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A Bioinspired Self-Healing Conductive Hydrogel Promoting
Peripheral Nerve Regeneration

Hongyun Xuan, Shuyuan Wu, Yan Jin, Shuo Wei, Feng Xiong, Ye Xue, Biyun Li,*
Yumin Yang,* and Huihua Yuan*

The development of self-healing conductive hydrogels is critical in
electroactive nerve tissue engineering. Typical conductive materials such as
polypyrrole (PPy) are commonly used to fabricate artificial nerve conduits.
Moreover, the field of tissue engineering has advanced toward the use of
products such as hyaluronic acid (HA) hydrogels. Although HA-modified PPy
films are prepared for various biological applications, the cell–matrix
interaction mechanisms remain poorly understood; furthermore, there are no
reports on HA-modified PPy-injectable self-healing hydrogels for peripheral
nerve repair. Therefore, in this study, a self-healing electroconductive hydrogel
(HASPy) from HA, cystamine (Cys), and pyrrole-1-propionic acid (Py-COOH),
with injectability, biodegradability, biocompatibility, and nerve-regenerative
capacity is constructed. The hydrogel directly targets interleukin 17 receptor A
(IL-17RA) and promotes the expression of genes and proteins relevant to
Schwann cell myelination mainly by activating the interleukin 17 (IL-17)
signaling pathway. The hydrogel is injected directly into the rat sciatic
nerve-crush injury sites to investigate its capacity for nerve regeneration in
vivo and is found to promote functional recovery and remyelination. This
study may help in understanding the mechanism of cell–matrix interactions
and provide new insights into the potential use of HASPy hydrogel as an
advanced scaffold for neural regeneration.

1. Introduction

Peripheral nerve injuries (PNI) occur frequently and are a se-
vere clinical condition that can lead to motor or sensory dys-
function, affecting the overall quality of life.[1] Nerve regenera-
tion is a challenge owing to limited self-repair capacity.[2] Nerve
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tissues are sensitive to electrical signals,
which can control nerve cell behavior
and improve the efficiency of nerve
regeneration.[3] Therefore, conductive
scaffolds can play an essential role in tissue
engineering. Typical conductive materials
such as polypyrrole (PPy), polyaniline
(PANI), polythiophene (PTh), and poly(3,4-
ethylenedioxythiophene) (PEDOT) are
commonly used to fabricate artificial nerve
conduits.[4a,b,c] PANI is inexpensive and
easy to obtain and has good electrical con-
ductivity and electromagnetic microwave
absorption properties. Compared with PPy,
however, PANI is not easy to control in
experimental operation and easily causes
agglomeration. PTh and its derivatives have
excellent environmental stability and good
mechanical strength, but the conductivity
is weak. The use of PEDOT polymer is
limited due to its non-biodegradability
and high stiffness. Therefore, PPy has
been extensively studied owing to its high
conductivity, environmental stability, and
low cytotoxicity. The non-degradability,
brittleness, and poor solubility of PPy[5]

necessitate the development of modified PPy materials to meet
the requirements of nerve regeneration.

Hydrogels are 3D polymer networks that are similar in struc-
ture to soft tissue and have drawn extensive attention in the field
of tissue engineering.[6] Biocompatible conductive PPy hydro-
gels based on natural extracellular matrix (ECM) components
and conductive polymers may function as potential candidates
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for nerve tissue engineering scaffolds.[3] Notably, the lifetime
of a conductive PPy hydrogel is shortened by deformation or
damage.[7] In recent years, self-healing hydrogels have attracted
considerable attention in the field of tissue engineering.[8] The
network structure and function of a self-healing hydrogel can
self-repair after damage to improve its lifespan. Hyaluronic acid
(HA) is a major ECM component that is widely used in tissue
engineering.[9] Although HA-modified PPy films have been pre-
pared for various biological applications,[10] the cell–matrix inter-
action mechanisms are still poorly understood. Moreover, there
have been no reports on HA-modified PPy-injectable self-healing
hydrogels for peripheral nerve repair.

In this study, an injectable self-healing conductive hydrogel
(Figure 1) was prepared using sodium hyaluronate, cysteamine
dihydrochloride (Cys), and pyrro-1-propionic acid (Py-COOH).
Inspired by the disconnection in the spatial structure of poly-
peptide chains by disulfide bonds in vivo, we introduced Cys
disulfide bonds to crosslink HA and Py-COOH; this endowed
the hydrogel with tunable biodegradability under the extracellu-
lar matrix microenvironment conditions. Cys was grafted onto
HA to form amino-bond-functionalized HA (HA-Cys). Py-COOH
was then grafted onto HA-Cys by reacting with the amino bond
to form Py-grafted HA (HA-Cys-Py). Finally, pyrrole was polymer-
ized by the metal coordination bond of ferric chloride,[11] which
significantly improved the mechanical properties and conductiv-
ity of the HASPy hydrogel. We assessed the physicochemical,
mechanical, self-healing, and electrical conductivity properties of
HASPy hydrogel and demonstrated its excellent biological self-
healing and electrical conductivity properties in ex vivo experi-
ments in sciatic nerve–gastrocnemius pairs isolated from bull-
frogs. Furthermore, we studied the feasibility of HASPy hydrogel
as a nerve substitute in vivo. We also conducted in vitro studies of
Schwann cells and in vivo animal experiments to evaluate the ef-
fectiveness of the HASPy hydrogel in peripheral nervous system
regeneration and the specific underlying mechanism.

2. Results

2.1. Physicochemical Characterization of HASPy Hydrogel

Figure 2A shows digital photos of HA and HASPy hydrogels
and their microstructures observed using a scanning electron
microscope (SEM). The pores of the HA hydrogel are not uni-
form and do not exhibit their typical homogeneous structure.
On the contrary, the porous structure of the HASPy hydrogel is
closely proportioned and exhibits a network structure. Further-
more, this hydrogel can be injected through the syringe with a
needle (Figure S1, Supporting Information).

The HA-Cys-Py was synthesized by stem grafting HA onto
small molecules in a two-step process. The successful prepara-
tion of HA-Cys-Py was confirmed using 1HNMR spectroscopy
(Figure 2B). The proton signals of Cys ranged from 3.30 to 3.33
and 2.92 to 2.95 ppm, which were related to methylene at a and b,
respectively, but the proton signal of amino was not visible. HA
shows chemical shifts at 𝛿 = 3.20–3.69 and 1.85–1.96 ppm, which
were responsible for the ring protons (H2–H6, H2′–H5′) and
methyl carbon protons (H7), respectively.[13] Furthermore, the
peaks of the pyrrole ring in Py-COOH were 6.06 and 6.72 ppm,
respectively, and the peaks in 𝛿 = 2.71–2.74 and 4.11–4.14 ppm

were attributed to methylene protons. After coupling with HA-
Cys, the shift of methylene protons in the pyrrole (peak III and
IV, Figure 2B) was slightly reduced. In the HA-Cys-Py 1HNMR
spectrum, the chemical shift between 𝛿 = 3.11, 3.25, 2.79–2.99,
and 1.84–1.92 ppm was caused by the ectopic protons (H1, H1“),
cyclic protons (H2–H6 and H2 “–H5”), and methyl protons (H7)
of the HA unit. There were three new chemical shifts in HA-Cys-
Py between 𝛿 = 0.94–1.02 ppm, which were attributed to the pro-
ton formation of c” and confirmed the graft of Cys and Py-COOH
to the HA carboxyl group to form amide bonds. In addition, the
proton peak of the pyrrole ring appeared in HA-Cys-Py, and the
signal of the peak was weakened, indicating the successful graft-
ing of Py. Based on the Py-COOH, Cys, and HA 1HNMR spectra
(Figure 2B), the grafting of Py-COOH and Cys could be identified
in the 1HNMR of the synthesized HA-Cys-Py copolymer. This
was also confirmed by the appearance of a new absorption peak at
≈1730 cm−1 amide (C═O stretching) for HA-Cys-Py in the FTIR
spectra (Figure S2A, Supporting Information). The absorption
peak at ≈1730 cm−1 remained and increased in the HASPy hydro-
gel, but the adsorption peak at ≈1560 cm−1 (N─H vibrations) for
HA-Cys-Py disappeared (Figure S2A, Supporting Information).
This phenomenon was due to the formation of ionic covalent co-
ordination crosslinking reactions and hydrogen bonding inter-
actions in the HASPy hydrogel. The polymerization reaction of
HA-Cys-Py was determined by UV–vis absorption spectroscopy
(Figure S2B, Supporting Information). It showed increased ab-
sorbance at 460 nm in the HASPy, indicating the polymeriza-
tion of HA-Cys-Py. The content of carboxyl groups in HA-Cys-Py
was measured by the conductivity titration method (Figure S3,
Supporting Information). The grafting ratio of HA-Cys-Py was
≈73.82%.

