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Replacing autologous nerve grafts with nerve conduits is the prevailing direction for the treatment of

peripheral nerves, though the repair of hollow nerve conduits remains unsatisfactory. In this study,

cysteinylated zein (L-Zein) was prepared through a disulfide exchange reaction between the disulfide

bonds of cysteine (Cys) and those of zein (Zein). Subsequently, electrospinning was utilized to fabricate

hollow nerve conduits loaded with berberine (BBR) by means of hydrogen bonding and physical

encapsulation. Hydrogels were prepared by ionic cross-linking of Zein with pectin (Pec), and were

subsequently loaded with melatonin (MT) and graphene oxide (GO) through physical adsorption and

encapsulation. A hydrogel was then injected into a hollow catheter to form a hydrogel composite nerve

conduit (L-ZBZPGM). The hydrogels exhibited a continuous porous network structure with pore size

distribution between 100 and 200 mm. Most of the hydrogels exhibited porosity exceeding 70% and the

compressive modulus was 0.42 ± 0.025 MPa. A hydrogel exhibited a residual mass ratio of 35.15% ±

1.87% at the end of the 30 d degradation period, achieved peak release on day 18 with a release rate of

83.31% ± 3.64%, and had an electrical conductivity of 1.23 ± 0.482 × 10−3 S cm−1, meeting the

requirements for nerve repair. The lack of cytotoxicity and the anti-inflammatory and antioxidant

properties of L-ZBZPGM were demonstrated using RSC96 cells and Raw264.7 cells. Additionally, through

electrical stimulation experiments, it was proven that the addition of GO can promote the proliferation of

nerve cells. The biological materials used in this study are of simple composition, and their degradation

products may have a minimal impact on the microenvironment. The findings suggested that L-ZBZPGM

was more conductive to peripheral nerve regeneration.
1. Introduction

Peripheral nervous injury (PNI) is a major clinical issue,
affecting over one million individuals worldwide each year.1 It is
oen caused by trauma and can lead to the loss of motor or
sensory function. In severe cases, PNI results in long-term
disability and reduces quality of life.2 PNI is categorized into
two primary groups: nondegenerative and degenerative. Non-
degenerative disease refers to PNI without axonal loss, while
degenerative disease pertains to PNI with axonal loss.3 Although
human peripheral nerves possess the capacity for regeneration
post-injury, the natural regeneration process is inherently
limited and insufficient for full functional recovery.

Nerve guide catheters (NGCs) are widely used as alternatives
to autogras in nerve repair. They serve as bridges between
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damaged nerve ends, facilitating regeneration by providing
a pathway, preventing intrusion of peripheral connective tissues
and scarring, and supporting axonal growth along the
conduit.4–6 It is imperative that NGC materials exhibit no cyto-
toxicity or histotoxicity and provoke minimal to no inamma-
tory response. Therefore, researchers have explored various
synthetic and naturally biocompatible polymers such as poly-
caprolactone, collagen, and carboxymethyl chitosan for the
development of NGCs for nerve repair.7,8 Nerve regeneration
failure between the distal and proximal ends may transpire due
to the inadequate nutrient provision within the hollow conduit.
Consequently, a prevalent approach to augment nerve repair
involves lling the catheter with a nutrient-rich hydrogel,
potentially containing drugs, that fosters a microenvironment
conducive to nerve regeneration.9

Hydrogels are cross-linked three-dimensional porous
networks of hydrophilic polymers that swell but do not dissolve
when exposed to water, exhibiting properties closely akin to
those of natural tissues.10 Their porous structure makes them
particularly suitable for use as slow-release carriers for topical
drugs. However, it is imperative that hydrogels possess
© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanical properties comparable to those of the site they are
intended to regenerate; failure to do so may result in mechan-
ical degradation of the scaffold or damage to the surrounding
tissue.11 Furthermore, hydrogels can be employed within nerve
conduits to provide essential nutrients for nerve repair, their
porous structure facilitating nerve cell migration and
proliferation.12–14

The design of biomaterials for immunomodulation has
recently garnered signicant attention as a vital approach to
argument tissue regeneration.15,16 Zein, a protein derived from
maize protein powder, is aggregated in maize via disulde
bonds and possesses a molecular weight of approximately 25–
35 kDa.17 This plant protein exhibits low immunogenicity and
a high potential for in vivo degradation.18–20 However, the
abundance of non-polar amino acids in zein limits its modi-
cation and broader industrial application in medicine.21 This
study employs L-cysteine as a reducing agent to break disulde
bonds both within and between protein molecules, thereby
promoting sulydryl–disulde exchange reactions for protein
modication. The hydrolysis of zein proteins based on their
amino acid composition signicantly alters their structure, thus
enhancing their functional properties.22,23 The integration of
modied corn alcohol soluble proteins during the spinning
process to prepare nerve conduits renders these conduits more
conducive for cell adhesion and proliferation.24

Pectin (Pec) is a polysaccharide and polyanion derived from
citrus fruit cell walls, consisting of a1-4 glycosidic bond-linked
D-galacturonic acid units. It is classied into high and low
methoxyl pectins based on the degree of methylation.25 While
Pec inherently possesses limited thermal stability and
mechanical properties, these can be augmented when inte-
grated with other biopolymers.26,27

Electrical stimulation has been demonstrated to facilitate
the recovery of damaged peripheral nerves. As a result, the
integration of conductive materials into the components used
in the fabrication of nerve conduits can augment their thera-
peutic efficacy. Electrically stimulated hydrogels present
promising scaffolds for nerve repair, necessitating further
research and development.28 Graphene oxide (GO) exhibits
superior electrical conductivity, dispersibility, and biocompati-
bility. The incorporation of GO into hydrogels provides a plat-
form for electrical stimulation, which can enhance the
bioactivity and mechanical attributes of the scaffold. This
modication fosters a more favorable microenvironment for
nerve regeneration.29–32

