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ABSTRACT

Peripheral nerve injuries may result in severe long-gap interruptions that are challenging to repair. Autografting is the gold standard surgical approach for repairing
long-gap nerve injuries but can result in prominent donor-site complications. Instead, imitating the native neural microarchitecture using synthetic conduits is
expected to offer an alternative strategy for improving nerve regeneration. Here, we designed nerve conduits composed of high-resolution anisotropic microfiber
grid-cordes with randomly organized nanofiber sheaths to interrogate the positive effects of these biomimetic structures on peripheral nerve regeneration. Aniso-
tropic microfiber-grids demonstrated the capacity to directionally guide Schwann cells and neurites. Nanofiber sheaths conveyed adequate elasticity and perme-
ability, whilst exhibiting a barrier function against the infiltration of fibroblasts. We then used the composite nerve conduits bridge 30-mm long sciatic nerve defects
in canine models. At 12 months post-implant, the morphometric and histological recovery, gait recovery, electrophysiological function, and degree of muscle atrophy
were assessed. The newly regenerated nerve tissue that formed within the composite nerve conduits showed restored neurological functions that were superior
compared to sheaths-only scaffolds and Neurolac nerve conduit controls. Our findings demonstrate the feasibility of using synthetic biophysical cues to effectively
bridge long-gap peripheral nerve injuries and indicates the promising clinical application prospects of biomimetic composite nerve conduits.
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1. Introduction

Peripheral nerve injury (PNI) is a common nervous system injury
that is typically caused by traumatic events, surgical resection, or iat-
rogenic injury. PNI often leads to motor or sensory nerve dysfunction
accompanied by neuropathic pain, which can seriously affect patient
quality of life [1-5]. Clinically, reapproximation by end-to-end anasto-
mosis is used to repair nerve defects with short gaps (<8 mm). Auto-
grafts are the “gold standard” for nerve defects with long gaps (>2-3
cm). However, autografting has several disadvantages that limit the
scope of application, including the need for a secondary surgical pro-
cedure, limited availability of donor nerves, disruption of donor site
function, size mismatch, and risk of neuroma formation [6-8]. There-
fore, the development of nerve guide conduits (NGCs) offers an attrac-
tive alternative to promote the repair of long-gap nerve defects. Indeed,
over 10 nerve bridging products have entered the clinical application
stage [9,10].

Advances in nerve bridging products introduced scaffolds based on
bottom-up (e.g., conduits, Neurolac®, NeuraGen®, NeuroTube®, etc.)
and top-down (e.g., processed allografts, Avance® Nerve Graft, etc.)
engineering approaches. Bottom-up constructed NGCs primarily consist
of mass-produced hollow conduits of controllable size that provide
axonal protection for nerve regeneration, but they have mainly been
used to repair nerve defects <3 cm. Due to their lack of anisotropic
guiding structures, as well as lack of pro-neuroactive substances,
Schwann cell (SC) adhesion and axon elongation are unfavorable,
limiting the reparative effect across defect length [11-13]. The
top-down constructed NGCs typically have linear and continuous lon-
gitudinal guidance structures that closely resemble native nerves, and
these have been shown to be capable of repairing nerve defects over
longer distances (up to 7 cm), but the sizes and dimensions of these
NGCs are limited to that of the donor nerves [11,14,15]. Comparing the
above two approaches, it can be concluded that the construction of a
batch-prepared NGCs that possess anisotropic guidance structures
would be conducive to peripheral nerve regeneration across
long-distance defects. In addition, according to feedback on the clinical
application of NGCs approved by the US Food and Drug Administration
(FDA), in recent years, the failure of NGCs has been attributed to lumen
volume reduction, traction suture pull-out during mobility, and swelling
due to material-dependent immunogenicity [16,17].

To overcome the limitations of current commercially available
NGC s, an ideal nerve conduit should possess directional axonal guidance
capabilities. At the same time, appropriate mechanical strength is
required to avoid lumen collapse and suture pullout. Based on these
necessities, we developed a composite conduit comprised of an inner
anisotropic grid core structure and an outer sheath with high elasticity
and porosity. Our previous studies have shown that such composite
nerve conduits demonstrated convenient application with nerve regen-
eration capabilities in rat sciatic nerve defect models that were histo-
logically close to the outcomes of autografting [18]. Other research
groups have achieved impressive results in long-gap nerve repair in
large animal models and even in humans by using conduits filled with
PLGA or PLA fiber bundles [17,19], collagen fibers [20], or spider silk
[21] as fibrous guides for cell attachment and migration within the
conduit lumen. However, the inner diameter of such nerve conduits
tends to increase, thereby distorting the arrangement of the guiding fi-
bers and resulting in hindered axonal guidance throughout most of the
lumen. Although distortion and accumulation of fibers can be mitigated
by filling the lumen with many fibers, excessive use of fiber materials
may trigger inflammatory responses, interfere with cell spatial
arrangement and migration, and may affect the recovery of neural
functionality [22-24]. To solve the above problems, we sought to pre-
cisely construct a robust guiding core with controllable fiber diameter
and fiber arrangement within the three-dimensional (3D) lumen space,
which helps to minimize the introduction of excess materials whilst
maintaining uniform distribution of fibers throughout the lumen.
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In this study, we constructed anisotropic microfiber grid cores with
neural orientation guidance properties using high-resolution melt elec-
troprinting technology. We then electrospun elastic and permeable
random nanofiber outer sheaths (Schematic diagram). We compared
performance of our composite nerve conduits with sheath-only conduits
and the commercially available Neurolac® conduits in beagle sciatic
nerve defect (3.0 cm) models. According to functional, morphological,
histological, and electrophysiological analysis, nerve regeneration of the
composite nerve conduits was thoroughly assessed at 1-year post-
surgery. Overall, our study provides promising results that support the
progress of composite nerve conduits toward translation into larger gap
nerve defect repair models and pre-clinical studies.

2. Materials and methods
2.1. Material and reagents

Poly(i-lactide-co-e-caprolactone (PLCL) pellets (70/30 ti-lactide/
caprolactone copolymer, PURASORB® PLC 7015) were purchased from
PURAC Biochen BV (Netherlands). Polydioxanone (PDS) pellets were
purchased from Dongnan Hesheng Medical Technologies (Tianjin,
China). Neurolac® nerve conduits were purchased from Polyganics In-
novations BV (Netherlands). NGF and GDNF were purchased from
novoprotein (Suzhou, China). Hexafluoroisopropanol (HFIP) was pur-
chased from Aladdin (Shanghai, China). Alcohol, acetone, and xylene
were obtained from Tianjin Chemical Reagent Company (Tianjin,
China).

2.2. Graft fabrication

Sheath scaffold fabrication: The sheath scaffold of nerve conduits were
prepared by electrospinning under the following conditions: PLCL so-
lution (10%, w/v in HFIP), 2.0 mL/h, 21G needle, a voltage of 16 kV, a
collection distance of 10.0 cm. A grounded rotating stainless-steel
mandrel (4.0 mm in diameter) or plate were used as the collector. The
speed of mandrel rotation was set at 200 rpm. The receiving time: 120
min for conduits and 240 min for membranes. The samples were dried in
a vacuum oven at RT for 3 days to remove the residual solvent.

Core scaffold fabrication: The core scaffold of nerve conduits was
prepared by using a melt electroprinting device (EFL-MDW5800, Suz-
hou Intelligent Manufacturing Research Institute, China) under the
following conditions: The temperature of the syringe and nozzle was set
to 130 °C, respectively. PDS pellets was extruded through a syringe with
a 35G nozzle. Supplied air pressure was 3.80 kPa, the distance between
collector and nozzle was 2 mm, and the voltage was set at 3.3 kV.
Printing speed was 1800 mm/min. A total of 10 layers were printed.