The hydrogel dynamics were measured by assessing the stor-
age modulus (G′) and loss modulus (G″) of the hydrogel over
stain.[12] Figure 2C,D shows that G′ was lower than G″ at the ini-
tial stage, with the curves intersecting at 610.27% and 397.71%,
respectively, which represent critical strain values of HA and
HASPy hydrogels; this indicates that hydrogels can withstand
large elastic deformation. After a high strain, both the HA and
HASPy hydrogel networks were destroyed, and the storage mod-
ulus G′ was smaller than the loss modulus G″. To further charac-
terize the mechanical properties and self-healing ability of the hy-
drogel, the strain of the rheological test was alternated four times
between 1% and 600% or 400% of the maximum tolerated strain
(Figure 2E,F). The duration of the 1% strain was 290 s, whereas
the maximum strain duration was 110 s. When the strain was
1%, G′ exceeded G″ and maintained a duration of 290 s, indi-
cating that the structure of the hydrogel was stable at this time.
However, when the stress reached 600% or 400%, G′ was lower
than G″, indicating that the hydrogel structure was damaged.
When the stress was restored to 1%, the HASPy hydrogel recov-
ered (G′ > G″); however, after the maximum stress of the HA
hydrogel reached 600%, G′ was slightly lower than G″ in the first
cycle, while G′ remained higher than G″ from second cycle and
did not return to the initial state, indicating that the HA hydrogel
had a poor self-healing ability. The transition behavior between
1% and 400% strains of the HASPy hydrogel can still be repro-
duced after repeated rheological tests. This indicates the remark-
able self-healing ability and mechanical strength of the hydrogel.
However, the G′ and G″ of the HA hydrogel increased, perhaps
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Figure 1. Schematic illustration of HASPy hydrogel construction and application. A) Schematic diagram of the preparation of an injectable self-healing
conductive hydrogel. B) Schematic of the self-healing and electrical conductivity of the hydrogel that can regulate the expression of Schwann functional
genes and proteins. C) Schematic representation of the bullfrog sciatic nerve that can be replaced into hydrogel ex vivo and the rat peripheral nerve that
can be regenerated in vivo by injection.
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Figure 2. Physicochemical characterization of hydrogels. A) Digital photos of and SEM images of the HA and HASPy hydrogels. B) 1HNMR spectra of
Cys, HA, Py-COOH, and HA-Cys-Py. C) Strain amplitude sweep analysis of the HA hydrogels, where the crossing points of G′, G″ are their largest strain.
D) Strain amplitude sweep analysis of the HASPy hydrogels. E) Thixotropic properties of the self-healing HA hydrogel at changed strains of 1% and
600%, respectively. F) Thixotropic properties of the self-healing HASPy hydrogel at changed strains of 1% and 400%, respectively.
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owing to increased water loss, thus further toughening the hy-
drogel.

The conductivity of the HA and HASPy hydrogels are
2.6 ± 0.17 and 7.7 ± 1.5 mS cm−1, respectively (Figure 3A). Im-
portantly, the conductivity of HASPy hydrogels is higher than
that of previously reported HA-based self-healing conductive
hydrogels.[14] Figure 3B shows the Nyquist curves of HA and
HASPy hydrogels. The diameter of the semi-circle in the HASPy
impedance spectrum is smaller than that of the HA hydrogel, in-
dicating that the impedance of the HASPy hydrogel is smaller.
The impedance of the HA and HASPy hydrogels are ≈137 and
≈66 Ω, respectively (Figure 3C). To further investigate the elec-
trical self-healing of the HA and HASPy hydrogels, they were
connected to a resistance meter (Figure 3D). The HASPy hy-
drogel was observed to self-heal even when completely discon-
nected (Figure 3E). This indicates that the HASPy hydrogel has
remarkable conductivity and sensitivity, and suggests a positive
therapeutic effect on implantation as a replacement for the sciatic
nerve.[15]

The HASPy hydrogel can be stretched to approximately five
times its original length, indicating superior flexibility and
stretching ability. Moreover, it can still be stretched to ≈4.5 times
the original length after repair, showing excellent self-healing per-
formance. In contrast, HA hydrogels can stretch only to approxi-
mately double their original length and have no self-healing abil-
ity, as shown in Figure S4A (Supporting Information). The me-
chanical properties of the hydrogels were evaluated using a ten-
sile tester. The highest elasticity was achieved for the HASPy hy-
drogel, and the maximum stress of the fracture was more than
double that of the HA hydrogel (Figure S4B, Supporting Infor-
mation), which was 1.4 times higher than the previously reported
HA-based self-healing conductive hydrogel.[16]

The sciatic nerve and gastrocnemius muscle isolated from
bullfrogs were selected to verify whether HASPy has good elec-
trical conductivity, which can determine its suitability for im-
plantable nerve replacement. Isolation of the sciatic nerve in bull-
frogs to study nerve signaling is based on the principle that an ac-
tion potential causes the gastrocnemius muscle to contract when
the stimulation voltage exceeds the resting potential threshold.
The experimental setup is shown in Figure 3F. The positive and
negative stimulation electrodes were fixed at the two ends of the
sciatic nerve. Stimulated by an additional voltage recorded by a
tension sensor, gastrocnemius contraction was clearly observed.
In addition, when the normal sciatic nerve was stimulated by
gradually increasing the voltage, the degree of gastrocnemius
contraction increased correspondingly, and the tension exhibited
the same trend, as shown in Figure 3G.

When the intact sciatic nerve was stimulated by voltage, the
maximum gastrocnemius tension reached 36.1± 6.6 g and disap-
peared completely after the sciatic nerve was severed (Figure 3H).
After connecting the two ends of the severed nerve with HASPy,
the normal contraction was re-established in the gastrocnemius
muscle, and no significant difference was observed between the
maximum tension of the HASPy-connected and intact sciatic
nerves. Conversely, the HA-connected sciatic nerve could not
reach the maximum tension of the intact nerve. The maximum
tension of the HA hydrogel after self-healing was much smaller
than that of a normal nerve, while the maximum tension of the
HASPy hydrogel after self-healing was not significantly different

from that of the original state. In addition, we calculated the time
required from beginning the voltage application to reaching max-
imum tension (Figure 3I) and found that the conduction time
(CT) measured after HASPy application was not significantly dif-
ferent from that of the intact sciatic nerve, whereas it took longer
with HA, suggesting that the conductivity of HASPy is similar
to that of the normal nerve. The CT after HASPy self-repair also
showed no significant difference from the original state, indicat-
ing good self-repair recombination of the HASPy hydrogel. Of
note, the CT value of the self-healing HA hydrogel is not shown
in Figure 3I because the electrical stimulation does not show a
significant tension response, with only the basal value appear-
ing. This proves that HASPy can replace damaged nerves and
effectively restore secondary sensory functions, indicating that
HASPy had a more optimized self-repairing performance and
that its conductivity could be restored, which is beneficial for
nerve repair in vivo. These results indicate the applicability of
HASPy as a nerve substitute in vivo.[17]

Hydrogen bonding and ionic interactions can be demonstrated
by molecular dynamics simulations. In Figure S5 (Supporting In-
formation), a few hydrogen bonds were formed between HASPy
chains and water molecules. Figure 4 illustrates the molecu-
lar mechanism of ion improvement in the HASPy-Water-Fe3+

model, in which Fe3+ ions bound the two HASPy chains by the
carbonyl oxygens, forming several chain-connecting Fe bonds.
It also shows critical interfacial behavior in which the breaking
of chain-connecting Fe bonds led to higher mechanical proper-
ties. This is mainly ascribed to the chain-connecting Fe bonds
confining the disconnection of HASPy chains and facilitating
the formation of more hydrogen bonds between HASPy chains.
In the process, the breaking of the hydrogen bonds and chain-
connecting Fe bonds lead to noticeably increased energy expen-
diture. Additionally, the water-connecting Fe bonds increased
the intermolecular forces of regions filled with water molecules.
However, the total energy consumption of the fracture of water-
connecting Fe bonds (≈3751.684 kcal mol−1) was slightly higher
than that of the fracture of hydrogen bonds between water
molecules (≈3311.332 kcal mol−1). Therefore, the enhancement
effect of ions on HASPy chains was obviously greater than that
of water molecules.

