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Currently, most peripheral nerve injuries are incurable mainly due to excessive reactive oxygen species (ROS)
generation in inflammatory tissues, which can further exacerbate localized tissue injury and cause chronic dis-
eases. Although promising for promoting nerve regeneration, stem cell therapy still suffers from abundant
intrinsic limitations, mainly including excessive ROS in lesions and inefficient production of growth factors
(GFs). Biomaterials that scavenge endogenous ROS and promote GFs secretion might overcome such limitations
and thus are being increasingly investigated. Herein, firstly reported as specific ROS scavenging agents and
paracrine stimulators, gold nanoparticles (GNPs) were incorporated in the chitosan/polyvinyl alcohol hydrogel
networks. The GNPs/hydrogel composite can support the survival of mesenchymal stem cells (MSCs) with
excellent expansion efficiency and protect MSCs in a simulated ROS microenvironment, decreasing the intra-
cellular ROS levels and simultaneously enhancing cell viability. Moreover, biodegradable scaffolds, along with
MSCs, were implanted into sciatic nerve defects in a rat model to show good application value in vivo. Our work
demonstrated that the GNPs/hydrogel shows great promise in MSCs therapy for peripheral nerve injury with
convincing biological evidence.

lines to fill tissue defects and secrete numerous essential growth factors
(GFs) [2]. Mesenchymal stem cells (MSCs) are currently among the most
promising candidates for stem cell therapy due to their unique charac-
teristics, such as migration and homing to damaged tissue, immuno-

1. Introduction

Neural injury frequently results in an inhibitory environment for
nerve regeneration and incomplete tissue remodeling in lesions, leading

to a poor prognosis without any effective treatments [1]. The functional
repair of damaged peripheral nerves, which can develop into continuous
neuronal injury and inadequate functional outcomes, remains a major
medical challenge due to the inherently limited regenerative capacity of
nervous tissue. Unique to nervous system is the series of specific cellular
responses, a multifaceted approach is required to enable and expedite
subsequent tissue regeneration and functional recovery. One treatment
modality that is being widely investigated for neural injury repair is
stem cell therapy due to their potential to differentiate into target cell
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tropic functions, as well as paracrine signaling, which support the repair
and regeneration of targeted lesions [3]. Moreover, MSCs can be
extracted and cultured from the patient’s own tissue, mainly bone
marrow and adipose tissue, and cell transplantation therapies based on
these endogenic cell lines can largely eliminate immunological rejection
and avoid prominent ethical problems [4]. However, such promising
treatments are still currently undergoing preclinical study, which in-
dicates that MSCs therapies only help to a certain extent, instead of a
routine use in clinics and doctor’s offices.
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The two major limitations for their therapeutic use are rapid
apoptosis of MSCs in inflammatory nerve defects, as well as inefficient
production of GFs that are essential for stem cell differentiation and
tissue regeneration [5]. The in vivo microenvironment of injured nerve
tissue is accompanied by obvious oxidative stress and inflammatory
responses [6], resulting in excessive reactive oxygen species (ROS) that
can further exacerbate localized tissue injury and cause significant loss
of transplanted cells [7]. Once the hard decisions have been made about
how to treat a patient’s neural injury using MSCs therapy, doctors face a
tricky question: how to guarantee the transplanted MSCs survival and
appropriately activate the tissue repair process? Fortunately, the
regeneration of nerve tissue connectivity through stem cell trans-
plantation and the use of biomaterial scaffolds has recently provided
encouraging results [8].

The practical consequence of the limitations is the urgent need for
developing alternative biomaterials with productive and safe MSCs
culture microenvironment that could help MSCs to survive in the in-
flammatory lesions [9,10]. During the preclinical application of MSCs in
neural injury diseases, several approaches and delivery strategies have
been explored to establish hydrogel scaffolds equipped with a suitable
environment for cells survival and expansion with high maneuverability
[11,12], and hydrogels functionalized with metal nanoparticles (NPs)
can significantly promote cell viability and induce stem cell differenti-
ation for a variety of applications [13,14]. Gold nanoparticles (GNPs)
demonstrate unique electronic properties that play a critical role in
inducing neural differentiation in MSCs and are especially attractive for
nerve regeneration [15]. Moreover, GNPs are also considered as
high-performance ROS scavenging nanomaterials with promising ac-
tivities to overcome the kernel challenges of MSCs therapy for treating
diseases caused by neural injury [16]. Therefore, they have been widely
utilized in the design of novel three dimensional cell culture matrices
that better mimic the extracellular signaling microenvironment of nat-
ural nerve tissue [17]. Furthermore, GNPs can also promote efficient
cell-cell electrical interaction within the biomaterials [18], which could
enhance cell viability, attachment and proliferation [19]. Recent studies
have demonstrated that the incorporation of electroconductive GNPs
into chitosan (CS) based hydrogels could enhance the regeneration of
certain electroactive tissues, such as nerve tissue engineering [20-22].
These hydrogels constitute an artificial milieu with complex interactions
that mimic the extracellular matrix and transmit electrical signals to
excitable neural cells [23,24]. However, these studies tracked only the
partial or superficial phenomena of cell survival on biomaterials, which
prevents understanding their influence on cell metabolism and para-
crine activity. Therefore, the practical application of these biomaterials
is still under debate and is not widely accepted by the medical
community.

Herein, we developed a GNPs-dotted hydrogel system that could
reduce the generation and accumulation of excessive intracellular ROS
and offer a safe microenvironment for MSCs while activating MSCs to
release more pivotal GFs. In this respect, nanocomposite hydrogels are
specially designed with two biocompatible components, chitosan-gold
nanoparticles (CS-GNPs) and chitosan-co-polyvinyl alcohol (CS-PVA)
polymers, which can form hydrogel networks via intermolecular in-
teractions [25]. The formed hydrogel scaffolds could mimic the elec-
tronic properties of nerve tissue. The optimal conditions for MSCs
culture and delivery were identified by delicately designing precursor
ratios. As a complement to previously published studies [16], a series of
biological assays (live/dead staining, EAU staining, DCFH-DA staining,
cytokine antibody microarray and enzyme-linked immunosorbent assay
(ELISA)) were performed to confirm the proliferation, ROS scavenging
ability and neurodevelopmental efficiency of the as-prepared
GNPs/hydrogels, which directly reflect the biological behavior of
MSCs on the biomaterial. Finally, the in vivo bioactivity of these
GNPs-dotted hydrogels was confirmed in a sciatic nerve crush injury
model. This is the first work to report the precise mechanism of the
therapeutic effects of GNPs/hydrogels, mainly concerning their ability
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to the scavenge ROS and activate numerous GFs secreted from MSCs,
demonstrating their great potential for neural injury repair.

