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Abstract

Peripheral nerve regeneration after injury is still a clinical problem. The application of
autologous nerve grafting, the gold standard treatment, is greatly restricted. Acellular
nerve allografts (ANAs) are considered promising alternatives, but they are difficult to
achieve satisfactory therapeutic outcomes, which may be attributed to their compact
inherent ultrastructure and substantial loss of extracellular matrix (ECM) components.
Regarding these deficiencies, this study developed an optimized multichannel ANA
by a modified decellularization method. These innovative ANAs were demonstrated
to retain more ECM bioactive molecules and regenerative factors, with effective elim-
ination of cellular antigens. The presence of microchannels with larger pore size
allowed ANAs to gain higher porosity and better swelling performance, which
improves their internal ultrastructure. Their mechanical properties were more similar
to those of native nerves. Moreover, the optimized ANAs exhibited good biocompati-
bility and possessed significant advantages in supporting the proliferation and migra-
tion of Schwann cells in vitro. The in vivo results further confirmed their superior
capacity to promote axon regrowth and myelination as well as restore innervation of
target muscles, leading to better functional recovery than the conventional ANAs.
Overall, this study demonstrates that the optimized multichannel ANAs have great
potential for clinical application and offer new insight into the further improvement
of ANAs.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION
Peripheral nerve injury (PNI) is the primary type of traumatic damage in
the nervous system, affecting over one million people worldwide annually
with a high prevalence among younger individuals."? Currently, autolo-
gous nerve grafting is still considered the “gold standard” for peripheral
nerve repair.> However, the clinical application of autologous nerves is
greatly restricted by the inherent drawbacks, such as limited availability,
morbidity at donor site, and size mismatch.*® In recent years, numerous
tissue engineering nerve grafts made by various synthetic and natural
biomaterials have been devised.®” Because of the insufficient neurores-
torative capacity of synthetic biomaterials, they are gradually replaced by
natural biomaterials.2” However, natural biomaterials often contain only
one or a few purified extracellular matrix (ECM) components, thus they
cannot completely reproduce the complex constitution of ECM related
to multiple functions during regeneration.*® This makes it difficult for arti-
ficial nerve grafts to establish an ideal repair microenvironment. There-
fore, acellular nerve allografts (ANAs) have long gained a lot of attention
and were regarded as one of the most promising alternatives to autolo-
gous nerves.!! During the decellularization process, the cellular compo-
nents capable of inducing deleterious immune responses are removed,
but the heterogeneous compositions and inherent ultrastructure of ECM
are preserved, which can provide a favorable substrate for nerve regener-
ation.'? Several studies have reported that ANAs have consistently per-
formed better than other types of artificial grafts.2>* So far, there have
been commercial ANAs approved by China National Medical Products
Administration and U.S. Food and Drug Administration.?>1¢

A variety of physical, chemical, and biological approaches, as a
single or combined treatment, have already been developed to pre-
pare ANAs.Y” Among them, the detergent-based methods devised by
Sondell et al. and Hudson et al. have been extensively recognized and
studied. The Sondell method includes repeated treatments with Triton
X-100 followed by sodium deoxycholate (SDC). This method was con-
firmed to clear cells and myelin sheaths effectively, and the yielded
allografts achieved good nerve regeneration after transplantation.'®
Although nonionic detergent Triton X-100 is described to cause mini-
mal damage to the native tissues,'? SDC, an ionic detergent, is consid-
ered to be one of the most potent and disruptive chemical agents.
Subsequently, Hudson et al. proposed a milder chemical treatment
consisting of several steps repeated twice as well.?° The Hudson
method has been shown not only to reliably remove cellular compo-
nents, but more importantly, to achieve superior results in maintaining
the ECM intact. This may be attributed to the introduction of the
zwitterionic detergents sulfobetaine —10 and —16 in combination
with the ionic detergent Triton X-200. The zwitterionic detergents
have properties of both ionic and nonionic detergents, and cause

mild damage to ECM during decellularization.?* Unfortunately, Triton

X-200, the key detergent of the Hudson method, has been discontin-
ued from the only manufacturer, making it unavailable for further
investigation.?? Nevertheless, it is worth mentioning that this founda-
tion leads to a wide range of work optimizing the decellularization of
nerve grafts.

Currently, despite the Sondell method being proposed early, it is still
a well-accepted conventional decellularization protocol and has been
extensively used.?® Nevertheless, it has to be mentioned that repeated
rinsing in SDC for a long time contributes to the elimination of cellular
antigens, but it will inevitably result in substantial loss of ECM compo-
nents and biomolecules, such as collagen, laminin, fibronectin, and
growth factors, which may significantly impair the neuroregenerative
function of ANAs2* In addition, it is worth noting that the three-
dimensional organization within peripheral nerves is very compact with
low porosity, and mainly consists of small basal lamina tubes.? However,
the Sondell method is incapable of remodeling the inherent ultrastruc-
ture of native nerves. And the basal lamina tubes remaining within the
conventional ANAs do not change remarkably after decellularization.'%°
It was reported that the pore size of basal lamina tubes (5-10 pm) is sim-
ilar to or even smaller than the typical size of regenerative cells (10-
15 pm). The basal lamina tubes appear to be not large enough to meet
the needs of abundant cell migration and axon extension, which may
compromise nerve repair.2> More than that, inadequate porosity of
ANAs may restrain the diffusion of tissue fluids after transplantation. For
this reason, Schwann cells generally fail to completely infiltrate into
ANAs, resulting in markedly inferior outcomes.?® At present, the conven-
tional ANAs are believed to be incompetent in supporting nerve regener-
ation across long segmental defects (>3 cm).?” Considering these
drawbacks in the conventional ANAs, targeted optimization of nerve
decellularization methods is a highly prospective research direction,
which may open up further opportunities to enhance the pro-
regenerative capacity of ANAs.

In this study, an innovative ANA with optimized axial multiple
channels was prepared to deal with the existing problems of the con-
ventional ANAs. A modified decellularization method was developed
to obtain the multichannel allografts, which includes a combination of
chemical, physical, and enzymatic treatments. To minimize the disrup-
tion of bioactive components during decellularization, this newly
devised protocol starts with an osmotic shock generated by hypotonic
and hypertonic solution, followed by alternating treatments of low
concentration Triton X-100 and 3-[(3-cholamidopropyl) dimethylam-
monio]-1-propanesulfonate (CHAPS). CHAPS, as a zwitterionic deter-
gent, can remove cellular components efficiently with minor
disruptive effects upon ECM similar to Triton X-100.2227 The aim of
these gentle treatments is to better coordinate the balance of cellular
antigen removal and ECM component preservation. Furthermore, to

address the shortcomings of inadequate basal lamina tube size and
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low porosity of the conventional ANAs, unidirectional freeze-drying
was introduced in the processing procedure. In our previous study,
unidirectional freeze-drying has been shown to impart large axially
aligned microchannels in ANAs, thereby improving their dense internal
ultrastructure.3°3! Notably, the freeze-drying technique itself can be
used as a physical decellularization method, effectively lysing cells
within tissues and organs.‘“’2'33 Last, nuclease treatments were carried
out to ensure adequate clearance of residual antigenic components
within ANAs, allowing them to meet the criteria for in vivo transplan-
tation. The novel ANAs prepared by the modified decellularization
method are expected to yield an optimized multichannel architecture
as well as achieve superior preservation of ECM components and
regenerative factors, resulting in a significant enhancement in neuror-
estorative effects. As far as we know, there are only a few similar
reports on multi-aspect optimization of ANAs to date. In the present
study, the multichannel ANAs were thoroughly characterized on ultra-
structural, biochemical, and biomechanical properties in comparison
to the conventional ANAs prepared by the Sondell method. Further-
more, their biocompatibility and functionalities on peripheral nerve
regeneration were investigated via an in vitro system and a rat sciatic

nerve defect model.