2.2. Degradation and Biocompatibility of HASPy Hydrogel

The in vitro degradation behaviors of the two groups of hydro-
gels in PBS are shown in Figure S6 (Supporting Information).
After soaking in PBS containing dithiothreitol (DTT) for a period,
the structure of the hydrogel began to disintegrate, flocs were
formed, and the color of the solution became richer. The color
gradually turned blue at 4 h, and the solution turned orange again
at 36 h. Particularly at 4 h, the structure of the hydrogel became
incomplete, indicating that the hydrogel had been degraded. Fur-
thermore, the degradation rate of HASPy in the presence of DTT
was faster than that of HA, indicating that DTT influenced the
disulfide bond of the HASPy hydrogel. In the pure PBS solution,
the degradation rate of the hydrogels in the two groups was not
as high as that in the PBS solution with DTT. The structure of
the hydrogels began to dissolve after 36 h, and the degradation
states of the two groups were similar. As shown in Figure S6
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Figure 3. Self-healing electrical conductivity properties of hydrogels and replacement of bullfrog sciatic nerves by HASPy hydrogel ex vivo. A) The
conductivity of HA and HASPy hydrogels (*p < 0.05, **p < 0.01, n = 3). B) Nyquist curves. C) Impedance spectra of HA and HASPy hydrogels. D)
Schematic diagram of testing hydrogel cutting and self-healing resistance. E) Resistance comparison of HA and HASPy hydrogels before and after
self-healing (*p < 0.05, **p < 0.01, n = 4). F) Schematic diagram of sciatic nerve replaced by HASPy hydrogel was accompanied by gastrocnemius
contraction after electrical stimulation. G) The maximal tension T of the sciatic nerve replaced by HA hydrogel and the sciatic nerve replaced by HASPy
hydrogel under different voltage stimulation (*p < 0.05, **p < 0.01, n = 3). H) Maximum tension of the gastrocnemius muscle after voltage stimulation
of the original sciatic nerve, the sciatic nerve replaced by HA, self-healing HA, HASPy, and self-healing HASPy (*p < 0.05, **p < 0.01, n = 6). I) Nerve
conductive time (CT) of the sciatic nerve, the sciatic nerve replaced by HA, self-healing HA, HASPy, and self-healing HASPy (*p < 0.05, **p < 0.01, n = 3).
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Figure 4. Molecular dynamics simulations of HASPy hydrogels.

(Supporting Information), compared with the PBS solution, hy-
drogel degradation in the DTT solution was more thorough and
faster when the solution turned green and then yellow. The green
color of the solution was attributed to the reduction of ferric chlo-
ride to ferrous chloride by DTT,[18] whereas the yellow color was
attributed to the instability of ferrous chloride, which is oxidized
to iron chloride by oxygen in the air. Therefore, the HA hydro-
gel solution exhibited the same color change. When the hydrogel
is in a reducing agent solution, such as DTT, the interior of the
cross-linked disulfide network degrades and collapses, and the
structure of the HASPy hydrogel disintegrates from lumps into
flocculent structures. The degradation time was controlled by the
S─S bond content and DTT concentration.[19]

To investigate the cytobiocompatibility of the HASPy hydrogel,
L929 cells were cocultured with HA hydrogel and HASPy hydro-
gel for 1 and 3 days. The survival rate of HASPy was 98.9 ± 0.51%
at day 1 and 99.43 ± 0.35% at day 3. CCK8 showed that the sur-
vival rate of the HASPy group was higher than that of the TCP
group. It indicated that HASPy hydrogel had good cytocompati-
bility (Figure S7A–C, Supporting Information).

To further evaluate the blood compatibility of hydrogels, a
hemolysis test was performed. As can be seen from the hemoly-
sis pictures in Figure S7D (Supporting Information), the hemol-
ysis rates of HA and HASPy hydrogels were 1.6 ± 0.09% and
0.5 ± 0.13%, respectively, lower than the international standard
(ISO/TR 7405) of 5.0%,[20] which verifies the compatibility of the
material with red blood cells.

HA and HASPy hydrogels were implanted subcutaneously in
rats to evaluate biocompatibility in vivo. First, there was no bleed-
ing or swelling of the skin at the implantation site.[21] Hema-
toxylin and eosin (H&E) staining results at days 7, 14, and 28 are
shown in Figure S7E (Supporting Information). As the hydrogel
degraded, new tissue was added and the skin structure became
increasingly dense. In addition, new blood vessels were observed
in the HASPy group, which further ensured the high biocom-
patibility of the hydrogel. As shown in Figure S7F (Supporting
Information), the hydrogel began to degrade on day 14, which
was different from the complete hydrogel on day 7. Only black

matter remained, indicating that the hydrogel had degraded to
a certain extent. Tumor necrosis factor-𝛼 (TNF-𝛼) was used as a
macrophage marker to evaluate the inflammatory response of the
hydrogels. No significant difference was observed in fluorescence
intensity between the HA and HASPy hydrogels (Figure S7G,H,
Supporting Information). Moreover, the fluorescence intensity of
the hydrogels decreased significantly on day 14, which may have
been due to the degradation of the hydrogels, leading to a de-
creased inflammatory response. This is the basis for candidate
neural replacement materials.

2.3. Effects of HASPy on Schwann Cell Growth and Expression of
Functional Genes and Proteins

To further evaluate the effects of the HASPy hydrogel on
Schwann cells, the most important host cell in the peripheral
nerve, HASPy was co-cultured with Schwann cells for 3 days. As
shown in Figure 5A,B, for Schwann cells, no significant differ-
ence was observed in cell viability among the HASPy, HA, and
Tissue Culture Plate (TCP) groups as well, indicating excellent
compatibility. This is because HA, a natural polysaccharide, is
an important structure throughout the body and has excellent
biocompatibility.[22] These results show that the HASPy hydro-
gel has good cytocompatibility, rendering it a potential material
for nerve repair.

To analyze the expression levels of Schwann cell biomark-
ers glial fibrin S100-𝛽, we proceeded with immunofluorescence
staining. Figure 5C shows the staining of Schwann cells cultured
on TCP, HA, and HASPy for 3 days. Figure 5D shows the fluo-
rescence intensity of Schwann cells in the TCP, HA, and HASPy
groups. The results showed that the expression of S100-𝛽 in the
HASPy group was significantly higher than that in the TCP and
HA groups, indicating that the HASPy hydrogel promoted the
expression of Schwann cell-related functional proteins.

To investigate whether genes related to nerve regeneration
were regulated in the hydrogel group, three genes related
to myelination, cytoskeleton development, proliferation, and
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Figure 5. Expression and functional verification of related genes and proteins in Schwann cells on the hydrogel. A) Live/Dead staining and survival rate
of Schwann cells cultured on TCP (tissue culture plate), HA, and HASPy hydrogel. Scale bar: 100 μm. B) Cell Counting Kit-8 (CCK-8) assay (*p < 0.05,
**p < 0.01, n = 3). C) Immunofluorescence images of Schwann cells after 3 days of growth in TCP, HA, and HASPy groups. Scale bar: 50 μm. D)
Fluorescence intensity of S100-𝛽 (*p < 0.05, **p < 0.01, n = 3). E) Gene expression of S100-𝛽, MBP, NGF by qRT-PCR test (*p < 0.05, **p < 0.01, n = 3).

Schwann cells, including myelin basic protein (MBP), nerve
growth factor (NGF), and Schwann cell marker (S100-𝛽), were
selected for further RT-qPCR analysis (Figure 5E). Our results
showed that the expression of MBP and other genes in Schwann
cells on the hydrogels was significantly higher than that in the
TCP group. The expression level of MBP was higher in the
HA and HASPy groups because MBP is an important marker
of myelination in the early stage, indicating that the hydrogels
helped Schwann cells form myelin around axons, further proving
that the HA and HASPy hydrogels may be beneficial to myelin
formation during nerve regeneration. In this study, compared

with the TCP group, the HA and HASPy groups showed relatively
high NGF release, indicating lower early apoptosis and higher ex-
pression levels of S100-𝛽, and thus good physiological function of
Schwann cells. Although S100-𝛽 expression in the HASPy group
was slightly higher than that of the HA group, the difference was
not significant.

Transcriptomic sequencing generated a volcanic map show-
ing the volcano plot generated 622 down-regulated and 149 up-
regulated differentially expressed genes in the HASPy group
compared to the TCP group (Figure 6A). Compared with those
in the HA group, 499 down-regulated and 345 up-regulated
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Figure 6. Transcriptomic sequence. A) Volcano map of TCP-VS-HASPy. B) Volcano map of HA-VS-HASPy. C) Heatmap of differentially expressed genes
in TCP, HA, and HASPy groups. D) KEGG pathway enrichment of TCP-VS-HASPy. E) KEGG pathway enrichment of HA-VS-HASPy. F) GO terms of
TCP-VS-HASPy. G) GO terms of HA-VS-HASPy.
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differentially expressed genes were identified in the HASPy
group (Figure 6B). A total of 73 upregulated and downregulated
differentially expressed genes were identified. Using the Frag-
ments Per Kilobase Million (FPKM) values of differentially ex-
pressed genes under different experimental conditions as expres-
sion levels, hierarchical clustering analysis was performed to cre-
ate a heat map (Figure 6C); 22 genes related to the calcium sig-
naling pathway, 15 genes related to the Mitogen-Activated Pro-
tein Kinase (MAPK) signaling pathway, 5 genes related to the IL-
17 signaling pathway, and 31 genes related to neurogenesis were
screened out.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) dia-
gram showed that four pathways were enriched in the HASPy-
VS-TCP group, and the expression level of the IL-17 signal-
ing pathway in Schwann cells on HASPy conductive hydrogel
was significantly higher than that in other signaling pathways
(Figure 6D). KEGG analysis showed that the HA-VS-HASPy
groups were mainly enriched in the calcium signaling pathway
and MAPK signaling pathway (Figure 6E). Gene ontology (GO)
analysis showed that enriched GO biological process terms of the
TCP-VS-HASPy group were related to the generation and reg-
ulation of postsynaptic density, actin cytoskeleton, response to
virus, and anterograde dendritic neurotransmitter receptor com-
plex (Figure 6F). The GO map of HA-VS-HASPy showed enrich-
ment related to cell division, mitotic cell cycle, chromosome seg-
regation, and DNA replication (Figure 6G).