2. Materials and methods
2.1. Preparation of chitosan-co-GNPs polymers

Chitosan (CS, No0.448877), acetic acid (HAc, No0.695092), tetra-
chloroauric acid (HAuCl4, No0.520918) and polyvinyl alcohol (PVA,
No.363146) were obtained from Sigma Aldrich. We chose CS as the raw
materials for GNPs synthesis in this study, and the previously published
method was adapted to prepare the CS-GNPs [23]. Briefly, the
HAuCly.3H20 solution was prepared using DI water. CS was dissolved
(2 %, w/v) in acetic acid (0.1M). Then, CS and HAuCl4.3H50 solutions
were mixed in DI water at 70 °C for 60 min at the molar ratio (Au/CS) of
1/20, 1/40, 1/80, 1/120 and 1/160. A series of different red solutions
(amaranth to pink) containing GNPs in different concentrations were
obtained through the reduction reaction. According to recent literature
concerning appearance of gold nanoparticles, gold nanoparticles with
diameters of several to several tens of nanometers dispersed in a solution
exhibit a brilliant red color, but when they aggregate due to external
factors, their absorption wavelength redshifts, which causes them to
change to purple or blue color [26]. Finally, the resulting solutions were
freeze-dried to obtain the materials with different concentrations of
GNPs.

2.2. GNPs-dotted hydrogel scaffolds fabrication

In this part of experiment, we chose CS-GNPs and PVA as the basic
materials for hydrogel synthesis. And the protocol was based on the
previous studies mentioned the biocompatible CS/PVA hydrogel syn-
thesis [27]. Briefly, PVA was dissolved (2 %, w/v) in DI water and mixed
with NaHCO3 (0.1M), then chilled in an ice bath for 30 min. Meanwhile,
lyophilized materials of CS-GNPs were dissolved (2 %, w/v) in acetic
acid (0.1M) to obtain CS-GNPs solution and similarly chilled for 30 min.
Then, the PVA solution was slowly added to the CS-GNPs solution (or
pure CS solution) in an ice bath under magnetic stirring for 2 h, gener-
ating the physical cross-linking of hydrogel. Next, the hydrogel was
frozen at —20 °C for 24 h and thawed at room temperature, and the
freezing-thawing process was repeated three times. Finally, the hydrogel
was freeze-dried and strictly sterilized for further experiment.

2.3. Characterization of hydrogels

Morphology observation: The internal three-dimensional structures
of these different types of composite hydrogels were observed by SEM.
The lyophilized blank and GNPs-dotted hydrogel scaffolds were frac-
tured for observation and samples were coated with a thin layer (Pt) in
vacuum before examination.

Conductivity measurement: The electric conductivity measurements
of composite hydrogel samples with different concentration of GNPs
were measured using a digital conductivity meter. All samples were
covered by thin copper sheets, and the electric meter probe contacted
the surface of the copper sheet without causing deformation. The data
were only recorded when the values had been stable for 30s in the
detection process.

Compressive mechanical properties: The compressive stress-strain
measurements of the different types of composite hydrogels were per-
formed using DMA (Q800, USA) under the static compression mode. The
cylindrical hydrogel samples (diameter: 10 mm; thickness: 5 mm) were
put onto the lower plate and compressed by the upper plate, where a
linear ramp force rate of 0.5 N/min was set to conduct the tests.

Dynamic swelling properties: The freeze-dried hydrogel samples
were incubated in DI water at ambient temperature for defined time
intervals, until 24 h. At certain time point, the swollen hydrogel was
collected from the water and the excess water on the surface of the
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hydrogel samples was removed by filter paper, and the swollen weight of
the hydrogel samples was detected (Ws). The swelling ratio (Qs) (%) was
calculated as Qs= (Ws - Wd)/Wd x 100.

MSCs extraction, culture and characterization: The extraction and
culture scheme of bone marrow derived MSCs was the same as our
previous work [28]. Briefly, after the isolation of MSCs from the bone
marrow collected from the thighbones of Sprague-Dawley (SD) rats,
flow cytometry was used to identify the cell surface markers of the MSCs,
including CD34, CD45, CD73 and CD90. Moreover, the osteogenic,
adipogenic and chondrogenic differentiation capacity of BM-MSCs were
evaluated using Alizarin red, Oil red O and Alcian blue staining,
respectively. Meanwhile, GFP-labeled MSCs were obtained through
lentivirus transfection of GFP-encoding gene into MSCs.

Culture of MSCs on hydrogels and cell viability test: The MSCs ex-
plants were then cultured on these different GNPs-dotted hydrogel
scaffolds and the cell viability was measured by live/dead assay using a
live/dead staining kit (Yeasen, China). Briefly, a total of 1 x 10° MSCs
suspended in 50 pL were slowly injected into the different sites of the
hydrogel surface using eppendoff. Fresh DMEM/F-12 culture medium
with 10 % of fetal bovine serum and 1 % penicillin-streptomycin mixture
added before the hydrogels were incubated in cell culture environment
at 37 °C in 5 % CO, atmosphere. After 5 days of culture, MSCs on the
hydrogels were stained using the live/dead assay according to the pro-
vided protocol, assessing the cellular compatibility of the composite
hydrogels with different concentration of GNPs. The viable cells were
stained green by Calcein-AM, and the nuclei of inactive cells were
stained red by propidium iodide (PI). After staining, the cells were
observed using inverted fluorescence microscope, and the results were
analyzed by Image J 1.51n and GraphPad prism 8.0.

Morphology and distribution of GNPs: A TEM analysis was per-
formed by dropping the hydrogel solution onto a carbon-coated copper
grid, and the sample was observed using a backscattered electron mode.
NPs size and distribution were determined using a dynamic light scat-
tering instrument. Meanwhile, STEM with X-ray energy dispersive
spectrometry was used to obtain elemental composition maps (C, O and
Au) of CGPH and to perform comparative characterization of the
elemental content.

Chemical characterization: After biocompatibility evaluation, the
identification of the characteristic function groups in the CGPH was
performed via FT-IR spectroscopy.

Degradation rate: Three samples (with 100-120 mg) from the blank
(pure CS/PVA hydrogel) and CGPH group were first weighed (Wi: initial
weights), and then soaked in pure DMEM/F-12 medium at 37 °C. At the
indicated time points (days 3, 7, 10, 14, 21 and 30), the samples were
removed and freeze-dried for 24 h, and their weights were recorded as
Wd. The degradation rate was calculated as Degradation (%) = (Wi -
Wd)/Wi x 100.

2.4. Invitro cell culture on CGPH

To observe the growth of MSCs on CGPH, the cells were cultured on
the hydrogel by the above method. In short, 1 x 10° MSCs suspended in
50 pL complete medium were slowly injected into the different sites of
the hydrogel surface, then the composite hydrogel combined with MSCs
used in the follow-up experiments was obtained after proper cell culture.

MSCs proliferation on the hydrogels was evaluated by EdU staining
(Ribobio, China) according to the manufacturer’s protocol. Briefly,
MSCs were seeded in 24-well plate (2 x 10° cells/well) and cultured
with the blank or GNPs-dotted hydrogels as mentioned in the previous
paragraph. At the indicated time points (days 3 and 7), MSCs explants
were fixed in 4 % PFA for 30 min, and permeabilized in a solution of 0.5
% Triton-X-100 for 10 min. Apollo dye buffer and Hoechst 33342 were
used to label S phase cells and nucleus, respectively. Meanwhile, MSCs
on the hydrogels were also examined for adhesive and proliferative
cellular morphologies by SEM.
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2.5. In vitro antioxidant experiments

MSCs were cultured on the hydrogels as described above, evaluating
the protective function of the blank hydrogel and CGPH for MSCs
against ROS. Briefly, at 24 h after MSCs encapsulation, the complete
culture medium was replaced by peroxidative medium with extra 0.1
mM H,0, [29]. After cultured for another 24 h, MSCs in the blank or
GNPs-dotted hydrogels were detected with live/dead staining kit and
DCFH-DA staining kit according to the provided protocols. Meanwhile,
the MSCs cultured normally in 24-well plate with peroxidative medium
were analyzed as control group. Then the cells were observed using
inverted fluorescence microscope, and the results were analyzed by
Image J 1.51n and GraphPad prism 8.0.

