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A B S T R A C T

In recent years, electroconductive hydrogels (ECHs) have shown great potential in promoting nerve regeneration
and motor function recovery following diabetic peripheral nerve injury (PNI), attributed to their similar electrical
and mechanical characteristics to innate nervous tissue. It is well-established that PNI causes motor deficits and
pain, especially in diabetics. Current evidence suggests that ropivacaine (ROP) encapsulated in poly lactic-co-
glycolic acid (PLGA) microspheres (MSs) yield a sustained analgesic effect. In this study, an ECH electro-
conductive network loaded with MS/ROP (ECH-MS/ROP) was designed as a promising therapeutic approach for
diabetic PNI to exert lasting analgesia and functional recovery. This dual delivery system allowed ROP's slow and
sequential release, achieving sustained analgesia as demonstrated by our in vivo experiments. Meanwhile, this
system was designed like a lamellar dressing, with desirable adhesive and self-curling properties, convenient for
treating injured nerve tissues via automatically wrapping tube-like structures, facilitating the process of im-
plantation. Our in vitro assays verified that ECH-MS/ROP was able to enhance the adhesion and motility of
Schwann cells. Besides, both in vitro and in vivo studies substantiated that ECH-MS/ROP stimulated myelinated
axon regeneration through the MEK/ERK signaling pathway, thereby improving muscular denervation atrophy
and facilitating functional recovery. Therefore, this study suggests that the ECH-MS/ROP dressing provides a
promising strategy for treating diabetic PNI to facilitate nerve regeneration, functional recovery and pain relief.
1. Introduction

Peripheral nerve injury (PNI) is still a major cause of physical
disability that may lead to different sensory and motor dysfunction
levels, resulting in a reduced quality of life and a heavy burden on the
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healthcare system [1,2]. Peripheral nerve repair is often more chal-
lenging in diabetics attributed to long-term insulin resistance, hyper-
glycemia, and microvessel complications exacerbating axon
degeneration, segmental demyelination, delayed regeneration of
impaired nerves, and even denervated muscle atrophy [1,3,4]. Different
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approaches are indicated depending on the type and extent of PNI,
including pharmaceuticals, decompression, neurorrhaphy, and grafting
(allografts and autografts) [5–8]. However, pharmaceuticals alone play a
negligible role in PNI repair since they are mainly used for symptom
management with limited capacity to stimulate nerve regeneration and
have shortcomings such as in vivo redistribution and rapid degradation
[1,5,7,8]. Besides, surgery is also limited in the treatment of PNI, such as
nerve decompression only focusing on alleviating further damage, neu-
rorrhaphy leading to excessive tension, nerve grafting with limited sup-
ply, unavoidable mismatching size, and low achievement ratios of
favorable functional recovery [4,6,7,9,10]. Given the challenge of
repairing damaged nerves, especially for patients with diabetes mellitus
(DM), novel strategies are required to effectively promote nerve regen-
eration [4,11,12].

The past few years have witnessed a burgeoning interest in biocom-
patible electroconductive hydrogels (ECHs) with electroconductive and
soft mechanical properties compatible with endogenous nerve tissue to
enhance neuronal differentiation and axonal regeneration [3,13–15]. It is
widely acknowledged that electrical signals are crucial for nerve
regrowth, remyelination and maturation in the innate nervous system [3,
13–16]. Combining electrically conductive components with a hydro-
philic matrix into the extracellular environment is able to promote the
intercellular transduction of electric signals [3,13–15]. Thus, simulating
the desirable electroconductive characteristics of the intrinsic nervous
system is beneficial for nerve regrowth after PNI [3,13–15]. In previous
reports, several soft, adhesive, conductive, and biocompatible ECHs were
designed and could sufficiently stimulate neuronal and/or axon regen-
eration regrowth after PNI or spinal cord injury (SCI), consequently
restoring motor function [3,13–15].

Nonetheless, there is an increasing consensus that PNI causes motor
deficits and results in unbearable and sustained pain, including both
inflammatory and neuropathic pain [7,17–21]. Worse, diabetic patients
suffering PNI may exacerbate inflammatory pain due to the preexisting
neuroinflammation [22,23]. Notwithstanding that electroconductive
Fig. 1. The functional groups, chemical bonds and production of ECH-MS/ROP and
after diabetic PNI.
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hydrogels have shown great potential in enhancing nerve repair, their in
vivo application may lead to foreign body inflammatory responses,
thereby exhibiting a limited ability to attenuate or even aggravate acute
pain after PNI [15]. At present, pain after PNI can bemanaged by opioids,
non-steroidal anti-inflammatory drugs (NSAIDs) and local anesthetics
[17,18,20,24–26]. Nevertheless, long-term use of opioids and oral
administration of NSAIDs will bring potential side effects [24–27]. Over
the years, the application of local anesthetics during peripheral nerve
block has gained significant popularity due to their superior analgesic
effect with fewer complications and lower consumption of opioids
[24–26]. Among these, ropivacaine (ROP) has a longer duration of action
with lower cardio and neurotoxicity [26]. Nonetheless, local anesthetics
require multiple administrations or continuous catheter infusion to
achieve a sustained analgesic effect which may cause local adverse re-
actions such as dislodgement, leakage, infection, epidural hematoma and
nerve impairment, and systemic toxicity [24–26]. Consequently, much
emphasis has been placed on designing local anesthetics delivery systems
with long-acting analgesics to minimize the associated side effects
[24–26]. In recent years, polymer microspheres (MSs), specifically MSs
prepared by poly lactic-co-glycolic acid (PLGA) with desirable biocom-
patibility, biodegradability, and stability during manufacturing and
storage, have been employed extensively as carriers for local anesthetics
to prolong analgesia [24,25,28,29]. Several studies have demonstrated
that local anesthetics encapsulated by PLGA MSs exhibiting sustained
release and lasting analgesia perform well against postoperative or
neuropathic pain [24,25,28,29]. In this regard, there is an increasing
consensus that combining hydrogels with MSs or nanoparticles yields a
better analgetic effect since hydrogels can limit the diffusion of MSs or
nanoparticles away from the lesion site [21,24–26].

Herein, we designed a MS/ROP-loaded ECH dressing, termed as ECH-
MS/ROP, which showed outstanding electroconductivities, mechanical
characteristics, biocompatibility, and prolonged release of local anes-
thetics to yield nerve regrowth, motor function restoration, and long-
acting analgesia following diabetic PNI (Fig. 1). In this composite, ECH
its ability to promote nerve regeneration, functional restoration and pain relief
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consisted of polypyrrole (PPy) and tannic acid (TA) with soft, water-rich,
porous, adhesive, and self-curling properties. Next, MS/ROP based on
PLGA and ROP free base was embedded in the ECH network. We detected
this composite's micromorphological, mechanical, electrical, and drug-
release properties. Subsequently, the in vitro cell biocompatibility,
attachment, migration, and neurite elongation of Schwann cells and/or
PC-12 cells on this composite were evaluated. Furthermore, nerve
regrowth, functional restoration and prolonged pain relief were assessed
in a diabetic sciatic nerve injury model to examine the dual therapeutical
effect of ECH-MS/ROP.

2. Materials and methods

2.1. Fabrication of ROP-loaded PLGA MS

MS/ROP was prepared via emulsion-solvent evaporation in accor-
dance with prior protocols with minor modifications [24,25,28,29].
Briefly, 100.0 mg of ROP (Accela, Shanghai, China) and 100.0 mg of
PLGA (Birmingham Polymers, Birmingham, USA) were dissolved in 2.0
mL of dichloromethane (DCM, Aladdin, China), followed by sonication
for 1 min until complete dissolution, as an organic oil phase. This mixture
was dropwise transferred to 20.0 mL of 1.5% (W/V) Polyvinyl alcohol
(PVA, Aladdin, China) solution for further mixing evenly under a
high-speed shearing machine (IKA, Germany) at 2000 rounds per minute
(rpm) for 2 min. Then, the acquired emulsion was directly mixed with
60.0 mL of 0.5% (W/V) PVA aqueous solution, followed by stirring for
6–8 h for evaporating DCM. Subsequently, the solidified MS/ROP of
which diameter exceeded 100 μmwas removed through a standard sifter.
After centrifugation at 4500 rpm for 5 min, the remaining MS/ROP was
collected and washed thrice with deionized (DI) water for purification,
followed by lyophilizing for subsequent use.