To explore the triggering mechanism of the HASPy hydro-
gel on inflammation, we selected CD44 as the research object.
HA can interact with the receptor CD44, which promotes in-
flammation. CD44 was selected for qPCR analysis. As shown in
Figure 7A, compared to the TCP and HA groups, the HASPy
group showed the highest expression of CD44, indicating that
HASPy significantly increased the level of CD44 genes in
Schwann cells. This result verified our hypothesis that HASPy
is likely to induce an inflammatory response in the presence of
HA through CD44. Many cytokines have been found to mediate
IL-17 cytokine responses, most of which use a common receptor
subunit, IL-17RA.[23] Gene expression studies have shown that
the expression of a large number of genes associated with in-
nate immune cell recruitment to infection or tissue injury sites
is promoted by IL-17RA signal transduction.[24] In view of this,
the growth of Schwann cells on HASPy hydrogel increased the
expression of the IL-17 pathway; therefore, we selected IL-17RA
to verify the high expression of the IL-17 pathway. To further ex-
plore the activation of the IL-17 pathway, we assessed the expres-
sion levels of IL-17 and IL-17RA and found that IL-17 levels in
the HASPy group were significantly lower than those in the TCP
and HA groups, indicating that IL-17 expression level was low.
In addition, the IL-17RA expression level in the HASPy group
was higher than that in the TCP and HA groups (Figure 7A). To
explore the specific mechanism by which HASPy hydrogel acti-
vates the IL-17 pathway in Schwann cells, we assessed the level of
IL-17 in the supernatant of Schwann cells by ELISA, and the re-
sults showed no significant differences among the three groups
(Figure 7B). This indicates that HASPy hydrogel promotes the
expression of the IL-17 pathway by binding to IL-17RA. The ex-
pression of IL-17RA was detected by immunostaining. The re-
sults in Figure 7C show that the fluorescence intensity of IL-
17RA in the hydrogel co-cultured Schwann cells was significantly

higher than that in the TCP group. Quantitative results of flu-
orescence intensity also showed that IL-17RA was most highly
expressed in the HASPy group, indicating that the IL-17 path-
way was highly expressed in the HASPy group (Figure 7D). Fur-
ther, ixekizumab, the inhibitor of IL-17RA, was added to verify
the expression of IL-17RA. The immunofluorescence staining di-
agram of IL-17RA showed that the number and intensity of flu-
orescent cells were significantly reduced in the presence of ix-
ekizumab (Figure 7C,D). This indicated that the expression of
IL-17RA was inhibited. Furthermore, the gene expression level
of Schwann cells was tested after the addition of the inhibitor.
The results showed that after ixekizumab was added, the IL-17RA
level in the HA and HASPy group was significantly lower than
that in the TCP group and that the expression level of CD44 was
also inhibited, suggesting that IL-17RA may affect the expression
of CD44. The expression levels of Schwann cell function-related
genes, such as S100-𝛽, were also inhibited, as shown in Figure 7E.
Related possible mechanism diagrams have also been summa-
rized in Figure 7F.

2.4. Molecular Dynamic Simulations

According to the result of the ZDOCK score, pose 334 and pose
273 were the optimal configurations coming from 100 top poses
in the largest cluster with scores of 13.68 and 12.66, respectively
(Figure 8A). As shown in Figure 8A, pose sites could be located
between IL-17A and IL-17RAL, H, or between IL-17RAL and IL-
17RAH. The results indicated that the HASPy micromolecule in-
teracted with both IL-17A and IL-17RA and directly interacted
with IL-17RA (L, H). To further investigate the mechanism of in-
teraction, molecular dynamic (MD) simulations were performed
for each docked complex to monitor the stability of all backbone
atoms of IL-17A and HASPy micromolecules (Pose 334, Pose
273). After the steepest descent and conjugate gradient mini-
mization, the complexes (pose 334, pose 273) were heated, equili-
brated, and finally, production was executed in an explicit solvent
environment at a temperature of 310 K and pressure of 1 bar.
The production of the system began after equilibration, and heat-
ing remained in equilibrium (Figure S8B,C,F,G, Supporting In-
formation) and during the last 50 ps (Figure S8D,H, Support-
ing Information). In vivo 334, 273 showed that only the struc-
ture of the IL-17A/HASPy compound changed in a physiological
saline environment. This result indicates that the 3D model was
stable and could be used in further studies. The interaction en-
ergy was employed to calculate the energy (interaction, electro-
static interaction, and van der Waals interaction energies) of the
50 conformations from the production of the equalized system
(Figures S8E,I, Supporting Information). The conformation with
the highest interaction energy was selected for further analyses.
Figure 8B displays the optimal conformation of the HASPy and
IL-17A compound protein, where HASPy mainly interacted with
IL-17A and IL-17RAH. HASPy mainly interacts with IL-17RA (H,
L), as shown in Figure 8D. Both conformations showed strong in-
teractions with HASPy and IL-17A.

To confirm the most likely conformation, the monitor H
Bonds, we calculated the interaction energy (binding energy, hy-
drophobic residue interactions). Owing to the hydrogen bond
and hydrophobic interactions, the two conformations exhibited
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Figure 7. Verification of interaction mechanism between HASPy and Schwann cells. A) Gene expression of CD44, IL-17 and IL-17RA in TCP, HA and
HASPy (*p < 0.05, **p < 0.01, n = 3). B) The cytokine secretion of IL-17 in the supernatant of Schwann cells was detected by ELISA (*p < 0.05, **p < 0.01,
n = 3). C) Immunofluorescence of Schwann cells in TCP, HA, and HASPy groups before and after inhibitor (up: IL-17RA; down: +Ixekizumab IL-17RA).
Scale bar: 250 μm. D) Fluorescence intensity of IL-17RA (*p < 0.05, **p < 0.01, n = 3). E) Gene expression of IL-17RA, CD44, and S100-𝛽 in Schwann
cells cultured on HA and HASPy hydrogel with Ixekizumab (*p < 0.05, **p < 0.01, n = 3). F) Mechanism summary of HASPy on Schwann cells’ behavior.

remarkable total interaction energy, which was calculated to
be −201.93 and −245.69 kcal mol−1, respectively. As shown in
Figure 8C and Table S1 (Supporting Information), nine residues
interacting with HASPy formed 21 strong and 1 weak HBonds.
The weak HBond originated from HB1 in SER74 (IL-17RAH)
and O35 in HASPy, the distance and angle DHY of which were
3.0 Å and 90.6°, respectively, while 17 residues interacting with
HASPy produced 21 strong and 2 weak HBonds (Figure 8E;
Table S5, Supporting Information). Two weak HBonds were pro-
duced between HN in GLY41, HA in PRO40 (IL-17RAL), and O145
in HASPy. The distance between the HBonds in HN, HA, and
O145 was 2.8 Å, and their angles were 96.4° and 99.7°, respectively.
Both weak HBonds were stronger than HB1 in SER74 (IL-17RAH)
and O35 in HASPy cells. Moreover, N-HN in LEU170 (IL-17RAH)

and the five-membered ring in polypyrrole (HASPy) exist as
single 𝜋-type hydrogen bonds because the lone pairs on atom
N in polypyrrole produce electron conjugate effects (Figure 8E;
Table S5, Supporting Information). The single 𝜋-type hydrogen
bond causes the hydrogen bond N-HN…HASPy to bend, with a
deviation angle of 36.8°. Therefore, the conformation of HASPy
interacting with IL-17RA (H, L) (IL-17RA (H, L)/HASPy) is more
stable than that of HASPy interacting with IL-17A and IL-17RAH
(IL-17(A, RAH)/HASPy).