2 | MATERIALS AND METHODS

21 | Animals and ethics

All animal work in this study was approved by the Institutional Animal
Care and Use Committee (IACUC) of China Medical University
(CMU2019192) and was performed in accordance with Guides for the
Care and Use of Laboratory Animals from the Chinese Ministry of
Public Health and U.S. National Institutes of Health. Adult male Spra-
gue Dawley rats (250 + 20 g) were obtained from Changsheng Bio Inc
(Liaoning, China). Rats had access to 12-h light/dark cycles and stan-
dard water and food. They were transported and kept more than
7 days before surgery. All surgical procedures were performed under
general anesthesia with intraperitoneal injection of sodium pentobar-
bital (40 mg/kg body weight).

2.2 | Nerve harvest and decellularization
Sciatic nerves (about 30 mm in length) were harvested aseptically. After
the removal of adipose and connective tissues around the epineurium,
nerves were then transferred to fresh phosphate buffered saline (PBS)
and preserved at 4°C until further use (for maximum of 24 h).

The obtained nerves were trimmed into 10 mm segments and
randomly assigned to three groups as follows.

Native nerves (Native): This group contains unprocessed sciatic
nerves as a control for all analyses.

Sondell ANAs (S-ANA): As a standard for comparison, the allografts
in this group were generated using the decellularization method previ-

ously proposed by Sondell et al.'® (Figure 1a). Briefly, nerve segments

were immersed in distilled water for 7 h, followed by two successive
chemical extraction processes in 3% (v/v) Triton X-100 (Sigma-
Aldrich, USA) for 12 h and 4% (w/v) SDC (Sigma-Aldrich) for 24 h at
room temperature under constant agitation (120 rpm).

Multichannel ANAs (M-ANA): This group contains the allografts
decellularized by the modified method devised in our lab (Figure 1a).

The nerve segments were first incubated in 6% (w/v) sodium
chloride for 12 h, followed by rinsing in distilled water for 12 h. Next,
these segments were treated with 2% (v/v) Triton X-100 for 12 h, fol-
lowed by washing three times with distilled water (15 min each), then
transferred to 6% (w/v) CHAPS (Sigma-Aldrich) for 12 h incubation.
This treatment was repeated with the two detergents. All procedures
were at room temperature and under constant agitation (120 rpm).

After washing in distilled water (three times for 15 min each),
unidirectional freeze-drying was conducted to form optimized multi-
channel ultrastructure. In this step, a custom-made silicon rubber
mold and a stainless steel plate were applied. The mold serves to
hold nerve segments perpendicular to the plate and insulate the sur-
rounding heat transfer, thus ensuring the heat transfer along the long
axis of nerves. The stainless steel plate was precooled (—80°C) to
establish unidirectional temperature gradient inside the mold, which
allows longitudinal ice crystals to form within nerves (Figure 1b).
Briefly, the procedure is to first put nerve segments into the prefab-
ricated grooves in one side of the mold, and then close the mold.
Subsequently, the mold containing nerve segments was placed on
the precooled stainless steel plate, and rapidly transferred to a
freezer (—40°C). After a 1 h hold period, the mold was moved to a
freeze dryer and lyophilized for 24 h to remove ice crystals and gen-
erate microchannels (Figure S1).

After rehydration in PBS overnight, the nerve segments were
subjected to an enzymatic treatment with DNase (50 U/ml) and
RNase (5 U/ml) at 37°C for 12 h under constant agitation (120 rpm).

After thoroughly washing in PBS (three times for 1 h each), the
processed nerve segments of each group were stored in PBS at 4°C

until use.

2.3 | Histological analysis

The samples of both Native and ANAs were fixed in 4% paraformalde-
hyde, dehydrated with ethanol, hyalinized with xylene, embedded in
paraffin, and cut into 5 pm sections. Transverse sections were stained
with hematoxylin and eosin (HE) to assess the removal of cellular
components. Masson trichrome staining and Picrosirius Red (PSR)
were conducted in longitudinal sections to analyze the morphological

and componential characterization of collagen fibers.

2.4 | Biochemical analysis
Residual DNA content and size were measured to evaluate the extent
of decellularization. Total DNA was extracted from samples using a

genomic DNA extraction kit (Takara, Japan) and quantified using a
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FIGURE 1 Fabrication of acellular nerve allografts and evaluation of decellularization extent and extracellular matrix (ECM) preservation. (a) The
schematic diagram shows the decellularization method of multichannel acellular nerve allografts (M-ANA) and Sondell acellular nerve allografts (S-ANA).
(b) The schematic diagram of the ultrastructural optimization principle of unidirectional freeze-drying. The hematoxylin and eosin (HE) staining (ca, scale
bar = 20 um) was conducted to assess the removal of cell components. The Masson trichrome staining (cb, scale bar = 100 pm) and the Picrosirius Red
(PSR) staining (cc, scale bar = 50 pm) revealed the collagen integrity and distribution after decellularization. The DNA remnants were analyzed further
by agarose gel electrophoresis (d) and detection of DNA content (e). The detection of total collagen (f) and sulfated GAGs (g) illustrated the effects of
different decellularization methods on ECM components. Data are expressed as the mean + SD (n = 5). *p < 0.05 compared to native nerves, *p < 0.05
compared to S-ANA.
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NanoPhotometer N50 (IMPLEN, Germany). The size of the extracted
DNA fragments was detected by 1% agarose gel electrophoresis.

The amount of collagen and sulfated glycosaminoglycans (GAGs)
was measured to assess the abundance of ECM components. Total colla-
gen content was determined by quantifying the hydroxyproline content
with a hydroxyproline assay kit (Sigma-Aldrich). Because hydroxyproline
is largely restricted to collagen, it serves as an indicator for the amount
of collagen in tissues. Total collagen content was calculated based on a
hydroxyproline-to-collagen ratio of 1:7.69. In addition, sulfated GAGs
content was quantified by 1,9-dimethylmethylene blue dye-binding assay
using a Blyscan kit (Biocolor, UK).

Each procedure was conducted according to the manufacturer's
instructions. All biochemical measurements were normalized to tissue

dry weight and five samples were used for each group.

2.5 | Western blot analysis

To evaluate the effects of different decellularization methods on the
preservation of main ECM molecules, laminin, fibronectin, collagen
I and IV in M-ANA and S-ANA were detected by immunoblotting.
Total protein from samples was extracted and quantified using a BCA
protein kit (Thermo Fisher Scientific, USA). Equal amounts of protein
were separated by electrophoresis on two sodium dodecyl sulfate
polyacrylamide gels. One gel was stained with Coomassie Brilliant
Blue R-250 to quantify total protein, serving as a control for loading.
The other one was transferred to a PVDF membrane. After blocking,
the membrane was incubated with the anti-laminin, anti-fibronectin,
anti-collagen | and IV antibody (1:1000, Abcam, USA) overnight at
4°C, followed by the second antibody (1:10000, Abcam) for 1 h at
room temperature. Protein bands were visualized with an enhanced
chemiluminescence kit (Thermo Fisher Scientific) and quantified by
gray scale analysis using Image J (National Institutes of Health, USA).

All detections were independently repeated three times.

2.6 | Enzyme-linked immunosorbent assay

To analyze the effects of different decellularization methods on the
retention of critical regenerative factors, enzyme-linked immunosorbent
assays (ELISAs) were conducted to detect nerve growth factor (NGF),
vascular endothelial growth factor (VEGF), and brain-derived neuro-
trophic factor (BDNF) in M-ANA and S-ANA. ELISA kits (Thermo Fisher
Scientific) were used according to the manufacturer's instructions. The
concentrations of NGF, VEGF, and BDNF were calculated from the

standard curve. All detections were independently repeated three times.

2.7 | Scanning electron microscopy analysis
Scanning electron microscopy (SEM) was performed to reveal the
ultrastructural features of each group. Samples were fixed in 2.5% glu-

taraldehyde for 2 h and postfixed in 1% osmic acid for 30 min at 4°C.