Graft assembly: The intraluminal conduits were constructed by
crimping and enclosing the core grid scaffold (2.8 cm in length x 2.8 cm
in wide) within sheath conduits (length: 3.0 cm, internal diameter: 4.0
mm) were used for the experimental group. The sheath conduits (length:
3.0 cm, internal diameter: 4.0 mm) and Neurolac® nerve conduits
(length: 3.0 cm, internal diameter: 4.0 mm) were used as control group.
The entire operation was carried out in a sterile environment. Samples
were sterilized by EtO gas. The basic EtO sterilization cycle was ac-
cording to standard guidelines, consisting of five stages: preconditioning
and humidification, gas introduction, exposure, evacuation, and air
washes [25].

2.3. Graft characterization

Scanning electron microscope (SEM) measurement: The samples were
mounted on aluminum stubs, sputter-coated with gold, and then
examined by SEM (Quanta 200, Czech) at 15 kV.

Mechanical tests: The samples were preconditioned by incubation in
PBS at 37 °C overnight and were immediately tested after being removed
from the incubator. The longitudinal tensile loading and cyclic
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Schematic diagram. Preparation method and

Strip Heater

VR R LRy

7/
/i

High Voltage Supply ==

Large Surface Area & Uniform Distribution

Core

Electrospinning

g

—

. x y
High Voltage SUPPlY ey

Longitudinal Tensile
e ———————

Transverse Compression

Permeability

Nutrients &

Sheath

Lumen
S
®

. . Metabolic Waste

compression of the conduits were carried out on a uniaxial tensile testing
machine (Instron 3345, Boston, MA, USA) with 100 cycles of compres-
sion and a radial compressive stiffness at 50% strain. The end of the
conduit was sutured with 6-0 suture, and the suture retention strength
was recorded until the conduit knot broke (n = 5).

Molecular permeability analysis: A standard jacketed Franz Diffusion
Cell with a 9 mm orifice diameter, flat ground joint, and 4.5 mL receptor
volume (PermeGear, PA, USA) was prepared. The donor chamber was
filled with 0.6 ml of toluidine blue with the concentration of 9 mg/mL or
BSA solution with the concentration of 20 mg/mL (n = 3). The recipient
chamber was filled with 4.5 mL of PBS at the temperature of 36.5 °C
with 1000 rpm of magnetic stirring. Neurolac or sheath membranes
were mounted between both chambers for toluidine blue or BSA diffu-
sion. Aliquots (50 pL) of the recipient solution were periodically
collected for 30 min and the concentration of each sample was
calculated.

2.4. Cell culture

The rat Schwann cells RSC96, rat pheochromocytoma cell line PC12,
and mouse embryonic fibroblasts NIH 3T3 were purchased from the
American Type Culture Collection (ATCC). RSC96 and 3T3 cells were

characteristics of composite nerve conduit. (A)
The grid core scaffold was prepared by melt electro-
printing. The anisotropic PDS grid had accurately
controlled arrangement and diameter of fibers, sup-
ported the directional arrangement of nerve cells, and
had a large surface area and uniform distribution in
the lumen. (B) The nanofiber sheath scaffold was
constructed using electrospinning. The randomly ar-
ranged PLCL tube with elasticity and extrusion resis-
tance, supported the exchange of nutrients, growth
factors, and metabolic waste, and could effectively
block the infiltration of fibroblasts into the lumen.
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cultured in DMEM high glucose (GIBCO) supplemented with 10% fetal
bovine serum (FBS, BI) and 100 U/mL penicillin and 100 U/mL strep-
tomycin in a 5% CO3 incubator at 37 °C. PC12 cells were cultured in
RPMI 1640 (Thermo Fisher Scientific) supplemented with 10% FBS (BI)
and 100 U/mL penicillin and 100 U/mL streptomycin in a 5% CO5
incubator at 37 °C.

2.5. Fibroblast blocking assay

To investigate the blocking ability of nerve conduit sheath to fibro-
blasts, the Matrigel (10 mg/mL, Corning, USA) was first diluted with
DMEM high glucose medium at a ratio of 1:1, then the diluted Matrigel
was coated on the 48-well plates at 80 pL/well. The Neurolac and sheath
membranes (diameter = 1.0 cm) were further placed on the Matrigel
coated plates. RSC96 cells were seeded at a density of 1 x 10° cells/well
(n = 4), and then were fixed with 4% paraformaldehyde (PFA) (Solarbio,
China) after 2 days cultured and stained using phalloidin-AlexaFluor
633 (Invitrogen, USA) and 4-6-diamidino-2-phenylindole (DAPI) con-
taining mounting solution (DAPI-Fluoromount-G, Southern Biotech,
UK). The above and below of the membranes were imaged using a
confocal laser scanning microscope (CLSM, Leica TCS SP8, Germany).
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2.6. RSC96 cells adhesion and morphology assay

To investigate RSC96 cells adhesion and morphology, the mem-
branes (diameter = 1.0 cm) were placed in the 48-well plates and
washed three times with PBS. RSC96 cells were seeded at a density of 5
x 10° cells/well on Neurolac, sheath, and grid core membranes,
respectively (n = 5), and then were fixed with 4% paraformaldehyde
(PFA) (Solarbio, China) after 5 days cultured and stained using
phalloidin-AlexaFluor 633 (Invitrogen, USA), Anti-S1008 (calcium
binding protein S100p, Abcam, ab52642) and DAPI (Southern Biotech,
England). The CLSM (Leica TCS SP8, Germany) was used for imaging.

2.7. PC12 cells adhesion and morphology assay

To investigate PC12 cells adhesion and morphology, the membranes
(diameter = 1.0 cm) were placed in the 48-well plates and washed three
times with PBS. PC12 cells were seeded at a density of 5 x 10° cells/well
on Neurolac, Sheath and Core membranes, respectively (n = 5), and then
were fixed with 4% PFA (Solarbio, China) after 5 days cultured and
stained using phalloidin-AlexaFluor 633 (Invitrogen, USA), Anti-f-III
tubulin (Tuj-1, Abcam, ab78078) and DAPI (Southern Biotech, UK). The
CLSM (Leica TCS SP8, Germany) was used for imaging.

2.8. RSC96-PC12 cells co-culture assay

The experiment was carried out by modifying previously reported
methods [26]. Briefly, the membranes (diameter = 1.0 cm) were placed
in the 48-well plates and washed three times with PBS. RSC96 cells were
seeded at a density of 2.5 x 10° cells/well on Neurolac, Sheath, and Core
membranes, respectively (n = 5). After 3 days culturing, 2.5 x 10 PC12
cells were seeded on the membranes. 50 pg/ml NGF and 50 ng/ml GDNF
were added into the medium at day 4. This medium (contained NGF and
GDNF) was refreshed every other day and the culture maintained for a
total of 10 days. The samples were fixed with 4% PFA (Solarbio, China)
and stained phalloidin-AlexaFluor 633 (Invitrogen, USA), Anti-S100
beta (Abcam, ab52642), Anti-f-III tubulin (Abcam, ab78078) and
DAPI. The CLSM (Leica TCS SP8, Germany) was used for imaging.

2.9. Animal surgery and grouping situation

Nine adult male beagle dogs (9.5-10.5 kg, 8-12 months) were ob-
tained from the Marshall Bioresources Beijing (China). All animal
studies were performed according to the guidelines set by the Tianjin
Committee of Use and Care of Laboratory Animals, and the overall
project protocols were approved by the Animal Ethics Committee of
Nankai University. The dogs were randomly divided into three groups:
(i) three in the Neurolac® nerve conduit group; (ii) three in the Sheath
nerve conduit group; (iii) three in the Sheath & Core nerve conduit
group. Anesthesia was induced by intramuscular injection of xylazine
(1.5 mg/kg). After endotracheal intubation, dogs were maintained
under general anesthesia by inhalation of isoflurane (1-4%). The outside
of the left thigh was shaved, then a skin incision was made along the
femoral axis, the muscles outside the thigh were separated free, and a
50-mm long segment of sciatic nerve was exposed. Then a 26-mm long
segment of sciatic nerve was then resected, leaving a 30-mm long defect
following retraction of the nerve ends. The nerve defect was bridged by
nerve conduit with both the proximal and distal nerve stumps anasto-
mosed to the graft at each junction using a 6-0 Surgipro™ suture
(COVIDIEN, USA). The muscles and skin were sutured with a 3-0 MER-
SILK® suture (Johnson & Johnson Medical, USA) to close the surgical
incision. Experimental end points were set at 1 year.