The total interaction energy of IL-17RA (H, L)/HASPy was
higher than that of IL-17(A, RAH)/HASPy (−245.69 vs −201.93),
which could be due to increased hydrophobicity, and their hy-
drophobic interaction energy was −13.36 and −22.58 kcal mol−1,
respectively. Residues are considered pivotal in the complex
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Figure 8. Molecular Dynamic (MD) simulations HASPy hydrogel binding to IL-17 or IL-17 receptor. A) Two conformations of pose 334 and pose 273
were chosen according to the score result. Pose 334 and pose 273 were represented by sticks. IL-17A protein was represented by a solid ribbon. IL-17RAL
protein was represented by a blue solid ribbon. IL-17RAH protein was represented by a yellow solid ribbon. B) The IL-17(A, RAH)/HASPy conformation in
the last 50 ps of the production simulation. HASPy was represented by a stick. IL-17A, IL-17RAL, and IL-17RAH proteins were represented by solid ribbons.
C) The hydrogen bonds between HASPy and residues in IL-17A compound protein. HASPy and residues were represented by sticks. The hydrogen bonds
were shown as green dotted lines. D) The IL-17RA (H,L)/HASPy conformation in the last 50 ps of the production simulation. HASPy was represented
by a stick. IL-17A, IL-17RAL, and IL-17RAH proteins were represented by solid ribbons. E) The hydrogen bonds between HASPy and residues in IL-17A
compound protein. HASPy and residues were represented by sticks. The hydrogen bonds were shown as green dotted lines.
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if they bound the ligand with an interaction energy of less
than −1 kcal mol−1.[25] The interaction energies of HASPy and
residues at the active site of IL-17A were calculated and are
listed in Tables S3 and S6 (Supporting Information), respec-
tively. Six key residues were VAL90, ILE92, LEU116, VAL119,
VAL124, and H_ILE51 in the IL-17(A, RAH)/HASPy complex
and their interaction energy levels were −2.19, −2.75, −5.91,
−1.05,−1.18, and−1.28 kcal mol−1, respectively. In particular, the
LEU116 residue (−5.91 kcal mol−1) played an important role in
the hydrophobic interaction. In the IL-17RA (H, L)/HASPy com-
plex, four key residues were H_LEU108, H_ALA168, H_VAL169,
and H_LEU170 whose interaction energy were −1.46, −9.15,
−2.98, and −7.27 kcal mol−1, respectively. The H_ALA168 and
H_LEU170 residues contributed significantly more to the hy-
drophobic interaction than the LEU116 residue. The results
showed that the hydrophobic interaction energy of IL-17RA
(H, L)/HASPy was higher than that of IL-17(A, RAH)/HASPy
(−22.58 vs −13.36). This is also consistent with the experimen-
tal results, which imply that hydrophobic residues around the
binding site of HASPy are beneficial for wrapping HASPy in
the active pocket of the IL-17RA protein. Therefore, the IL-17RA
(H, L)/HASPy conformation was more stable than the IL-17(A,
RAH)/HASPy conformation, which is most likely to exist and is
consistent with the experimental results.

2.5. Effects of HASPy Hydrogel on Nerve Health and Function

The HASPy hydrogel was implanted into rats for 30 days to deter-
mine its effects on nerve health and function, with the HA hydro-
gel and injury groups as the reference. Figure 9A shows the ap-
pearance of the nerve after being crushed, showing a translucent
color. After the hydrogel was injected, the color of the squeezed
area deepened, indicating successful implantation of the hydro-
gel. The formula for calculating the sciatic functional index (SFI)
is shown in Figure 9B. We set up a narrow passage covered with
white paper. The hind paws of the rats were smeared with black
ink, and their black footprints on the passage were collected to ob-
serve the extent of toe extension. As shown in Figure 9B, the de-
gree of spread of the rat footprints of the HASPy hydrogel group
was like that of normal footprints. All rats were in a relatively ex-
tended state, indicating that the neural sensory function of the
rats was restored. We observed the nerve 30 days after the in-
jury to examine recovery. At 15, 20, 25, and 30 days after injury,
rats treated with the HASPy hydrogel had significantly higher SFI
scores than rats treated with the neuro-injected HA hydrogel and
injury. The control foot and experimental foot correspond to the
left and right feet of the rats, respectively, and the calculation re-
sults of the SFI can be obtained using the formula. The SFI was
used to test the effect of the hydrogel on functional recovery after
a crush injury. SFI is a reliable and widely used method for quan-
tifying animal recovery after sciatic nerve injury by comparing
the footprint of the injured side with that of the uninjured con-
trol side.[26] Sciatic nerve injury causes loss of nerve and muscle
function in the foot and reduction in toe extension and middle toe
spread, resulting in a longer footprint. As the muscles and nerves
recover, the toes become increasingly extended, leading to the for-
mation of a normal footprint. The footprint showed a sequential
increase in the degree of extension of the surgical claw, indicating

that the degree of neurological function recovery increased over
time.[2] According to the SFI results in Figure 9B, the HASPy
group had a faster recovery rate from day 10 and scored higher
than the other two groups. Overall, the injury and HA groups re-
gained 70.9 ± 3.8% and 73.6 ± 6.2% of their original function,
respectively, and the HASPy-treated rats regained ≈87.5 ± 1.8%
of their original function within 30 days, suggesting that the
HASPy group was closest to normal function. This suggests that
the HASPy hydrogel can promote sciatic nerve regeneration most
rapidly after crushing. Neurological dysfunction after peripheral
nerve injury can lead to atrophy and dysfunction of the inner-
vated gastrocnemius muscle. When the injured nerve function is
restored, the gastrocnemius muscle, as the target organ, is inner-
vated again, and muscle atrophy is reduced accordingly. There-
fore, morphological recovery of the target muscle can be used
as a reliable parameter to evaluate nerve regeneration. Here, the
wet-to-weight ratio (injured side gastrocnemius/normal side gas-
trocnemius) and muscle fiber size were measured to validate the
therapeutic effect. Thirty days after surgery, H&E staining of the
gastrocnemius muscle showed atrophy in all groups. As the gas-
trocnemius muscle is innervated by the sciatic nerve and its struc-
ture and function can reflect the recovery of the nerve, the wet-
to-weight ratio of the gastrocnemius muscle was examined, and
muscle fibers were stained with H&E (Figure 9C).[13] The normal
gastrocnemius muscle (left) of each group was larger than the
gastrocnemius muscle on the operation side (right), indicating
significant atrophy of the right gastrocnemius muscle. The mus-
cle morphology of the experimental side in the HASPy group was
closest to that of the control side, and the degree of atrophy was
relatively low. To quantitatively evaluate muscle atrophy, the mus-
cle weight ratio was calculated from the muscle weight ratio of the
injured and control sides (Figure 9D). The gastrocnemius muscle
weight ratio was 58.42± 5.56% in the injury group, 52.87± 5.10%
in the HA group, and 75.49 ± 4.77% in the HASPy group. The
recovery rate of the gastrocnemius muscle in the HASPy group
was significantly higher than that in the injury and HA groups.[2]

During the experiment, all the rats survived normally with-
out postoperative complications. The gastrocnemius muscle, the
terminal target organ innervated by nerves, can directly reflect
the recovery of nerve function.[27] Thirty days after transplanta-
tion, compound muscle action potentials (CMAP) of injured and
healthy limbs were collected with electromyograms (EMG) for
electrophysiological analysis, which was used to measure the con-
tractile force of the tibialis anterior muscle.[13] The amplitude and
latency of CMAP were analyzed simultaneously to verify nerve
innervation of the gastrocnemius muscle. The larger the signal
amplitude, the more optimized the electrical conductivity of the
nerve, the more axons with conduction function, the shorter the
incubation period, the lower the nerve conduction velocity, and
the higher the degree of nerve remyelination.

Figure 9E shows that different CMAP signals were detected
in the different experimental groups. The peak amplitudes of
CMAP in the control, injury, HA, and HASPy groups were
7.53 ± 1.407, 0.097 ± 0.006, 0.13 ± 0.018, and 6.297 ± 1.774 mV,
respectively (Figure 9F). The HASPy and control groups had sim-
ilar peak shapes, and the control group had the highest aver-
age CMAP peak amplitude; the HASPy group was the closest
to the control without significant difference, and the injury and
HA groups were significantly different from both the control and
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Figure 9. Sciatic nerve repair with hydrogels for 30 days. A) Surgical image of sciatic nerve implanted with HASPy hydrogel in SD rats. Left: Sciatic nerve.
Middle: The sciatic nerve is crushed. Right: Injection of HASPy hydrogel. B) Apparatus for rat footprint acquisition. Images of footprints on day 30. The
formula of the sciatic nerve functional index. The sciatic nerve functional index of rats from day 1 to day 30 (*p < 0.05, **p < 0.01, n = 3). C) H&E
staining of gastrocnemius fibers and Scale bar: 100 μm. D) The wet weight ratio of the injured side to the normal side (*p < 0.05, **p < 0.01, n = 3). E)
Comparison of electrophysiological recordings of complex muscle action potentials (CMAPs). F) Onset-to-peak amplitude (*p < 0.05, **p < 0.01, n =
3). G) nerve conduction velocities (NCVs) for healthy groups, injured groups and implanted with different hydrogels (*p < 0.05, **p < 0.01, n = 3). H)
Images of nerves on day 30. H&E staining image of nerve transects. I) Fluorescence images of control, injury, HA, and HASPy group. J) Fluorescence
intensity of Tuj1 (*p < 0.05, **p < 0.01, n = 3). K) TEM images of cross-section in four groups. Scale bar: 10 μm (up) and 2 μm (down). L) Myelin sheath
thickness (*p < 0.05, **p < 0.01, n = 16). M) Diameter of myelinated axons (*p < 0.05, **p < 0.01, n = 6), and N) G-ratio (*p < 0.05, **p < 0.01, n = 6).
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HASPy groups, indicating that the HASPy group could repair the
damaged nerve the fastest and transduce the bioelectrical signals.