Melatonin (MT) is an indoleamine synthesized not only by
the pineal gland but also by numerous other organs. It plays
a pivotal role in exerting circadian effects, regulating repro-
ductive functions, and exhibiting free radical scavenging and
antioxidant activities.33 Notably, MT enhances Schwann cell
proliferation following peripheral nerve injury, promotes nerve
regeneration, and reactivates motor end plates in muscles. Both
experimental and clinical studies have demonstrated that MT
has a positive impact on various pathologies associated with
mitochondrial dysfunction.34–36 It has been established that MT
can bolster mitochondrial autophagy through the enhancement
of Parkin expression, he eradication of mitochondrial reactive
© 2025 The Author(s). Published by the Royal Society of Chemistry
oxygen species in vivo, and the removal of elements that hinder
autophagic ux. These mechanisms work to reinstate auto-
phagic ux and contribute to the repair of peripheral nerve.37

Berberine (BBR), an isoquinoline alkaloid, is noted for its wide
range of biological activities including antioxidant, anti-
inammatory, anticancer, immunomodulatory, and antimi-
crobial effects. This makes it a promising agent in treating
neuroinammation, as it effectively modulates inammation
triggered by infections, toxins, aging, or ischemia-reperfusion
through various signaling pathways.38,39 Moreover, BBR miti-
gates neuroinammatory responses by reducing the production
of proinammatory cytokines in microglia. Notably, BBR has
also been shown to partially alleviate cognitive dysfunction
induced by LPS by diminishing its neuroinammatory
properties.40

In summary, this study proposes the modication of Zein
with Cys to create an amphoteric material. This is then elec-
trostatically spun with BBR loaded with L-Zein to fabricate
hollow nerve conduits possessing anti-inammatory properties.
Subsequently, Pec, Zein, GO, and MT are reacted to form
a conductive hydrogel with antioxidant effects. The resulting
drug-carrying hydrogel is then injected into the hollow nerve
conduit. The resulting a conductive drug-carrying nerve conduit
with both anti-inammatory and antioxidant effects. Remark-
ably, this is achieved without the use of cross-linking agents,
leading to reduced cytotoxicity. The nal product exhibits
excellent mechanical properties, as well as drug-carrying, drug-
releasing, and degradation capabilities. To our knowledge,
there are no prior report on this subject. Our ndings suggest
that these conductive drug-loaded nerve conduits hold poten-
tial for application in the repair of peripheral nerve injuries.

2. Materials and methods
2.1 Materials

Zein (from corn), L-cysteine, pectin, berberine, melatonin, and
potassium oleate were obtained from Aladdin Chemistry Co,
Ltd. The materials obtained from China include phosphate
buffer (0.1 mol L−1, pH 7.4), Dulbecco's modied Eagle's
medium (DMEM), penicillin/streptomycin solution, Cell
Counting Kit-8 (CCK-8), paraformaldehyde, MitoTracker. Red
CMXRos, Triton X-100, and DiI uorophores were sourced from
Boster Biological Technology Co. Ltd. (China). The serum from
the donor horse was obtained from Zhejiang Tianhang (China).
Fetal bovine serum (FBS) and 40,6-diamidino-2-phenylindole
(DAPI) were procured from Beyotime. Rat schwann cell line 96
(RSC96) and Murine leukemia virus-induced monocytic
macrophage cell line (Raw264.7) cells were sourced from the
China Center for Type Culture Collection, Wuhan, China.

The study utilized the following instruments: an Agilent 1100
high-performance liquid chromatograph (USA), an Olympus
CX31 optical microscope (Japan), a JEOL JEM2100F trans-
mission electron microscope (Japan), a Thermo 6700 FTIR
spectrometer (USA), and a JEOL JSM-IT300 scanning electron
microscope (Japan). The apparatus included a SANS CMT6503
microcomputer-controlled electronic universal testing machine
(MTS, China), a 5601-Y four-point probe resistivity meter
RSC Adv., 2025, 15, 14136–14151 | 14137
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(Quatek, China), a MTHYH-C2000-T constant temperature
shaker (Loki, China), and a Nikon Eclipse C1 uorescence
inverted microscope (Nikon, Japan).
2.2 Preparation and characterization of nerve conduits

L-Zein was synthesized following a previously established
method,41 where 1 g of potassium oleate was dissolved in
100 mL of deionized water, followed by the addition and thor-
ough mixing of 3 g of Zein. Cys (0.1 mmol g−1) was introduced
to the Zein-potassium oleate system, and the mixture was
reacted in a water bath at 37 °C for 30 minutes. The mixed
solution was dialyzed in a 3500 Da MWCO dialysis bag using
deionized water for 72 hours to eliminate by-products. Freeze-
dry the protein samples using a freeze-dryer and set aside.

L-Zein/BBR (L-ZB) nerve conduits were prepared from a previ-
ously reported study.42 L-Zein (1.5 g) was weighed, 80% ethanol
solution (10 mL) was added and magnetically stirred until
complete dissolution, and different concentrations of BBR (5, 10
and 20 mmol) were added. The spinning solution was aspirated
with a 5 mL syringe and loaded with a 20 – gauge spinning
needle, and the bers were received with a catheter receiving
device to form a catheter. Electrostatic spinning parameters
include a push injection speed of 0.25 mm min−1, a positive
voltage of 17 kV, a negative voltage of −5 kV, and a receiving
distance of 10 cm. Post-spinning, bers were oven-dried at 120 °C
for 6 hours, with catheters stored in drying dishes for future use.
The nerve catheters containing different BBR concentrations
were categorized into BBR1, BBR2 and BBR3.