2.6. In vitro MSCs paracrine activity experiments

MSCs were cultured on the blank hydrogel or CGPH in 24-well plate
(1 x 10° cells/well) for 3 days, then the conditioned medium was har-
vested from the each group and analyzed using rat cytokine antibody
microarray according to the manufacturer’s instructions. The condi-
tioned medium harvested from the MSCs cultured normally in 24-well
plate (1 x 10° cells/well) were analyzed as control group. Meanwhile,
to quantify the survivable and neurogenic factors, the expression levels
of SDF-1, BDNF and NSE released from MSCs of the forementioned three
groups (control, blank and CGPH group) were measured by ELISA kits
respectively, according to the provided protocol.

2.7. Sciatic nerve crush injury model

The Animal Protocol of this experiment was approved by Institu-
tional Animal Care and Use Committee (IACUC) at Nanjing Medical
University (Reference number: 2204040). Rats were randomly assigned
to groups and distributed equally by age and weight. The surgical pro-
cedures of sciatic nerve crush injury were performed as previously
described [30]. SD rats were anesthetized by isoflurane, hair from the
left femur was clipped and the area was cleaned and sterilized with 75 %
alcohol solution. As shown in Fig. 6a, the sciatic nerve was exposed by
making a subcutaneous incision at the thigh and gently separating the
intermuscular space, then the nerve was crushed with vessel forceps for
10s twice intercross. Following the injury, hydrogel scaffolds loading
MSCs (or hydrogel scaffolds alone) were implanted to injury location. As
reported in recent studies, the composite hydrogels alone or laden with
MSCs were wrapped around the injury site [31].

The same surgical procedures but without hydrogel implant were
performed in the sham control group (injury group). Meanwhile, in such
nerve crush injury model, as MSCs cannot reside at the nerve injury sites
because of the lack of a proper tissue environment, thus the group with
MSCs alone was not set up. And the hydrogel group without GNPs was
also excluded from our research due to its own poor biocompatibility
mentioned above. Animals were euthanized by asphyxiation while
anesthetized at specific time points, and the nerves were harvested and
processed for histology.

2.8. Histological staining analysis

Sciatic nerves (n = 5 per group) were fixed with 4 % para-
formaldehyde overnight at 4 °C and processed for cryopreservation with
20 % sucrose solution. Harvested nerves were then embedded in paraffin
and sectioned into 10 pm thickness. Subsequently, these samples were
processed for Hematoxylin&Eosin (H&E) staining or toluidine blue
staining using standard protocols. The number of fibers and myelin
sheath thickness were quantified using Image J software. All staining
quantification was performed double-blinded.
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2.9. Immunofluorescent staining analysis

After deparaffinization as described in the histological staining sec-
tion, samples were immunofluorescent stained for neuronal class III
B-tubulin (TUJ1), growth cone-associated protein 43 (GAP43), CD68,
neurofilament (NF), S100 and DAPI. Briefly, for immunostaining, sec-
tions were washed with PBS and permeabilized with 1 % Triton-X
overnight at room temperature. Next, samples were rinsed and
blocked with 10 % goat serum for 2 h, and then incubated overnight at
4 °C with antibodies as indicated above. After rinsing the primary
antibody, the tissue sections were stained with the respective secondary
antibodies and DAPI. The samples were imaged in an inverted fluores-
cence microscope. Data analysis was performed following a blinding
procedure.

2.10. Statistical analysis

Error bars represent standard error of the mean (SEM) unless
otherwise stated. Differences between two groups were determined
using t-test, and one-way ANOVA with Tukey’s multiple comparisons
test was used to compare multiple groups. All statistics are completed
using GraphPad Prism 8.0. P-values <0.05 were considered statistically
significant.

3. Results and discussion

3.1. Establishment of GNPs-dotted three-dimensional hydrogel-based
artificial microenvironment by mimicking nerve tissue

Native nerve tissue, which functions as a key constitutive component
of normal physiological activity and plays an essential role in regulating
cell behavior via abundant electrical signaling, is a complicated system.
Establishing an artificial microenvironment by mimicking the physical
and biochemical characteristics of such electroactive tissue, involves the
optimization of several parameters, for example, biocompatible material
synthesis, hydrogel stiffness, adhesion-relative biochemical cues, and
proper electronic properties. Moreover, it is crucial to find efficient
methods and related influencing factors for the design of a three
dimensional electronic signaling microenvironment that better repre-
sents the special extracellular microenvironment suitable for MSCs
survival and expansion, so as to enhance cell engraftment for further
downstream application. All the optimal parameters and conditions of
the above factors should be coordinated for efficient MSCs survival and
expansion. After these conditions were modulated, the metabolic
changes induced by the remodeled microenvironment in the expanded
cells on the hydrogel scaffolds were assessed, which provided further
sufficient biological evidence.

3.2. Precursors synthesis and fabrication of various GNPs-dotted hydrogel
scaffolds

To establish a chemically defined microenvironment for MSCs cul-
ture, materials that are used in the synthesis of GNPs and for enhancing
the physical properties of MSCs are crucial. Therefore, the specific
preparation of synthetic GNPs and the design of hydrogel scaffolds are
the primary steps. Common methods for the synthesis of GNPs include
ex-situ and in-situ approaches, which involve multiple and complicated
steps and are time consuming, but indeed provide GNPs based materials
with cytotoxicity [32]. Recently, biopolymers have been considered as
biocompatible tools in the synthesis of GNPs, which significantly
improve the cytocompatibility of the final biomaterials [33]. Among
various biopolymers, CS stabilized GNPs synthesis can be easily
controlled and may be the most promising one to engineer biomaterials
for cell loading [23]. Many previous studies have described the use of CS
or CS-based materials in the GNPs synthesis, CS-stabilized GNPs
(CS-GNPs) exhibit ideal stability against aggregation, as well as
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excellent antioxidant, anti-inflammatory, antibacterial and diabetes
related enzyme inhibitory activities, which may be related to their po-
tential use for biomedical purposes [34,35]. Thus, we synthesized the
CS-GNPs polymer, as illustrated in Fig. 1a, whereas the -NH2 sites of CS
coordinate toward Au atoms. Then, by modulating the GNPs ratios
(Au/CS molar ratio, 1/20 to 1/160), CS-GNPs composites with changes
in coloration (amaranth to pink) were obtained. The formation of gold
nanoparticles in H[AuCly]/chitosan solutions starts with hydrolysis of
chitosan catalyzed by Au (III), and the products of chitosan hydrolysis
rather than chitosan itself act as the main reducing species. According to
recent research, CS-GNPs composites contain chitosan with reduced
molecular weight and acetylation degree, whereas water-soluble
by-products consist of chitosan oligomers with higher acetylation de-
gree, derivatives of glucosamine acids, and formate ion [36]. In addi-
tional, Zhuang et al. have carried out the modification of chitosan
membrane with PVA to study the thermal properties, crystallinity,
chemical structure and mechanical properties of these membranes in
order to develop the guided tissue regeneration membrane [37].
Therefore, after the in situ reduction reaction, the CS-GNPs polymer can
be applied to program the hybrid hydrogel with PVA by establishing
intermolecular interactions (hydrogen bonds and PVA crystallization)
between polycationic-polyanionic polymer pairs in aqueous solutions
[38]. Benefiting from the gelation strategy, the biocompatible
GNPs-CS-PVA hydrogel networks serve as the backbone of the micro-
environment for supporting cells better than the CS-co-PVA hydrogel
networks. Mainly, they overcome the disadvantages caused by the single
CS-co-PVA polymer, which is that pure physically cross-linked hydrogels
fail to show tunable mechanical properties and is not elastic enough to
serve as a cell scaffold for nerve regeneration. For stimulating efficient
cell-cell electrical interactions inside the microenvironment, GNPs,
suitable conductive NPs were integrated into the polymer network as
bioelectrical signals that support MSCs survival and proliferation [39].
Finally, all of the materials form the composite hydrogel scaffold
(Fig. Scheme 1), and the properties, such as biocompatibility and GNPs
contents, can be further adjusted.