Then, samples were quenched in liquid nitrogen and broken to
achieve fracture surfaces. After dehydration through a gradient of
ethanol and critical point drying, cross sections were sprayed with
platinum and observed with an SEM (VEGA3, TESCAN, Czech). SEM
images were used to characterize internal morphology and distribu-
tion of pore size in each group. Five samples for each group were ana-
lyzed and five random high power visual fields were selected in each
sample, located in the upper, lower, middle, left, and right part of the
cross sections. Over 200 pores per group were measured to obtain
distribution and average of pore size. The pore size was measured by
Image-Pro Plus (Media Cybernetics, USA) and expressed as the mean
of its shortest and longest diameters.

2.8 | Porosity test

The porosity of each group was determined by the gas-ethanol replace-
ment method. Briefly, the lyophilized samples were immersed in definite
volume (Vo) of anhydrous ethanol in a graduated cylinder for 10 min,
the total volume of the ethanol-impregnated samples and ethanol was
recorded as V4. Then, the samples were taken out and the volume of
residual ethanol was recorded as V,. Five samples were examined for

each group. The porosity was calculated by the following formula:

POrOSity (%) = (Vo — V1)/(V1 — Vg) x 100%.

29 | Swelling test

The swelling behavior of each group was tested using a rehydration
study. The samples were first lyophilized to obtain a constant dry weight
(Wp). Then, the lyophilized samples were immersed in PBS for 24 h at
room temperature. After taking the samples out of PBS, the excess
water was removed by filter papers from the surface to achieve a con-
stant swelling weight (W;). Five samples were examined for each group.

The swelling ratio was calculated by the following formula:

Swelling ratio = (Ws — Wo)/Wq x 100%.

210 | Biomechanical test
To assess the biomechanical properties of each group, a tensile test was
carried out using a dynamic electromechanical testing instrument (Tianjin,
China). Tensile uniaxial stress was applied parallel to the longitudinal axis
of samples at a constant strain rate of 10 mm/min. Samples were kept
moist during testing. Five samples were examined for each group.

To detect tensile properties, both ends of samples were mounted on
custom clamps fitted with sandpapers, leaving a distance of 10 mm
between the clamps. Each sample was stretched to complete tensile failure.

Young's modulus, stress at fracture, and strain at fracture were measured.
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To measure suture retention strength, every sample was sutured
between two stumps of fresh rat sciatic nerves with 8-0 nylon
sutures. The suture was pierced through epineurium at 1 mm from
the edge and knotted at least seven times to ensure no slippage. The
other side of the fresh nerve was clamped into the testing instrument.
Suture retention strength was defined as the maximum load when

sutures were pulled out of epineurium.

2.11 | Biocompatibility evaluation
2.11.1 | Invitro study for penetration of Schwann
cells

To evaluate the ability of M-ANA and S-ANA to support Schwann cell
infiltration and migration, a cell penetration assay was conducted.
Samples were preimmersed in DMEM/F-12 containing 10% FBS and
1% penicillin/streptomycin at 37°C for 24 h. The extracted primary
Schwann cells (Figure 5a) were resuspended in the medium at a con-
centration of 1 x 107 cells/ml. Then, 5 ul of the cell suspension was
seeded on one end of the samples in six-well plates at a constant
speed (0.5 pl/s). After 30 min, another 5 pl of the cell suspension was
seeded on the same end of the samples. After 1 h, 2.5 ml medium was
added to every well. The samples seeded with Schwann cells were
cultured for 7 days. Thereafter, 10-um longitudinal sections of each
sample were prepared and stained with 4/,6-diamidino-2-phenylindole
dihydrochloride (Sigma-Aldrich) to mark the nuclei of Schwann cells
for analyzing the proliferation and penetration behavior of Schwann
cells within different ANAs in vitro.

2.11.2 | Detection of DNA content in culture

medium

The DNA content in culture medium was detected to evaluate the
extent of cell damage, thereby analyzing the biocompatibility of M-
ANA and S-ANA. The DNA content in the 3-day culture medium of
the cell penetration assays was quantified by a NanoPhotometer N50
(IMPLEN). Schwann cells cultured without any sample served as a
negative control, and Schwann cells incubated with 2% Triton X-100

served as a positive control.

2.11.3 | Cytotoxicity evaluation

Cell Counting Kit-8 (CCK-8) was used to assess the cytotoxicity of M-
ANA and S-ANA. Extract medium was prepared by incubating 0.1 g
sample of each group in 1 ml DMEM at 37°C for 72 h. Moreover, a
normal medium control (DMEM), a negative control (polyethylene), a
positive control (DMSO), and a blank control (DMEM without cells)
were prepared. RSC96 cells were seeded into 96-well plates at a con-
centration of 1 x 10* cells/well. After refreshing medium, 10 pl

CCK-8 solution was added to each well, followed by incubation for

2 h. The absorbance was measured at 450 nm. Cell proliferation was
assessed at 24, 48, and 72 h, respectively. Five samples for each

group were analyzed at each time point.

2.12 | Real-time polymerase chain reaction

Real-time polymerase chain reaction (RT-PCR) was conducted to
analyze the effects of M-ANA and S-ANA on the gene expressions
of myelin protein zero (MPZ) and NGF Receptor p75 (NGFR p75) in
Schwann cells. For in vitro culture of Schwann cells, the 10-pm
cryosections of M-ANA and S-ANA were prepared and collected on
glass coverslips. After OCT removal and sterilization with 75% alco-
hol, the coverslips with the graft membranes were completely
washed with PBS and placed in six-well plates. The primary
Schwann cell suspension was seeded to each well at a concentra-
tion of 2 x 10° cells/well. The cells cultured on blank coverslips
served as the control group. After incubation for 3 days, total RNA
was extracted from the Schwann cells in each group using TRIzol
reagent (Invitrogen, USA). Then, 1 pg of total RNA was reversely
transcribed into complementary DNA (cDNA) using a PrimeScript
RT reagent kit (Takara) according to the manufacturer's instructions.
RT-PCR was performed in the Light Cycler RT-PCR Detection Sys-
tem (Roche, Switzerland) using TB Green Premix Ex Taq Il (Takara).
Then, 1 pl of cDNA was used for PCR amplification in a final volume
of 10 pl. The PCR amplification reaction was performed under the
following conditions: 3 min at 95°C for initial denaturation, followed
by 40 cycles of 30s at 95°C for denaturation, 30 s at 60°C for
annealing, and 45 s at 72°C for extension. The relative expression
level of each target gene was calculated using the 2724t method
and normalized to the level of GAPDH mRNA. The primer
sequences are listed in Table S1. All detections were independently

repeated three times.

2.13 | Invivo study for functionalities

2.13.1 | Surgical procedures

Male Sprague Dawley rats (n = 48) were randomly divided into
three groups: autologous nerve graft (ANG), S-ANA, and M-ANA.
All surgical procedures were performed by the same surgeon under
aseptic condition with sodium pentobarbital anesthesia (intraperito-
neal, 40 mg/kg body weight). An incision in the skin was made at
the level of the right biceps femoris, the muscle was then dissected
along the connective fascia to expose the sciatic nerve. An 8 mm
segment of sciatic nerve was excised, leaving a 10 mm defect after
retraction of nerve stumps. For ANG, the transected nerve segment
was reversed and sutured back into the gap. For S-ANA and M-
ANA, the ANA was sutured to the epineurium of the two nerve
stumps. All operations were performed using 8-0 nylon sutures
under a surgical microscope. Then, the muscle and skin were closed

using standard techniques. Except for gait analysis (2, 4, 6, 8,
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10, and 12 weeks), other assessments were performed at 6 and
12 weeks postimplantation, respectively (n = 8 per group at each

time point).

2.13.2 | Gait analysis

Gait analysis was performed to evaluate motor functional recovery.
After dipping their hind feet in ink, the rats of each group were placed
in a clear corridor with a dark shelter at the end. Paw length (PL), toe
spread (TS), and intermediary TS (ITS) of the normal (N) and experi-
mental (E) feet were measured. The sciatic functional index (SFI) was
calculated according to the following formula®*:

SFl=—38.3[(EPL — NPL)/NPL] +109.5[(ETS — NTS)/NTS]
+13.3[(EITS —NITS)/NITS] — 8.8.