2.2. Examination of drug loading content (DLC) of MS/ROP

The DLCwas determined by ultraviolet–visible (UV–vis) spectroscopy
[24,25]. Briefly, 50.0 mg of ROP was accurately weighed and dissolved
in a 100.0 mL volumetric flask, adding methanol to form an ROP solution
(0.5 mg/mL). Next, a series of ROP solutions of different concentrations
were prepared to measure the corresponding absorption values at 245
nm using a UV–vis spectrometer (ThermoFisher Scientific, USA). A
calibration curve was obtained by linear regression of ropivacaine con-
centration versus the absorption value utilizing Origin 2022. Next, 1.0
mL of DCM was used to dissolve 10.0 mg of MS/ROP. Samples were
ultrasonicated to split MS/ROP and diluted with methanol to a final
volume of 10.0 mL. After centrifugation of the mixed solution at 4500
rpm for 5 min, the supernatant was collected. Finally, the concentration
of ROP was acquired based on the calibration curves by detecting the
absorption value at 245 nm. DLC was calculated based on formula (1).

DLC ð%Þ¼ WROP

WMS=ROP
� 100% (1)

where WROP indicates the weight of ROP in MS/ROP, and WMS/ROP
represents the weight of MS/ROP.

2.3. Fabrication of ECH

Based on our prior synthesis procedure, 4 mg of TA (Aladdin, China)
was first weighed and dissolved in 0.6 mL of DI water. Subsequently, 35
μL (equal to 0.5 mmol) of pyrrole (Py, 99%, Aldrich, St. Louis, USA) was
mixed with the aforementioned TA solution and stirred for the produc-
tion of solution I. Next, 0.6 mL of DI water was used to dissolve 0.316 g of
ferric chloride hexahydrate (FeCl3⋅6H2O, 98%, Aladdin, China) powder
to prepare Solution II. Further, gelation was induced by mixing Solutions
I and II at 4 �C. Finally, the hydrogels were purified by immersing them in
DI water overnight [3,13].
3

2.4. Fabrication of ECH-MS/ROP system

According to the effective dose (12 mg/kg) of ROP applied in rats
from the literature, 75 mg lyophilized MS/ROP powder was mixed with
solution I and stirred to obtain solution III [28,29]. Similarly, solutions II
and III were mixed gently at 4 �C for gelation.

2.5. Characterization of ECH-MS/ROP hydrogel

2.5.1. Scanning electron microscopy (SEM)
The detection of samples' morphology was performed by utilizing

SEM (ZEISS Ultra 55, Germany) at 10 kV accelerating voltage [3,15,30].
The hydrogels were freeze-dried and sputter-coated with platinum (Pt)
for subsequent visualizing scan.

2.5.2. Fourier transform infrared spectroscopy (FTIR)
The chemical composition and functional groups of the samples were

examined using a Nicolet IS10 spectrometer (Thermo Scientific, USA)
over 32 scans at a 4 cm�1 resolution [3,13,15,30]. After lyophilization of
samples, they were pulverized and pressed into tablets. The results were
recorded by the corresponding spectrum software.

2.5.3. Rheological experiments
The rheological properties of the samples were determined by a ro-

tary rheometer (Physician MCR301, Anton Paar, Austria) [3,13,30]. A
constant strain of 1% was set for the angular frequency sweep from 0.1
Hz to 10 Hz. The acquisition of elastic modulus (storage modulus, G0) and
viscous modulus (loss modulus, G00) were obtained from the typical re-
gions of frequency-modulus curves, respectively.

2.5.4. Electrical properties
The characterizations of the conductive properties of hydrogels,

which includes the cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS), were achieved by an electrochemical
workstation (Zennium Zahner, Germany) [3,13–15,30]. These tests
required a counter electrode (platinum) and a reference electrode
(Ag/AgCl). Samples were immobilized on the indium tin oxide (ITO)
glass as a working electrode was prepared by, which was immersed into
an electrolyte solution of phosphate-buffered saline (PBS) (pH ¼ 7.4, 0.1
M). The CV experiments were carried out with a sweep rate of 10 mV/s
and a potential between�0.8 V to 1.0 V. This three-electrode system was
used to assess the EIS spectra with a fixed amplitude of 5 mV and a fre-
quency from 1 � 10�2 Hz to 1 � 106 Hz.

2.5.5. Spatial distribution of MS/ROP in the ECH-MS/ROP
MS, ROP and ECH were first labeled by rhodamine B (RhB, Aladdin,

China), fluorescein isothiocyanate (FITC, Aladdin, China), and diamidino
phenylindole (DAPI, Beyotime, China), respectively, and visualized
under a confocal laser scanning microscopy (Leica TCS SP8, Germany)
[24,25]. To prepare the RhB-labeled MS, 0.2 mg of RhB and 100.0 mg of
PLGA were dissolved in 1.0 mL of DCM. To prepare the FITC-labled ROP,
0.2 mg of FITC 100.0 mg of ROP were dissolved in 1.0 mL of DCM. Next,
the solution of RhB-labeled MS and FITC-labled ROP was mixed and the
labeled MS/ROP was synthesized via an emulsion-solvent evaporation
method in the dark. For preparation of the DAPI-labled ECH, 0.2 mg of
DAPI and 4 mg of TA was dissolved in 0.6 mL of DI water and the labeled
ECH was fabricated as described above (in the dark). Finally, the spatial
distribution of MS/ROP in the labeled ECH-MS/ROP was observed.

2.5.6. In vitro release characteristics of ROP
A direct release approach was used to determine the release charac-

teristics of ROP from MS/ROP and ECH-MS/ROP [24,25]. In brief, the
MS/ROP powder (75 mg) and ECH-MS/ROP dressing (75 mg MS/ROP)
were separately incubated in 5.0 mL of PBS. The centrifuge tubes were
then shaken at 37 �C at 70 rpm. The supernatant was collected at spec-
ified intervals within 8 days and stored at 4 �C for further measurement



Table 1
Primer sequences of each gene.

Target Forward Reverse

GAPDH AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT
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after centrifugation at 4500 rpm for 5 min. An isometric fresh PBS was
added to the centrifuge tubes and incubated. The amounts of ROP
released into the supernatant were measured via ultraviolet–visible
(UV–vis) spectroscopy.
NF GTTCCGAGTGAGGTTGGACC CCGCCGGTACTCAGTTATCTC
GAP43 GCACATCGGCTTGTTTAGGCT GGAGGGAGATGGCTCTGCTACT
TUJ1 CCCGTTTTAGCCACCTTTGTATT CCCTCCAAATATAAACACAACCC
SYN CTTCCTGGTTGGGGACTACTCCTC GCGAACACGGCTGTAGCCAGAAAG
2.6. In vitro experiments

2.6.1. Preparation and culture of rats dorsal root ganglion (DRG), Schwann
cells, and PC-12 cells

DRGs were extracted from 3-day old Sprague Dawley (SD) rats.
Briefly, after horizontal dissection of spinal canal, the DRGs were iso-
lated, followed by membrane peeling under a stereomicroscope. The
DRGs were cultured on the standard glass slide, ECH, and ECH-MS/ROP,
respectively, with specific culture medium containing neurobasal-A
(Gibco, USA), 50 ng/mL nerve growth factor (NGF, PeproTech, USA),
1 � B-27 supplement (Gibco, USA), 1 � penicillin/streptomycin (Gibco,
USA), and 1�glutamine (Gibco, USA) at 37 �C under 5% CO2 [3].
Schwann cells and PC-12 cells were acquired from the ATCC (Manassas,
USA) and cultured in high glucose Dulbecco's modified Eagle's medium
(DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, USA) under an identical atmosphere to the DRGs.

2.6.2. Cell biocompatibility and viability evaluation
The in vitro biocompatibility of each sample was assessed by the live/

dead staining, cell counting kit-8 (CCK-8, Beyotime, China), and cyto-
skeletal staining assays [3,15,30]. For the live/dead staining assay, 5 �
105 Schwann cells and PC-12 cells were separately co-cultured with each
sample for 24 h. After that, each sample was co-incubated with the
live/dead working solution, including PBS, Calcein-AM (Invitrogen,
USA), and propidium iodide (PI, Invitrogen, USA) for 30 min. The results
were visualized under a confocal reflection microscope (ZEISS LSM 980,
Germany). To assess the proliferation of Schwann cells and PC-12 cells of
each group for 1, 3, and 7 days, a concentration of 100 μL/mL CCK-8
solution (Beyotime, China) was prepared and then supplemented into
each well with a density of 5 � 105 cells for incubating for 2 h. Next, an
enzyme labeling instrument (BioTech, Germany) was applied to detect
the optical density (OD) value of each group at 450 nm wavelength after
100 μL of suspension was transferred into a 96-well plate. The cyto-
skeletal staining assay was detected after 1 � 105 cells (Schwann cells or
PC-12 cells) were seeded on each sample for 3 days. After fixation with
4% paraformaldehyde and staining with Actin Tracker Green (Beyotime,
China) and Hoechst (Beyotime, China), the images were captured by a
laser confocal reflection microscope (ZEISS LSM 980, Germany).