Fourier transform infrared spectroscopy (FTIR) was used to
conrm the structural conguration of L-Zein in the 500–
4000 cm−1 spectral range. In order to gain insight into the
chemical composition of the nerve conduits, the aforemen-
tioned methodology was employed for a detailed analysis.

A scanning electron microscope (SEM) was employed to
observe the spatial structure of the nerve conduits. Subse-
quently, the samples were subjected to cross-sectioning and
sputter coating with gold, aer which they were scanned for
observation. The mean pore size was determined using the
ImageJ soware program.

The water contact angle of the nerve conduits was deter-
mined prior to and following modication through a contact
angle tester.

The tensile modulus of nerve conduits was determined
utilizing a microcomputer-controlled electronic universal
testing machine. Catheters measuring 20 mm in length and
10 mm in width were fabricated and evaluated for mechanical
properties at room temperature under a tensile force of 10 N,
with a tensile and compression rate of 1 mm min−1.

The characterization of the drug loading of BBR was con-
ducted in 5 mL centrifuge tubes. The nerve catheters, prepared
by the addition of varying concentrations of BBR, were placed in
3 mL of PBS. Centrifuge tubes were shaken in a thermostatic
oscillator at 100 rpm and 37 °C for 30 minutes. The drug
solution concentration was measured using high-performance
liquid chromatography (HPLC). The drug loading of BBR was
determined using the formula:
14138 | RSC Adv., 2025, 15, 14136–14151
Drug loading ¼ Wc �Wv

Wc

� 100%

where Wc was the total BBR content and Wv was the total BBR
content in the supernatant.

The degradation and drug release of nerve conduits were
assessed in vitro using a phosphate-buffered saline (PBS) solu-
tion with lysozyme. Each nerve conduit was individually weighed
and submerged in phosphate-buffered saline (PBS, pH 7.4) with
lysozyme (1 mgmL−1) at 37 °C, oscillating at 100 rpm. At specic
intervals, 1 mL of the degraded solution was analyzed for BBR
concentration using high-performance liquid chromatography
(HPLC). Aer each removal, an equivalent volume of PBS was
added. The nerve conduits were extracted from the medium
every two days, rinsed twice with deionised water to eliminate
surface-adsorbed ions, and subsequently freeze-dried. The dry
weight of each sample following the incubation period was
recorded as Mt, with the initial weight recorded as M0.

The residual mass ratio was determined using the formula:

Residual mass ratioð%Þ ¼ Mt

M0

� 100%

The cumulative drug release was determined using the
following equation.

Cumulative drug releaseð%Þ ¼ Wt

W0

� 100%

The cumulative release of BBR at different time points (Wt)
was compared to the total amount of BBR loaded in the nerve
conduit (W0).
2.3 Preparation and characterisation of L-ZBZPGM

A 3% w/v zein solution was prepared by dissolving it in 80%
ethanol, followed by the addition of MT at concentrations of 10,
20, and 40 mmol, and stirred for 1 hour at room temperature.
Pec was dissolved in a 6% w/v solution of 2% CaCl2, followed by
the addition of GO at concentrations of 0, 0.4, 0.8, 1.2, and
1.6 mg mL−1. The mixture was then stirred continuously for
four hours at 40 °C. The liquid–liquid dispersion method was
employed to incrementally incorporate maize based on the
mass ratios of Zein : Pec = 3 : 1, 2 : 1, 1 : 1, 1 : 2, and 1 : 3. The
alcohol-soluble protein solution was stirred to create a uniform
Zein/Pec/GO/MT (ZPGM) hydrogel precursor. The sol was
introduced into the prepared hollow nerve conduit and gelled at
room temperature to form a hydrogel composite nerve conduit,
which was subsequently freeze-dried at −80 °C to produce the
nal product. Hydrogels were categorized based on MT
concentrations into MT1, MT2, and MT3, the hydrogel group
loaded only with the drug is designated as ZPM, and based on
GO concentrations into GO0, GO1, GO2, GO3, and GO4. The
Zein/Pec/GO hydrogel group was labeled as ZPG, the Zein/Pec/
GO/MT hydrogel group as ZPGM, and both the L-Zein/Zein/
Pec/GO/MT and L-Zein/Pec/GO/MT groups were designated as
L-ZZPGM. The L-Zein/Zein/Pec/GO/MT hydrogel group is set to L-
ZPGM.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The hydrogels prepared at different mass ratios were
lyophilized and observed by SEM.

The porosity of the hydrogels was determined by gravimetric
analysis.43 All experiments were conducted in triplicate.
Hydrogel aerogels with a V0 rating and regular shape were
submerged in hermetically sealed containers containing
ethanol. The process was monitored until no further bubbles
emerged in the samples, at which point immersion was
considered complete. The weight of ethanol within the aerogel
pores was determined by the difference between the initial
weight (W0) and the equilibrium weight (Wt). The pore volume
(Vp) was determined using the density of ethanol (r) with the
equation provided.

Vp ¼ ðWt �W0Þ
r

� 100%

The formula for calculating porosity as a percentage was as
follows:

Porosityð%Þ ¼ Vp

V0

� 100%

The swelling rate (SR) of the hydrogels was determined using
a standard swelling test. The hydrogel was submerged in
a phosphate-buffered saline solution (pH 7.4, 37 °C) and peri-
odically weighed (Wt) aer removing all external water. The
hydrogel was weighed until a state of equilibrium was reached.
The SR was determined using the equation:

SRð%Þ ¼ Wt

Wi

� 100%

In this context, Wt and Wi represent the initial weights and the
weights associated with different swelling times, respectively.