3.3. General characterization of the composite hydrogels formed with
different GNPs’ ratios

Since nerve fibers are natural tissues for bioelectrical signals trans-
mission, thus for the ultimate functional recovery of injured nerve tissue,
building an improved electrical signaling microenvironment by
mimicking the properties of nerve fibers is a promising strategy [40].
Moreover, electrical signaling, which is typically characterized by the
electroconductive properties of hydrogel scaffolds, plays a critical role in
controlling MSCs fate, such as migration, proliferation and neural dif-
ferentiation [41]. Currently, in the field of stem cells therapy for nerve
regeneration, one challenge is that few hydrogel scaffolds can simulate
the electrophysiological microenvironment of natural nerve tissue
because of the absence of suitable electroconductive properties [42]. To
tailor a microenvironment with proper electrical signaling, it is essential
to optimize the conductivity parameters by adjusting the GNPs ratio.
Moreover, substrate stiffness and swelling properties are also considered
as important features for cell culture or tissue regeneration. The influ-
ence of GNPs ratio on the electroconductive properties, swelling prop-
erties and stiffness of the hydrogel networks was investigated, which led
to the establishment of an ideal nanocomposite hydrogel for MSCs
adhesion and proliferation (Fig. 1a—f).

First, the electroconductive properties were investigated by per-
forming conductivity measurements. The ratios of GNPs (Au/CS) for gel
1 to gel 6 were accordingly preset as 0, 1/20, 1/40, 1/80, 1/120, 1/160,
respectively (Fig. la). Obviously, the electrical conductivity of the
hydrogel responded sensitively to variations in the GNPs ratio, and the
data presented a curvilinear distribution. Compared to those in the GNPs
1/120 and 1/160 groups, hydrogels with content ratios of 1,/20, 1/40
and 1/80, presented a high electrical conductivity. Meanwhile, there
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Fig. 1. General characterization of the GNPs-dotted CS/PVA hydrogels with different GNPs ratios. (a) The electroconductive properties of these different types of
composite hydrogels. (b—c) Compressive stress-strain curves (b) and Young’s modulus (c) were tested for the preformed hydrogels with different GNPs ratios at a
constant temperature (37 °C). (d) Representational images of the mechanical and shape recovery of the GNP-dotted hydrogel. (e-f) The dynamic swelling properties

of the GNP-dotted hydrogels (e), and size variation of different types of composite hydrogels before and after swelling (f). *p-value <0.05, **p-value <0.05, ***p-

value <0.05, ****p-value <0.05.

was no statistical difference between the GNPs 1/120 group, GNPs 1/
160 group, and Blank group. These data indicate that only at certain
GNPs ratios (more than 1/80) could the synthesized hydrogel-based
microenvironment be formed with high efficiency and possess optimal
electrical conductivity. In addition, according to subsequent research
results about cell biocompatibility, higher GNPs ratios (as more than 1/

40) would lead to the toxic effect of the heavy metals (Au) which affects
cell survival, and lower GNPs ratios (as less than 1/120) would lead to
the smaller porosity and pore size of the hydrogel which may affect the
biological activity of the loaded cells. Therefore, these GNPs ratios (1/20
to 1/160) were included in this study.

In addition to electroconductive properties, the stiffness of hydrogel
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Scheme 1. Schematic illustration of composite hydrogel preparation, MSCs isolation and characterization, nerve remodeling through eliminating ROS and activating
MSCs paracrine activity by combining gold nanoparticles. (During oxidative stress responses, hydrogels suppress the generation and accumulation of excessive ROS.
Moreover, the hydrogels along with the loaded MSCs, promoting the expression level and activity of numerous cytokines that are essential for tissue regeneration).
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networks is an important mechanical feature affecting cell adhesion and
differentiation [43]. Then, compressive stress-strain measurements were
performed on these hydrogel scaffolds with different GNPs ratios. The
compressive stress-strain curves and elastic modulus results revealed
that the GNPs-dotted hydrogels had less stress at the same strain, and
were softer and more similar to nerve tissue. The maximum strain of the
GNP (1/80) group sample was 84 %, with a moderate compressive stress
of approximately 0.96 MPa, while the maximum strains of the blank,
GNP (1/20), GNP (1/40), GNP (1/120) and GNP (1/160) groups were
74 %, 84 %, 83 %, 68 % and 66 %, respectively (Fig. 1b). Meanwhile, the
compressive stress-strain measurements above also demonstrated that
the increase in the amounts of GNPs incorporated would decrease the
Young’s modulus of the GNPs-dotted hydrogels. As shown in Fig. 1c: the
Young’s modulus of the blank hydrogel is approximately 41 kPa which is
similar to the lower GNPs groups (1/120 and 1/160), while the higher
GNPs groups (1/20, 1/40 and 1/80) show a significant lower Young’s
modulus. In more detail, the GNP (1/80) group sample shows a medium
Young’s modulus (36.7 kPa) which is higher than that of the GNP
(1/120) group and GNP (1/160) group, and there is no significant dif-
ference between these two higher GNPs ratio groups. In addition, cyclic
compressive tests were conducted to study the mechanical recovery of
the blank and GNPs-dotted hydrogels. As shown in Fig. 1d, the hydrogels
can rapidly recover to the initial stress during multiple compressive
cycles, and with increasing GNPs content, the permanent deformation of
the composite hydrogel clearly decreases, indicating considerable opti-
mization of the mechanical properties of the hydrogel scaffolds by GNPs.
Overall, these results demonstrated that the main properties of the
hydrogel scaffolds were affected by the GNPs ratio, and they could be
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regulated by modulating the ratio to optimize practical performance.