2.6.3. Artificial wound for cell migration assay
It has been universally acknowledged that the migration of Schwann

cells is vital for successful peripheral nerve repair as migrating Schwann
cells form a cord in the nerve bridge, generate a regenerative micro-
enviroment, support the axons metabolism, affect the myelination pro-
cess and guide axon regeneration [3,31–33]. Therefore, to investigate the
cell motility ability on each sample, an artificial wound was made by
creating a longitudinal scratch after the Schwann cells approximately
reached a confluence of 90% and cultured for 12 h and 24 h [3,30]. Then,
the detached cells were removed by washing with PBS thrice. Finally,
after staining with Calcein AM (Invitrogen, USA), the graphs were
captured by a laser confocal reflection microscope (ZEISS LSM 980,
Germany).

2.6.4. Gene expression
First, a total RNA extraction kit (Omega, USA) was used to obtain the

total RNA [3,15,30]. Next, cDNA was acquired by reversely transcribed
total RNA with a reverse transcription kit (Thermo Fisher, USA) for
real-time qPCR (RT-qPCR) on the QuantStudio 5 (Thermo Fisher, USA).
This assay was conducted thrice before analysis via the 2–ΔΔCt approach.
The primers used for each gene are presented in Table 1.
4

2.6.5. Immunofluorescence (IF) assay
To carry out the IF assay, cells or tissues were first fixed in 4%

paraformaldehyde for 30 min. Subsequently, they were immersed in
0.5% Triton X-100 (Biofroxx, Germany) for 20 min for permeabilization
and blocked by 3% bovine serum albumin (BSA, Biofroxx, Germany) for
60 min at room temperature. Then, specific primary antibodies was
prepared and added into the samples for reaction overnight at 4 �C
(Table 2). Secondary antibodies were added for further reaction for 60
min at room temperature. Ultimately, the nuclei were stained with
Hoechst 33342 (Beyotime, China), followed by visualization under a
laser confocal microscope (ZEISS LSM 980, Germany) [3,15,30].

2.6.6. Western blot (WB) experiment
To extract proteins, cells or the harvested tissues were first dissolved

in a radio-immunoprecipitation assay (RIPA, CWBIO, China) buffer
supplemented with phosphatase and protease inhibitors (Thermo Fisher,
USA) on ice for 30 min. The supernatant was harvested and preserved at
�20 �C for further utilization after centrifugation at 4 �C. The BCA assay
kit (Beyotime, China) was applied to measure the total protein concen-
tration. Protein was denatured by heating at 100 �C for 10 min. Next,
equal amounts (40 μg) of protein were added to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred
onto the polyvinylidene difluoride (PVDF, Thermo Fisher, USA) mem-
branes. After blocking with 5% non-fat milk for 60 min, the PVDF
membranes were incubated with the primary antibodies (Table 2)
overnight at 4 �C and respective secondary antibodies for 1 h. An
enhanced chemiluminescence (ECL, Thermo Fisher, USA) kit was applied
to visualize the protein bands. Finally, the images were captured by the
GelView 6000 Pro (BLT, China) and quantified utilizing ImageJ software
[3,15,30].
2.7. In vivo experiments

2.7.1. Ethics statement
All animal experiments were conducted in compliance with the re-

quirements of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals after obtaining the approval of the Animal
Experimental Ethics Committee of Southern Medical University Nanfang
Hospital.

2.7.2. Establishment of diabetic sciatic nerve crush injury model
Adult male SD rats (weight 320–360 g) were utilized in the present

study. As previously documented, rats were intraperitoneally injected
with streptozotocin (STZ) solution at 70 mg/kg for the establishment of a
diabetic model [3]. A random blood glucose concentration above 16.7
mmol/L indicated DM based on current guidelines [3,34]. 27 rats with
DM were randomly assigned to three groups; the PNI group (n ¼ 9), the
ECH group (n¼ 9), and the ECH-MS/ROP group (n¼ 9). Fig. S1 provides
the details on the weight and blood glucose values of each group.

Xylazine (5 mg/kg) and ketamine (70 mg/kg) were mixed for anes-
thesia of the diabetic rats via intraperitoneal injection. The establishment
of diabetic sciatic nerve crush injury model was based on previously
described surgical protocols [3,4,26,35]. After skin incision (1.5 cm) on
the left thigh, the sciatic nerve was exposed by a blunt dissection of the
gluteal muscle. Two vascular clips (30 g force for 120 s) were used to
induce sciatic nerve (0.5 cm near to the sciatic notch) crush injury. The



Table 2
Information about primary antibodies used in the present study.

Antibodies Species Type Dilution (IF/WB) Source

Anti-GAPDH Rabbit Monoclonal lgG 1:1000 CST, America
Anti-Neurofilament (NF) Rabbit Polyclonal lgG 1:200/1:1000 ProteinTech, China
Anti-Growth-associated Rabbit Polyclonal lgG 1:2000 ProteinTech, China
protein-43 (GAP43)
Anti-Myelin basic protein Rabbit Polyclonal lgG 1:2000 ProteinTech, China
(MBP)
Anti-S100 beta (S100) Rabbit Polyclonal lgG 1:1000 ProteinTech, China
Anti-MEK1/2 Mouse Monoclonal lgG 1:1000 CST, America
Anti-Phospho-MEK1/2 Rabbit Monoclonal lgG 1:1000 CST, America
(Ser217/221)
Anti-p44/42 MAPK Rabbit Monoclonal lgG 1:1000 CST, America
(Erk1/2)
Anti-Phospho-MAPK Rabbit Monoclonal lgG 1:1000 CST, America
(Erk1/2) (Thr202/
Ty204)
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PNI group only experienced nerve impairment without any treatment. In
the two treatment groups, ECH and ECH-MS/ROP were implanted
around the injured nerve and automatically wrapped tubular structures,
respectively. Finally, the muscle and skin layer were sutured successively
and intermittently by 4/0 Mersilk sutures. The right hind limb of the
animal was regarded as the nonoperative control. After the surgery, the
rats were well-fed and kept warm.

2.7.3. Analysis of mechanical allodynia
Based on previously documented approaches, a rat was placed in an

individual chamber on a metal mesh and allowed to adapt to the envi-
ronment for 1 h before testing [36–39]. Mechanical allodynia was
determined by measuring the paw withdrawal threshold (PWT) with
ascending forces induced by von-Frey filaments (4, 6, 8, 10, 15, 26, 60,
100, and 180 g). Positive responses were recorded when the force elicited
the withdrawal, biting or licking of the posterior paw. Five repeated
stimulations were conducted for each rat at a 60-s interval. This experi-
emt was performed before (6 h) and after the operation at predefined
time points (12, 24, 36, 48, 60, 72, 84, 96, 108, 120, 144, 168, and 192
h). PWT was measured twice daily from day 1 to day 5 and once daily
from day 6. An increase of PWT represented a reduction in mechanical
allodynia or pain easement. A schematic illustration portraying this
experiment is shown in Fig. 6A.

2.7.4. Accessment of thermal hyperalgesia
Thermal hyperalgesia could be evaluated via a hot plate experiment

which was modified based on prior researches [26,37]. Briefly, the rats
were placed in an individual chamber on a thermally conductive floor,
then their posterior paws were allowed to touch a heated plate warmed
to 56 �C. Thermal withdrawal latency (TWL) was recorded as the time the
animals took to raise or lick their hind paws. The animals were accli-
mated 1 day before the procedure to evaluate and identify the baseline of
TWL. This assay was performed before (4 h) and after surgery (12, 24, 36,
48, 60, 72, 84, 96, 108, 120, 144, 168, and 192 h). Correspondingly, TWL
was measured twice daily from day 1 to day 5 and once daily from day 6.
The assays performed prior to the operation (4 h) served as the TWL
baseline. Similarly, five repeated exposures were performed for each
animal and the mean value was adopted. The tests were conducted at
1-min intervals to prevent tissue scald. Consistently, an increase of TWL
indicated a decrease in thermal hyperalgesia or pain easement. A sche-
matic illustration portraying this experiment is shown in Fig. 6D.

2.7.5. Evaluation of motor function
The walking track measurement carried out 2, 3, and 4 weeks after

the surgery was used to evaluate the motor function restoration [3,30].
After coating the posterior paws of the rats in non-toxic blue ink, they
were allowed to walk from one end to the other end of the sidewalk. The
distances of footprints, which included print length (PL, distance
5

between the third toe to the heel), toe spread (TS, distance between the
first to the fifth toe), and intermediate toe spread (ITS, distance between
the second to the fourth toe) were measured for to calculate the sciatic
function index (SFI). A schematic illustration displaying the measured
footprint parameters is shown in Fig. 6G. The following formula was used
to calculate the SFI (2):

SFI¼ � 38:3�
�
PLExp � PLCtrl

�

PLCtrl
þ 109:5�

�
TSExp � TSCtrl

�

TSCtrl

þ 13:3�
�
ITSExp � ITSCtrl

�

ITSCtrl
� 8:8

(2)

where Ctrl and Exp indicate the control and experimental sides, respec-
tively.