The hydrogel's compressive modulus was measured using
a microcomputer-controlled electronic universal testing
machine. Hydrogels measuring 20 mm in diameter and
10 mm in thickness were compressed at room temperature
using a 10 N load cell at a consistent strain rate of
1 mm min−1.

The degradation properties, drug loading and drug release
rate of the hydrogels were consistent with the characterization
of the nerve catheters described above.

The conductivity of the hydrogels with different contents of
GO was determined by a four-probe resistivity tester, and the
hydrogels were co-cultured with RSC96 cells for 2 days. The
hydrogels were incubated with CCK-8 and protected from light,
and the OD values of the wells were measured by an enzyme
marker.
2.4 Cytotoxicity and anti-inammatory experiments on
nerve conduits

Raw264.7 mouse monocyte macrophages and RSC96 rat cells
were cultured in DMEM with 10% fetal bovine serum and 1%
penicillin/streptomycin.

RSC96 cells were trypsinized to reach a concentration of 1 ×

105 cells per mL and cultured in 96-well plates with L-ZB
© 2025 The Author(s). Published by the Royal Society of Chemistry
neurotubule releases on days 7, 14, and 21, adding 100 mL of cell
suspension per well. Following a ve-day period of cultivation,
the viability of the cells was assessed through the utilisation of
a CCK-8 assay and uorescence microscopy (IX71, Olympus,
Japan). Prior to observation, the cells were labelled with Calcein-
AM Istaining for a period of 15 minutes.

Lipopolysaccharide (LPS) was typically employed to simulate
the impact of inammation on cellular processes. RAW264.7
cells were cultured in 96-well plates for 24 hours to facilitate
adherence, and subsequently divided into four groups. The
latter three groups were then replaced with cell culture medium
containing 1 mg mL−1 LPS, creating a blank control group, LPS
group, L-Zein group and L-ZB group. These were then cultured in
a cell culture incubator for 2 days. Aer this period, cell activity
was detected using a NO assay kit. The remaining parallel
groups were xed with 4% paraformaldehyde for a period of 30
minutes. Cell membranes were stained with 1,10-dioctadecyl-
3,30,30-tetramethylindocarbocyanine perchlorate (DiI), and
nuclei with 40,6-diamidino-2-phenylindole (DAPI) for 30
minutes. Subsequently, the Raw264.7 cells that had been
immobilized on the material were observed under a uores-
cence inverted microscope.
2.5 Cytotoxicity and antioxidant assay of hydrogel composite
nerve conduit

Before the introduction of the cells, the ZPG, ZPGM, L-ZZPGM
and L-ZBZPGM groups were subjected to a sterilization process.
RSC96 cells were lysed using trypsin, diluted to 1 × 105 cells per
mL, and then cultured with the speciedmaterials. Cell viability
was evaluated aer a ve-day culture using a CCK-8 assay and
uorescence microscopy (IX71, Olympus, Japan). Prior to
observation, the cells were labelled with Calcein-AM staining for
a period of 15 minutes.

A peroxide environment was created for RSC96 cells by
conguring 120 mM tert-butyl hydroperoxide (TBHP), and
mitochondrial levels in live cells were determined using Mito-
Tracker Red CMXRos (Invitrogen). RSC96 cells were incubated
with 50 nM Mito-tracker probe at 37 °C for 30 minutes. The cell
nuclei were stained with the DNA-specic dye DAPI for a period
of 15 minutes at 37 °C. Aer staining, RSC96 cells were washed
with PBS and imaged using a confocal microscope.
2.6 Electrical stimulation experiment

RSC96 cells were trypsinized to achieve a concentration of 1 ×

105 cells per mL and then applied to the composite nerve
conduit surface. The cells were then cultured for 24 hours. Aer
24 hours, the RSC96 cells were electrically stimulated with
different potentials. The optimal voltage and time of electrical
stimulation were identied through observation of cell viability
using the CCK-8 assay.

The OD values of the various groups following electrical
stimulation were determined by CCK-8, and the membranes
and nuclei of RSC96 cells were stained with DiI and DAPI. The
RSC96 cells on the material were observed under a uorescence
inverted soware was utilized for image analysis.
RSC Adv., 2025, 15, 14136–14151 | 14139
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3. Results and discussion

As shown in Fig. 1, Cys and Zein were subjected to a disulde
exchange reaction, transforming the hydrophobic material into
an amphoteric one. Electrospinning was performed on an iron
rod with a diameter of 2 mm. Aer removing the iron rod,
a hollow nerve conduit loaded with BBR was fabricated, thereby
endowing it with anti-inammatory properties. Subsequently,
a hydrogel was synthesized via chemical cross-linking between
the –NH2 groups of Zein and the –COOH groups of Pec. This
hydrogel, enriched with MT and GO, was formulated into
a conductive material with antioxidant capabilities. Upon
injection into the nerve conduit, the resultant entity, L-ZBZPGM,
which demonstrated both anti-inammatory and antioxidant
attributes.
3.1 Characterization of nerve conduits

As illustrated in Fig. 2(A), Zein displayed absorption peaks in
the range of 3200–3400 cm−1, suggesting the presence of an
N–H stretched vibration and hydrogen bonding within the
system, as marked by the Amide A band. The peak at 3284 cm−1

signies the hydrophilic O–H stretching of the protein, while
the vibration at 2956 cm−1 denotes hydrophobic C–H bending
within the protein. Aer modication with Zein, Cys displayed
Fig. 1 Flowchart of L-ZBZPGM preparation process.