2.13.3 | Electrophysiological analysis

Electrophysiological analysis was conducted to assess nerve func-
tional recovery by the measurement of compound muscle action
potentials (CMAPs). The surgical sites of sciatic nerves were exposed
under anesthesia. The electrical stimuli (stimulus intensity = 6 mA,;
frequency = 1 Hz; duration = 1 ms) were applied to the proximal and
distal ends of each graft sequentially, and the CMAPs of ipsilateral
anterior tibial muscle were recorded. CMAP amplitude was expressed
as the ratio of surgical side to normal side. Motor nerve conduction
velocity (MCV) was calculated based on latency and the distance

between the two stimulating sites.

2.13.4 | Muscle wet weight evaluation

After the electrophysiological test, the rats were euthanized by
sodium pentobarbital overdose. Then, the bilateral anterior tibial
muscles of each group were carefully dissected and immediately
weighed to evaluate muscle recovery. The ratio of muscle wet
weight was expressed as the percentage of surgical side to

normal side.

2.13.5 | Toluidine blue staining

Toluidine blue staining was performed to assess newborn axon
myelination. The nerve segments of central grafts and distal stumps
were fixed in 2.5% glutaraldehyde, followed by postfixation in 1%
osmium tetroxide. After dehydration in a graded series of ethanol,
the processed segments were embedded in Epon 812 epoxy resin.
Transverse semi-thin sections of central grafts and distal stumps
were cut using an ultramicrotome and stained with toluidine blue.
The stained sections were observed under a light microscope

(BX53, Olympus, Japan), and five random fields were selected for

each semi-thin section to determine the density of myelinated

axons by Image J.

2.13.6 | Transmission electron microscope analysis

Transmission electron microscopy (TEM) was used to analyze the
micromorphological characteristics of nerve fibers growing into distal
stumps, thereby further evaluating their remyelination extent. For
TEM observation, transverse ultrathin sections of distal stumps were
prepared and stained with uranyl acetate and lead citrate, and then
observed under a TEM (HT7700, Hitachi, Japan). Images were
acquired from 10 random fields of each ultrathin section and analyzed
with Image J to measure the mean thickness of myelin sheaths and
the mean diameter of myelinated nerve fibers. G-ratio was calculated
as the ratio of the axon diameter (fiber minus myelin sheath) to the

fiber diameter.

2.13.7 | Immunofluorescence staining

Immunofluorescence staining was performed to further analyze
axons and myelin sheaths of regenerative nerves. After fixation and
dehydration, the nerve segments of central grafts and distal stumps
were embedded in OCT and cut using a freezing microtome
(CM1900, Leica, Germany) to prepare 10-pm transverse sections.
The sections were blocked with normal goat serum, and treated with
anti-neurofilament 200 antibody (NF200, 1:100, Abcam) and anti-S-
100 antibody (1:200, Abcam) overnight at 4°C, followed by incuba-
tion with fluorescent-conjugated secondary antibodies (1:1000,
Abcam) for 1 h at 37°C. The stained sections were imaged using a
laser scanning confocal microscopy (FV1200, Olympus, Japan). The
percentage of NF200-positive area within selected fields was mea-

sured with Image-Pro Plus (Media Cybernetics).

214 | Statistical analysis

Data were presented as mean + standard deviation (SD) and were sta-
tistically analyzed using GraphPad Prism 5.0 (GraphPad Software,
USA). Differences between two groups were analyzed with Student's
t test, and differences among three or more groups were analyzed
with one-way or two-way ANOVA followed by Tukey's post hoc test
for multiple comparisons. A value of p < 0.05 was considered statisti-

cally significant.

3 | RESULTS

3.1 | Decellularization extent evaluation

The decellularization extent of ANAs was evaluated by histological

and biochemical analysis. The HE staining showed that, as with S-
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ANA, there were no visible cell nuclei in M-ANA (Figure 1c). The DNA
quantification demonstrated that, after the modified decellularization
treatment, the DNA content of M-ANA exhibited a remarkable
decrease compared to unprocessed Native (p < 0.05), which is compa-
rable to S-ANA (p > 0.05) (Figure 1e). Moreover, in the agarose gel
electrophoresis, no obvious band of DNA fragments was found in M-
ANA (Figure 1d).

3.2 | ECM morphological characterization

The ECM morphology of ANAs was characterized by Masson tri-
chrome staining, PSR staining, and SEM (Figures 1c and 3a). Native
had the typical organization of endoneurium that wrapped axons
and myelin sheaths. Longitudinally oriented collagen fibers that
were tight and neat can be observed within Native. These fibers
were mainly composed of Collagen | with a few scattered Collagen
I1l. After decellularization, axons and myelin sheaths were effec-
tively eliminated in M-ANA and S-ANA. S-ANA preserved the com-
pact ultrastructure of basal lamina tubes, but the arrangement of
collagen fibers was disorganized. Furthermore, in addition to
Collagen |, S-ANA exposed more Collagen Ill after decellularization.
In M-ANA, it was observed the presence of the optimized multi-
channel ultrastructure. The collagen fibers exhibited a loose distri-
bution. There were many continuous microchannels aligned axially
between parallel fibers. Similar to S-ANA, a large amount of Colla-
gen lll can be seen uniformly distributed around Collagen | in
M-ANA.

FIGURE 2 Comparison of
main extracellular matrix (ECM)
bioactive molecules and

S-ANA M-ANA regenerative factors in

. AR | 300 KDa multichannel acellular nerve
allografts (M-ANA) and Sondell
acellular nerve allografts (S-ANA).

- " | 265kDa (a) Total protein in the two

groups was detected by

N | 220 kDa Coomassie blue staining and used
as a control for loading. (b,c)
Fibronectin, laminin, Collagen |

S e 25 KDa ! &
and IV were determined by

Western blot and quantified by
gray scale analysis. (d) Vascular
endothelial growth factor (VEGF),
nerve growth factor (NGF), and
brain-derived neurotrophic factor
(BDNF) were detected by
enzyme-linked immunosorbent
assay (ELISA). Data are expressed
as the mean + SD (n = 5).

#5 < 0.05 compared to S-ANA.

=3 S-ANA
m M-ANA

33 |

ECM componential characterization

To assess the remaining ECM components after decellularization, this
study has quantitatively examined the amount of total collagen and
sulfated GAGs in Native and ANAs. The total collagen contents in M-
ANA and S-ANA increased significantly compared to Native following
processing (p < 0.05), but they were not significantly different from
each other (p > 0.05) (Figure 1f). In terms of sulfated GAGs content,
M-ANA and S-ANA exhibited a significant decrease in comparison
with Native (p < 0.05). M-ANA had significantly more sulfated GAGs
than S-ANA (p < 0.05) (Figure 1g).

To further analyze the ability of different decellularization
methods to preserve desirable matrix proteins, the amounts of critical
bioactive molecules and factors in two acellular groups were com-
pared using Western blot and ELISA, respectively. Western blot
showed that the levels of Collagen | and IV retained in M-ANA and S-
ANA were comparable (p > 0.05). But there were significantly higher
levels of laminin and fibronectin in M-ANA than in S-ANA (p < 0.05)
(Figure 2a-c). Moreover, ELISA revealed that M-ANA had significantly
higher contents of VEGF, NGF, and BDNF compared to S-ANA
(b < 0.05) (Figure 2d).

3.4 | Pore size and porosity analysis
Pore size analysis and porosity test were performed to determine
the ultrastructural characterization of ANAs. The distribution

of pore size was assessed according to SEM. After decellularization,
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FIGURE 3 Analyses of pores
and swelling behavior. (a) The
scanning electron microscopy
(SEM) images of transverse
sections of native nerves,
multichannel acellular nerve
allografts (M-ANA), and Sondell
acellular nerve allografts (S-ANA)
at x 700 magnification (scale

bar = 50 pm). The insets were the
SEM images at x2000
magnification (scale bar = 20 pm).
Frequency distribution of pore
sizes (b), average pore size (c), and
porosity (d) were assessed to
investigate the characteristics of
pores. Moreover, swelling
behavior analysis was performed
to assess the effects of
ultrastructure on internal liquid
exchange (e). Data are expressed
as the mean = SD. *p < 0.05
compared to native nerves,

#p < 0.05 compared to S-ANA.