Finally, the swelling property was another crucial factor that could
affect the biocompatibility and efficiency of the synthesized hydrogels
[44]. To further investigate the effect of the GNPs ratio on the swelling
parameters, the dynamic swelling properties were tested by varying the
GNPs ratio, as previously described (Fig. 1e—f). The swelling curves of all
the gels with different GNPs ratios indicated that the swelling equilib-
rium of all the groups was reached after approximately 120 min, and the
highest equilibrium swelling ratio was observed in the GNP (1/80)
group. Moreover, it is worth noting that the volume of the blank, GNP
(1/20), GNP (1/40) and GNP (1/80) groups showed no obvious change
after immersion in water, however, the GNP (1/120) and GNP (1/160)
groups would suffer significant swelling which was considered to make
it difficult for the hydrogels to remain intact for cell culture or tissue
regeneration.

3.4. Bone marrow derived MSCs characterization

Flow cytometric analysis, morphological observation and differen-
tiation capacity evaluation were conducted to characterize the MSCs in
primary culture. The MSCs used in the present study were extracted
from rat bone marrow, and at passage 3, the isolated cells were nearly all
adherent mesenchymal stem cells with a spindle shape and a high pro-
liferation rate. Furthermore, as the major characteristic of mesodermal-
originating cells, the multilineage differentiation potential of MSCs was
proven by the differentiation capacity evaluation results, which revealed
high calcium deposition, lipid droplets and acid mucopolysaccharide
after osteogenic, adipogenic and chondrogenic induction, respectively
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Fig. 2. Isolation and characterization of MSCs derived from rat bone marrow. (a) Schematic illustration for the extraction of MSCs from rat bone marrow and the
evaluation of the multiple differentiation potentials of the extracted cells: osteogenic differentiation capacity by Alizarin red staining, adipogenic differentiation
capacity by Oil red O staining, and chondrogenic differentiation capacity by Alcian blue staining. (b) Flow cytometric analysis of the isolated MSCs.
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(Fig. 2a). Moreover, the flow cytometric results showed that the cells
were positive for mesenchymal CD markers, including the CD73 and
CD90 antigens, but negative for the hematopoietic markers CD34 and
CD45 (Fig. 2b). All these results confirmed the type and purity of our
isolated cells, which were used in the subsequent experiments.

3.5. Composite hydrogels containing a suitable amount of GNPs support
MSCs expansion

For a study of the artificial three-dimensional cell culture environ-
ment, pivotal parameters should be coordinated and controlled to pro-
vide a suitable microenvironment that can affect cellular responses.
After the fabrication of hydrogel scaffolds, it is still unclear how MSCs
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respond to an extracellular hydrogel environment resembling that of
CS/PVA with different GNPs ratios. Because the GNPs ratio affects the
hydrogel composition and topography, we analyzed the interior
morphology of the hydrogels via SEM (Fig. 3a). The results revealed that
the GNPs ratio has a strong influence on the interior structure of
hydrogel scaffold and determines the size and order of the pores inside
the network (Fig. 3b). Briefly, an increase in the GNPs ratio (from 1/160
to 1/20) increased the porosity and pore size of the hydrogel, which may
affect the biological activity of the loaded cells when applied in tissue
engineering. Meanwhile, the pore diameter of the Blank hydrogel is
10.57 £+ 2.17 pm which is considered significantly less than the diameter
of MSCs, thus the Blank hydrogel inherently may be unsuitable for MSCs
adhesion, survival and expansion.
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Fig. 3. MSCs culture on the hydrogel scaffolds. (a) Changes in the morphology of the hydrogel scaffolds observed via SEM in response to changes in the GNPs ratio,
and the difference in cell viability depending on the GNPs ratio of the hydrogel scaffold were detected by live/dead staining (green = live cells, red = dead cells). (b)
Pore diameter response to the GNPs ratio of the hydrogel scaffold at room temperature. (c) Numbers of live cells and dead cells were quantified in terms of stained
areas. (d) Representative image of a GFP-labeled MSC colony with a three-dimensional network structure, and the arrows indicate abundant intercellular connec-

tions. * p-value <0.05, ** p-value <0.01, *** p-value <0.001.
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To assess whether different GNPs ratios affect MSCs survival and
proliferation, MSCs were further embedded in hydrogel scaffolds with
forementioned five different GNPs ratios (1/20-1/160) and incubated at
37 °Cin a5 % CO, atmosphere for 5 days. After the culture process, the
cell viability was evaluated by live/dead staining. The results indicated
that the GNPs ratio could readily affect the behavior of MSCs on the
hydrogel scaffolds (Fig. 3a). In a hydrogel environment with GNPs ratios
of 1/20 and 1/40, very few cells survived and aggregated, which
revealed that such GNPs ratios could not support MSCs culture. These
phenomena can be explained by the fact that, at these GNPs ratios (1/20

a
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and 1/40), the content of the GNPs is much greater than that of the
following groups, which would predominantly lead to the toxic effect of
the heavy metals (Au). However, compared to cells with high GNP ra-
tios, cells in a hydrogel environment with relatively low GNPs ratios (1/
80, 1/120 and 1/160) survived better. In particular, in the GNP (1/80)
group, MSCs in the hydrogel environment formed dense, uniform and
small spheroids with high cell migration and proliferation. This showed
that the hydrogel scaffold with such GNPs ratio could better support
MSCs survival and expansion (Fig. 3c¢). Moreover, as the content of GNPs
decreased (1/120 and 1/160), there were obviously dead cells on the
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hydrogel scaffolds, which indicated that they could not support MSCs to
simultaneously maintain high viability because the hydrogel scaffolds
suffered significant swelling to remain intact for cell culture, as well as a
higher hardness and modulus than those of the other groups. In addition,
MSCs were fluorescently labeled with GFP through lentivirus infection
and then cultured on the optimized hydrogel scaffolds (GNPs ratio of 1/
80). The observation of cell morphology features further revealed that a
hydrogel environment with a GNPs ratio of 1/80 had the greatest effect
on MSCs survival and expansion, as well as abundant intercellular
connections (Fig. 3d). Therefore, a GNPs ratio of 1/80 could be regarded
as the best ratio for forming a hydrogel environment for MSCs culture.
Hence, we selected this composition of the hydrogel scaffold as a stan-
dard for further studies during the following experiments and named it
CGPH (optimal chitosan-gold nanoparticles-PVA hydrogel).