In addition, there was no significant difference in nerve con-
duction velocity (NCV) between the HASPy (30.333 ± 0.577 ms)
and control (30.333 ± 0.577 ms) groups, as shown in Figure 9G.
The NCV of the injury group (58.333 ± 10.599 ms) and HA group
(47 ± 7 ms) was significantly lower than that of the other groups.
The average peak amplitude of the CMAP and nerve conduction
velocity (NCV) of the HASPy and control groups were not sig-
nificantly different. The quantitative results showed that HASPy
had a higher amplitude and shorter latency than the two other
groups, suggesting that HASPy hydrogel can accelerate the re-
covery of sciatic nerve electrophysiological function.

To evaluate the effects of the HASPy hydrogel on nerve regen-
eration, we analyzed H&E staining and immunofluorescence im-
ages (Figure 9H–J) of the transverse and longitudinal sections of
the nerve segment obtained 30 days after implantation. As shown
in Figure 9H, the nerves of the three groups in the operation
group, injury, HA, and HASPy, all showed tissue hyperplasia and
some redness and swelling. Histological sections and immunos-
taining showed that the cross sections of the nerves in the control
group were narrower than those in the other three groups. The re-
generated nerve bundles in the HASPy group were dense and or-
derly, with a thicker epineurium (EP) than those in the injury and
HA groups (Figure 9H; Figure S9, Supporting Information).[2,28]

H&E images also revealed that nerves in the HASPy group could
see blood vessels, but not in the injury group, and less so in
the HA group. The HASPy group showed significantly promoted
nerve regeneration.

The slow growth of axons is one of the biggest challenges in
peripheral nerve regeneration; therefore, the speed of axon re-
generation has become a key concern in the field of nerve in-
jury. In nerve cells, 𝛽-III-tubulin protein is mainly expressed in
neurons and may be involved in neurogenesis.[29] To verify the
expression of 𝛽-III-tubulin in each group, we performed cross-
cutting immunofluorescence staining of the nerve samples. As
shown in Figure 9I, the nerve structure of the HASPy group was
dense and the myelin sheath structure was intact, whereas the
nerve structure of the injury group was sparse and the nerve outer
membrane was loose. The HASPy group was denser and exhib-
ited stronger fluorescence than the HA group. For this reason,
quantitative statistics of fluorescence intensity were carried out,
as shown in Figure 9K; the 𝛽-III-tubulin expression of the HASPy
group showed the highest fluorescence intensity. This indicates
that the HASPy group was more significantly involved in nerve
regeneration.

S100-𝛽 is a glial cell marker and is commonly used to evaluate
glial expression.[30] Longitudinal sections of the nerve samples
were used to stain S100-𝛽. Immunostaining plots showed that
S100-𝛽-positive nerve fibers in the HASPy group had the highest
density, largest area, and most compact arrangement compared
to the injury and HA groups, and were like those in the control
group, as shown in Figure S10 (Supporting Information). The
immunofluorescence intensity in the HASPy group was nearly
1/5 higher than that in the injury group. There were significant
differences between the two groups. The fluorescence intensity
of the HASPy group was higher than that of the HA group.
The injury group showed significantly less intensity of positive
nerve fibers owing to the relatively low number of glial cells

(e.g., Schwann cells) and incomplete recovery of the injured
nerve.

Sciatic nerve recovery was assessed by immunohistochemical
staining and transmission electron microscopy (TEM) 30 days
postoperatively. TEM images of the transverse section (half sec-
tion) of the middle of the regenerated nerve segment are shown
in Figure 9K. The degree of myelination and axon maturation of
nerve fibers was further demonstrated using TEM images of the
regenerated nerves. The number of axons, the diameter of myeli-
nated nerve fibers, the thickness of myelin sheaths, and the g-
ratio (defined using the inner and outer diameters of the myelin
sheaths) were quantified.[31] The regenerated nerve fibers in the
control and HASPy groups presented good myelination and a
dense myelin lamina in Figure 9L. The average diameter of myeli-
nated nerve fibers in the HASPy group was larger than that in the
injury and HA groups. However, it did not reach the level of the
normal group; there was no significant difference between the
diameters of the HASPy and control group fibers, indicating that
axons tended to mature (Figure 9M). The average g-ratio is an im-
portant indicator of axonal myelination,[32] and Figure 9N shows
that the G ratio in the control and HASPy groups were similar;
both were larger than those in the injury and HA groups, indi-
cating a thicker myelin sheath, while the g-ratio in the injury and
HA groups was smaller, indicating a lower degree of myelina-
tion in the axons. There were significant differences in myelin
thickness and g-ratio among the HASPy, injury, and HA groups,
but no differences were observed between the HASPy and con-
trol groups. However, HASPy had more myelinated axons than
the control group, perhaps due to the larger myelin sheaths in
the control group. These results suggest that the HASPy group
presented a more positive effect on myelin regeneration in re-
generated nerves than the HA group did, and showed a better
recovery than that of the injury group.

3. Discussion

Peripheral nerve regeneration injury causes profound incon-
venience to patients; hence, a solution is urgently required.[2]

Hydrogels can provide a suitable microenvironment for nerve
regeneration.[33] In recent years, self-healing materials have pro-
longed the service life of materials, reduced replacement costs,
and improved system safety.[34] Furthermore, conductive mate-
rials can promote the growth of neurites and axons.[35] An in-
jectable, degradable, self-healing conductive hydrogel was suc-
cessfully constructed in this study. HA is derived from the
ECM; being a biomaterial, it is biodegradable, biocompatible,
and absorbable.[9] PPy has become an ideal choice for developing
conductive and nerve repair materials because of its convenient
synthesis, suitable mechanical properties, and excellent electrical
conductivity. However, the poor degradation of PPy limits its de-
velopment and application.[36] Therefore, we chose Py-COOH to
graft onto HA, which successfully solved the problem of its diffi-
cult degradation. We selected a Cys-containing disulfide bond as
an intermediate to connect HA to Py-COOH, and the response of
Cys can be obtained by disulfide bonds in vivo.[37] Disulfide bonds
can initiate chain exchange reactions under exposure to heat, UV
light, and redox conditions without any catalysts or initiators.[38]

The formation of chain-connecting Fe bonds, hydrogen bonds,
and disulfide bonds provide the hydrogel self-healing properties.
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Therefore, the hydrogel prepared in this study is not only degrad-
able but also self-repairing and conductive; this has not been ex-
plored in previous nerve regeneration studies. We also systemat-
ically evaluated the effects of the biomimetic scaffold on periph-
eral nerve regeneration using physicochemical analysis, in vitro
cell culture, and molecular biology evaluation. The HASPy hydro-
gel exhibited good conductivity and biocompatibility and could
promote the expression of functional proteins in Schwann cells.
Further exploration of the application of HASPy hydrogel in sci-
atic nerve repair in rats showed that HASPy hydrogel was bene-
ficial for nerve regeneration in rats, which is consistent with the
Schwann cell study.

In addition, we explored the mechanism of action of the
HASPy hydrogel in nerve regeneration via transcriptome se-
quencing. Transcriptomic sequencing results showed that the
HASPy hydrogel activated the IL-17 signaling pathway in
Schwann cells. IL-17R is widely expressed and can directly act on
Schwann cells. We verified the expression of IL-17RA through
qPCR results (Figure 7A), which revealed the activation of the IL-
17 signaling pathway. Previous studies have confirmed that IL-
17RA expression levels can be significantly decreased after IL-17
overexpression stimulation.[39] Our qPCR results showed that the
IL-17 level was significantly downregulated, and the ELISA assay
revealed that it was slightly decreased, although the expression
level of IL-17RA was increased. This indicates that the IL-17 sig-
naling pathway was indeed activated by IL-17RA and did not in-
crease the expression of IL-17. The molecular dynamics simula-
tion also demonstrated the possible binding mode of the HASPy
hydrogel to IL-17 or IL-17RA. The simulation showed that the IL-
17RA (H, L)/HASPy conformation was more stable than that of
IL-17(A, RAH)/HASPy, and more likely to exist, which is consis-
tent with our genetic and protein detection results (Figure 8).

The base material of the HASPy hydrogel is HA; therefore,
we focused on analyzing its effect on Schwann cells. It is well
known that HA and HA fragments are commonly internal-
ized by cells via CD44.[40] CD44 can interact with cell surface-
related growth factors, enzymes, and cytokines to stimulate sig-
nal transduction.[40,41] Our qPCR results (Figure 7A) showed
significantly higher expression of CD44 in the HASPy group.
CD44 has been confirmed to activate the key MAPK signaling
pathway.[40] Transcriptomic sequencing results showed the acti-
vation of both the MAPK and calcium signaling pathways. The
MAPK signaling pathway plays a role in many biological re-
sponses; it is thought to regulate cell survival, proliferation, and
differentiation during nerve regeneration,[42] and activation of
the MAPK pathway (e.g., PAK2) may upregulate the expression of
S100-𝛽 and other proteins, which is beneficial for myelin regen-
eration and nerve repair. As MBP is an important marker of early
myelination,[43] HASPy may be beneficial for myelination during
nerve regeneration. NTRK3 is involved in the calcium signaling
pathway, and the activation of this pathway is also beneficial for
axon extension and guidance to promote nerve regeneration.[43]

We determined that the enrichment of calcium signaling in the
HASPy hydrogel group may be due to the presence of PPy that
enhances its electrical conductivity, and thus elicits a calcium sig-
naling response.[44]

To further explore the possible interaction between CD44 and
IL-17RA, we inhibited the expression of IL-17RA and found that
not only was the expression level of CD44 decreased, but also

that a series of Schwann cell-related genes were downregulated.
This may suggest that IL-17RA acts on CD44, thereby regulating
a series of signaling pathways and physiological and biochemical
reactions in Schwann cells.