FIGURE 4 Evaluation of
biomechanical properties. Young's
modulus (a), stress at fracture (b),
strain at fracture (c), and suture
retention strength (d) were
evaluated to analyze
biomechanical properties of
native nerves, Sondell acellular
nerve allografts (S-ANA), and
multichannel acellular nerve
allografts (M-ANA). Data are
expressed as the mean + SD
(n=5). *p < 0.05 compared to
native nerves, #p < 0.05
compared to S-ANA.
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FIGURE 5 Comparison of ability to support penetration of Schwann cells and biocompatibility of multichannel acellular nerve allografts (M-
ANA) and Sondell acellular nerve allografts (S-ANA). (a) Primary Schwann cells were identified by S-100 (green) immunofluorescence staining
(scale bar = 50 pm). It was observed that the extracted Schwann cells were positive for S-100 and exhibited the typical morphology of bipolar
spindle shape. (b) The 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) staining of longitudinal sections revealed the proliferation and
penetration of Schwann cells in S-ANA and M-ANA at 3 and 7 days after seeding (scale bar = 100 pm). The labeled nuclei were shown in bright
blue. The red dashed lines represent the initial seeding sites. The detection of DNA content in the medium (c) and CCK-8 assay of extract medium
(d) were performed to analyze the cytotoxicity of M-ANA and S-ANA. The gene expressions of myelin protein zero (MPZ) (e) and nerve growth
factor receptor p75 (NGFR p75) (f) in Schwann cells were detected to analyze the effects of M-ANA and S-ANA on cellular function. Data are
expressed as the mean + SD. *p < 0.05 compared to positive/normal control.

S-ANA showed an obvious increase in average pore size compared
to Native (p < 0.05), but the majority of pore sizes were still below
10 pm. However, the pore size of M-ANA was mainly distributed
between 20 and 35 pm, with average pore size of 25.08 + 8.75 pm,
which was significantly larger than the other groups (p < 0.05)

(Figure 3b,c). In addition, the results of the porosity test suggested
that the porosity of M-ANA and S-ANA increased significantly com-
pared to that of Native following decellularization (p < 0.05). M-
ANA exhibited significantly higher porosity than S-ANA (p < 0.05)
(Figure 3d).
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FIGURE 6 The schematic diagram of the in vivo study and evaluation of functional recovery and electrophysiology. (a) The schematic
diagram of the in vivo study. The red and orange boxes represent the sampling location of the central grafts and distal stumps, respectively.
The histograms show sciatic functional index (SFI) values at 2, 4, 6, 8, 10, and 12 weeks after transplantation (b), and motor nerve conduction
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Evaluation of regenerative neurofilaments at 6 and 12 weeks after transplantation. (a) Immunofluorescence staining of NF200

(red) and S-100 (green) in regenerative nerves (scale bar = 20 um). The histograms show ratios of NF200-positive area at 6 (b) and 12 weeks (c).
Data are expressed as the mean + SD (n = 8). *p < 0.05 compared to ANG, #p < 0.05 compared to Sondell acellular nerve allografts (S-ANA).

3.5 | Swelling characterization

The swelling characterization was analyzed to assess the ability of
water absorption. In comparison with Native, M-ANA and S-ANA
achieved a significantly higher swelling ratio following processing
(p < 0.05). Moreover, the swelling ratio was remarkably higher in M-
ANA than in S-ANA (p < 0.05) (Figure 3e).

3.6 | Biomechanical properties
The biomechanical test was conducted to determine the changing
properties of ANAs following different decellularization processes.

The Young's modulus and stress at fracture in M-ANA were not

markedly different from those in Native (p > 0.05). However, S-ANA
exhibited a significant increase compared to Native (p < 0.05), and
was significantly higher than M-ANA (p < 0.05). In addition, there was
no significant difference in the strain at fracture and suture retention

strength among the three groups (p > 0.05) (Figure 4).

3.7 | Biocompatibility evaluation

3.7.1 | Schwann cell penetration analysis

The penetration behavior of Schwann cells was analyzed to determine
the effects of optimized ultrastructure on the functional characteris-
tics of ANAs. After culturing for 3 days, no significant cell penetration
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FIGURE 8 Evaluation of myelination of regenerative axons at 6 and 12 weeks after transplantation. (a) Toluidine blue staining (scale

bar = 10 pm) and transmission electron microscopy (TEM) analysis (scale bar = 2 pm) of myelin sheaths in regenerative nerves. The histograms
show densities of myelinated axons, G-ratios, and thickness of myelin sheaths at 6 (b-d) and 12 weeks (e-g). Data are expressed as the mean
+SD (n = 8). *p < 0.05 compared to ANG, #p < 0.05 compared to Sondell acellular nerve allografts (S-ANA).

into ANAs was observed in S-ANA and the majority of cells were still
located in the inoculating position. By contrast, through the internal
microchannels of M-ANA, numerous cells have infiltrated into the
samples. After culturing for 7 days, Schwann cells in both groups
exhibited remarkable proliferation. Most cells in S-ANA remained in
the superficial area of the samples. Nevertheless, for M-ANA, large
numbers of cells were found to proliferate and migrate further along

the microchannels (Figure 5b).

3.7.2 | DNArelease detection

DNA released from damaged or dead cells was quantified to evaluate
the biocompatibility of ANAs. It was found that, as with the negative
control group, almost no DNA release could be detected in the
medium of both M-ANA and S-ANA (p > 0.05). Moreover, their DNA
contents were far lower than that of the positive control group
(p < 0.05) (Figure 5c).
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3.7.3 | Cytotoxicity analysis

CCK-8 was performed at 24, 48, and 72 h as a complement to provide
a thorough assessment of biocompatibility. The results showed that
the cells in each group proliferated with time. At three time points,
the ODg4so values of M-ANA and S-ANA were comparable (p > 0.05)
and exhibited no significant difference compared to that of the nega-
tive control group (p > 0.05). Moreover, they were significantly higher

than the positive control group (p < 0.05) (Figure 5d).

3.7.4 | Gene expression analysis

MPZ and NGFR p75 are closely associated with the myelination of
newborn axons. Their gene expressions in Schwann cells were
detected by RT-PCR. The results showed that the mRNA relative
expression levels of MPZ were significantly upregulated in M-ANA
and S-ANA (p < 0.05). M-ANA appeared to be higher than S-ANA,
but no statistical difference was observed (p > 0.05) (Figure 5e). The
relative expression level of NGFR p75 showed a slight upregulation
in M-ANA (p > 0.05). The minor downregulation of NGFR p75 gene
expression was detected in S-ANA (p > 0.05). However, there was
no significant difference between M-ANA and S-ANA (p > 0.05)
(Figure 5f).

3.8 | Invivo study

3.8.1 | Motor function evaluation

SFl is a key indicator to assess the motor functional recovery fol-
lowing repair. It was found that each group showed an improve-
ment in SFlI with time. However, no obvious difference among
ANG, S-ANA, and M-ANA was observed over the first 6 weeks
(b > 0.05). From 8 weeks, M-ANA exhibited higher SFI than S-ANA
(b <0.05), but was still significantly lower compared to ANG
(p < 0.05) (Figure 6b).

3.8.2 | Electrophysiological analysis
Electrophysiological analysis allows for a meaningful assessment of
the effective reinnervation of grafts able to deliver electrical stim-
uli to the target organs. At 6 weeks, the MCV of M-ANA was sig-
nificantly superior to that of S-ANA (p < 0.05), and showed no
significant difference compared to ANG (p > 0.05) (Figure 6c). In
terms of CMAP amplitude, there was no obvious difference
between M-ANA and S-ANA (p > 0.05), and they were significantly
lower than ANG (p < 0.05). At 12 weeks, the MCV and CMAP
amplitude of M-ANA were remarkably greater than those of S-
ANA (p < 0.05), but were still inferior to those of ANG (p < 0.05)
(Figure 6d).