3.6. CGPH contains GNPs of proper size and enhances MSCs proliferation
in vitro

To analyze the morphology and distribution of the GNPs inside the
CGPH, the GNPs-dotted hydrogel solution was investigated by TEM
(Fig. 4al). The results revealed that most of the particles had a spherical
morphology with a homogenous distribution throughout the construct,
and their average size was approximately 17 nm, nearly 70 % of the
particles were 16-18 nm in size (Fig. 4a2). Moreover, UV-vis spectros-
copy analysis was performed for further confirmation and stabilization
of the GNPs (Fig. 4b2). The spectra had a characteristic peak at
approximately 525 nm, which is typical for surface plasmon resonance
in GNPs. Although gold is an inert metal, there is still controversy
regarding the cytotoxicity of GNPs, which is related to their shape, size,
surface chemistry and concentration. As reported, for GNPs with di-
ameters ranging from 0.8 to 15 nm, the 1.2 and 1.4 nm NPs are most
toxic and cause cell death due to the tendency of small gold NPs to
aggregate inside the cell [45]. In contrast, 15-45 nm sized GNPs (with a
red appearance and a deeper color as the diameter increases) are
nontoxic even at much higher concentrations than smaller NPs [46].
According to the results shown here, when the GNPs ratios increased to
1/80 during the preparation process, the produced nanoparticles with a
diameter of approximately 17 nm had the best biocompatibility with
MSCs [47]. Next, we performed STEM and elemental mapping analysis
(Fig. 4a3) to further investigate the spherical and amorphous forms of
the CGPH nanocomposites. Elemental composition studies revealed that
the elemental Au in CGPH was well-dispersed around the C and O atoms
(the CS/PVA composition), indicating the presence of a complex be-
tween CS/PVA and the GNPs. The Au loading content of the CGPH was
approximately 0.8 %. Moreover, Fourier transform infrared (FT-IR)
spectroscopy was used to identify the interactions between the GNPs and
the CS/PVA complex and analyze the possible chemical modifications.
The FT-IR spectra of both the blank hydrogel and CGPH samples had
characteristic peaks at approximately 1050 cm ™!, 1415 cm ™! and 1565
em™!, which are typical for C-O-C stretching vibrations, O-H bending
vibrations, and N-H bending vibrations, respectively (Fig. 4b1). Overall,
the similarity of the FT-IR and other spectra of the CGPH confirmed that
both the CS/PVA complex and the GNPs were present. Collectively,
these results show that the GNPs were firmly bound to CS.

Degradation analysis was also performed to measure the stability of
CGPH under normal cell culture conditions. As illustrated in Fig. 4b3,
the degradation rate of the blank hydrogel over the first week of incu-
bation was less than 20 %, whereas for CGPH, this rate was less than 10
%. After the second week of incubation, compared with that of the blank
hydrogel, the stability of CGPH was more than two times higher. After
one month, the biodegradation rate of the CGPH was approximately 35
%, whereas it was approximately 72 % for the blank hydrogel. Hence,
the incorporation of GNPs slowed the degradation of the materials and
might enhance the biostability of CGPH. Overall, considering all the
above results, a CS based hydrogel scaffold embedded with the right
amounts of GNPs was formed.
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However, it is widely known that cells reside in a complex in vivo
microenvironment. This microenvironment generally not only serves as
a physical support for cells but also offers various biochemical cues that
regulate cell behavior [48]. Among all cellular behaviors, cell adhesion
and proliferation are considered the premise of subsequent biological
functions and are also essential for determining the efficiency of stem
cell therapy [49]. Thus, we embedded MSCs in a blank hydrogel and
CGPH to investigate cell viability and expansion efficiency via 5-ethy-
nyl-2'-deoxyuridine (EdU) staining, and overall to assess the perfor-
mance of the hydrogel microenvironment in MSCs culture (Fig. 4c).
Under optimal composition, MSCs cultured in the hydrogel microenvi-
ronment grew very quickly, and approximately 81 % and 84 % of the
cells were in the S phase at 3 and 7 days, respectively. However, only 62
% and 68 % of MSCs were in the S phase at 3 and 7 days, respectively
(Fig. 4d). Moreover, the cells on the hydrogels were directly observed by
SEM, and the cells exhibited similar adhesive and proliferative mor-
phologies in the blank hydrogel and CGPH (Fig. 4e), suggesting that
encapsulation of the GNPs had no obvious influence on the hydrogel
biocompatibility. This study revealed that the GNPs-dotted hydrogel
microenvironment could allow for robust proliferation of MSCs with
high viability. Furthermore, this dynamic 3D culture system is efficient
in generating spheroids and the mass number of cell transfer. The
physicochemical environment is more homogeneous and the transfer
mass is more advantageous [50]. In this study, the CGPH was applied for
MSCs to attach and form monolayers, thus we obtained the composite
hydrogel combined with MSCs.

3.7. CGPH regulates the metabolism of MSCs in a simulated oxidant
stress microenvironment

Hydrogels represent a promising class of biomaterials for applica-
tions in cell culture and tissue regeneration because they have many
features similar to those of the natural extracellular matrix and provide a
highly hydrated environment that mimics the living system [51].
However, unlike simple tissue defects, severe inflammatory responses
and oxidative stress injury are often accompanied by tissue damage in
the clinic, which causes obvious cell apoptosis and limits the engraft-
ment of transplanted MSCs [52]. Therefore, regulating and restoring
local reactive oxidative species (ROS) levels may promote stem cell
survival and functional recovery, improving tissue regeneration [53].
Thus, protecting MSCs from oxidative stress injury in a chronic inflam-
matory microenvironment is important for stem cell therapy, but it is
still a crucial challenge for their further clinical application. To achieve
the antioxidative effect of hydrogels, different strategies for embedding
positive active substances into hydrogel networks have been applied.
For example, cell adhesion peptides [54], reduced polydopamine NPs
[55], enzyme-cleavable peptides [56], tannic acid [57], catechol-Fe3*
[58], and lignin NPs [59] have great potential for antioxidative mech-
anisms and have been tested for tissue regeneration applications.
However, for most of these strategies, the addition of active substances
may lead to unexpected cell differentiation. Thus, in the present study,
to evaluate the regulatory effects of CGPH on the oxidative stress
microenvironment, we added H,O5 into completed DMEM/F-12 culture
medium at a concentration of 0.1 mM to simulate the pathological
oxidative stress microenvironment for MSCs therapy in practice
(Fig. 5a). After culture under these artificial ROS conditions, the live/-
dead staining test indicated that the viability of the MSCs cultured on the
CGPH was significantly greater than that of the MSCs cultured on the
blank hydrogel or normal cell culture plate (Fig. 5b). Furthermore, the
DCFH-DA staining test indicated that MSCs cultured on the CGPH had
significantly lower intracellular ROS levels than those cultured on the
blank hydrogel or normal cell culture plate (Fig. 5c). Overall, these re-
sults revealed that the CGPH could regulate the oxidative microenvi-
ronment to reduce the generation of intracellular ROS to protect MSCs
from oxidative stress injury and maintain their viability in the tissue
regeneration process, representing a promising strategy to improve the
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pathological inner environment of organisms.