14140 | RSC Adv., 2025, 15, 14136–14151
absorption peaks at 1296, 1058 and 859 cm−1 within the
ngerprint region. The peaks at 3284 cm−1 and 2956 cm−1

represented the hydrophilic O–H and hydrophobic C–H protein
stretching, respectively. Upon modication with Zein, the
ngerprint region of Cys retained absorption peaks at 1296,
1058, and 859 cm−1. It was observed that the magnitude of the
hydrophilic O–H stretching increased, while the hydrophobic
C–H stretching decreased. This outcome conrmed the
successful preparation of L-Zein.

The nalized electrostatically spun wire was presented in
Fig. 2(B) as a hollow nerve conduit.

The SEM images of Zein and L-Zein, depicted in Fig. 2(C) and
(D), reveal the formation of smooth nanobers on the collector
with diameters of 2.35± 0.85 mm for Zein bers and 3.61± 1.19
mm for L-Zein bers. Notably, there was minimal variation in the
diameter range before and aer modication, indicating that
the Cys modication of Zein exerted no signicant impact.

Existing literature robustly demonstrates that amphoteric
materials promote cell adhesion, whereas both hydrophobic
and excessively hydrophilic materials impede it.44 As illustrated
in Fig. 2(E), the water contact angle of the Zein group was 110°,
indicative of its hydrophobic nature. In contrast, Fig. 2(F)
revealed that the water contact angle for L-Zein had decreased to
92°, suggesting enhanced hydrophobicity. This enhancement
can be attributed to the Cys-induced modication of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) FTIR spectra of Cys, Zein, and L-Zein. (B) L-Zein nerve conduit. (C) SEM image and diameter distribution of Zein (scale bar= 10 mm). (D)
SEM image and diameter distribution of L-Zein (scale bar = 10 mm). (E) Water contact angle map of Zein. (F) Water contact angle map of L-Zein.
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protein, characterized by the disruption and subsequent reor-
ganization of disulde bonds, thereby altering the spatial
structure of Zein.

The hydrogel used for nerve regeneration must maintain
suitable mechanical properties to ensure structural integrity
and resist forces from surrounding tissues. These properties are
typically assessed by evaluating the tensile strength of the nerve
conduits.45–47 The measured tensile strengths of Zein and L-Zein
catheters were 3.42 ± 0.43 MPa and 3.22 ± 0.35 MPa,
© 2025 The Author(s). Published by the Royal Society of Chemistry
respectively. These results reveal no signicant difference
between the two, and both materials meet the mechanical
requirements for nerve repair as demonstrated in Fig. 3(A).
Furthermore, the mechanical properties of the nerve catheter
remained largely consistent following Cys modication.

The residual mass ratios of the Zein catheter and L-Zein
catheter, post-two weeks, were found to be 32.52 ± 2.43% and
26.78 ± 1.95% respectively, with a signicant difference (*p <
0.05), as shown in Fig. 3(B). This can be attributed to the
RSC Adv., 2025, 15, 14136–14151 | 14141
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Fig. 3 (A) Tensile strength of Zein and L-Zein nerve conduits. (B) Degradation of Zein and L-Zein nerve conduits. (C) Drug loading of nerve
conduits with different BBR concentrations. (D) Cumulative release rate of nerve conduits with different BBR concentrations.
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increased hydrophilicity and ease of degradation of the modi-
ed L-Zein, resulting from alterations in its spatial structure.

Research has demonstrated that BBR at a concentration of 5
mmol possesses anti-inammatory properties in b-amyloid-
treated cells, primarily through the inhibition of the produc-
tion and release of inammatory cytokines.48 As the catheter
was placed in PBS containing lysozyme, the catheter gradually
degraded, its spatial structure changed, and BBR was gradually
released. As shown in Fig. 3(C) and (D), the drug loading effi-
ciency for theBBR1 group was 74.62± 2.23%, with peak release
observed on the 16th day. The release rate stood at 85.31 ±

2.16%. For the BBR2 group, the drug loading efficiency was
50.25 ± 2.69%, with its peak release occurring on the 14th day
and are lease rate of 96.31 ± 2.44%. The BBR3 group had
a drug loading efficiency of 35.33± 2.31% and reached its peak
release on the 10th day, showcasing a release rate of 92.38 ±

2.03%. The diminished loading efficiency in the BBR3 group
can be attributed to the high concentration of BBR, where the
majority remains in a free state, with only a smaller portion
being encapsulated within the catheter. Given the results, the
BBR2 group, which exhibited drug loading and release
parameters closest to 5 mmol, was chosen for subsequent
experiments.
3.2 Characterisations of L-ZBZPGM

Fig. 4 illustrated the morphology of hydrogels at varying mass
ratios of Zein/Pec, as visualized through SEM. All observed
hydrogels displayed a continuous network structure. Fig. 4(A)
and (B) suggest that the network structure created by these gels
14142 | RSC Adv., 2025, 15, 14136–14151
was relatively looser, with pore sizes measuring 183.02 ± 59.47
mm and 202.58 ± 64.50 mm for Zein : Pec ratios of 3 : 1 and 2 : 1
respectively. This is attributed to the smaller proportion of Pec
and reduced physical cross-linking. Fig. 4(C) and (D) illustrate
hydrogel pore diameters of 174.33 ± 36.27 mm and 166.54 ±

36.01 mm when the Zein : Pec ratio is 1 : 1 and 1 : 2 respectively,
showcasing a tightly and neatly arranged pore structure.