2.10. MRI and 3D reconstruction of nerves and muscles

MR Imaging: The canines were examined by MRI 1 year after surgery
to observe the morphology of the peripheral nerve lesion site and the
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gastrocnemius muscle. MRI examination was performed on a 3.0T MRI
scanner (Prisma, Siemens, Germany) with a 16-channel phased-array
body coil. After anesthesia, canines were placed in the prone position.
The imaging protocol included coronal Dixon T2WI (TR 7230 ms, TE 59
ms, slice thickness 3 mm, FOV 350 mm x 350 mm, matrix 320 x 224);
coronal 3D dual echo steady state (DESS) (TR 16 ms, TE 5 ms, slice
thickness 0.6 mm, FOV 170 mm x 170 mm, matrix 256 x 251, Flip angle
25, acquisition times 1); coronal DWI (TR 10520 ms, TE 53 ms, slice
thickness 3 mm, FOV 380 mm x 380 mm, matrix 192 x 192, acquisition
times 2), b-values were 0, 700 s/mm?, and ADC-MAP map was auto-
matically generated.

Imaging Analysis: All the images were explored from the picture
archiving and communication system (PACS). Imaging analysis and
post-processing were obtained using a software package (Mimics med-
ical, 21.0, Belgium). Referring to TIWI, T2WI, and DWI images, the
regions of interest (ROIs) were manually drawn along the gastrocnemius
muscle and sciatic nerve border on all slices of ADC maps to generate a
3D-ROI by one radiologist with six years of orthopedic diagnosis expe-
rience without clinical information and verified by a senior radiologist
with eight years diagnostic experience. Furthermore, another radiologist
with five years of orthopedic diagnosis experience repeated this pro-
cedure alone without clinical information.

2.11. Walking track assessment

To characterize the functional recovery after 1-year post-surgery,
canines were free to walk in the walkway (2 m in wide x 20 m in
length) for at least 20 min. The movement of canines were video
recorded using a high-speed videotaping device (Go Pro HERO 9, USA).
The video data was then analyzed frame-by-frame to record the range of
motion of the hip joint, knee joint, hock joint and metatarsophalangeal
joint of the canine. Reconstruction of the left hindlimb joint motion
within a full stride period was performed according to these data, and
further normalized for the range of motion of the hock joint and the
metatarsophalangeal joint. The locomotion scoring of the hind limb’s
movement disorder was used to further assess the functional recovery
outcomes of peripheral nerve regeneration.

Score 3: Severe paralysis of the left hind limb occurred immediately
after a transection of the left sciatic nerve.

Score 2: The hock joint of the left hindlimb were slightly over flexed,
and the animals were able to partially lock the knee and hock joints
during moving, with occasional claudication or inconsistent stride
length, and were accompanied by an upturning of plantar.

Score 1: The animals were able to perform coordinated movements
and regular stride intervals close to the pre-surgical state during moving,
and the plantar positioning on the ground normally.

2.12. Electrophysiology assessment

To characterize the electrophysiological properties after 1-year post-
surgery, Canines were anesthetized and placed in a lateral position.
Compound muscle action potentials (CMAPs) and motor nerve con-
duction velocity (MNCV) of the sciatic nerve were measured using a
neurophysiological parameter tester (NeuroCare-T, NCC MEDICAL,
Shanghai, China). The recording electrode patch was attached to the
gastrocnemius muscle belly, the reference electrode patch was attached
to the skin surface of the lower tibia, and the stimulating electrode was
successively applied to the sciatic nerve trunk at the proximal and distal
ends of the graft, and the amplitude and latency of the CMAPs were
recorded. Accurately measure the distance between two electrical
stimulation points and calculate the MNCV. The same procedure was
performed on the unaffected sciatic nerve.

2.13. Morphological and histological analysis

At 1-year post-surgery, all nerve conduits were retrieved for cutting
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into sections. Sample segmentation and corresponding histological
characterization were shown in Fig. 7A. For histochemical staining, the
conduits were fixed in buffered 4% paraformaldehyde for 72 h, then
dehydrated in a graded ethanol series, cleared in xylene, embedded in
paraffin (Leica, Germany) and cut into 5-pm thick sections. The sections
were stained with Hematoxylin and Eosin (H&E, Solarbio, China),
Masson trichrome (Solarbio, China), Toluidine Blue (Solarbio, China),
Luxol Fast Blue (Solarbio, China). Images were observed under an up-
right microscope (Leica, DM3000, Germany). For transmission electron
microscopy (TEM), the conduits were fixed in a solution of 2.5 wt%
glutaraldehyde (Solarbio, China) for 72 h and then transverse ultrathin
(thickness: 50.0 nm) sections were cut on a microtome (Leica, EM UC6,

Bioactive Materials 30 (2023) 98-115

Germany), placed on 0.5% formvar coated meshes and stained with
uranyl acetate and lead citrate. Images were observed under the TEM
(HITACHI, HT7700 Exalens, Japan), using an accelerating voltage of
100 kV. The evaluation of the g-ratio (defined as the inner axon diameter
divided by the outer diameter of the myelinated sheath) was carried out
by photographing randomly selected fields of each TEM image at 1500
x magnification, and at least 100 myelinated axons were measured for
each group.

2.14. Wet weight and histological assessment of gastrocnemius muscle

The gastrocnemius muscles were harvested from both the
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Fig. 1. Composite nerve conduit characterization. (A) Macroscopic and microscopic morphology of the external sheath and inner grid core of nerve conduit. (B)
Fiber diameter of the Sheath scaffold and Core scaffold. (C) Nightingale rose plots of fiber orientation angle of the Sheath scaffold. (D) Nightingale rose plots of fiber
orientation angle of the Core scaffold. (E) Tensile stress-strain curve of the Sheath scaffold. (F) Table of mechanical parameters of the Sheath scaffold. (G) The stress-
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column, 30 pm. n = 5 for mechanical tests.
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experimental and the control sides for weighing. The muscle wet weight
ratio (%) was calculated as: the muscle wet weight of the experimental
limb/the weight of the contralateral control limb x 100%. After that,
several pieces of the excised gastrocnemius muscle were cut from the
mid-belly and fixed in buffered 4% paraformaldehyde for 72 h, then
dehydrated in a graded ethanol series, cleared in xylene, embedded in
paraffin (Leica, Germany) and cut into 7-pm thick sections. Pathological
changes in gastrocnemius muscle were examined using H&E (Solarbio,
China) staining and Masson trichrome (Solarbio, China) staining. Im-
ages were observed under an upright microscope (Leica, DM3000,
Germany).