3.8. CGPH upregulates the paracrine activity of MSCs

In tissue regeneration, a variety of cytokines secreted by MSCs
cooperating with their surrounding hydrogel matrix form a complicate
network regulating the differentiation and proliferation of loaded MSCs
or certain endogenous progenitor cells in damaged tissue [60]. Cyto-
kines, a class of small peptides or glycoproteins secreted by numerous
cells, mediate interactions between cells and have been implicated in
diverse biological and pathological processes, including cell growth,
migration, differentiation, maturation and functional maintenance [61].
Cytokines perform their biological functions by binding to correspond-
ing receptors on the cell surface, initiating complex intracellular mo-
lecular interactions, and ultimately leading to changes in gene
transcription. GNPs have been demonstrated to be vital mediators of
intercellular communication and participate in the regulation of cell
paracrine activity, especially the release of neurotrophic factors [62].
Currently, GNPs are being increasingly utilized to construct nerve tissue
engineering biomaterials, but exploration of the underlying mechanisms
is scarce [63]. Thus, in this study, we further explored the effect of GNPs
on the secretion of multiple cytokines with different functions from
MSCs in the CGPH microenvironment and normal culture microenvi-
ronment. A rat cytokine antibody microarray was used to detect the
release pattern of numerous cytokines in conditioned medium (CM)
derived from MSCs and from CGPH-loaded MSCs. The results revealed
that a large number of cytokines secreted from CGPH-loaded MSCs were
significantly upregulated, mainly Fractalkine, ICAM-1, L-Selectin, LIX,
and b-NGF (Fig. 6a), through which a variety of key cellular signaling
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p-value <0.01, ** p-value <0.001.

pathways were involved. According to the gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, in
the CGPH microenvironment, the expression level, activity and receptor
binding of numerous MSCs-secreted cytokines were activated, which
could affect cell adhesion, migration, and neural differentiation
(Fig. 6b—c). Additionally, the proliferation-promoting and antioxidative
effects of CGPH on MSCs were confirmed by molecular biological
technology, as the TNF signaling pathway (concerning cell survival,
apoptosis and differentiation) and the IL-17 signaling pathway (con-
cerning cell proliferation and inflammation) were significantly
regulated.

Based on the results of the cytokine antibody microarray, in the
CGPH microenvironment, the expression levels of chemokines (fractal-
kine) and neurotrophic factors (b-NGF) in MSCs were significantly
increased. Therefore, we decided to further determine the expression
levels of several key cytokines related to cell migration and neuro-
development so that our conclusions would be more convincing.

Asreported in the literature, SDF-1, also known as CXCL12, functions
as a chemokine and recruits endogenous stem cells to damaged tissue,
promoting the proliferation and differentiation of functional cells and
ultimately realizing tissue regeneration [64]. Moreover, BDNF is an
important member of the neurotrophic factor family, and can promote
the proliferation of neural stem cells, improve the growth ability of
nerve axons, and induce the differentiation of neural stem cells into
neurons [65]. Thus, the expression levels of SDF-1 and BDNF, which
were increased in the CM from CGPH-loaded MSCs, were further
determined using ELISA (Fig. 6d). These results demonstrated that
CGPH could stimulate MSCs to secrete high levels of chemokines and
neurogenic factors, which might be beneficial for neurogenesis in
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injured tissues. In addition, we detected the expression level of NSE,
which is a biomarker related to the neurogenic differentiation of MSCs
[66], and the expression level of NSE in the CM from the CGPH-loaded
MSCs was significantly increased, indicating that CGPH may also facil-
itate the neuronal differentiation of MSCs. These experiments demon-
strated that the current GNPs-dotted composite hydrogel scaffold loaded
with MSCs maintains high paracrine activity and is especially suitable
for nerve tissue repair. Overall, as shown in Fig. 6e, this work provides a
novel GNPs-dotted hydrogel scaffold that shows great promise in the
field of MSCs therapy for neural injury with convincing biological evi-
dence and is the first to report the precise mechanism of the therapeutic
effects of GNPs inside hydrogels.

3.9. CGPH loaded with MSCs promotes nerve tissue regeneration after
sciatic injury

To test the bioactivity of the CGPH in vivo, we developed a sciatic
nerve crush injury model, which is widely used to understand the
regenerative response in peripheral nerve injuries and its relevance to
human disease [31]. Such crush injury damages all axons and myelin
sheaths but preserves the epineurium and basal lamina, then a suitably
sized piece of CGPH loaded with MSCs (or CGPH alone) was directly
implanted into the injury site (Fig. 7a). This system allows for the
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examination of the bioactivity of CGPH alone, as well as its synergistic
effect with MSCs. And implanting the hydrogel loaded with MSCs ach-
ieves information about the stability of the prepared hydrogels in vivo,
which are relevant properties for tissue engineering purposes. Then the
results showed that the degradation rate of the CGPH in vivo was similar
to the in vitro data described in Fig. 4b3. However, reliable methods are
still lacking to detect the real time changes in the mechanical properties
of the prepared hydrogels in vivo, which needs more in-depth research.

After nerve crush, the nerve fibers in all groups were completely
destroyed at the initial stage (3rd day). After 28 days, the morphology of
regenerated tissue at the injury sites in each group significantly differed
as shown in Fig. 7b, the regenerated nerve fibers in the injury group
seemed disorganized without any obvious continuous fiber connections
and were accompanied by a large collection of inflammatory cells.
However, such a chaotic structure of regenerated nerve fibers improved
in the CGPH group, but the newly formed tissue still appeared sparse and
swollen. Furthermore, on the basis of the CGPH, the regenerated nerve
fibers in the injury sites became denser and more aligned after the
additional intervention of MSCs, and inflammatory cell infiltration was
also relieved. The morphology of nerve axons in the CGPH + MSCs
group closely resembled the compact and aligned structure of healthy
nerves.

To support our analysis of the regenerated nerves via H&E staining,
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we also observed distal regions of all transplanted constructs in more
detail via toluidine blue staining. Microscopically, the CGPH and CGPH
+ MSCs groups showed more densely packed nerve fibers in the center
and edge of the conduits (Fig. 7c). In contrast, few loose fibers were
observed in the injury group. We found a significant increase in the
amount of nerve fibers and increased myelination in the CGPH + MSCs
group compared to the other groups (Fig. 7d). Interestingly, the level of
myelination was similar between the CGPH + MSCs group and the
healthy group, but the number of nerve fibers in the CGPH + MSCs
group was not as high as that in the healthy nerves (Fig. 6d).

CGPH intervention alone in the first month after injury, as demon-
strated by the CGPH group, was not sufficient to promote nerve regen-
eration or functional recovery. The CGPH group displayed a limited
number of regenerated fibers with relatively aligned structures, which

Healthy Injury

Healthy Injury

Healthy Injury

Day 28 post-operation Day 3 post-operation () Day 28 post-operation Day 3 post-operation T3~ Day 28 post-operation Day 3 post-operation Q)

CGPH
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was not significant for remodeling the injury site (Fig. 7). Only in the
presence of transplanted MSCs was there significant improvement with
the additive benefits of the CGPH implant for accelerated recovery. This
was possibly because the CGPH microenvironment was optimized spe-
cifically to enhance the therapeutic potential of transplanted MSCs. Our
data suggest that the main mechanism by which MSCs promote recovery
is through changes associated with chemokines and neurotrophic factors
in the CGPH upon GNPs stimulation.