2.7.6. Evaluation of hemocompatibility and in vivo biocompatibility
To evaluate the hemocompatibility of samples, they were separately

co-incubated with fresh whole blood collected from rats at 37 �C for 4 h.
A negative and a positive group were set by adding PBS and Triton-100X,
respectively. After centrifugation at 10,000 g for 5 min at 4 �C, the su-
pernatant was added to a 96-well plate, and the absorbance was
measured at 540 nm by an enzyme-labeling instrument (BioTech, Ger-
many) [3,14,30]. The following equation was applied for the calculation
of hemolysis percentage (3):

Hemolysis ð%Þ¼ODSample � ODPBS

ODTriton � ODPBS
� 100% (3)

where OD indicates the optical density.
In addition, the levels of biochemical parameters which includes

alanine aminotransferase (ALT), aspartate aminotransferase (AST) and
total protein (TP) were measured to detect the in vivo biocompatibility of
materials after collecting whole blood from 4-weeks treated rats. Main
organs, including the heart, lung, liver, spleen and kidney, were stained
by hematoxylin-eosin (H&E) for histological analysis [3,14,30].

2.7.7. Morphological evaluation for gastrocnemius muscle and sciatic nerve
After 4 weeks of treatment, animals were under deep anesthesia after

injection of 0.6% sodium pentobarbital and then were sacrificed.
Gastrocnemius muscles and regrown nerve fibers and were dissected,
followed by fixing in 4% paraformaldehyde for 24 h before embedding in
paraffin. Nerve tissues were longitudinally embedded in paraffin for
better morphological observation. Next, 10 μm-thick slices were cut
followed by staining with H&E and Masson trichrome staining (MTS).
Besides, HE and MTS were also used to stain 30 μm-thick transverse
sections of ipsilateral gastrocnemius muscles to observe their histological
changes [3,30]. The images of each tissue were captured using a slide
scanner.
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2.7.8. Axon myelination assessment
To assess the axon myelination, toluidine blue staining (TBS) and

transmission electron microscopy (TEM) were performed to observe the
middle regions of regenerated nerves harvested 4 weeks after surgery [3,
30]. Epoxy resin was used to embedd the samples after dewaxing. Next,
samples were cut into semi-thin (1 μm) transverse sections for TBS and
ultrathin (50 nm) transverse sections for TEM (HT7700, Japan).

2.8. Statistical analysis

Statistical analyses were performed utilizing GraphPad Prism 8 soft-
ware (GraphPad Software, USA) and SPSS version 23 (IBM, USA). All
quantitative data were presented as mean � standard deviation (SD).
Groups were compared by unpaired t-tests (two groups) or one-way
analysis of variance (ANOVA) with Bonferroni's test (three or more
groups) when data were normally distributed. Groups were compared by
the Kruskal-Wallis test when data were nonparametric. A P-value <0.05
was statistically significant.

3. Results and discussion

3.1. Synthesis of ECH-MS/ROP composite

Fig. 2A depicts the material synthesis process and brief chemical
constitution of the ECH-MS/ROP. The ROP-encapsulated MS was pre-
pared by emulsion solvent evaporation, followed by lyophilizing to
obtain white powders. The DLC of MS/ROP acquired via a UV–vis
method was approximately 41 wt%. The ECH was formed via rapid
gelation within 2 s due to the crosslinking of TA and PPy after supple-
mentation of FeCl3 (oxidative initiator). The phenol hydroxy groups on
TA and the protonated nitrogen groups on PPy produce intermolecular
electrostatic interactions to facilitate this crosslinking. Furthermore, it
has been established that TA acts as a dopant due to that it protonates the
nitrogen groups of PPy to be electroconductive [3,13]. Interestingly, Fe3þ

promotes the gelation process since the Fe3þ ions enable the Py to
polymerize via oxidation and further ionically crosslinks with TA [3,13].
Notably, this dual and specific function of Fe3þ ions cannot be replaced
by other metallic ions, such as magnesium. Although magnesium has
been reported to effectively facilitate nerve repair by enhancing nerve
regeneration, angiogenesis and blood supply, it can only act as an ionic
crosslinker and cannot promote the gelation process of ECH due to the
lack of oxidation ability to facilitate the polymerization of Py [3,13,
40–42]. In addition, to verify the significance of Fe3þ ions, previous study
had used ammonium peroxydisulfate (APS) as an oxidant instead of
FeCl3, which was unable to form gelatin due to the lack of ionic cross-
linker [13]. Finally, the MS/ROP is entrapped into the hydrogel internal
network to form the ECH-MS/ROP composite by mixing the MS/ROP
powders with TA-Py solution and Fe3þ solution for gelation.

3.2. Characterization of ECH-MS/ROP composite

The FTIR spectrum of the ROP exhibited several characteristic peaks.
The peaks at 3200 cm�1 and 1650 cm�1 corresponded to N–H stretching
and C––O of the amide bond, respectively (Fig. 2B) [43,44]. Besides, the
peaks at 1600, 1580, and 1450 cm�1 could be attributed to the benzene
ring group (stretching and bending vibrations of the C–H) (Fig. 2B) [43].
The typical peaks in the PLGA-MS spectrum could be observed at 3000,
1760, and 1175 cm�1, corresponding to the stretching vibrations of C–H,
C–O, and C–O–C, respectively (Fig. 2B) [45,46]. The MS/ROP spectrum
was similar to that of the ROP and PLGA-MS, indicating that the MS/ROP
was successfully prepared (Fig. 2B). As shown in Fig. 2C, the ECH spec-
trum was almost identical to the pristine PPy, suggesting that PPy is a
major component of this hydrogel. Since PPy possesses outstanding
electroconductive properties and biocompatibility, it is widely applied in
neural tissue engineering. Besides, PPy polymer has been reported to
improve neuronal activity and promote neuronal outgrowth [13]. The
6

stretching vibrations of the C–Nþ bonds and C––Nþ�C bonds were
observed at 1174 cm�1 and 903 cm�1 in the ECH spectrum respectively
(Fig. 2C), confirming a highly mixed level in the ECH [3,13]. Finally, the
characteristic peaks of the main groups and bonds could be seen in the
ECH-MS/ROP spectrum (Fig. 2D), implying the successful embedment of
MS/ROP into the ECH network.

It is noteworthy that the addition of MS/ROP did not affect the
crosslinking and gelation time (within 2 s) of ECH (Fig. 2E). SEM imaging
showed that MS/ROP (7.15 � 2.30 μm) exhibited round spheres with a
nonporous and smooth surface, while ECH exhibited a 3D highly porous
structure and interconnected globular nanoparticles of PPy on the surface
(Fig. 2F–G) [15]. Furthermore, MS/ROP was successfully embedded
within the porous ECH and still maintained their round morphology
(Fig. 2H). The porous network in ECH not only provided favorable space
for nerve cell penetration, adhesion and extension but also effectively
limited the diffusion of MS/ROP away from the lesion site [3,13,15].

ROP encapsulated in MS with or without hydrogel loading was
evaluated to examine whether ECH could prolong drug release. MS/ROP
and ECH-MS/ROP could release ROP into PBS solution when placed in a
shaking incubator at 37 �C at 70 rpm for 8 days. The cumulative release
profiles of ROP from MS/ROP and ECH-MS/ROP are exhibited in Fig. 2I.
Briefly, biphasic in vitro release profiles of ROP from MS/ROP were
observed, containing an incipient rapid release and a subsequent gradual
release. 29.64% of the drug were released from MS/ROP within the first
24 h. In contrast, ROP was released more stably from the ECH-MS/ROP
composite, with a significantly diminished rapid release rate of 20.36%
within the first 24 h (P < 0.01). Furthermore, over 8 days, a sustained
release of 60.36% in the ECH-MS/ROP composite and 74.83% in the MS/
ROP implied that the porous ECH network could prolong the delivery of
local anesthetics. During the first phase (within 24 h), the increase in the
initial release of MS/ROP could be attributed to the presence of ROP near
or on the surface of MS, which diffused rapidly once immersed in the
external liquid. Nevertheless, for the ECH-MS/ROP delivery system, MS/
ROP was maintained in the matrix of ECH and the release of the ROP
molecules dispersed in the ECH was further slowed by the surrounding
hydrogel matrix, thereby preventing the rapid release [25,47]. During
the second phase (after 24 h), the steady and slow drug release was
attributed to the diffusion from the MS and the outer hydrophilic ECH
[25,47].