2.15. Statistical analysis

All quantitative results were obtained from at least three indepen-
dent experiments for analysis. Data were expressed as the mean +
standard error of the mean (SEM). GraphPad Prism Software Version 9.0
(San Diego, CA, USA) was used for statistical analysis. Single compari-
sons were carried out using an unpaired student’s t-test. Multiple com-
parisons were carried out using one-way analysis of variance (ANOVA)
and Tukey’s post-hoc test. The minimum significance level was set at * p
< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results
3.1. Nerve conduits preparation and characterization

The nerve conduits in this study consisted of two parts: a random
nanofiber sheath scaffold and an oriented microfiber grid core scaffold
(Fig. 1A). The sheath scaffolds were prepared by electrospinning with
PLCL material, which mimicked the structure of the natural epineurium
ECM and facilitated suturing to the epineurium of the native nerve
stump. SEM examination and measurements confirmed that the fiber
diameter of the sheath scaffold was 0.83 + 0.25 pm (Fig. 1B) with inter-
fiber pore size of 4.72 + 0.53 pm (Supplementary Fig. 1A). The inner
diameter of the sheath scaffold was 3.98 mm =+ 0.04 mm, and the wall
thickness was 395.6 + 12.3 pm. Nightingale Rose plots representing the
broad angle distribution of random nanofibers are shown in Fig. 1C. We
next tested the mechanical properties of the sheath. In the tensile tests,
the representative stress-strain curve of the sheath scaffold was recorded
and is shown in Fig. 1E. Results indicated an elastic modulus of 1.08 +
0.08 MPa, a maximum stress of 3.14 + 0.44 MPa, and a maximum strain
of 620.75 + 31.51%.

To mimic changes in joint motion aggravating sutured conduits until
break, we carried out the suture retention testing. The results showed
that the pull-out strength of the sheath scaffold was 2.76 + 0.52 N
(Fig. 1F). In the compression cycle test, the representative stress-strain
curves of the sheath scaffold after 0 and 100 compression cycles are
shown in Fig. 1G. We performed a mechanical test on 50% deformed
sheath scaffold (Fig. 1H) and tested the diameter deformation of the
after the 100th compression cycle (Fig. 1I). Compared with the initial
state, the maximum stress was reduced by 12.84 + 4.45%, and the
diameter was reduced by 16.13 + 0.76%. The sheath scaffold could be
easily restored to its original shape after being pressed, stretched, folded,
and twisted (Supplementary Video 1). The grid core scaffolds were
prepared with PDS material combined with electroprinting process,
which simulated the orientation structure of nerve fibers, and served as
the matrix for the directional adhesion and migration of nerve cells. SEM
pictures showed that the fiber layers were stacked steadily and repeat-
edly as designed. The fiber diameter of the grid core scaffold was 22.29
+ 2.87 ym (Fig. 1B) and a spacing of 1500.20 + 23.93 pm in the Y axis
direction and a spacing of 158.98 + 17.87 pm in the X axis direction
were fabricated (Supplementary Fig. 1B). Nightingale Rose plot showed
that the microfibers of the grid core scaffold were vertically parallel
(Fig. 1D).

Supplementary video related to this article can be found at https://
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3.2. Permeability and fibroblast cell barrier capacity of nerve conduits

To characterize the permeability of the Neurolac nerve conduit
versus the sheath scaffold, we performed drug diffusion experiments
using Franz diffusion cells (Fig. 2A). Here, we selected toluidine blue
(TB, molecular weight 373.97 Da) as a representative low-molecular-
weight drug and BSA (molecular weight 66.43 kDa) as a representa-
tive high-molecular-weight drug. Drug concentrations in the donor and
recipient chambers were measured at different time points, TB (Fig. 2B)
and BSA (Fig. 2C) diffusion curves for the Neurolac nerve conduit and TB
(Fig. 2D) and BSA (Fig. 2E) diffusion curves for the Sheath scaffold were
plotted, respectively. Neurolac nerve conduit was virtually impermeable
to both low- and high- molecular weight drugs, which was closely
related to its non-porous dense structure (Supplementary Fig. 2). How-
ever, the Sheath scaffold could achieve more than 50% TB diffusion with
BSA in 5 min, and basically completed the dynamic balance of the two
drugs in the donor chamber and recipient chamber at 30 min. To
characterize the ability of Neurolac neuro-ducts and sheath scaffolds to
block fibroblasts, we utilized Matrigel chemotaxis to investigate the
number of fibroblasts crossing the membrane scaffold from above to
below (Fig. 2F). The results showed that almost all fibroblasts were
trapped on the upper surface of the Neurolac nerve conduit, whereas
very few fibroblasts were able to cross the sheath scaffold (Fig. 2G), but
there was no significant difference in the blocking rate between the two
groups (Fig. 2H).

3.3. Guidance from different scaffolds for Schwann cells arrangement

To observe the arrangement and spreading of RSC96 cells on
different scaffolds, the RSC96 cells were cultured for 5 days and sub-
jected to S100p and F-actin immunofluorescence staining and CLSM
imaging. The images showed that RSC96 cells clustered on the Neurolac
and Sheath scaffolds, with round shape, short pseudopodia, and irreg-
ular distribution. On the grid core scaffolds, RSC96 cells were mostly
arranged side by side on a single microfiber. The cells showed an elon-
gated morphology with bipolar distribution of pseudopodia and
extended along the fiber direction, forming a structure similar to the
“Bungner’s bands” (Fig. 3A). This is the basic structure of myelin and is
known to play an important role in peripheral nerve regeneration. In
addition, we counted the angle of RSC96 cell arrangement, and the re-
sults showed that Schwann cells dispersed in all directions on both
Neurolac scaffolds and sheath scaffolds (Fig. 3B and C). Schwann cells
were oriented on the Core scaffolds, and the cell angles were mainly
distributed within 0-10° (Fig. 3D). At the same time, the length of
Schwann cell pseudopodia on the grid core scaffolds was significantly
higher than that of the other two groups (Fig. 3E), and the shape index
was significantly lower than that of the other two groups, which further
reflected the elongated morphology of the cells (Fig. 3F). The Schwann
cell spreading area of Core scaffold was significantly lower than that of
the other two groups, and the sheath group was also significantly lower
than that of Neurolac group (Supplementary Fig. 3). The above data
indicated that the grid core scaffolds had a significant directional
guidance effect on Schwann cells.

3.4. Guidance from different scaffolds for neurite outgrowth

To observe the arrangement and spreading of PC12 cells on different
scaffolds, PC12 cells were cultured for 5 days and subjected to
p-III-tubulin and F-actin immunofluorescence staining and CLSM im-
aging. Significant expression of B-III-tubulin and neurite extension
could be observed, indicating that PC12 cells were well differentiated on
all scaffolds. The PC12 cells showed scattered distribution on both
Neurolac and sheath scaffolds, accompanied by short extension of most
neurites. On the grid core scaffold, PC12 cells are mostly concentrated
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fibroblast blocking assay.

on individual fiber, with multiple neurite branches entangled each other
and extended along the fiber direction (Fig. 4A). We quantitatively
assessed the angle of neurite arrangement, with neurites scattered
irregularly in all directions on both Neurolac and Sheath scaffolds
(Fig. 4B and C), whereas neurites on the Core scaffolds exhibited a high
degree of directional consistency (Fig. 4D). The neurite length on the
Core scaffold was significantly higher than that in the other two groups,
and the neurite length of Sheath scaffold was also significantly higher
than that of Neurolac group (Fig. 4E). Similar to Schwann cells, the cell
shape index of PC12 on the grid core scaffold was significantly lower
than that of the other two groups (Fig. 4F), The PC12 cell spreading area
of grid core scaffold was also significantly lower than that of the other
two groups (Supplementary Fig. 4), and the above data all indicated that
the grid core scaffolds had a significant directional guidance effect on
neurites.