Through transcriptome sequencing, qPCR, and immunostain-
ing, the possible mechanism by which the effluent gel affects the
behavior and physiological function of Schwann cells is summa-
rized in Figure 7F. Schwann cells first encountered the hydro-
gel through different receptors on the cell membrane. Hydrogels
may activate receptors on the cell membrane, leading to the ac-
tivation of the correspondent pathway that upregulates or down-
regulates the relevant genes or proteins. As shown in Figure 7F,
the Fam83h gene associated with the IL-17 signaling pathway was
upregulated, and the significantly downregulated genes, such as
Hap1, Camk2b, Csf2, and Mapt, were associated with neurode-
generative pathways.

Mechanistic analysis showed that Schwann cells can be ac-
tivated by HASPy via different signaling pathways, causing
changes in genes and proteins related to nerve repair. These re-
sults indicate that on the whole, activation of the IL-17 signaling
pathway in Schwann cells is related to the interaction between
HASPy and IL-17RA.

In conclusion, the greatest advantage of the hydrogel scaffold
developed here is that it simulates the in vivo environment and
integrates injectable capacity, self-healing, degradation, conduc-
tivity, and good mechanical properties, as well as biocompatibil-
ity, allowing for the evaluation of hydrogels at the molecular, cel-
lular, and animal levels, respectively. Furthermore, the molecu-
lar mechanism of the hydrogel synergistic effect on Schwann
cells was addressed, and the interaction between HASPy and
Schwann cells was simulated using molecular dynamics. These
findings are significant to the study of the synergistic effect of
degradable self-repairing conductive hydrogels on nerve regen-
eration. Schwann cell behavior regulation should also be clari-
fied further through gene sequencing, inhibition, and molecular
biology technology, although their gene and protein expression
were clarified in our preliminary assessment. Moreover, the cor-
responding knockout experiments have not been verified. Mean-
while, the internal mechanism of Schwann cell pathway activa-
tion has only been partially discussed, and further research is re-
quired. In addition, to better evaluate the effect of the prepared
hydrogel on nerve regeneration, the molecular mechanism of
our in vivo experiment must be verified. Finally, although the
HASPy hydrogel facilitated peripheral nerve regeneration in the
rat model, its role in nerve regeneration of the central nervous
systems of larger animals (e.g., rabbits, dogs, and goats) should
be verified in the future. Overall, this study may provide an im-
portant experimental reference for the development of artificial
implants for peripheral nerve regeneration.

4. Experimental Section
Materials and Reagents: Sodium hyaluronate (HA, MW: 22 × 105 Da)

was purchased from the Nantong Feiyu Biotechnology Company.
Cysteamine dihydrochloride (Cys) and 1-(3-Dimethylaminopropyl)−3-
ethylcarbodiimide hydrochloride (EDC) were purchased from Shanghai Al-
addin Biochemical Technology Co., Ltd., and Shanghai Dubai, respectively.
Pyrro-1-propionic acid was purchased from Shanghai Macklin Biochemical
Co. Ltd. N-hydroxysuccinimide (NHS) was purchased from Ron’s reagent.
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Fabrication of the Self-Healing Conductive Hydrogel: Briefly, 1.00 g of
HA was dissolved in 450 mL of PBS solution at pH 5 and then poured into
a solution of 0.956 g of EDC·HCl and 0.574 g NHS (HA:EDC·HCl:NHS =
1:2:2) to activate the carboxyl group of HA for 15 min. After the activation
of the carboxyl group, 0.842 g of Cys was added to the HA solution and
stirred in an ice bath for 12 h in the dark. The product was dialyzed for 3
days. Then, 0.521 g Py-COOH was completely dissolved in PBS solution at
pH 5, and after activation for 15 min through the addition of 1.434 g EDS, it
was added to the above solution, which had been dialyzed for an additional
3 days, and stirred in an ice bath for 12 h. The product was on dialysis for
an additional 3 days. The reaction product was lyophilized and stored until
use. Then, a 0.05 g sample was weighed and dissolved in 1 mL deionized
water, and stirred for 5 h, resulting in self-formed glue. Then, 0.3 m FeCl3
solution was added, polymerized for 30 min, and left overnight at 4 °C.
The excess ferric chloride solution was removed by cleaning.

SEM Observation: To further confirm the porous structure of the hy-
drogel, freeze-dried hydrogel samples were observed using scanning elec-
tron microscopy (ZEISS Gemini SEM 300) after gold sputtering.

Characterization of HA-Cys-Py: The chemical structure of the amide
bond was verified through 1H-NMR spectroscopy (Bruker AVANCE III
400 MHz, Switzerland). HA, Cys, Py-COOH, and freeze-dried HA-Cys and
HA-Cys-Py were dissolved in D2O.

Rheological Measurement and Mechanical Test: The storage modulus
(G′) and loss modulus (G") of the hydrogels were evaluated using a
Haake MARS rotational rheometer (Thermo Fisher Scientific, Waltham,
MA, USA). After determining the maximum stress of the hydrogel, its self-
healing ability was evaluated. The oscillating strain oscillated between the
small strain (𝛾 = 1.0%) and large strain (𝛾HA = 600%, 𝛾HASPy = 400%),
with a duration of 120 and 300 s, respectively. The tensile measurements
were performed at a constant rate of 10 mm min−1 using a universal tester.
All the samples were cut into cuboids with a 10 mm length, 5 mm width,
and 3 mm thickness. The typical tensile strength and fracture strain were
obtained from the tensile stress–strain curves. Each group contained three
parallel samples. The self-healing hydrogels were subjected to the same
tensile tests.

Replacement of Bullfrog Sciatic Nerves with HASPy Hydrogel Ex Vivo:
Positive and negative stimulation electrodes were connected to the prox-
imal and distal sciatic nerves of the bullfrogs, respectively. In the experi-
ment, the nerve and gastrocnemius muscles of the bullfrogs were continu-
ously soaked in Ren’s solution to maintain their physiological activity. The
sciatic nerve defect was replaced by either HA or self-repairing hydrogels.
Electromyography was performed using a bl-420S biological experimental
system.

Cell Cultures: L929 or RSC 96 Schwann cells (National Collection
of Authenticated Cell Cultures, China) were cultured in a 5% carbon
dioxide humidified incubator in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin. The culture medium was updated every 2 days.

Cell Cytotoxicity Assay: L929 or RSC 96 Schwann cells were removed,
washed with PBS buffer three times, and digested with 3 mL trypsin for
3 min. After the digestion was terminated, centrifugation and suspension
were performed for counting.

The cells were inoculated on the hydrogel at a density of 1 × 104 cells
per well with a total volume of 100 μL in each well of a 24-well plate. The
cells were cultured in a CO2 incubator at 37 °C for 1 or 3 days. The orig-
inal medium was discarded, the cells were washed with PBS buffer, and
10% CCK-8 was added. After 1–2 h of incubation, 100 μL of supernatant
per well was transferred to a new 96-well plate, and the absorbance was
measured at 450 nm using a microplate reader. Tests were performed on
three independently prepared samples, and the results were expressed as
the mean ± SD.

Cell viability was measured using live/dead staining. In addition, 250 μL
Calcein-CM/PI living and dead cell dye diluted 1000 times were added to
each well and incubated at 37 °C for 30 min away from light. Finally, fluo-
rescence was observed and photographed using an inverted microscope.

High-Throughput RNA-seq: For transcriptomic sequencing, Schwann
cells were seeded onto the HASPy hydrogel and TCP in a 6-well culture
plate for 3 days. Schwann cells that had grown to a certain density were col-

lected, and TRIzol was used for total RNA isolation. The isolated total RNA
was stored in liquid nitrogen ready for use. RNA concentration was deter-
mined and a total RNA quality inspection was performed. RNA libraries
were then prepared by PCR amplification. Finally, sequencing was per-
formed on the RNA-seq platform in accordance with the manufacturer’s
protocol, and the data obtained were processed by Genewiz Co. Ltd. RNA-
seq data will be publicly available on the database of the National Genomic
Data Center (https://ngdc.cncb.ac.cn/) on 3rd November, 2024 (BioPro-
ject No. PRJCA012957).