3.10. CGPH promotes the survival and regeneration of axons in lesions by
synergizing with MSCs

After validating the ability of the hydrogel to implant into the injury
site and its positive effect, we tested the ability of CGPH (or CGPH +
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Fig. 8. Differences in structural recovery were observed between treated and untreated injured nerves. Representative immunofluorescence images of sciatic nerves
at 3 and 28 days postinjury. (a, d) TUJ1 and GAP43 staining of injured sciatic nerves (a), and the results were analyzed by quantification of the normalized fluo-
rescence intensity (d), which revealed a greater number of newborn nerve cells in the nerves subjected to surgery with MSCs loaded with CGPH. (b, e) TUJ1 and
CD68 staining of injured sciatic nerves (b), and the results were analyzed by quantification of the normalized fluorescence intensity (e), which revealed decreased
macrophage infiltration in the sites of injury induced by MSCs loaded with CGPH. (c, f) NF and S100 staining of injured sciatic nerves (c) was performed, and the
results were quantified in terms of the normalized fluorescence intensity (f), which revealed high expression levels of neurofilaments and Schwann cells in the nerves
of rats subjected to surgery with CGPH-loaded MSCs. * p-value <0.05, ** p-value <0.01.
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MSCs) to promote the survival and regeneration of axons after crush
injury. To measure the reconstruction of the injured peripheral nerve,
we designed an evaluation system based on the immunofluorescence
staining of regenerated nerve segments (Fig. 8). Shortly after crush
injury, high levels of GAP43, an indicator of axonal regrowth, demon-
strated that the presence of the CGPH did not inhibit the acute regen-
erative response (Fig. 8a—d). Notably, the CGPH + MSCs group had a
much greater expression rate of GAP43 inside the injury sites over the
same 28-day period, suggesting that the tissue repair activity of CGPH is
only associated with MSCs in the peripheral nerve environment, which
may be beneficial to the early injury response.

The higher levels of GAP43 observed after treatment with CGPH-
loaded MSCs may be attributed to an inhibition of the early acute in-
flammatory response by the GNPs-dotted hydrogels. Macrophages play a
key role in inflammatory processes by clearing axonal debris, assisting in
demyelination, and regulating Schwann cell maturation and remyeli-
nation [67]. Indeed, many macrophages collect to ingest apoptotic
neurocytes during nerve crush injury, which leads to persistent tissue
damage in the inflammatory microenvironment. Given the previously
demonstrated ability of MSCs loaded with CGPH to promote the growth
of newborn nerve cells that resolve over time, we investigated whether a
decrease in macrophage infiltration could be observed, which would
suggest their protective role.

In the sciatic nerve, all injured nerve segments presented rapid
cellular infiltration by day 3. Through immunostaining, the nerves
following crush injury without hydrogels implantation were found to be
highly infiltrated by CD68™ macrophages on day 3 postinjury (Fig. 8b).
On the other hand, the CGPH and CGPH + MSCs-treated nerves did not
exhibit the same degree of macrophage recruitment (Fig. 8b—e). As ex-
pected, more infiltrating macrophages were present in the injured
nerves than in the uninjured control nerves. Early in the injury response
at 3 days postinjury, compared with those in the other three groups,
there were fewer macrophages in the nerve areas around the injury site
in the group treated with MSCs loaded with CGPH (Fig. 8b—e). At 28
days postinjury, the number of macrophages in the nerves treated with
MSCs loaded with CGPH was lower than that in the injured and CGPH-
treated nerves, as was the number of TUJ1+ nerve fibers. However, no
differences were found in the number of macrophages between the
injured and CGPH treated nerves, suggesting that the secondary tissue
injury induced by acute inflammation inhibited by CGPH did not lead to
a long-lasting response that could be positive for nerve regeneration
(Fig. 8e). The persistent low incidence of macrophage infiltration in the
sites where MSCs were loaded with CGPH administration may help ac-
count for the differences in tissue regeneration observed later in re-
covery, where MSCs loaded with CGPH have increased amounts of
myelination compared with controls and CGPH alone. This protective
effect provided by MSCs loaded with CGPH could then prevent excessive
neuronal apoptosis and decrease diffuse macrophage recruitment,
creating a permissive environment for faster tissue regeneration.
Together, these results show that MSCs loaded with CGPH inhibit in-
flammatory damage at the injury site, resulting in accelerated structural
recovery after nerve crush injury.

Moreover, we further evaluated the expression levels of the axon and
Schwann cell biomarkers, neurofilament (NF) and S100 in the regen-
erated nerves. At 3 days postinjury, all three experimental groups had
approximately the same decrease in the expression of S100 compared
with that in the healthy nerves, but the expression of NF in the CGPH
and CGPH + MSCs groups was significantly greater than that in the
injury group (Fig. 8c—f). This finding suggested that early after crush
injury, more axons survived in the inflammatory microenvironment in
the presence of the GNPs-dotted hydrogels than in the control group, but
the number of Schwann cells in the treated and untreated injured nerves
decreased to a similar extent. After 28 days, the nerves treated with
MSCs loaded with CGPH exhibited high expression of NF and S100,
which was significantly greater than that in the CGPH-treated and un-
treated nerves (Fig. 8c—f). This finding suggested that the main
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mechanism of nerve regeneration with implanted MSCs loaded with
CGPH is related to long-term residual axon survival and Schwann cell
recruitment. We hypothesized that nerve regeneration induced by the
MSCs loaded with CGPH might be due to a sustained effect of increased
neurotrophic factor release from MSCs and an antioxidant microenvi-
ronment during the process of nerve regeneration.

4. Conclusion

In summary, we developed a biomimetic hydrogel containing GNPs
for the culture and delivery of MSCs based on CS-GNPs-co-PVA polymers
via physical gelation. The hydrogel microenvironment, which was
formed by the CS-co-PVA networks and a suitable distribution of GNPs,
was sufficient for maintaining the viability of the MSCs. Most impor-
tantly, the introduction of GNPs to hydrogel networks endows the final
hydrogel scaffold with specific electronic properties, which enables the
hydrogel to promote cell proliferation and suppress excessive intracel-
lular ROS generation. This dramatically helps transplanted MSCs survive
and expand in pathological lesions with chronic inflammation. Addi-
tionally, the GNPs-dotted hydrogel scaffold also activated the paracrine
activity of loaded MSCs, which in turn promoted their migration and
neurogenic differentiation. Moreover, these overexpressed cytokines
protect the remaining functional tissues and improve the capacity of
various native precursor cells for tissue regeneration.

Furthermore, the activity of CGPH and MSCs loaded with CGPH in
vivo was investigated in a sciatic nerve crush injury model, as the MSCs
suspension cannot reside in the fractured injury sites during the actual
operation. The results demonstrated that MSCs loaded with CGPH could
prevent excessive neuronal apoptosis, decrease diffuse macrophage
recruitment, guarantee long-term residual axon survival, and promote
Schwann cell activation.

However, there are still some limitations to this study. Although such
GNPs-dotted hydrogels have shown good biocompatibility in the short
time, their long-term safety needs to be further investigated, for example
the evaluation of GNPs accumulation. Meanwhile, such local implan-
tation of MSCs loaded GNPs-dotted hydrogels may have other potential
effects on different tissues and organs in vivo which deserves further
investigations.

Overall, this work provides a novel GNPs-dotted hydrogel scaffold
that shows great promise in the field of MSCs therapy for neural injury
with convincing biological evidence, and is the first to report reports the
precise mechanism of the therapeutic effects of GNPs inside hydrogels,
involving increased neurotrophic factor release from MSCs and the
antioxidant function of GNPs.
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