3.5. RSC96-PC12 cell co-culture on different scaffolds

To generate the RSC96-PC12 cell co-culture system, we referred to
the study by Malheiro et al. [26], the culture protocol was shown in
Fig. 5A. In brief, RSC96 cells were first seeded on different scaffolds and
cultured for 3 days, followed by PC12 cells seeded on them and cultured
for another 7 days, and NGF and GDNF were added to the culture me-
dium during the culture period to promote differentiation and matura-
tion of the co-culture system. Subsequently, immunofluorescence
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staining for S100p, f-III-tubulin and F-actin with CLSM imaging was
performed on the co-culture system. As shown in Fig. 5B, both RSC96
and PC12 cells exhibited good cell spreading and significant expression
of $100p and B-IlI-tubulin on all three scaffolds. Interestingly, under the
premise of uniform seeding of the two cells, PC12 cells in the co-culture
system showed the characteristics of clumping growth on Neurolac and
sheath scaffolds, with small proportion of neurites extended, which was
significantly different from the state of scattered growth of PC12 cells in
the culture alone. RSC96 cells in the co-culture system were radially
distributed around PC12 cell spheres on Neurolac and sheath scaffolds,
and some of the cells showed bi- or multi-polarized pseudopodia
morphologically. The cell distribution and morphology of RSC96-PC12
co-culture system on Neurolac and sheath scaffolds closely resembled
those of DRG cell spheres cultured in vitro [18,27]. On the grid core
scaffolds, the cells of RSC96-PC12 co-culture system showed a state of
accumulation along the single microfiber, and neurites contacted
Schwann cell pseudopodia and extended along the fiber direction. We
further assessed the angle of Schwann cells and neurites arrangement on
different substrates under co-culture system. RSC96-PC12 cells pre-
sented a dispersed arrangement on Neurolac scaffolds and sheath scaf-
folds (Fig. 5C and D), and presented a parallel arrangement with fibers
on grid core scaffolds (Fig. 5E). When RSC96-PC12 cells were
co-cultured on three kinds of scaffolds, the pseudopodia length of
Schwann cells and the neurite length were higher than that of the RSC96
cells or PC12 cells cultured individually. Quantitative statistics of
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Fig. 3. Schwann cell behavior on different scaffolds. (A) Representative images of Schwann cells arranged and spread on the Neurolac scaffolds, Sheath scaffolds,
and Core scaffolds, respectively. The second row of images in each group represent high-magnification images of the white box area. S100p was stained in red, F-actin
was stained grayish white, and cell nuclei was stained blue. (B, C, D) Nightingale rose plots of Schwann cell orientation angle of the Neurolac scaffolds, Sheath
scaffolds, and Core scaffolds, respectively. (E) The branching length of Schwann cells on different scaffolds. (F) The shape index of Schwann cell nucleus. Scale bars:
the first row of every group, 200 pm; the second row of every group, 100 pm. n = 5 for all groups.

Schwann cell pseudopodia length showed that cells on the grid core
scaffold had significantly higher pseudopodia length than the other two
groups, while Neurolac group had no significant difference from sheath
group (Fig. 5F). Quantitative statistics of neurite length showed that the
neurite length on the grid core scaffold was significantly higher than that
in the other two groups, and the neurite length was also significantly
higher in the Sheath group than in the Neurolac Group (Fig. 5G).
Further, we counted the co-localization between PC12 neurites and SCs,
and the grid core scaffolds significantly enhanced the proportion of SCs
adhering to neurites compared with the other two groups (Fig. 5H).

3.6. Implantation process of nerve conduits and the morphology of
regenerated nerve

We next sought to verify the efficacy of nerve conduits in repairing
peripheral nerve defects with large gaps (>2-3 cm). We implanted three
kinds of nerve conduits (Neurolac, sheath, sheath & grid core) in a 3 cm
sciatic nerve defect model in beagle dogs, and the implantation process
and detection method were shown in Fig. 6A. The surgical procedure is
illustrated in detail in Fig. 6B. After sciatic nerve exposure, approxi-
mately 5 cm in length of the sciatic nerve was isolated. After partial
sciatic nerve removal, it was naturally retracted a 3 cm gap, and the
nerve conduit was sutured using an end-to-end anastomosis. The Neu-
rolac nerve conduits appeared transparent, and its dense structure
resulted in the formation of water mist in the lumen. The sheath and
sheath & grid core nerve conduits were white in color, due to their
porous structure, the surrounding blood moistened the conduits and
turned them red. All experimental animals achieved primary wound
healing after surgery, without skin redness and swelling and other
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adverse reactions. MRI and 3D reconstruction of bilateral sciatic nerve
regions of interest (ROI) were performed in the lower limbs of beagle
dogs 1 year after surgery. The results showed that the sciatic nerve in
Neurolac group was tortuous, the diameter of the nerve was uneven, and
presented intermittent distribution. The reconstructed images of sheath
and sheath & grid core groups presented a continuous distribution,
showing bead-like changes. When the nerve sample was harvested, no
exudation or abscess was observed in the soft tissue around the im-
plantation site, and the specimens of each group were completely
removed. Brightfield photographs of the harvested nerves showed that
the grafts in the three groups were completely replaced by neural-like
tissue, the material of all three groups had degraded without macro-
scopically visible scaffold remnants. However, in the Neurolac group,
atrophy and collapse of the repaired area were observed, the repaired
tissue was thin, the local continuity was interrupted, the color was dark,
and a small amount of nerve appearance-like tissue was replaced. The
sheath group also showed collapse of the repaired area and continuous
passage of neuroid appearing tissue. In the sheath & grid core group, the
regenerated nerve tissue was plump, vascular crawling growth was
observed on the surface. The distal and proximal ends of the sciatic
nerve were well integrated with the native nerve stump, and the
morphology was the closest to that of the native nerve (Fig. 6C). We
calculated the ratio of the diameter of the thinnest position of the re-
generated nerve to the diameter of the native nerve in three groups and
found that the ratio was significantly higher in the sheath & grid core
group than in the other two groups (Supplementary Fig. 5).
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3.7. Histology and histomorphometry of regenerated nerve