Enzyme-Linked Immunosorbent Assay: The concentration of
interleukin-17 (IL-17) was measured in the supernatant collected af-
ter Schwann cells were incubated with the HASPy hydrogel for 3 days.
An ELISA kit (immunoassay, China) was used in accordance with the
manufacturer’s instructions and was measured using a microplate reader
at a wavelength of 450 nm.

Inhibition of IL-17 RA: The IL-17 RA inhibitor ixekizumab (10 μg mL−1,
GlpBio) was used to verify the possible interaction between CD44 and IL-
17RA; the results were then analyzed with immunofluorescence staining.
Afterward, 100 μL hydrogel was placed in a 24-well plate overnight during
UV irradiation, and Schwann cells were seeded on the hydrogel at a density
of 1 × 105 cells per well. TCP was used as a control. Cells were treated with
1 mL DMEM per well and 10 μg mL−1 ixekizumab, whereas cells without
inhibitors were used as controls. Schwann cells were co-cultured for 3 days
and immunostained with anti-IL-17RA receptor antibody (Abcam, USA).

RT-qPCR: RT-qPCR was used to detect the expression levels of differ-
ent genes in Schwann cells on the hydrogel. Cells were first cultured on the
hydrogel for three days, and RNA from the Schwann cells was lysed using
TRIzol (Gibco, USA), with the TCP group as the control. Reverse tran-
scription of cDNA was performed using a reverse transcription kit. Finally,
a real-time PCR test was performed using a real-time 2 × SYBR Green
PCR mix kit (Solarbio, China) in accordance with the manufacturer’s
instructions. The primer sequences for MBP, NGF, S100-𝛽, and IL-17RA
were as follows: rat Mbp (forward, 5′-ACACGGGCATCCTTGACTC-
3′: reverse, 5′-GGTCCTCTGCGACTTCTGG-3′), rat Ngf (forward, 5′-
GCTGGACCCAAGCTCAC-3′; reverse, 5′-CCCTCTGGGACATTGCTATC-
3′), rat glyceraldehyde-3-phosphate dehydrogenase (forward, 5′-
AACGACCCCTTCATTGAC-3′; reverse, 5′-TCCACGACATACTCAGCAC-
3′), rat S100b (forward, 5′-ACTGAGGGACGAAATCAACA-
3′; reverse, 5′- CAACGGAGGTGCTATTGGTA-3′), rat Il17ra
(forward, 5′-ACCCAAACCACAAATCCAAG-3′; reverse, 5′-
TGTGTCCAAGGTCTCCACAG-3′), rat Il17 (forward, 5′-
CACTCCTTCCGGCTAGAGAA-3′; reverse, 5′-CACATGGCGAACAATAGGG-
3′), rat Cd44 (forward, 5′-GCATTGCAGTCAACAGTC-3′; reverse, 5′-
CCTTGTTCACCAAATGCACCA-3′).

Molecular Dynamic (MD) Simulations: Discovery Studio software was
used to carry out the docking of the HASPy micromolecule onto the IL-17A
compound protein to explore the critical residues and interaction energies
of the complexes. The IL-17A compound protein (receptor) was obtained
from RCSB PDB (5HHV.pdb). An HASPy micromolecule (ligand) was con-
structed and optimized. The ZDOCK model block was performed for IL-
17A and HASPy interactions. To investigate the mechanism of interaction,
MD simulations were performed for each docked complex to monitor the
stability of all backbone atoms of IL-17A and HASPy micromolecules.

Surgical Procedure: All procedures associated with the animal stud-
ies were approved by the Animal Ethics Committee of Nantong Univer-
sity (Approval No. S20200314-041, China). Twenty-four healthy female
Sprague Dawley (SD) rats (age: 8 weeks, 200–250 g) were randomly di-
vided into three groups: HASPy hydrogel, HA hydrogel, and injury. During
surgery, all rats were anesthetized with a chloral hydrate sodium pentobar-
bital mixture (0.3 mL per 100 g body weight), the fur of the right femur was
clipped, and the area was sterilized with iodine. The skin and muscles were
then cut open to expose the sciatic nerve in the right hind leg. All animals
were subjected to a crush injury using hemostatic forceps, 5 mm proximal
to the bifurcation of the sciatic nerve. The first sound of the forceps com-
pressed the nerve once every 5 s. When the forceps were reopened, the
entire crush area was translucent. Then, 20 μL of hydrogel was injected
into the injured site using a 1 mL syringe. The rats in the injury group
were left untreated. The muscles and skin were closed using 4-0 surgical
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sutures. All rats were allowed to recover, and all changes were monitored
regularly. Animals were euthanized at a specific time during anesthesia.
The nerves were collected and histologically examined.

Tissue Processing and H&E Histological Evaluations: Thirty days af-
ter surgery, 3–5 SD rats from each group were randomly selected and
euthanized. Sciatic nerves (n = 3 in each group) were fixed with 4%
paraformaldehyde at 4 °C for 24 h and dehydrated with 30% sucrose solu-
tion for 48 h. The nerve tissue was embedded with an optimal cutting tem-
perature (OCT) compound and then frozen. It was then cut into 5 μm slices
either transversely or lengthwise using a frozen slicer. The slices were ran-
domly divided into two groups: one group was stained for immunofluo-
rescence and the other group with H&E. The sections were stained using
a standard H&E protocol. The hematoxylin dye solution was applied for
5–10 min, and the excess dye was washed off with distilled water and dif-
ferentiated for 2–30 s. After washing with water for 10 min, the eosin dye
solution was applied for 30 s–2 min, alcohol gradient dehydrated for 10 s,
placed in xylene transparent for 10 min, sealed and dried, and observed
under a microscope.

Immunostaining and Imaging: Sections or cells for immunostaining
were washed with PBS three times, infiltrated with 1%Triton-X 100 at 4 °C
for 40 min, sealed with 5% BSA for 1 h, and then oscillated overnight with
mouse anti-S100-𝛽 antibodies and rabbit anti-Tuj1 antibodies at 4 °C.
On day 2, after rewarming at room temperature for 1 h and rinsing with
PBST three times, goat anti-mouse (IgG H+L, Alexa Fluor 488, Abcam)
and goat anti-rabbit (IgG H+L, Alexa Fluor 647, Abcam) secondary
antibodies were incubated in the dark at room temperature for 2 h. The
sections were washed once with PBST, stained with DAPI, and incubated
at room temperature for 30 min in the dark. The dye solution was
discarded, and the cells were observed under an inverted fluorescence
microscope.

Gastrocnemius Muscle Evaluation: Thirty days after surgery, four SD
rats from each group were selected for observation of the electrophysi-
ological response, wet weight ratio, and gastrocnemius muscle fiber area.
Motor function was assessed using an electrophysiological data acquisi-
tion system. The sciatic nerve on the injured side was carefully exposed to
anesthesia in rats. Three electrodes were used to provide neural electrical
stimulation, and the corresponding amplitudes were recorded using the
acquisition system. The gastrocnemius muscles of the injured and con-
tralateral hind limbs were carefully dissected and weighed to calculate the
wet-to-weight ratio. The gastrocnemius muscle was then fixed with 4%
paraformaldehyde at 4 °C for 24 h. The muscle was embedded in OCT to
obtain frozen sections (thickness, 5 μm) for H&E staining. The stained
sections were observed under a light microscope. Eight images were ob-
tained from each sample, and the area of the gastrocnemius fibers was
quantified using the Image software.

Walking Track Analysis: Every 5 days after hydrogel implantation, the
rats—the hind paws of which were both stained with black ink—were al-
lowed to walk on a narrow track covered with a white sheet of paper. Three
animals per group were selected, each rat was made to perform three rep-
etitions of the exercise, and the parameters were averaged. Footprints of
the rats are shown in Figure 5A. Combined with the analysis of the sciatic
functional index (SFI), the calculation formula was as follows: Sciatic Func-
tional Index = −38.3 (LExp–LCtrl)/(LCtrl) + 109.5 (MExp–MCtrl)/(MCtrl) +
13.3 (SExp–SCtrl)/(SCtrl) − 8.8, where M is the distance between the first
and fifth toes, L is the length of the paw, S is the distance between the sec-
ond and fourth toes, Exp is the experimental paw, and Ctrl is the normal
paw. The measurements were performed by an investigator blinded to the
experimental group.

TEM Investigation of Myelinated Nerve Fibers: Regenerated nerves were
collected 30 days post-operation, fixed with 2.5% glutaraldehyde for 3 h
and subsequently in 1% osmium tetroxide solution for 1 h, washed, de-
hydrated, and embedded in epoxy resin. Ultrathin sections (70 nm) were
prepared for TEM analysis. Ten images were obtained for each sample.
The average g-ratio (based on area), average diameter of myelinated nerve
fibers, and average thickness of the myelin sheath were quantified using
the Image software.

Statistical Analysis: All data are expressed as the mean± SD. Student’s
t-test or one-way analysis of variance (ANOVA) was used to statistically

analyze the data with the Origin 8.0 software. Statistical significance was
set at p < 0.05.
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