3.8.3 | Muscle recovery evaluation

The wet weight ratio of anterior tibial muscle reflects the degree of
muscle recovery after repair. The results showed that the wet weight
ratios of all groups increased over time. At 6 weeks, there was no sig-
nificant difference among the three groups (p > 0.05). At 12 weeks,
M-ANA had a higher wet weight ratio compared to S-ANA (p < 0.05),
but was significantly lower than ANG (p < 0.05) (Figure 6e).

3.8.4 | Analysis of axon regrowth and remyelination
Axon regrowth in newborn nerves was analyzed by immunofluores-
cence detection labeled with NF200 and S-100 (Figure 7a). At
6 weeks, there was a significantly higher ratio of NF200-positive area
in M-ANA compared to S-ANA at the central grafts (p < 0.05). More-
over, at the distal stumps, M-ANA also showed a tendency to a higher
ratio, however, without statistical significance (p > 0.05) (Figure 7b).
At 12 weeks, the ratios of both the central grafts and distal stumps in
M-ANA were significantly higher than those in S-ANA (p < 0.05). At
two time points, ANG exhibited the highest ratios at the central grafts
and distal stumps (p < 0.05) (Figure 7c).

Remyelination of regenerative nerves was evaluated by toluidine
blue staining and TEM (Figure 8a). At 6 weeks, the myelinated axon
densities of M-ANA were significantly higher than S-ANA at the cen-
tral grafts and distal stumps (p < 0.05). Compared to ANG, M-ANA
showed no significant difference at the central grafts (p > 0.05). How-
ever, at the distal stumps, there was a significantly lower density in
M-ANA than in ANG (p < 0.05). At 12 weeks, at the central grafts and
distal stumps, M-ANA had significantly higher densities of myelinated
axons compared to S-ANA (p < 0.05), but was significantly inferior to
ANG (p < 0.05) (Figure 8b,e). Assessment of axonal myelination by
measuring the G-ratio showed the lowest G-ratio was obtained by
ANG, closer to the optimal value of 0.6, with all other groups having
significantly higher G-ratios at both 6 and 12 weeks (p < 0.05). Nota-
bly, compared to S-ANA, M-ANA exhibited a lower G-ratio (p < 0.05),
which more closely resembled ANG (Figure 8c,f). In terms of myelin
sheath thickness, at 6 weeks, M-ANA was significantly thicker than S-
ANA (p < 0.05). The mean thickness of M-ANA was slightly smaller
than that of ANG, but the difference was not statistically significant
(p > 0.05). At 12 weeks, M-ANA was still significantly thicker than S-
ANA (p < 0.05), but remarkably smaller compared to ANG (p < 0.05)
(Figure 8d,g).

4 | DISCUSSION

ANAs are considered the potentially ideal nerve grafts for PNI treat-
ment due to the preservation of ECM components and structure, as
well as low immunogenicity.>> However, many current decellulariza-
tion methods rely on harsh detergents to extract cellular antigens,

which are destructive to the tissue matrix.%¢ Furthermore, the
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retained inherent neural structure composed of basal lamina tubes
features small pore size and low porosity, which may have detrimental
effects on nerve repair, whereas conventional decellularization proto-
cols are incompetent to modify the ultrastructure of ANAs.3”

To overcome the limitations of conventional nerve allografts, this
study prepared a novel multichannel nerve allograft by our newly
developed protocol consisting of multiple decellularization
approaches. In detail, the incubations of hyper- and hypotonic solu-
tions were performed first for the preliminary lysis of cells. Hypertonic
solution can separate DNA from proteins and hypotonic solution can
readily induce cell lysis with few deleterious effects on ECM.38 Then,
repeated treatments with mild detergents, Triton X-100 and CHAPS,
were carried out to further lyse residual cells. Triton X-100 can dis-
solve lipids on cell membranes, nuclear membranes, and organelle
membranes by disrupting lipid-lipid and lipid-protein interactions,
while leaving protein-protein interactions intact.3> CHAPS has a net
zero electrical charge on the hydrophilic head groups, which is condu-
cive to protecting the native state of ECM proteins during decellulari-
zation.** These mild chemical approaches allow for the balance
between the elimination of cellular antigens and the maintenance of
ECM. Moreover, unidirectional freeze-drying was utilized to improve
the ultrastructure of ANAs. During unidirectional freeze-drying pro-
cess, parallel aligned ice crystals form and extend within allografts.
Collagen fibers are compressed and concentrated between the grow-
ing ice crystals, thereby forming oriented microchannels, which
imparts loose ultrastructure to ANAs. Notably, the optimized multi-
channel ultrastructure created by unidirectional freeze-drying is more
conducive to the infiltration of reagents in the subsequent step, while
also providing favorable conditions for the effective clearance of the
debris formed by cell lysis from tissues. Not only that, snap freezing
can also lead to the formation of numerous intracellular ice crystals,
which could cause damage to the structure and organization of cyto-
plasm, organelle membranes, and cell membranes, eventually destroy-
ing cells by direct mechanical action.3® In addition, drying can result in
the removal of water bound to structural and functional biomolecules
in the cells, which may affect cell stability and cause cell destruction.**
Therefore, the freeze-drying served as a complement to the chemical
treatments to further ensure adequate cell lysis in allografts, especially
in the central parts where detergents cannot easily penetrate. At last,
the treatment with DNase and RNase was conducted to further
remove nucleotides and elute cellular debris within tissues. These
nucleases can cleave nucleic acid sequences by catalyzing the hydroly-
sis of the phosphodiester bonds in the ribonucleotide or deoxyribonu-
cleotide chains, which results in the degradation of RNA or DNA,
facilitating the removal of these molecules from tissues.*? The combi-
nation of these techniques intends to optimize the internal ultrastruc-
ture of ANAs, and retain more ECM molecules and regenerative
factors with removing cellular components as much as possible,
thereby strengthening the neurorestorative capacity of ANAs.

The immunogenicity of allogeneic nerves is mainly derived from
cells. The immunogenicity of neural ECM is extremely low or even
negligible.*® The effective clearance of cellular components is a requi-

site for the preparation of ANAs. In this study, our new protocol

achieved excellent decellularization outcomes similar to the Sondell
method. M-ANA exhibited an absence of cell nuclei and over 95%
reduction in DNA content to less than 50 ng/mg dry weight compared
to native nerves, with no DNA fragments >200 bp in length, which
meets the criteria for acellular tissues proposed by Crapo et al.**

The presence of well-distributed essential ECM in ANAs provides
the optimal substrate for Schwann cell migration and subsequent axon
regrowth.*> Therefore, the preservation of ECM molecular composi-
tion is a critical requirement for decellularization. Collagen, as a major
structural protein, constitutes about 49% of the total proteins of
peripheral nerves. The ECM derived from nerves is predominantly
composed of Collagen | that is involved in the fibril formation.***” In
the present study, although the histological analysis revealed that the
morphological structure of M-ANA prepared by the modified method
has changed dramatically, these new ANAs maintained a comparable
content of total collagen to that of the conventional ANAs. Also, the
results of Western blot further confirmed that the levels of Collagen |
were not significantly different between the two acellular groups, as
well as Collagen IV. Remarkably, M-ANA and S-ANA were found to
have higher contents of total collagen than native nerves. This can be
explained by a significant reduction in tissue dry weight following
decellularization, resulting in higher collagen ratios in acellular
groups.*® Nevertheless, in terms of laminin and fibronectin which are
prominent noncollagenous constituents of neural ECM, M-ANA had
significantly higher levels than S-ANA. Furthermore, two decellulariza-
tion methods also conveyed different conservation degrees of regen-
erative factors. More contents of VEGF, NGF, and BDNF were
achieved in M-ANA. Overall, the modified method effectively reduced
the loss of ECM bioactive components and factors in contrast with
the conventional method, which could be attributed to the application
of mild detergents including the zwitterionic detergent CHAPS, as
well as their lower working concentration and shorter incubation
duration. The Sondell protocol is considered an aggressive decellulari-
zation approach, which tends to cause serious damage to ECM. In
addition to the study of Hudson et al.,2® several recent studies have
similarly introduced zwitterionic detergents, together with nonionic
detergents or nucleases, to optimize nerve decellularization. These
protocols showed reliable effects in reducing cellular components
while maintaining ECM integrity.*%->°