To further determine the promoting effect of core addition on nerve
regeneration, we further performed histological analysis of the regen-
erated nerve 1 year after implantation, as shown in Fig. 7A, five seg-
ments of the regenerated nerve were analyzed. H&E staining revealed
(Fig. 7B) that no residual fragments of the nerve conduit material were
found in all three groups, indicating that the nerve conduit material had
been completely degraded. Transverse sections showed that numerous
inflammatory cells infiltrated into the epineurium of the middle segment
of nerve in the Neurolac group. There were a few scattered nerve fiber
bundles regeneration in the middle and distal segments of the regener-
ated nerve, and a large amount of connective tissue appeared between
the nerve bundles in the Neurolac group. No obvious inflammatory cell
infiltration was found in the Sheath group, and nerve fiber bundles
regeneration in the middle segment were slightly better than that of the
Neurolac group, but there was no significant histological difference in
the nerve fiber of the distal segment between the Sheath group and the
Neurolac Group. In Sheath & Core group, no obvious inflammatory cell
infiltration was found. The nerve fibers in the middle segment regen-
erated into the primary nerve fascicles, which were evenly distributed,
and thick nerve fiber bundles similar to native nerves appeared in the
distal segment. Longitudinal sections showed that cells in Neurolac and
Sheath groups presented irregular arrangement and were surrounded by
loose and disordered ECM. The cells and ECM in Sheath & Core group,
on the other hand, presented a dense and orderly parallel arrangement
along the long axis. All the three groups showed good vascularization
within the nerve bundle, between the nerve bundles and in the
epineurium. We performed quantitative statistics on the number of
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vessels in the middle and distal segments of the regenerated nerve, and
the results showed that the number of vessels in the Sheath & Core group
showed a tendency to be higher than that in the other two groups at both
locations. In the middle segment, the number of vessels was significantly
higher in the Sheath & Core group than in the Neurolac group (Fig. 7G),
whereas in the distal segment, there was no significant difference in the
number of vessels between the three groups (Fig. 7H). Masson trichrome
staining showed that there was a large amount of collagen deposition in
the epineurium of all three groups (Fig. 7C). Transverse sections showed
limited numbers of myelinated nerve fibers and smaller nerve fiber di-
ameters in both the Neurolac and Sheath groups, weather in the mid- or
distal- segments. In Neurolac group, the distal nerve fascicles were
partly degenerated, accompanied by proliferation of connective tissue,
and blurring of perineurial boundaries. The density of myelinated nerve
fibers in the Sheath & Core group was higher than that in the other two
groups. Longitudinal sections showed that the nerve fibers in the Neu-
rolac and sheath groups were homogeneously distributed, and the nerve
fibers in the sheath & grid core group showed a continuous arrangement
along the long axis, with myelin sheaths wrapping around the nerve
fibers in a parallel and orderly manner. Toluidine Blue staining and
Luxol Fast blue staining showed myelination in three groups (Fig. 7D
and E). Transected sections showed lower myelin density and lower
myelin thickness in the middle and distal segments of regenerated
nerves in both Neurolac and Sheath groups. sheath & grid core group
showed higher myelin density and greater myelin thickness in regen-
erated nerves. Longitudinal sections showed that myelin sheaths in the
Neurolac and Sheath groups were thin and scattered and showed
intermittent distribution, while myelin sheaths in the sheath & grid core
group showed uniform and continuous parallel arrangement. TEM
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images further showed the ultrastructure of the regenerated nerve
(Fig. 7F). In the sheath & grid core graft group, the myelinated nerve
fibers in the middle of the graft were densely clustered and dispersed,
with a compact and homogeneous structure, and the number of unmy-
elinated fibers was significantly less than that in the other two groups.
The density of myelinated nerve fibers in the distal end of sheath & grid
core grafts was much higher than that in the other two groups, and the
structure of perineurium was clearer. Further quantitative statistics of
myelinated nerve fiber density showed that the density of myelinated
nerve fibers was significantly higher in the sheath & grid core group
than in the other two groups, both in the middle and distal segments of
the regenerated nerve (Fig. 7I and J). The diameter of myelinated nerve
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fibers in Sheath & Core group was also significantly higher than that in
the other two groups in the middle and distal segments of the regener-
ated nerve. In the distal segment of the regenerated nerve, the diameter
of axon was significantly larger in the Sheath group than in the Neurolac
Group (Fig. 7K, L). Corresponding to the histological staining results,
quantitative analysis of myelin thickness confirmed that in both the
middle and distal segments of the regenerated nerve, myelin thickness
was significantly higher in the sheath & grid core group than in the other
two groups (Fig. 7M, N). The g-ratio of regenerating myelinated fibers,
defined as the ratio of neurite inner diameter to outer diameter, was
calculated to indicate the optimal function and structure of nerve
myelination [28]. As shown in Fig. 70 and P, the g-ratio distribution
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trend was very close between Neurolac group and Sheath group, while
the g-ratio of sheath & grid core group was significantly smaller than
that of the other two groups in both the middle and distal segments of
the regenerated nerve (Supplementary Fig. 6 A, B).

3.8. Gait test and joint dynamic reconstruction

The recovery of motor ability of experimental animals directly re-
flects the level of regeneration of peripheral nerves. We performed a
detailed assessment of the beagle dog’s motor gait profile 1 year after
surgery. All animals presented complete paralysis of their left hind legs
immediately after sciatic nerve transection. With the regeneration of
sciatic nerve after reconstruction, the motor status of operated limbs of
experimental animals in each group showed differences. Photographs of
the gait characteristics of each group of beagle dogs were shown in
Fig. 8A. In the Neurolac group, the left hind leg of the dogs still

presented with severe paretic paralysis. During the gait cycle, dogs in the
Neurolac group had limited active flexion of the left hock joints and
metatarsophalangeal joints, the metatarsophalangeal joints presented
mild hyperextension, plantar cannot be pressed flat and hind foot was
prolapsed. In the Sheath group, the movement ability of the left hind leg
was partially recovered, the active flexion movement of the hock joints
and metatarsophalangeal joints showed partial recovery. The movement
posture was still uncoordinated, and the sole of the hind foot could not
be completely stepped flat. In the sheath & grid core group, the activity
and muscle strength of each joint were significantly improved. During
the gait cycle, it could be observed that the foot was able to tread flat, the
pace of movement was regular, the movement posture was coordinated,
and the posture was balanced.

At the same time, we dynamically reconstructed the changes of joint
position of the hind leg during the gait cycle, which could more clearly
and accurately show the motor recovery of experimental animals
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regenerated nerves. (F) TEM pictures of regenerated nerves. (G, H) The vessel density in the middle and distal segments of the regenerated nerve. (I, J) The density of
myelinated axons in the middle and distal segments of the regenerated nerve. (K, L) The diameter of axons in the middle and distal segments of the regenerated
nerve. (M, N) The myelin thickness in the middle and distal segments of the regenerated nerve. (O, P) G-ratio distribution in relation to different axon diameters and
the value of g-ratio of various groups. Scale bars: B, C, D, E, the first row of every segment, 200 pum; the second row of every segment, 50 pm. F, the first row of every

segment, 10 pm; the second row of every segment, 1 pm. n = 3 for all groups.

(Fig. 8B, C, D). The flexion angles of the hock joints and meta-
tarsophalangeal joints showed that the minimum active flexion angle of
the hock (Fig. 8E) and metatarsophalangeal joints (Fig. 8F) were
significantly smaller in the Sheath & Core group than in the Neurolac
group, while there was no significant difference between the Sheath and
Neurolac groups in these two angles. The motor function scores of the
hind legs were shown in Fig. 8G, all animals received a gait score of 3
following nerve transection surgery. One year after surgery, one (1/3)
Neurolac group improved to a score of 2, while the other two (2/3)
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remained at a score of 3. In the Sheath group, one (1/3) improved to a
score of 1, one (1/3) got a score of 2, and the remaining one (1/3) got a
score of 3. In the sheath & grid core group, two (2/3) improved to a score
of 1 and one (1/3) went up to a score of 2.

3.9. Histology and histomorphometry of regenerated nerve

To determine the functional recovery of sciatic nerve defects with
different nerve conduits, we performed electrophysiological testing to
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Fig. 8. Gait test, joint dynamic reconstruction, and motor function score. (A) Representative photographs of movement gait in each group of dogs 1 year after
nerve conduit implantation. (B) Dynamic reconstructions of the left hind limb joints of dogs in each group. (C) Normalized dynamic reconstructions of the hock
joints. (D) Normalized dynamic reconstructions of the metatarsophalangeal joints. (E, F) The minimum flexion angle of the hock and metatarsophalangeal joints in
each group. (G) The motor function score of canines in each group. n = 3 for all groups.
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assess the electrical transduction of regenerated nerves (Fig. 9A). The
CMAP amplitude was significantly higher in the sheath & grid core
group than in the other two groups (Fig. 9B). Meanwhile, the latency of
nerve conduction was significantly shorter in the sheath & grid core
group than in the other two groups (Fig. 9C). In MNCV, the sheath & grid
core group was significantly faster than the Neurolac group, while there
was no significant difference from the Sheath group (Fig. 9D). Atrophy
of the gastrocnemius muscle, one of the target tissues of the sciatic
nerve, was also evaluated to assess the function of the regenerated
nerve. As observable in the 3D reconstruction images of MRI, the size of
the gastrocnemius muscle on the experimental side (ES) was smaller
than that on the normal side (NS), especially in the Neurolac group,
where its muscle morphology was slender (Fig. 9E). The muscles of the
ES in both sheath & grid core and sheath groups were red and lustrous in
color, and quite soft in texture. However, the muscles of the ES in the
Neurolac group were pale in color, hard and tenacious in texture with
the severely atrophied muscle belly (Fig. 9F). The gastrocnemius muscle
wet weight ratio (ES/NS) showed a decreasing trend from the sheath &
grid core, sheath, and Neurolac groups, but there was no significant
difference among the three groups (Fig. 9G). H&E staining of transverse
sections showed that muscle fibers in the sheath & grid core group were
uniform in size, muscle fibers in the sheath group had some degree of
atrophy, and muscle fibers in the Neurolac group had severe atrophy,
showing degradation and fragmentation of muscle fibers (Fig. 9H).
Statistical data on muscle fiber diameter indicated that muscle fiber
diameter was significantly larger in the sheath & grid core group than in
the other two groups, while the sheath group also had a larger muscle
fiber diameter than the Neurolac group (Fig. 9I). Masson’s Trichrome
staining confirmed extensive collagen deposition and muscle fibrosis
around atrophic myofibers in Neurolac group, which were common
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few collagen fibers between gastrocnemius muscle cells (Fig. 9J). The
sheath & grid core Group, as well as the sheath group, had a statistically
significantly smaller area of collagen fibers than the Neurolac group
(Fig. 9K).