To further detect the 3D distribution of MS/ROP in the ECH-MS/ROP
system, MS, ROP and ECH were labeled by RhB, FITC and DAPI,
respectively. As exhibited in Fig. 2J, the MS/ROP with red and green
fluorescence was spatially and evenly distributed in the ECH with blue
fluorescence. Hence, this result revealed that the ECH could effectively
load MS/ROP and was beneficial for the in situ prolonged delivery of ROP
[24,25].

It is well-established that cellular development, differentiation and
fate are affected by the mechanical characteristics of extracellular matrix
[3,13,14]. Dynamic oscillatory frequency sweep tests were used to
examine the mechanical characteristics of ECH and ECH-MS/ROP. The
storage modulus (elastic modulus G0) of these two hydrogels was larger
than the loss modulus (viscous modulus G00) with an angular frequency
ranging from 0.1 Hz to 10 Hz, indicating that both hydrogels have
outstanding stability and viscoelasticity (Fig. 2K). Additionally, the mean
storage moduli of ECH-MS/ROP (842 � 76 Pa) were smaller than ECH
(991 � 6 Pa) (Fig. 2L), implying that the loading of MS/ROP slightly
affected the mechanical characteristics of hydrogel. These results sub-
stantiate that the mechanical characteristics of ECH with or without
MS/ROP are identical to normal nervous tissue (100–3000 Pa), which
provide a favorable mechanical microenvironment and flexibility for
axon extension [3,13–15].

Our prior research illustrated that electroconductive hydrogels could
benefit SCI or PNI repair through facilitating the transmission of endo-
genic bioelectric signals [3,13–15]. Consequently, an electrochemical
workstation was applied to investigate the electroconductive properties
of ECH and ECH-MS/ROP. No current could be seen in the pure ITO
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Fig. 2. Characterization of the ECH-MS/ROP composite. (A) Illustration of the fabrication and structure of the ECH-MS/ROP composite. (B) FTIR spectra of ROP
(blue), PLGA-MS (black), and the MS/ROP (red). (C) FTIR spectra of TA (blue), PPy (black), and ECH (red). (D) FTIR spectra of MS/ROP (blue), ECH (black), and the
ECH-MS/ROP (red). (E) Photographs showing the occurrence of gelation with or without MS/ROP, Vial 1 indicates ECH and Vial 2 indicates ECH-MS/ROP. (F) The
microstructure of the MS/ROP was visualized under SEM. Scale bar: 2 μm. (G) The microstructure of the ECH was observed under SEM. Scale bar: 10 μm. (H) The
microstructure of the ECH-MS/ROP system was detected by SEM. Scale bar: 10 μm. (I) The cumulative release curve of ROP from PLGA-MS with or without ECH until
day 8 (n ¼ 3). (J) Fluorescent images of labeled ECH-MS/ROP. Red, green and blue fluorescences suggest RhB-labeled MS, FITC-labeled ROP and DAPI-labeled ECH,
respectively. Scale bar: 50 μm. (K) Mechanical properties of ECH and ECH-MS/ROP. (L) Graph of the quantification of rheological properties of ECH with or without
MS/ROP (n ¼ 5). (M) Cyclic voltammograms of ECH with or without MS/ROP. (N) Nyquist curves of ECH and ECH-MS/ROP. (O) Illustrations and photographs
showed adhesive and self-curling ECH-MS/ROP as a laminar dressing that adhered to the finger and automatically wrapped a size-matched tubular structure. Scale bar:
500 mm. Statistical differences were determined by using One-way ANOVA with Bonferroni's multiple comparison tests when comparing three or more groups. When
comparing two groups, the unpaired t-test was used. (*P < 0.05, **P < 0.01, and ***P < 0.001). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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electrode, while the ECH and ECH-MS/ROP exhibited significant anodic
and cathodic currents given by the conductive capacities of PPy
(Fig. 2M). Furthermore, current values of these two hydrogels were
highly consistent regardless of oxidation and reduction reaction, which
suggested that the crosslinking density and doping levels were not
influenced by the loading of MS/ROP, thus displaying analogous elec-
troconductivity (Fig. 2M). EIS tests were also performed to evaluate the
electrical conductivities of two hydrogels. In the Nyquist plots, a
quasi-semicircle was observed in the high-frequency region for both ECH
and ECH-MS/ROP, implying satisfactory redox activity (Fig. 2N). Be-
sides, the quasi-semicircle diameter of ECH and ECH-MS/ROP was
comparable, suggesting that the charge transfer resistance would not the
change with the embedment of MS/ROP. These results coincided with
the CV analyses (Fig. 2N). It is well acknowledged that the
quasi-semicircle diameter is positively correlated to the charge transfer
resistance. Therefore, a smaller semicircle diameter indicates a smaller
charge transfer resistance. Interestingly, the quasi-semicircle diameter of
these two hydrogels was slightly smaller than in our prior studies,
implying a disparity in charge transfer resistance. It is well-established
that great conductive properties (low resistance) are highly beneficial
for quick cell-to-cell communication through intrinsic bioelectric signals
produced by the ion channels or pumps between neighboring cells [3,
13–15].

Moreover, the ECH-MS/ROP composite could attach to irregularly
shaped substances such as fingers and chopsticks (Fig. 2O). This adhesive
nature of ECH-MS/ROP suggests it can be designed to be a laminar
dressing to adhere to nerve tissue, followed by automatically wrapping
and forming tubular structure with matched size, which makes the
inconvenient installation process of neural materials to be simple, espe-
cially for diabetics (Fig. 2O). Indeed, for effective fixation of scaffolds,
they must be sewned up with residual nerve tissues during repair of
injured nerves [3,5,48]. In addition, the porous structure and hydro-
philicity of the ECH-MS/ROP are essential for outstanding adhesion to
endogenous nerve fiber [3]. Besides, in the self-curling process, the
hydrogel can contact mutually through end-to-end and rapidly reforming
an integral tube-like wrap structure due to the coordination bonds and
reversibility of the dopant [3]. More importantly, this tube-like wrap
structure enables ECH-MS/ROP to maintain its favorable para-position
with the innate nerve fiber [3].

Taken together, our ECH-MS/ROP delivery system was successfully
established, showing satisfactory adhesive, self-curling and electro-
conductive properties with porous and soft texture and sustained release
local anesthetics ability.
3.3. Axonal outgrowth on the ECH-MS/ROP composite

It is well acknowledged that the peripheral nervous system plays a
critical role in modulating the movement and sensation of acral tissue
[49]. Meanwhile, it can influence the generation, expansion and
contraction of peripheral blood vessels and affect cell growth and
secretion of nutrients [49]. Promoting peripheral nerve growth and
extension is important for diabetic PNI repair. Mounting evidence sug-
gests that ECHs repair central or peripheral nerve injury due to their
8

favorable electrical and mechanical properties similar to the native soft
nerve tissue [3,13–15]. Herein, PC12-cells were utilized to further
evaluate the therapeutical effect of ECH-MS/ROP on neural cell viability,
proliferation, attachment, and axonal outgrowth. The live/dead staining
and CCK-8 assay results revealed that the cell viability and proliferation
was comparable among three groups (Fig. 3A, B, C). Meanwhile, cyto-
skeleton imaging exhibited that PC12-cells spread better and inter-
connected mutually in ECH and ECH-MS/ROP groups, compared to the
control group. In addition, the extension area and synaptic length of the
PC-12 cells cultured in ECH and ECH-MS/ROP groups were significantly
greater than the control group (Fig. 3D and E), which indicated an
outstanding cell adhesion-enhancing property of ECH. Furthermore, the
relative expression of the axon growth-related genes, which included
neurofilaments (NF), growth-associated protein-43 (GAP43), β3-tubulin
(TUJ1) and synuclein (SYN), was detected to evaluate the ability of
ECH-MS/ROP to stimulate neurite growth. The relative gene expressions
of the four markers in the ECH and ECH-MS/ROP groups were compa-
rable and significantly higher than the control group (Fig. 3F and G). In
addition, the neural length of PC-12 cells was visualized by NF fluores-
cence after 3 days of culture on each sample (Fig. 3H). After quantifi-
cation, neural length in the ECH (59.90 � 13.89 μm) and ECH-MS/ROP
(61.02 � 11.41 μm) group was comparable, while was significantly
longer than the control group (42.54 � 14.91 μm) (Fig. 3I). Consistently,
WB further validated that the expressions of the NF and GAP43 (post-
synaptic proteins) in the ECH and ECH-MS/ROP group were significantly
higher compared with the control group (Fig. 3J and K). Besides,
neuronal neurites of the DRG were further detected to assess the
axon-stimulating capacity of the ECH-MS/ROP. Fig. 3L showed that the
axonal outgrowth was comparable in the ECH and ECH-MS/ROP group,
significantly longer and denser than the control group after 3-day and
7-day culture. After quantification, axon length at day 7 in the ECH
(1293.41 � 120.64 μm) and ECH-MS/ROP (1314.23 � 124.20 μm)
groups was comparable, while was much longer than the blank control
group (666.54 � 181.45 μm) (Fig. 3M). The quantitative axon area
showed a consistent tendency with the axon length (Fig. 3M). The above
results were consistent with previous reports that the electroconductive
PPy could facilitate neural cell proliferation and axon growth via
enhancing intercellular transmission through electrical activity [13,49].
Although the application of ROP alone can lead to axonal damage,
ECH-MS/ROP in our study demonstrated favorable biocompatibility and
the ability to stimulate the neural cell viability and proliferation, likely
due to the delayed release of ROP from this system and the positive
neural enhancement provided by ECH [50].
3.4. Schwann cell viability, proliferation, attachment and migration on the
ECH-MS/ROP composite