Research has demonstrated that a larger porosity (>75%)
enhances substance exchange within the tissue and promotes
peripheral nerve regeneration. However, an excessively high
pore gland ratio (>95%) is not ideal, as it hinders the loading of
drugs into the hydrogels due to rapid dissolution in the solu-
tion.49 In this study, Zein contains numerous –NH2 groups,
while Pec contains many –COOH groups. Ionic bonds are
formed between –NH2 and –COOH. Pec, when dissolved in
CaCl2, forms physical cross-links with calcium ions. This ulti-
mately results in a hydrogel with both chemical and physical
cross-linking. GO, which contains a large number of –COOH
groups, forms hydrogen bonds with the hydrogel and
undergoes physical adsorption and encapsulation. The hydro-
gel is then loaded with MT and GO to form the ZPGM hydrogel.
Fig. 5(A) showed the morphological images of L-ZBZPGM.
Fig. 5(B) illustrates signicant changes in pore size in hydrogels
with varying mixing ratios. As the Zein/Pec ratio shied from 3 :
1 to 1 : 3, there was a consistent decrease in porosity. This can be
attributed to the increasing dominance of physical cross-
linking over chemical cross-linking as Pec content increases,
with the former exhibiting greater strength. The porosity
measured 76.73 ± 3.51% and 74.24 ± 2.43% when the Zein/Pec
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Scanning electron microscopy and pore size distribution of the hydrogel with Zein : Pec = 3 : 1. (B) Scanning electron microscopy and
pore size distribution of the hydrogel with Zein : Pec = 2 : 1. (C) Scanning electron microscopy and pore size distribution of the hydrogel with
Zein : Pec = 1 : 1. (D) Scanning electron microscopy and pore size distribution of the hydrogel with Zein : Pec = 1 : 2. (E) Scanning electron
microscopy and pore size distribution of the hydrogel with Zein : Pec = 1 : 3.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 14136–14151 | 14143
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Fig. 5 (A) Morphological images of L-ZBZPGM. (B) Porosity of Zein/Pec hydrogels at different ratios. (C) Swelling rate of Zein/Pec hydrogels at
different ratios. (D) Compression modulus of Zein/Pec hydrogels at different ratios (*p < 0.05). (E) Degradation of ZPGM and L-ZBZPGM. (F)
Loadings of hydrogels at different concentrations of MT (ZPM). (G) Cumulative release rate of hydrogels at different MT (ZPM). (H) OD values of
RSC96 cells at different concentrations of GO (*p < 0.05) (ZPG).

14144 | RSC Adv., 2025, 15, 14136–14151 © 2025 The Author(s). Published by the Royal Society of Chemistry
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ratio was 1 : 1 and 1 : 2 respectively, showing negligible differ-
ences in results.

Fig. 5(C) illustrated the swelling behavior of various hydro-
gels. As the Zein/Pec ratio transitioned 3 : 1 to 1 : 3, the swelling
rate declined from 8.01 ± 0.25 to 7.05 ± 0.44. With Zein/Pec
ratios of 1 : 1 and 1 : 2, the corresponding swelling rates were
7.64 ± 0.39 and 7.75 ± 0.25, respectively—suggesting that these
rates do not signicantly differ. This implies that the porosity
and swelling rate of hydrogels remain relatively consistent,
regardless of the Zein/Pec ratio, be it 1 : 1 or 1 : 2. The results
indicate that both ratios yield similar porosity and swelling
rates, both of which are suitable for nerve repair.

For optimal performance, the nerve regeneration hydrogel
must possess suitable mechanical properties to maintain its
structural integrity and resist stress from surrounding tissues.
Fig. 5(D) illustrates the stress–strain curves of assorted hydro-
gels. The Zein/Pec hydrogel, at a ratio of 1 : 2, demonstrated
a compressive modulus of 0.42 ± 0.025 MPa. This was notably
greater than the 0.32 ± 0.021 MPa recorded for the 1 : 1 ratio.
Owing to its superior porosity, solubility, and compressive
strength, the 1 : 2 ratio was chosen for subsequent experiments.

As shown in Fig. 5(E), the degradation process of the ZPGM
group was attenuated due to the integration of GO,29 with
a resultant residual mass ratio of 49.23± 2.52% aer a period of
two weeks. The residual mass ratio of the L-ZBZPGM group at
the end of the 30 days degradation period was 35.15% ± 1.87%,
which was signicantly different from that of the ZPGM group
(*p < 0.05), thereby satisfying the prerequisites for nerve repair.

Existing literature suggests that MT at a concentration of 10
mmol enhances Parkin expression in RSC96 cells via melatonin,
stimulates mitochondrial autophagy, and impedes apoptosis.
However, cell viability begins to deteriorate upon reaching anMT
concentration of 20 mmol.37 As the hydrogel was placed in PBS
containing lysozyme, the hydrogel gradually degraded, its spatial
structure changed, and MT was gradually released. As shown in
Fig. 5(F) and (G), the drug loading rates for groups MT1, MT2,
and MT3 were found to be 50.33 ± 3.21%, 47.63 ± 2.56%, and
20.67 ± 4.23% respectively. Peak release occurred on the 12th
day for MT1, with a rate of 78.28 ± 2.03%, on the 18th day for
MT2, with a rate of 83.31 ± 3.64%, and on the 24th day for MT3,
with a rate of 92.38 ± 2.83%. Notably, the drug loading and
release prole of theMT2 group closely mirrored that of 10 mmol,
thus it was selected for subsequent experiments.