GAGs are important ECM components in the peripheral nervous
system that are implicated in the regulation of axon growth and guid-
ance.’? The sulfated GAGs are covalently bound to core proteins of
chondroitin sulfate proteoglycans (CSPGs) in their natural state.”?
Due to their large size and negative charge, these sulfated GAGs can
bind to growth-promoting ECM molecules and suppress their func-
tion, which imparts axonal inhibitory activity to CSPGs.>® In the pre-
sent study, the biochemical quantification revealed significant
decreases of sulfated GAGs in M-ANA and S-ANA compared to native
nerves. However, there were more sulfated GAGs found in M-ANA
than in S-ANA, suggesting that the sulfated GAGs removal efficiency
of the modified decellularization method is inferior to the conven-
tional method, probably due to the application of SDC in the Sondell
protocol. SDC, as a potent detergent, could lead to greater disruption
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of matrix components, especially GAGs.>* In the study of Philips et al.,
it can be observed that the decellularization method they devised
incorporating Triton X-100, DNase, and RNase but without SDC
retained more sulfated GAGs than the Sondell method as well.>*
Notably, although previous studies have demonstrated that the reduc-
tion of sulfated GAGs in ANAs by enzymatic treatment facilitated the
repair of damaged nerves, excess degradation of sulfated GAGs has
been noted to cause uncontrolled axonal sprouting outside nerve fas-
cicles, resulting in inappropriate reinnervation.”>~>” Moderate removal
of sulfated GAGs may be a more feasible strategy to optimize ANAs
rather than complete GAGs elimination.

The compact ultrastructure of ANAs derived from natural nerves
may be optimal for supporting and protecting fully grown nerve fibers,
but is theoretically less ideal for PNI repair.2> We have previously
demonstrated that unidirectional freeze-drying can induce the forma-
tion of continuous longitudinally aligned channels with pore sizes of
15-20 pm in ANAs.>° Therefore, this study integrated unidirectional
freeze-drying into our newly devised decellularization method. It was
found that the microchannels in M-ANA exhibited remarkably larger
pore size than basal lamina tubes retained in S-ANA, mainly ranging
from 20 to 35 pm. The difference of pore sizes between our studies
may be because the unidirectional freeze-drying in this study was car-
ried out subsequent to the detergent treatments, unlike the earlier
study. Likewise, Sridharan et al. added unidirectional freeze-drying
after complete decellularization process, also generating microchan-
nels with larger pore size in allografts (20-60 pm).58 The presence of
large microchannels contributes to cell migration and axon growth
during nerve repair. In particular, pore sizes of 20-35 pm in micro-
channels are considered an ideal compromise between axon extension
and misdirection.””¢° Additionally, due to the improvement of internal
ultrastructure, M-ANA achieved a significant increase in porosity, and
exhibited greater swelling capacity compared to the conventional
ANAs. This provides favorable conditions for the supply of nutrients
and oxygen as well as metabolite clearance after transplantation and
is important for the migration and survival of host cells.®* High poros-
ity also facilitates the penetration and diffusion of reagents during
decellularization, thus ensuring their functional performance and effi-
cient elution.®?

ANAs should provide sufficient mechanical strength for fixation
and resistance to external forces. It should be noted that the mechani-
cal environment can influence the behavior and functionality of neural
cells within ANAs. It is necessary to match the approximate mechani-
cal properties of target tissues.®>** The biomechanical analysis
revealed that Young's modulus and stress at fracture of M-ANA
appeared to be elevated compared to native nerves, but not in a sig-
nificant manner. However, these parameters in S-ANA exhibited sig-
nificantly higher levels than native nerves, suggesting an obvious
difference in the effects of these two decellularization methods on
the mechanical properties of allografts. Collagen fibers play a vital role
in nerve elasticity.®®> After decellularization, collagen fiber network
would lose their intrinsic wave-like pattern, resulting in the relaxation
of collagen fibers.®®” Moreover, the removal of cells could enhance

the mobility of collagen fibers, which allows them to reorient toward

the direction of applied strain.®® These lead to changes in the mechan-
ical features of ANAs. Previous studies also reported increased stiff-
ness and ultimate stress in the allografts produced by the Sondell
method.®” This may also be closely related to the disruption of ECM
due to long-time repeated treatments of SDC, especially the massive
loss of GAGs.>* In contrast, the modified decellularization method
was able to better maintain ECM and generate the multichannel ultra-
structure, which endows the prepared allografts with mechanical per-
formance closer to native nerves. Notably, the ultrastructure
remodeling did not significantly alter the ability of ANAs to withstand
suturing. The suture retention strength of M-ANA was higher than
the generally accepted adequate suture strength for implantation
(2 N),”° with no significant difference to S-ANA and native nerves.
Nerve regeneration takes place through the extension of
Schwann cells rather than axon growth.?® Schwann cells guide and
support the newborn axons, and exert key regulatory effects in the
recovery process.”! The competence to support the viability and bio-
logical behavior of Schwann cells is essential for desirable nerve
grafts. In the CCK8 assay, M-ANA was demonstrated to be biocom-
patible, suggesting that almost no cytotoxic reagent residuals were
present in the grafts. The DNA release assay further validated this
result. Moreover, this novel nerve graft can support the growth and
proliferation of Schwann cells as well as the conventional ANAs. More
importantly, in contrast to S-ANA, a large number of cells can be
found to infiltrate into M-ANA and migrate along the microchannels,
which is largely attributed to the optimized multichannel ultrastruc-
ture introduced by the modified decellularization method. This finding
is in agreement with other studies in which higher cell penetration
was obtained in nerve grafts containing large microchannels.¢>”2 In
our earlier study, it was only at a later time point that Schwann cells
were observed to start infiltrating into ANAs along the microchannels,
probably because the improved pore size was mostly still less than
20 pm and thus difficult to permit effective cell infiltration.® The
diameters of Blingner's bands are mainly defined by axon diameter,
which ranged from 2-5 pm to 15-20 pm.”*® Previous studies have
indicated that the microchannels with pore size above 20 um are more
conducive to the migration of Schwann cells,?>°8 and this study fur-
ther confirms this view. In addition, although the RT-PCR results did
not show significant differences in the regulation of MPZ and NGFR
p75 expression between the two acellular groups, a further increasing
trend could be found in M-ANA, likely associated with the greater
preservation of ECM bioactive components and factors, which brings
more possibilities for the full play of repair function of Schwann cells.
To evaluate the neurorestorative effects of the multichannel
ANAs prepared by the modified decellularization method, we used
these grafts to repair sciatic nerve defects in rats and harvested them
at 6 and 12 weeks after surgery. It can be found that all the three
groups had successfully bridged the nerve gaps. In M-ANA, as with S-
ANA and ANG, the epineuriums at the junction of the grafts and the
nerve stumps were smooth and continuous, without constriction or
enlargement. During the extraction process, no graft disconnection
occurred. These indicated that the connections formed by the novel