It is well-established that Schwann cells are the main gliacyte in the
peripheral nervous system, supporting the axons metabolism, affecting
the myelination process and forming the nodal domains [3,31]. Thus,
viability, proliferation, adhesion, and migration assays for Schwann cells
were conducted to examine the myelinated effect of each sample. In
accordance with the PC-12 cells results, the ECH-MS/ROP possessed



Fig. 3. Axonal outgrowth on the ECH-MS/ROP composite. (A) Live/dead assay of the PC-12 cells cultured on each sample surface for 1 day. Live cells were stained in
green and dead cells in red. Scale bar: 200 μm. (B) Quantification of live/dead assay (n ¼ 3). (C) The results of the CCK-8 assay displayed that cell viability exceeded
80% for each sample after seeding for 1, 3 and 7 days (n ¼ 5). (D) The cytoskeleton images showed the attachment of PC-12 cells cultured in each group for 3 days.
Scale bar: 50 μm. (E) Quantification of cell spread area (n ¼ 10). (F) A heat map showing the RT-qPCR results on the axon-related gene expressions of PC-12 cells (n ¼
3). (G) Column graph exhibiting the RT-qPCR results on the axon-related gene expressions in PC-12 cells (n ¼ 3). (H) IF images for the NF (green) and cell nuclei (blue)
to observe the axonal extension of the PC-12 cells. Scale bar: 50 μm. (I) Quantification of the axonal lengths of the PC-12 cells on each sample (n ¼ 10). (J) WB analysis
detected the protein expressions of NF and GAP43 in PC-12 cells cultured on each sample for 3 days. (K) Protein band intensity was quantified (n ¼ 3). (L) The axonal
outgrowth of DRG cultured on each sample for 3 days and 7 days. Scale bar: 200 μm. (M) Analysis of the axon length and area of the DRG for each group (n ¼ 3).
Statistical differences were determined by using One-way ANOVA with Bonferroni's multiple comparison tests (*P < 0.05, **P < 0.01, and ***P < 0.001). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. In vitro Schwann cell viability, proliferation, attachment and migration on the ECH-MS/ROP. (A) Live/dead assay of the Schwann cells cultured on each sample
surface for 1 day. Live cells were stained in green and dead cells in red. Scale bar: 200 μm. (B) Quantification of live/dead assay (n ¼ 3). (C) The CCK-8 assay displayed
that the cell viability exceeded 85% for each sample after seeding for 1, 3 and 7 days (n ¼ 5). (D) The cytoskeleton images showed the attachment of Schwann cells
cultured in each group for 3 days. Scale bar: 50 μm. (E) Quantification of cell spread area (n ¼ 10). (F) Wound-healing migration assay of the Schwann cells on each
sample at different time points. Scale bar: 200 μm. (G) Quantitative analysis of the scratch area at the denuded site at 0, 12, and 24 h (n ¼ 3). Statistical differences
were determined by using One-way ANOVA with Bonferroni's multiple comparison tests (*P < 0.05, **P < 0.01, and ***P < 0.001). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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great biocompatibility for PC12-cells, as shown by the live/dead and
CCK-8 assays (Fig. 4A, B, C). Cytoskeleton micrographs exhibited that
Schwann cells cultured on the ECH and ECH-MS/ROP stretched better
when compared to the control group, implying that the ECH with or
without MS/ROP exhibited satisfactory affinity and adhesion for
Schwann cells (Fig. 4D and E). During the cell migration assay, numerous
Schwann cells were migrated to the edges and the denuded area after 12
h and 24 h in the ECH and ECH-MS/ROP group (Fig. 4F). Interestingly,
Schwann cells could gather at the bare site in the ECH and ECH-MS/ROP
and exhibited a disordered arrangement in the control group (Fig. 4F).
Additionally, the wound area of the ECH and ECH-MS/ROP group was
comparable and significantly lower than the control groups after culture
for 12 h and 24 h (Fig. 4G). These findings demonstrated that the ECH
and ECH-MS/ROP scaffolds were suitable for cell growth, adhesion and
migration, which may be attributed to ECH's hydrophilic and
10
electroconductive properties facilitating the motility of Schwann cells [3,
15,51]. Furthermore, the above results revealed that the addition of
MS/ROP did not adversely affect the viability and growth of Schwann
cells. Although the injection of ROP alone has been reported to poten-
tially induce myelin degeneration and nerve injury, ECH-MS/ROP
exhibited desirable biocompatibility and capacity to promote the
growth of the myelinated cells, probably due to the slow delivery of ROP
from this composite and the beneficial effect of ECH [50].
3.5. In vivo biocompatibility examination

Before treatment with ECH-MS/ROP for PNI, in vivo biocompatibility
was evaluated, including hemocompatibility (hemolytic percentage and
serum protein levels) and histological examination of five main organs
(heart, lung, liver, spleen and kidney). It is widely recognized that the



Fig. 5. In vivo biocompatibility of ECH-MS/ROP. (A)
Photographs of serum obtained from whole blood co-
incubated with each sample. Samples including ECH
and ECH-MS/ROP were in light yellow and identical
to the PBS control group, whereas the Triton-100X
group was in bright red, implying its hemolysis. (B)
The serum OD values in ECH and ECH-MS/ROP
groups were comparable to the PBS group but were
significantly lower than the Triton X-100 group (n ¼
3). (C) HE staining showing normal morphology in the
heart, liver, spleen, lung, and kidney tissues from each
group. Scale bar: 100 μm. (D) Serum ALT, AST, and TP
levels were comparable among different treatment
groups, indicating that these hydrogels did not exert
systemic toxicity (n ¼ 3). Statistical differences were
determined by using One-way ANOVA with Bonfer-
roni's multiple comparison tests (*P < 0.05, **P <

0.01, and ***P < 0.001). (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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hemolytic property is an essential indicator for investigating the hemo-
compatibility of biomaterials [3,15]. As shown in Fig. 5A, serum ob-
tained from two hydrogels co-incubated with whole blood exhibited faint
yellow color, almost identical to the PBS group (negative control), while
the Triton-100X group (positive control) was in crimson. The OD value of
serum extracted from the two hydrogel groups was similar to the PBS
group and significantly lower than the Triton-100X group (Fig. 5B). The
hemolytic ratio of both material groups was below 1.2%, suggesting that
the ECH-MS/ROP had great hemocompatibility. Additionally, the HE
results revealed no significant deposition of degradation products
regarding the hydrogel and no abnormal histological changes in the five
main organs harvested from animals treated with the hydrogels (Fig. 5C).
Moreover, the levels of serum protein (ALT, AST, and TP) were compa-
rable among three groups, indicating ECH-MS/ROP did not yield sys-
temic toxicity (Fig. 5D). Overall, these results indicate that the
ECH-MS/ROP is compatible and suitable for in vivo application, attrib-
uted to its satisfactory biocompatibility [3,13,15,26].
3.6. The ECH-MS/ROP system attenuated pain after diabetic PNI