Conductivity was a pivotal factor in evaluating the effective-
ness of conductive hydrogels. Optimal conductivity not only
mimicked the unique electrical microenvironment of neural
tissues but also enhanced the adhesion, migration, prolifera-
tion, and differentiation of electrically active cells via electrical
stimulation. As illustrated in Table 1, a higher GO content led to
a corresponding increase in hydrogel conductivity, with values
Table 1 Electrical conductivity of Zein/Pec hydrogels at different conce

Samples Zein/Pec Zein/Pec/GO1

Conductivity (10−3 s cm−1) 0 0.69 � 0.265

© 2025 The Author(s). Published by the Royal Society of Chemistry
surpassing 10−4 S cm−1. Such conductivity was sufficient to
foster the benecial effects of electrical stimulation on nerve
tissue regeneration.

Fig. 5(H) presents the cellular optical density (OD) values of
RSC96 cells aer electrical stimulation. As the GO content
escalated from 0.4 mgmL−1 to 1.6 mgmL−1, the OD values were
recorded as 1.78 ± 0.12, 2.01 ± 0.19, 1.68 ± 0.16, and 1.55 ±

0.13, respectively. These results suggest an initial increase, fol-
lowed by a decrease, with the peak OD value observed at 0.8 mg
mL−1. A signicant difference (*p < 0.05) was noted, indicating
that the highest cellular activity occurred at this concentration.

To conclude, the ultimate concentration of GO within the
synthesized ZPGM hydrogel was measured to be 0.8 mg mLl−1.
3.3 Cytotoxic and anti-inammatory characterization of
nerve conduits

To evaluate the impact of the L-Zein/BBR nerve conduit on cell
proliferation, RSC96 cells were cultured for ve days. Subse-
quently, the conduit was introduced on days 7, 14, and 21. Cells
cultured under standard conditions served as the control, while
cells treated with 1 mM BBR acted as a negative control. Cell
activity was determined using Calcein-AM and CCK-8 assays.
Following staining, live cells emitted green uorescence,
evident in Fig. 6(A). These cells exhibited a healthy morphology,
suggesting their viability, a nding corroborated by the CCK-8
assay data. As illustrated in Fig. 6(B), the OD values for all
groups increased on days 3 and 5, with a signicant difference
(*p < 0.05), highlighting the signicant proliferative activity of
the BBR-loaded nerve conduit. Among the time points tested,
the 21 days release solution showed the most pronounced
proliferative effect, followed by the 14 days and 7 days solutions.
This can be attributed to the increased BBR concentration in the
solution over extended release periods, which in turn enhanced
RSC96 cell proliferation.

The diminished cell count and elevated NO content in the
LPS group suggest that the cells are inuenced by inammatory
factors, exhibiting the lowest cell activity. As shown in Fig. 7(A)
and (B), DiI stains the RSC96 cell membrane red, while DAPI
stains the nucleus blue. In the control group, the cells had
evolved from their initial round shape to a spindle form,
exhibitingmultiple axons. However, the cells in the L-Zein group
were decient in BBR, leading to increased NO levels and
diminished cellular activity. Compared to the LPS group, the L-
ZB group exhibited elevated cellular activity, characterized by
a notable increase in cell number and amarked reduction in NO
content, with a signicant difference (**p < 0.01). These
observations indicate that BBR-containing neural conduits
exhibit anti-inammatory properties. Furthermore, the L-
ZBZPGM group demonstrated that MT potentially synergized
with BBR, leading to a heightened anti-inammatory effect.
ntrations of GO

Zein/Pec/GO2 Zein/Pec/GO3 Zein/Pec/GO4

1.23 � 0.482 1.47 � 0.294 1.61 � 0.371
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Fig. 6 (A) Live cell staining of RSC96 cells in L-Zein/BBR nerve conduit extraction solution on days 1, 3, and 5 (scale bar= 10 mm). (B) OD values of
RSC96 cells in L-Zein/BBR nerve conduit extraction solution on days 1, 3, and 5 (*p < 0.05).

Fig. 7 (A) Fluorescent staining of RSC96 cells following treatment with different materials (scale bar = 10 mm). (B) NO concentration in RSC96
cells post-treatment with various materials (*p < 0.05, **p < 0.01).
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3.4 Cytotoxicity and antioxidant characterization of hydrogel
composite nerve conduits

To evaluate the inuence of hydrogel composite nerve conduits
on cell proliferation, RSC96 cells were cultured on nerve
conduits infused with ZPG hydrogel, both with and without the
addition of BBR and MT. Normally cultured cells were used as
a negative control. As illustrated in Fig. 8(A) and (B), the optical
density (OD) values of the experimental groups displayed
considerable similarity on the rst day of the culture period,
with no statistically signicant differences. The OD values for
each experimental group increased on days 3 and 5, with
a signicant difference (*p < 0.05), demonstrating the hydro-
gel's robust proliferative activity. The OD values for the ZPG
hydrogel were not signicantly different from those of the
control group, suggesting non-cytotoxicity. Conversely, the
ZPGM hydrogel displayed signicantly elevated OD values,
14146 | RSC Adv., 2025, 15, 14136–14151
indicative of effective MT release and sustained biological
activity. Furthermore, the L-ZBZPGM group exhibited signi-
cantly higher OD values than the control group on all days (**p
< 0.01), signifying enhanced cell proliferation due to the
hydrogel composite nerve conduit. The calcium xanthophyll AM
uorescence staining of RSC96 cells aligned with the ndings of
the CCK8 assay.