4. Discussion

The development of nerve conduits has shifted attention from the
construction of simple hollow nerve conduits to the inclusion of
biochemical factors (e.g., growth factors, active peptides, extracellular
matrix, etc.) or biophysical cues (e.g., to guide Schwann cells, mesen-
chymal stem cells, etc.), with the aim to realize the improved repair of
long-gap nerve defects [1,9]. However, these meaningful attempts to
functionalize nerve conduits presents difficulty in terms of produced
generalized conduits for the clinic and to address specific clinical needs
within short timeframes [29]. Biophysical cues, due to their clarity of
composition and structural plasticity, are expected to advance clinical
applications of NGCs by introducing certain structural changes [22].
Because of the prospect of clinical translation, we chose FDA-approved
polymers and used topological modulation to achieve long-distance
nerve defect repair. Here, we constructed a composite nerve conduit
composed of anisotropic microfiber grid cores and randomly organized
nanofiber sheaths. The nanofiber sheaths possessed excellent elasticity,
compression resistance and sufficient resistance to suture pull-out. The
appropriate pore size prevented fibroblast infiltration while ensuring
that transfer of nutrients and metabolic waste could proceed. The mi-
crofiber grid cores could direct Schwann cell and axon growth, by pro-
moting axon elongation and increasing the adhesion ratio of Schwann
cells to neurites. In beagle sciatic nerve defect models, our composite
nerve conduits exhibited superior macroscopic morphology, neural

features of muscle atrophy. In the other two groups, there were only a integration, neurohistological regeneration, gait recovery, and
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Fig. 9. Functional evaluation of regenerative nerve and gastrocnemius muscle atrophy 1 year after nerve conduit implantation. (A) Representative images
of CMAP. (B, C, D) Quantitative analysis of CMAP amplitude, nerve conduction latency, and nerve conduction velocity. (E, F) Representative images of 3D
reconstruction and gross view of gastrocnemius muscle on the experimental side (ES) and normal side (NS) of dogs. (G) Quantitative analysis of wet weight ratio of
gastrocnemius muscle. (H) Representative microscopic images of H&E staining in cross sections of gastrocnemius muscle. (I) Quantitative analysis of muscle fiber
diameter. (J) Representative microscopic images of Masson Tri staining of gastrocnemius muscle cross sections. (K) Quantitative analysis of area percentage of
collagen. Scale bars: H, J, the first row, 200 pm; the second row, 50 ym. n = 3 for all groups.
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electrophysiological and gastrocnemius muscle recovery compared with
controls.

In currently published studies of nerve conduits, focus has tended to
be on modification and innovation of internal fillers, but few studies
have incorporated sheaths and assessed the benefit to nerve regenera-
tion. Indeed, the mechanical properties of the sheaths were not only
related to the convenience of clinical operation and suturing, but also
affected nerve regeneration [16]. Under physiological conditions,
nerves at joints undergo slight tension during joint movement. However,
stretching also contributes to neuropathology, with some studies indi-
cating that more than 5% nerve elongation could decrease conduction
amplitude in an approximately linear manner [30,31]. Thus, if nerve
conduits cannot support extension, they may adversely affect post-
operative rehabilitation. At the same time, peripheral nerves tend to be
with in a muscle-wrapped environment, exposing implanted nerve
conduits to compression by surrounding tissues, which may result in
reduced luminal volume and trigger of guidance failure [7,32]. To
circumvent this, the use of polymers with elastic properties have been
used to prepare sheathes for nerve conduits. PLCL is a hydrophobic
aliphatic polyester copolymer obtained by ring-opening polymerization
of PLA and PCL monomers. PLCL is highly elastic and has an adjustable
degradation rate by changing molecular weight or the ratio of lactic acid
to caprolactone. Moreover, PLCL has demonstrated its ability to main-
tain a stable shape during its biodegradation to its components poly-
lactic acid and polycaprolactone in vivo, which are in-turn hydrolyzed
to biocompatible lactic acid and 6-hydroxycaproic acid by-products [33,
34]. In lieu of these advantages, PLCL has been approved for clinical use
as nerve conduits, sutures, and controlled-release drug delivery systems
by the FDA. The commercially available Neurolac nerve conduits are
prepared from PLCL, thus making it an appropriate benchmark and
control [35,36]. According to tensile test data of our nerve conduit
Sheaths, the elongation at break was increased by 620%, and the lumen
diameter was only reduced by 15% after 100 cycles of compression,
which ensured that our composite conduits were unlikely to fail due to
movement or compression by surrounding tissues. Appropriate strength
for pull-out resistance should also be ensured to avoid risk of suture
pull-out under traction of movement. Our nerve conduit sheaths
demonstrated a pull-out resistance strength of 2.76 N, which was greater
than the pull-out resistance strengths reported in the literature for
Neuragen® products (1.80 N) [37].

Excessive fibroblast infiltration during nerve regeneration can result
in the formation of scar tissue (i.e., neuroma formation) and hindered
axonal regeneration [36]. The multilayer fibrous structure of our nerve
conduit sheaths effectively limited the infiltration of fibroblasts,
providing a barrier effect against fibroblasts, which didn’t exhibit a
significantly different outcome from that of Neurolac conduits that have
a dense, nonporous structure. In addition, absorbable nerve conduits
must be appropriately porous or permeable to allow for nutrients and
waste products exchange between the cells within the conduit lumen
and the exterior tissues, a process essential for initial revascularization
and in ensuring the viability of supportive cells in the nerve regeneration
process. Human growth factor proteins typically fall within the molec-
ular weight range of several tens of kDa [38]. To test our sheaths’
permeability, we used BSA, and its permeability served as an indicator
that a supply of nutrients and growth factors could traverse the conduit
sheaths during nerve regeneration. Moreover, good permeability also
prevents pressure build-up caused by fluid retention, which has been
suggested to lead to conduit collapse [39].