It is well established that PWT and TWL can quantify mechanical
allodynia and thermal hyperalgesia, respectively [36,37,39]. Indeed,
increased PWT or TWL suggests attenuated mechanical allodynia or
thermal hyperalgesia. Consequently, to verify whether ECH-MS/ROP
could exert a long-term analgesic effect after diabetic PNI, PWT (with
von-Frey filaments) and TWL (with a hot plate) were tested to evaluate
mechanical pain and thermal hyperalgesia (Fig. 6A, D). After PNI, ani-
mals treated with ECH alone and without receiving any treatment
11
displayed a significant decrease in PWT from baseline, whereas animals
received treatment of ECH-MS/ROP exhibited a significant increase in
PWT from baseline (Fig. 6B and C). Notably, PWT in the ECH-MS/ROP
group was significantly greater than the ECH and PNI groups after the
8-day treatment, demonstrating that this system could slowly release
ROP and exert analgesic effects for up to 8 days (Fig. 6B and C). Similarly,
after loading of MS/ROP, the TWL was significantly prolonged, sug-
gesting these rats experienced pain relief (hypoalgesia) (Fig. 6E and F).
Although ECHs have been reported to effectively promote nerve regen-
eration, their application in analgesia after PNI has been largely over-
looked [3,13–15]. Moreover, the present study provided compelling
evidence that ECH alone could not relieve pain. Therefore, we sought to
develop an electroconductive hydrogel to alleviate pain for satisfactory
repair after PNI. It is well-established that ROP exhibits an anesthetic
effect by blocking the generation and transmission of nerve impulses via
reversibly binding the voltage-gated sodium channels on the nerve cell
membrane [24,26]. In the present study, ROP was first encapsulated in
MS and then loaded in the porous network of ECH to form a sustained
delivery system. Indeed, the continuous release of ROP from the
ECH-MS/ROP system provided diabetic rats with long-acting analgesia
after PNI.
3.7. ECH-MS/ROP enhanced functional recovery after PNI

After validating the analgesic effect of ECH-MS/ROP on PNI, we
evaluated its ability to improve functional restoration after diabetic PNI.
An experiment based on the SFI was designed to assess functional re-
covery [3,52]. SFI is a sensitive, reliable, widely-utilized indicator for



Fig. 6. The ECH-MS/ROP relieved pain and promoted recovery of motor function in diabetic rats after PNI. (A) Schematic diagram depicting the mechanical allodynia
assay with von-Frey filaments. (B) Changes in PWT in each group after diabetic PNI compared to baseline (before model establishment) (n ¼ 4). (C) Average PWT of
different groups before and after the operation (n ¼ 4). (D) Schematic diagram depicting the thermal hyperalgesia response by hot plate assay. (E) Changes in TWL in
each group after diabetic PNI compared to baseline (before model establishment) (n ¼ 4). (F) Average TWL of different groups before and after the operation (n ¼ 4).
(G) The equation for calculating the SFI based on different footprint parameters. (H) Representative photographs of the footprints among groups. (I) SFI scores of
different treatment groups 2, 3, and 4 weeks after the surgery (n ¼ 3). (J–K) H&E staining and MTS showing sciatic nerve repair after 4 weeks of treatment. Scale bar:
500 μm (at low magnification) and 100 μm (at high magnification). Statistical differences were determined by using the nonparametric Kruskal-Wallis test when
analyzing the PWT and TWL or One-way ANOVA with Bonferroni's multiple comparison test when comparing SFI results (* ¼ significantly different from the PNI
group, # ¼ significantly different from the ECH group; *, #P < 0.05, **, ##P < 0.01, and ***, ###P < 0.001).
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quantitative evaluation of motor function recovery after animal sciatic
nerve impairment, which compares footprints of an impaired side with
the normal side [3,52]. This index was calculated based on three foot-
print indicators (PL, TS, and ITS), which ranged from �100 (complete
loss of nerve function) to 0 (functional sciatic nerve) (Fig. 6G) [3,52].
Following serious sciatic nerve injury, the nerve and muscle function of
the rat's hind limb was seriously impaired. Myelin regeneration and
muscle reinnervation gradually occurred, and locomotor function was
restored to a certain extent, leading to normal footprints. The rats were
placed on a walking track 2 weeks after surgery to collect footprints for
SFI scoring. During representative footprint analysis (Fig. 6G and H),
after 4 weeks of PNI, the PNI group showed dragged footprints with
decreased TS and ITS and increased PL, while rats treated with ECH and
ECH-MS/ROP exhibited clear footprints with increased TS and ITS
decreased PL. Compared with the PNI group (score ¼ �75.20 � 2.29),
the motor function of rats in the ECH (score ¼ �53.21 � 2.78) and
ECH�MS/ROP (score¼�49.64� 2.74) groups recovered significantly 4
weeks after treatment (Fig. 6I).

Fig. S2A depicts the establishment of the diabetic PNI model and the
therapeutic effect of ECH-MS/ROP. After rats underwent crush injury of
the left sciatic nerve, the ECH-MS/ROP dressing was implanted at the
injury site and automatically wrapped around tube-like structures
(Fig. S2B). Sciatic nerve repair after injury is highly relevant to motor
function recovery. Thus, the structural arrangement of the regenerated
nerve fiber was visualized by HE and MTS. As observed in Fig. 6J and K,
Fig. 7. ECH-MS/ROP treatment attenuated gastrocnemius muscle atrophy. (A) Phot
exhibits cross-sectional images of the ipsilateral muscles. Scale bar: 200 μm (at low m
deposits on the cross-sectional images of the ipsilateral muscles. Scale bar: 200 μm (at
relative wet weight of the gastrocnemius muscle (n ¼ 3). (E) Quantification of the are
3). Statistical differences were determined by using One-way ANOVA with Bonferro
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the nerve fibers in the PNI group were discrete, slim, and disarranged,
with a significantly injured lesion. Importantly, regenerated nerve fibers
in the two treated groups were dense and well organized at the damaged
area. Taken together, this ECH-MS/ROP dressing was beneficial for
axonal regeneration, restoring locomotor function after diabetic PNI.
3.8. Attenuation of gastrocnemius muscle atrophy

It is widely recognized that alleviated gastrocnemius muscle atrophy
indicates locomotor function restoration after sciatic nerve damage.
Consequently, appearance evaluations and histological analyses were
carried out after 4 weeks of treatment. Indeed, the ipsilateral gastroc-
nemius muscle (surgical side) was more atrophied than the contralateral
one (normal side), especially in the PNI group (Fig. 7A). Further, H&E
and MTS examinations for gastrocnemius muscle were conducted to
assess histological alterations (Fig. 7B and C). Significant muscle atrophy
was observed in the PNI group with slim and disarranged muscle fibers
and more collagen deposits. Notably, these adverse outcomes were
significantly ameliorated after implantation of the ECH-MS/ROP,
yielding plump and well-organized muscle fibers and a few deposited
collagen fibers (Fig. 7B and C). After quantification, significantly heavier
gastrocnemius muscle and greater muscle fiber density were found in
ECH and ECH-MS/ROP groups (Fig. 7D and E). Additionally, the collagen
deposition area in the PNI group was approximately 4-fold greater than
the ECH and ECH-MS/ROP groups (Fig. 7F). Overall, these results
ographs of the harvested gastrocnemius muscles in each group. (B) HE staining
agnification) and 50 μm (at high magnification). (C) MTS showing the collagen
low magnification) and 50 μm (at high magnification). (D) Quantification of the
a of muscle fiber (n ¼ 3). (F) Quantification of the area of collagen deposits (n ¼
ni's multiple comparison tests (*P < 0.05, **P < 0.01, and ***P < 0.001).
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verified that the ECH-MS/ROP composite could alleviate muscle atrophy
and restore muscle function.

3.9. ECH-MS/ROP promoted axon regeneration and remyelination

Intact nerve fibers and myelin sheath play an important role in the
conduction of electrical activity [53]. The myelin-associated axon fibers
can grow along the damaged end to both sides of the nerve, thus con-
necting the two ends of the broken nerve tissue, acting as a “bridge” [54].
Given that NF-200 is a major marker of regenerated axon, IF assay was
performed using longitudinal nerve sections to investigate the effect of
axon regrowth 4 weeks after surgery. As shown in Fig. 8A, the
NF-positive axons were enriched and distributed in order at the damaged
site in the ECH and ECH-MS/ROP groups. Moreover, the quantitative
analysis results illustrated that the IF intensity was higher and compa-
rable in the ECH and ECH-MS/ROP groups but significantly lower in the
PNI group (Fig. 8B). Since myelin basic protein (MBP) is an indicator of
remyelination of regenerated axons, nerve sections were stainedwith this
marker to assess myelinated axon regeneration. Similarly, few
MBP-positive fibers were observed exhibiting a disordered arrangement
in nerves without treatment but were dense and orderly in nerves treated
with ECH or ECH-MS/ROP (Fig. 8A). Besides, the fluorescent intensity of
MBP was consistent with the NF among three groups (Fig. 8B). Similarly,
WB analyses substantiated that the protein levels of NF and MBP in the
two treated groups were comparable but were significantly upregulated
compared to the PNI group (Fig. 8C and D). The above findings sub-
stantiated that ECH-MS/ROP could promote myelinated axon regenera-
tion after diabetic PNI comparable to treatment with ECH alone.