To evaluate the antioxidant properties of the hydrogel
composite nerve conduit, TBHP was employed to simulate
a peroxidative environment in RSC96 cells, thereby affecting
mitochondrial function and overall cellular growth. Mito-tra,
a prevalent mitochondrial stain, interacts with active mito-
chondria, emitting red uorescence. The intensity of this uo-
rescence is directly proportional to cellular activity. As shown in
Fig. 9(A) and (B), there was a notable reduction in the red
uorescence intensity of Mito-tra when TBHP was introduced,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Live cell staining plots of hydrogel composite nerve conduit immersion solution after days 1, 3 and 5 of culturing RSC96 cells (scale bar
= 10 mm). (B) OD values of hydrogel composite nerve conduit extraction solution after culturing RSC96 cells on days 1, 3 and 5 (*p < 0.05, **p <
0.01).

Fig. 9 (A) Fluorescence staining of mito-tra and DAPI in RSC96 cells post-treatment with different materials (scale bar= 10 mm). (B) mito-tra red
fluorescence intensity following treatment with various materials (*p < 0.05, **p < 0.01).
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in comparison to the control, thereby validating the model. The
uorescence intensity in the ZPG group was comparable to that
of the TBHP group due to the lack of MT. However, upon adding
MT, the uorescence intensity in the ZPG group signicantly
surpassed that of the control (*p < 0.05), highlighting the anti-
oxidant attributes of MT and its benecial effect on celluar
growth. Notably, the ZBZPGM group exhibited the highest
uorescence intensity, suggesting a synergistic effect between
MT and BBR (**p < 0.01), which is more conducive to cell
proliferation.

3.5 Electrical stimulation experiment

As shown in Fig. 10(A) and (B), there is a direct correlation
between increased voltage of electrical stimulation and the OD
value of the cells; as the voltage increases, so does the OD value.
© 2025 The Author(s). Published by the Royal Society of Chemistry
This increase is more pronounced within the 100 mV range.
However, it was observed that as the voltage continued to rise in
later stages, the growth rate of the cell's OD value decelerated.
The study also examined the impact of the duration of external
electrical stimulation on cell proliferation under a xed stim-
ulation voltage. It was found that the highest OD value indi-
cating optimal cell growth conditions was achieved when the
electrical stimulation was set at 36 h. In conclusion, for
subsequent electrical stimulation experiments, the selected
parameters were a stimulation voltage of 250 mV and a stimu-
lation duration of 36 h.

Fig. 10(C) depicts the uorescence staining graphs of RSC96
cells, while Fig. 10(D) illustrates the OD measurements of
RSC96 cells post electrical stimulation. These graphs suggest
that external electrical stimulation does not signicantly
RSC Adv., 2025, 15, 14136–14151 | 14147
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Fig. 10 (A) OD values of RSC96 cells following stimulation at varying voltages. (B) OD values of RSC96 cells following varying duration of
electrical stimulation. (C) Fluorescent staining of RSC96 cells following electrical stimulation experiments (scale bar = 10 mm). (D) OD values of
RSC96 cells post-electrical stimulation (*p < 0.05, **p < 0.01).
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inuence cell growth in both the ZP hydrogel and ZP (ES)
hydrogel groups. This is largely due to the absence of conduc-
tive substances which prevents direct microcurrent stimulation
through the medium liquid. However, once GO is incorporated
into the hydrogel, the material exhibits conductivity, enabling it
to mediate electric current and thus stimulating the cells
adhered to it. Cells in the ZPG (ES) group predominantly
exhibited a shuttle structure with evident axons, signifying clear
cell differentiation. The quantity of these cells was large and
they were densely spread. On the other hand, the ZPG group had
fewer cells with a more rounded morphology and limited axon
growth compared to the ZPG (ES) group. Interestingly, the L-
ZBZPGM (ES) group displayed dense cell growth with extensive
axon development forming a network. In comparison, the L-
ZBZPGM group, while having fewer cells, still demonstrated
good growth with some presence of axons. The L-ZBZPGM group
exhibited a small number of cells with satisfactory growth, and
some cells developed axons. A comparative analysis of cell
numbers and axon presence suggests that the addition of GO to
the hydrogel allows it to conduct microcurrent, generating
electric stimulation for the adhered cells. This consequently
promotes cell proliferation, differentiation, and growth to
a certain degree.
4. Conclusion

L-ZBZPGM exhibited superior mechanical properties and
degradation characteristics, with its three-dimensional struc-
ture ensuring the sustained release of BBR and MT. Fluores-
cence staining of RSC96 cells demonstrated that Zein modied
with Cys was more conducive to cell growth. The LPS test using
14148 | RSC Adv., 2025, 15, 14136–14151
Raw264.7 cells proved that the nerve conduit loaded with BBR
had signicant anti-inammatory effects. The use of RSC96
cells with TBHP to simulate peroxide environment showed that
the hydrogel loaded with MT had antioxidant properties.
Moreover, the incorporation of conductive GO combined with
electrical stimulation could induce rapid proliferation of RSC96
cells, indicating that L-ZBZPGM could enhance nerve regener-
ation under electrical stimulation. BBR served to mitigate the
impact of inammatory factors on cells, while MT enhances
mitochondrial activity to combat peroxidative factors. Together,
they exerted synergistic effects to promote nerve regeneration.

This study has conrmed that L-ZBZPGM can overcome the
limitations of single nerve conduit repair, making it an ideal
drug delivery carrier and a promising material for applications.
Despite the great potential shown by hydrogel composite nerve
conduits, further research is needed to comprehensively
understand their degradation and drug release rates within the
body. Additionally, the impact of excess energy on cells during
electrical stimulation also warrants in-depth investigation. We
plan to conduct animal experiments next to further explore the
degradation and nerve repair effects of L-ZBZPGM in vivo.
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