Achieving uniform orientation of guidance cues within the lumen of
large-diameter nerve conduits is an important issue that required careful
attention in this study. Commercially available nerve conduits such as
Neurolac® and NeuraGen® are hollow, and both exhibit good repara-
tive effects across short-gap nerve defects. However, the lack of appro-
priately scaled biophysical cues in these commercially available
conduits has limited their capacity to repair long-gap (>3.0 cm) nerve
defects [4,40]. To date, the most successful clinical substitutes for
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autografts have been processed nerve allografts (Avance®, AxoGen).
Following specialist decellularization treatment, these allograft prod-
ucts have preserved microarchitectural integrity that provides the
necessary contact guidance for Schwann cell migration and axon elon-
gation, thereby accelerating the process of nerve regeneration [11].
Consistent with this, increasing evidence has demonstrated that incor-
poration of intraluminal structures into hollow conduits serve as simple,
yet effective, strategies to enhance contact guidance for nerve cells.
Currently, guide fibers with a wide range of diameters (from 100 nm to
1000 pm) have been used to enhance contact guidance of nerve conduits
and reduce axonal mismatch [41-47]. In our previous work, we showed
that oriented guidance fibers close to the cell scale (approximately
20-30 pm) facilitated macrophage recruitment and subsequent polari-
zation toward a pro-healing phenotype, which in-turn stimulated and
promoted nerve regeneration [18]. Therefore, in this work, we followed
a similar approach by using melt electroprinting to prepare anisotropic
fibrous grid cores with fiber diameters of 22.64 + 2.82 pm. The longi-
tudinal fibers were densely arranged to guide directional adhesion and
spreading of Schwann cells and axons, whereas transverse fibers were
sparsely arranged to avoid misguidance to cells and to maintain the
scaffold configuration. Compared with traditional guide fibers prepared
by electrospinning [48-50], melt spinning [18], extrusion printing [2]
or animal-tissue processing [20,21], melt electroprinting has an
elevated printing accuracy, and the arrangement and diameter of fibers
can be controlled with a high degree of precision [51,52]. More
importantly, we found that grid cores printed by melt electroprinting
remained uniformly spatially distributed when curled and filled into the
lumen of large-diameter nerve conduits, removing the necessity for in-
clusion of stacked filling fibers, which is a commonly employed
component in other nerve conduit fabrication procedures [1].

It was also important to match the degradation rate of the guiding
fibers with the rate of nerve regeneration. If degradation rates are too
fast, then an early loss of guidance effect may occur, whilst degradation
rates that are too slow may trigger chronic inflammatory responses.
Furthermore, the continuous space occupation by the material itself can
affect the density of regenerated axons and may interfere with func-
tional efficiency. Thus, biodegradable PDS was utilized as the grid core
scaffolds for its moderate rate of degradation. PDS has been extensively
investigated in tissue engineering studies, including its use as a polymer
scaffold for biliary stents, biodegradable ring for pediatric mitral and
tricuspid heart valve repair, etc [53]. PDS materials have been reported
to completely degrade in vivo after 3-5 months, accompanied by
low-order foreign body tissue reaction and absorption of its hydrolyzed
by-products [54]. Combined with the nerve regeneration rate of 1-2
mm/day [7], the PDS degradation rate ensures axon guidance to the
distal stump without nerve swelling due to prolonged non-degradation
of scaffold polymers. In addition, PDS is flexible and possesses
shape-memory properties, therein providing rebound and kink resis-
tance [55], which further explains the observation of the PDS microfiber
grid cores maintaining uniformity throughout the lumen.

In the present study, we demonstrated the successful repair of 3.0 cm
canine sciatic nerve defects by using our developed nerve conduits. We
achieved similar regenerative effects to other studies using beagle dogs
as models without introducing additional seed cells and active sub-
stances [56,57]. We believe that by demonstrating the repair of nerve
defects of critical length in large animal models can serve as a more
robust NGC performance reference. The nerve conduit was completely
degraded and was replaced by continuous tissue with nerve-like
appearance that had successfully bridged the 30-mm sciatic nerve
defect at 1-year post-implantation. Our composite nerve conduits
showed significantly enhanced vascularization of the regenerated nerve
tissue, with greater myelin density, myelin thickness, and axonal
diameter compared to sheath-only conduits or commercially available
Neurolac. Furthermore, our nerve conduits achieved the formation of
dense, orderly, and parallelly arranged nerve cells and ECM along the
whole length of the neotissue. An important aspect that measures the
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extent of nerve repair is the g-ratio, which is closely related to the
conduction velocity of myelinated nerve fibers. The g- ratio in the
composite nerve conduit group matched the reported autograft values
(approximately 0.65) [17], showing middle (0.65 + 0.12) and distal
(0.66 + 0.13) segment g-ratios. The histological data suggested that our
electroprinted grid core structures provided sufficient directional guid-
ance for axon growth whilst also facilitating the promotion of axonal
maturation.

Currently, studies that assess functional nerve recovery in murine
models have utilized classical walking trajectory analysis to assess
sciatic nerve motor function. Such an analysis method is limited in its
reflection of the 3D spatial limb-joint movements made by larger animal
models. Quantitative analysis methods suitable for assessing large ani-
mal models remain to be fully standardized [6,7,17]. Therefore, we
made the decision to record canine movement gait using high-speed
cameras to precisely quantify the movement gait. We performed
frame-by-frame analysis of movement trajectory, and the joints of the
left hind limb were dynamically reconstructed into data for visualiza-
tion. Here, we refer to the research work of Lai et al. [58] and Jaegger
et al. [59], wherein normalized reconstruction of the hock and meta-
tarsophalangeal joints, the minimum flexion angle of the two joints were
quantified, and the movement status of the animals could be further
evaluated. Our results showed that the motor function of the left hind
limb could be restored by our composite nerve conduit, which served as
direct evidence that the regenerated nerve had successfully bridged the
defect area to facilitate the regain of muscle control.

The amplitude of CMAP is directly proportional to the number of
nerve fibers innervating the muscle and allows for the calculation of the
conduction velocity of motor nerves [17]. Thus, CMAP examination
provides an important index for the conductive function of peripheral
nerves. Here, our composite nerve conduits showed enhanced recovery
in both CMAP amplitude and conduction velocity. Denervation of target
muscles occurs in motor nerve injuries, and is followed by alterations in
various biological aspects, including gene expression, cellular ultra-
structure, and neuromuscular junction mechanisms. These changes
induce a shift in protein metabolism, transitioning from protein syn-
thesis to protein degradation, which results in reduced muscle fiber
volume, eventual muscle atrophy, and hyperplasia of connective tissues
[60,61]. If muscles are reinnervated, function is recovered, and atrophy
ceases. In this study, the gastrocnemius muscle was taken as a repre-
sentative of the target muscle of the sciatic nerve, and there were no
statistically significant differences in gastrocnemius muscle wet weight
amongst the three implantation groups after 1 year of implantation.
However, our composite nerve conduits demonstrated qualitatively
improved gastrocnemius muscle morphology, muscle fiber diameter,
and an absence of muscle fibrosis. These findings were consistent with
the electrophysiological assessments and collectively provided evidence
that the grid core structures promoted functional regeneration of the
sciatic nerve and achieved target muscle reinnervation.

We have demonstrated the applicability of our engineered composite
nerve conduits with specialized polymeric structures in nerve regener-
ation. Our conduits exhibited appropriate mechanical properties,
permeability, acted as barriers against fibroblast infiltration, and facil-
itated effective neural cell guidance. Repair of canine sciatic nerve in-
juries up to 3.0 cm in length was achieved in vivo, and comprehensive
recovery at the neuromorphological, histological, and functional levels
was observed. Limited by the size of the control product Neurolac®
(maximum length of 3.0 cm), we limited testing in this study to nerve
defect models of 3.0 cm in length. In future work, a reasonable direction
would be to assess the efficacy of our composite nerve conduits for the
repair of larger defects. In addition, different from the research per-
formed in murine models, post-operation nursing and exercise rehabil-
itation carry more importance in the process of nerve regeneration in
large animal models, which represents an area of the research field that
requires interdisciplinary insight for further exploration.
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5. Conclusion

In summary, this study demonstrated the feasibility of acellular,
synthetic, composite nerve conduits to promote nerve regeneration in
vivo. Our engineered conduits demonstrated the options offered by
fabrication technologies and new possibilities for identifying alterna-
tives to allograft and autograft repair of nerve defects. We provided an
experimental basis that establishes the rationale for the implication of
synthetic nerve conduits for implant to bridge long-gap nerve defects
and for promoting the formation of tissue engineered nerve neotissue.
Furthermore, our composite nerve conduits do not require chemical or
biological modifications and demonstrate reproducibility and stability
in their manufacture. The ease of storage and disinfection of our con-
duits indicate their use as readily available ‘off-the-shelf’ products that
are expected to advance application in subsequent studies on their po-
tential for clinical transformation.
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