets the re-
quirements of the physiological processes of peripheral nerve
regeneration.

Research is increasingly focusing on biomaterials and scaffold de-
signs that can influence immune cell behaviour and provide a conducive
environment for nerve healing [19]. Previous studies [62] have shown
that the architecture of porous scaffolds significantly influences the
immune response and subsequent tissue regeneration. For example,
studies [37] have found that the infiltration of macrophages at the
material-tissue interface of nonporous scaffolds is dominated by M1
macrophages, whereas porous materials respond to a significant in-
crease in M2 macrophages. Here, we found that the 3D interconnectivity
of porous nerve conduit structures plays an important role in regulating
the immunophenotypic polarisation of infiltrating macrophages. The 3D
interconnected porous network structures promoted the transformation
of macrophages to the M2 immunophenotype, whereas the isolated
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porous structures did not. According to previous studies [20,63,64], the
3D interconnected porous network structure can promote macrophage
polarisation towards the M2 immune phenotype through the following
pathways. First, 3D interconnected porous network structures facilitate
the infiltration and distribution of macrophages, promoting a more
uniform and effective immune response [37]. These structures allow for
better nutrient and waste exchange and reduce hypoxia and inflamma-
tion, which are conducive to the M2 macrophage phenotype. Moreover,
physical cues provided by the ECM architecture can influence macro-
phage adhesion, spreading, and polarisation through mechano-
transduction pathways [22]. In contrast, isolated, non-interconnected
pore structures can create localised environments in which nutrient
diffusion is restricted and cellular communication is limited. These
conditions can lead to persistent inflammation and a predominance of
the M1 macrophage phenotype due to hypoxic stress and the accumu-
lation of inflammatory mediators [65]. The lack of interconnected
pathways in these structures can hinder transition to the M2 phenotype,
thereby impeding the healing process. Therefore, when constructing a
3D porous structure, tissue engineering scaffolds must consider the
interconnectedness, openness, and permeability of the pores to optimise
macrophage-mediated immune responses. To further enhance the
regulation of macrophage immune phenotypes and provide a
reparative-supportive microenvironment for peripheral nerve regener-
ation, IGF-1, a multifunctional peptide hormone, was encapsulated in
the gelatin microcapsules for sustained release at the injury site. Previ-
ous studies [66,67] have shown that IGF-1 exerts its effects on macro-
phages through several mechanisms. It modulates the expression of
surface receptors and intracellular signalling pathways that dictate
macrophage behaviour. Recent studies indicate that IGF-1 promotes the
M2 phenotype, characterised by the expression of anti-inflammatory
cytokines such as IL-10 and TGF-f and surface markers including
CD206 and Argl [68]. Mechanistically, IGF-1 signalling through the
IGF-1 receptor activates downstream pathways, notably the PI3K/Akt
and ERK1/2 cascades, which are pivotal in driving M2 polarisation
[69-71]. In this study, dynamic regulation of macrophage immune
phenotypes was achieved through a tailored interconnected porous 3D
network structure and sustained delivery of IGF-1, thereby creating a
favorable immune microenvironment for peripheral nerve regeneration.

In summary, the biomimetic ECM NGC developed in this study fully
meets the practical requirements for clinical applications, is easy to
handle, and has excellent potential for clinical translation. In terms of
promoting nerve regeneration, the NGCs achieve therapeutic effects
comparable to those of autologous nerve grafts, demonstrating signifi-
cant potential as a new therapeutic strategy.

5. Conclusion

In this study, biomimetic ECM NGCs, featuring a 3D interconnected
porous network and sustained delivery of IGF-1, were developed by
integrating multi-functional GMs with CS to enhance nerve regenera-
tion. GMs with two degrees of cross-linking (CL-4h and CL-24h) were
used as sacrificial templates to construct a 3D interconnected porous
structure and load IGF-1. The incorporation of multi-functional GMs into
the NGCs maintained the honeycomb-like structure, improved the
interconnectedness of the porous structure, and enhanced the perme-
ability and substance exchange. The optimal CS:0.75 GMs formulation
demonstrated superior suture tensile strength, elongation at break, 50 %
radial compression, bending strength, an appropriate water absorption
swelling rate, and a degradation period consistent with the 6-month
nerve regeneration cycle, showing strong clinical operability and
translational potential. In terms of bio-functionality, the biomimetic
ECM NGCs promoted the survival, proliferation, and remyelination
potential of SCs, along with neurite formation, providing a supportive
microenvironment for peripheral nerve regeneration that met physio-
logical requirements. Additionally, the 3D interconnected porous
structure and sustained delivery of IGF-1 facilitated macrophage
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recruitment and M2 immune phenotype polarisation, thereby enhancing
SC migration and differentiation after PNI, along with improved motor
and sensory function recovery. This study demonstrates that the bio-
mimetic ECM NGC, with its 3D interconnected porous structure and
sustained IGF-1 delivery, is a potential material for achieving rapid
regeneration after PNI, offering an alternative to autologous nerve
grafts.
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