Furthermore, S-100β is a well-recognized marker of remyelination
and Schwann cell migration. In this regard, the S-100β positive fibers
were well-oriented and distributed regularly ion at the damaged site in
the two treated groups (Fig. 8E). In addition, positive S-100β intensity
was quantified, and the results showed that positive intensity in the ECH-
MS/ROP group was two-fold higher than the PNI group, and comparable
to the ECH group, indicating that the Schwann cells played a major role
in the growth of myelin sheaths (Fig. 8F). Consistently, WB analysis
further verified that S-100β expression level in the two hydrogel-treated
groups was significantly higher than the untreated group (Fig. 8G and H).
The above results confirmed that the ECH-MS/ROP dressing could
effectively promote the regeneration of the myelinated axon. The ECH-
MS/ROP hydrogel could promote neural regeneration since this elec-
troconductive hydrogel could connect and recover the impaired nerve at
the injury site, thus delivering endogenic bioelectrical signals to the
interrupted cells [3,13]. Moreover, it plays an vital role in connecting the
upper and lower axons of the injured nerve to the junction [3,13,14].

It is well-established that the MEK/ERK pathway significantly regu-
lates neuronal activity and axonal regeneration [3,14,55]. The bioelec-
trical signal is important to the activation of this pathway [3]. WB was
conducted to quantify the protein expression level of theMEK/ERK signal
pathway to investigate the possible mechanisms of ECH-MS/ROP stim-
ulating myelinated axon regeneration. The expression of phosphorylated
MEK and ERK was significantly raised in both the hydrogel-treated
groups (Fig. 8I and J). However, the unphosphorylated MEK and ERK
expression levels were comparable among the three groups (Fig. 8I).
Collectively, these findings validated that the ECH-MS/ROP composite
facilitated axon myelination and outgrowth via the MEK/ERK signaling
pathway.

3.10. TBS and TEM evaluation for axon remyelination

To further assess the remyelination level of the regenerated nerve
fiber, TBS and TEM analyses were carried out after preparation of tissue
cross-sections. It was observed in the TBS images that medullary sheaths
in the none-treated group were messy and sparse, while in the two
treated groups were well arranged and dense (Fig. 9A). The TEM results
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clearly exhibited that the electron-sparse and thin myelin structure
irregularly surrounded around the regrown axons in the PNI group,
whereas those in the two hydrogel-treated groups were accompanied
with electron-dense and thick myelinated sheath structure (Fig. 9B).
Interestingly, vacuole-like defects which were a sign of demyelination
potentially induced by DM appeared in the myelin sheaths among three
groups (Fig. 9B). Additionally, to quantitatively analyze TEM results, four
morphological indices, which included the myelinated axon diameter
and area, myelin sheath thickness, and G-Ratio, were calculated for
comparison [3]. The quantitative results showed that the myelinated
axon diameters, myelinated axon area and myelin sheath thickness were
comparable in the ECH and ECH-MS/ROP group and were significantly
larger than the PNI group (Fig. 9C, D and E). In contrast, the G-Ratio in
both the ECH (0.71 � 0.07) and ECH-MS/ROP group (0.73 � 0.07) were
lower than the PNI group (0.89 � 0.02) (Fig. 9F). It is reportedly that
G-Ratio is relevant to the electroconductive rate and indicates the axon
function and integrity, calculated by the ratio of the inner axon diameter
to the outer nerve fiber diameter. A greater G-ratio suggests worse
remyelination effect of the regrown nerve. Notably, our G-ratio in ECH
group (0.71 � 0.07) or ECH-MS/ROP group (0.73 � 0.07) was higher
than a prior finding (0.60 � 0.04) that was acquired from young rats
without DM and sciatic nerve damage, which is probably attributed to
the fact that G-ratio in the this study was obtained from diabetic and
injured nerve tissues although receiving favorable treatment [56]. Still,
these fingdings verified that the treatment of ECH-MS/ROP could effec-
tively repair injured and demyelinated nerves in rats with DM.

Overall, the in vivo studies revealed that the monotherapy with ECH
yielded desirable and comparable performance of ECH-MS/ROP for
nerve injury repair and recovery of motor function in diabetic rats.
Nevertheless, treatment with ECH alone could not overcome the problem
of coexisting pain after diabetic PNI. As a powerful local anesthetic, ROP
yields favorable analgesic effects by blocking the generation and trans-
mission of nerve impulses via reversibly binding the voltage-gated so-
dium channels on the nerve cell membrane (Fig. 9G) [24,26].
Nevertheless, a single administration of ROP can potentially induce local
and systemic adverse reactions [24–26]. Consequently, ROP was
encapsulated in MS and further loaded in the ECH network to achieve
long-acting pain relief and meanwhile avoid adverse reactions after
diabetic PNI with great biocompatibility and without causing extra nerve
impairment. Meanwhile, the ECH-MS/ROP system could promote nerve
regeneration and remyelination via MEK/ERK signal pathway, thereby
ameliorating denervated muscle atrophy and improving locomotor
function in diabetic rats with PNI (Fig. 9G).

4. Conclusion

In this study, we developed an ECH-MS/ROP hydrogel with favorable
biocompatibility, excellent conductivity and sustained delivery of local
anesthetics for lasting pain relief and nerve regeneration after diabetic
PNI. MS/ROP was first prepared by an emulsion-solvent evaporation
method. ECH was then synthesized by simply mixing TA, Py, and Fe3þ.
The MS/ROP were loaded on the ECH network allowing their slow and
sustained release and limiting their diffusion away from the lesion site,
thereby satisfying the demands for analgesia during early PNI. Notably,
the ECH-MS/ROP composite was prepared like a laminar wound or
surgical dressing, which could attach to the damaged nerves and auto-
matically wrap around tubular structures, circumventing the need for
implantation procedures in cases of diabetic PNI. The capacity of the
ECH-MS/ROP to enhance Schwann cell adhesion and migration was
confirmed by in vitro studies. Additionally, our in vivo assays revealed that
the ECH-MS/ROP composite could improvemechanical and thermal pain
thresholds for long-acting pain relief after diabetic PNI. Moreover, our in
vitro and in vivo results substantiated that the ECH-MS/ROP dressing
could facilitate axon regrowth and remyelination through the MEK/ERK
signal pathway, further ameliorating denervated muscle atrophy and



Fig. 8. ECH-MS/ROP treatment promoted axon regrowth and remyelination in diabetic PNI models. (A) IF staining of the NF (green) and MBP (red) proteins in the
crushed sciatic nerve tissues after 4 weeks of treatment. Scale bar: 200 μm (at low magnification) and 100 μm (at high magnification). (B) Quantitative analysis of the
fluorescence intensity of NF and MBP proteins (n ¼ 3). (C) WB analysis of the proteins expression of in vivo NF and MBP. (D) Quantitative analysis of protein band
intensity of NF and MBP (n ¼ 3). (E) IF staining of the S100β (red) proteins in the crushed sciatic nerve tissues after 4 weeks of treatment. Scale bar: 200 μm (at low
magnification) and 100 μm (at high magnification). (F) Quantitative analysis of the fluorescence intensity of S100β proteins (n ¼ 3). (G) WB analysis of the proteins
expression of in vivo S100β. (H) Quantitative analysis of protein band intensity of S100β (n ¼ 3). (I) WB analysis of the relative expression of the MEK/ERK pathway
proteins. (J) Quantification of the protein band intensity of the MEK/ERK pathway proteins (n ¼ 3). Statistical differences were determined by using One-way ANOVA
with Bonferroni's multiple comparison tests (*P < 0.05, **P < 0.01, and ***P < 0.001). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 9. Morphological evaluation of the axon remyelination using TBS and TEM. (A) TBS showing the remyelination of the regenerated axon. The scale bar represents
50 μm. (B) Representative TEM images of the myelinated axonal regeneration. Scale bar respectively represents 5 μm at low magnification, 2 μm at median
magnification and 0.5 μm at high magnification. (C–F) Quantification of the myelination of the regenerated axons with four parameters, including (C) myelinated axon
diameter, (D) myelinated axon area, (E) myelin sheath thickness, and (F) G-Ratio (n ¼ 3). (G) The putative mechanism of ECH-MS/ROP in attenuating pain and
promoting nerve regeneration and functional restoration after diabetic PNI. Statistical differences were determined by using One-way ANOVA with Bonferroni's
multiple comparison test (*P < 0.05, **P < 0.01, and ***P < 0.001).
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enhancing locomotor function recovery in diabetic rats with PNI. Overall,
our ECH-MS/ROP system has huge prospects for clinical application to
stimulate neural regeneration and functional recovery and achieve
analgesia after diabetic PNI.
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