ANAs and nerves can meet the fundamental mechanical need of
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transplantation. The in vivo experiments revealed that, at 6 weeks of
grafting, M-ANA could guide more nerve fibers into the allografts
compared to S-ANA. M-ANA also had higher levels of myelination at
both the central grafts and distal stumps. In particular, the nerve fibers
guided by M-ANA into distal segments exhibited greater myelin thick-
ness and better G-ratio. Myelin sheaths act as an electrical insulator
to support the efficient conduction of neural signals and their thick-
ness determines the conduction velocity of electrochemical informa-
tion.”* Thicker myelin sheaths give rise to faster conduction. In
addition, given that there is a trade-off between myelin thickness and
axon diameter due to spatial constraints, the parameter G-ratio,
reflecting their relationship, is also one of the reliable predictors to
evaluate axon remyelination.”>”¢ G-ratio is informative of the under-
lying myelin ultrastructure, and could indicate the relative efficiency
and maximal conduction velocity of axons.”” The optimal G-ratio is
thought to be around 0.6 in the peripheral nervous system.”® Myelin-
ated axons with G-ratio close to the ideal value may achieve higher
conduction velocity and lower energy consumption, which contributes
to the recovery of nerve function after injury.”” Indeed, MCV is dem-
onstrated to be related to the myelination rate and regenerative axon
level.2® The electrophysiological results revealed that M-ANA did
show a significant increase in MCV, closely resembling ANG, which is
consistent with the histomorphological results. Notably, the ANAs
produced using the Hudson method that better preserves ECM com-
ponents and architecture were shown to have no significant advan-
tage over S-ANA in the early stage of nerve repair.2® This discrepancy
may be ascribed to the presence of the optimized internal ultrastruc-
ture in M-ANA. It is notable that acellular allografts need to take
about 20 days before the first signs of vascularization in the midgraft
appear. Prior to this, nutrient supply relies on fluid permeation from
nerve stumps.2® The high porosity of M-AMA could offer advanta-
geous conditions for this process. Not only that, the microchannels
with large pore size contribute to the early penetration of Schwann
cells and rapid extension of axons. At 12 weeks of grafting, more mye-
linated axons were observed to extend across the allografts of M-
ANA and re-enter the distal nerve segments than S-ANA. More than
that, the regenerative axons growing into the distal stumps exhibited
better myelination quality in M-ANA. Their G-ratio is much closer to
the ideal value of 0.6 with a significant increase in the thickness of
myelin sheaths. The superior electrophysiological performances mean
the efficient establishment of target organ reinnervation in M-ANA,
which leads to better restoration of muscle and motor function. Taken
together, these results suggest that the novel ANAs possess a better
capacity to facilitate nerve regeneration compared to the conven-
tional ANAs, and exhibit a great potential for future clinical
applications.

However, we also identified that there still exist gaps in regenera-
tive performance between the optimized ANAs and autologous
nerves. It requires a long way to transfer from bench to bedside. The
novel ANAs can be recellularized to achieve further functionalization.
The integration of neurotrophic factors may also be a feasible solution
for improvement. In this study, unidirectional freeze-drying was

employed to impart axially aligned channels to ANAs. This

multichannel structure could be further manipulated by modifying the
freezing process, such as altering cold source and regulating tempera-
ture gradient, which may yield different impacts on nerve repair. More
studies are required to determine the optimal ultrastructure for a
growth-permissive microenvironment. Moreover, the variations in
nerve dimension and structure between different species are nonne-
gligible factors, which can greatly affect the successfulness of the
decellularization process. This newly developed decellularization pro-
tocol should still be adapted and optimized to meet the needs of pre-

paring human ANAs.

5 | CONCLUSIONS

In conclusion, we developed a novel ANA with optimized multichannel
ultrastructure using a modified decellularization method described in this
study. These unique ANAs had significant advantages in the retention of
main ECM bioactive molecules and regenerative factors, while eliminat-
ing over 95% of cellular components. The presence of the microchannels
with larger pore size allowed them to obtain higher porosity and swelling
performance. Their mechanical properties were more similar to those of
native nerves. In addition, the optimized allografts exhibited an increased
ability to support the proliferation and migration of Schwann cells
in vitro. The in vivo assessment further demonstrated that compared to
the conventional ANAs, they were more potent in promoting axon
regrowth and myelination, thereby achieving better restoration of mus-
cle and function. This study offers new insight into the improvement of

ANAs, which brings greater likelihood for effectively treating PNI.

AUTHOR CONTRIBUTIONS

Tianhao Yu: Conceptualization (equal); data curation (equal); formal
analysis (equal); funding acquisition (lead); investigation (equal); meth-
odology (equal); validation (equal); writing - original draft (equal); writ-
ing - review and editing (equal). Qiang Ao: Conceptualization (equal);
data curation (equal); formal analysis (equal); funding acquisition (sup-
porting); methodology (equal); writing - review and editing (equal).
Tianrang Ao: Formal analysis (equal); methodology (equal); software
(equal); validation (equal); writing - original draft (equal). Muhammad
Arslan Ahmad: Conceptualization (equal); data curation (equal); meth-
odology (equal); resources (equal); supervision (equal); validation
(equal); writing - review and editing (equal). Aijun Wang: Formal anal-
ysis (equal); methodology (equal); resources (equal); writing - review
and editing (equal). Yingxi Xu: Funding acquisition (equal); investiga-
tion (equal); methodology (equal); validation (equal); writing - original
draft (equal); writing - review and editing (equal). Zhongti Zhang:
Conceptualization (lead); data curation (lead); investigation (equal);
project administration (supporting); resources (lead); software (lead);
supervision (supporting); validation (supporting); writing - original
draft (lead); writing - review and editing (supporting). Qing Zhou:
Conceptualization (lead); funding acquisition (lead); methodology
(lead); project administration (lead); resources (supporting); supervi-
sion (supporting); validation (supporting); writing - review and editing

(supporting).



BIOENGINEERING &
180f20 | B ATIONAL MEDICINE

YU ET AL

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation
of China (Nos. 82201544, 82204025, and 81771351); the China Post-
doctoral Science Foundation (No. 2022MD713819); the Liaoning Pro-
vincial Natural Science Foundation of China (Nos. 2021-MS-208 and
2021-MS-176); the Research Fund of Shengjing Hospital of China
Medical University (No. M0791); the Shengjing Hospital 345 Talent
Project; the Applied Basic Research Program of Liaoning Province; the
National Key R&D Program of China (Nos. SQ2020YFF0426289 and
2017YFA0105802); and Sichuan Science and Technology Program
(No. 2020YFHO008).

CONFLICT OF INTEREST
All authors declare that there are no conflicts of interest related to

this work.

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/btm2.10435.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID
Tianhao Yu "2 https://orcid.org/0000-0003-4351-4311
REFERENCES

1. Scaccini L, Mezzena R, De Masi A, et al. Chitosan micro-grooved
membranes with increased asymmetry for the improvement of the
Schwann cell response in nerve regeneration. Int J Mol Sci. 2021;22
(15):7901.

2. Geyik A, Koc B, Micili SC, Kiray M, Vayvada H, Guler S. Effect of dec-
orin protein administration on rat sciatic nerve injury: an experimental
study. Neurol Res. 2022;44(3):252-261.

3. Fang Z, Ge X, Chen X, Xu Y, Yuan WE, Ouyang Y. Enhancement of
sciatic nerve regeneration with dual delivery of vascular endothelial
growth factor and nerve growth factor genes. J Nanobiotechnol. 2020;
18(1):46-46.

4. Li G, Zheng T, Wu L, et al. Bionic microenvironment-inspired synergis-
tic effect of anisotropic micro-nanocomposite topology and biology
cues on peripheral nerve regeneration. Sci Adv. 2021;7(28).eabi5812.

5. Yu TH, Xu YX, Jia XY, Ao Q. Intraluminal guiding structure of nerve
conduits for peripheral nerve regeneration. Sci Adv Mater. 2020;12(1):
56-65.

6. YuT, XuY, Ahmad MA, Javed R, Hagiwara H, Tian X. Exosomes as a
promising therapeutic strategy for peripheral nerve injury. Curr Neuro-
pharmacol. 2021;19(12):2141-2151.

7. Rabia J, Qiang A. Nanoparticles in peripheral nerve regeneration: a
mini review. J Neurorestoratology. 2022;10(1):1-12.

8. Sun X, Wang Y, Guo Z, et al. Acellular Cauda Equina allograft as main
material combined with biodegradable chitin conduit for regeneration
of long-distance sciatic nerve defect in rats. Adv Healthc Mater. 2018;
7(17):e1800276.

9. Wang Y, Zhang Y, Li X, Zhang Q. The progress of biomaterials in
peripheral nerve repair and regeneration. J Neurorestoratology. 2020;
8(4):252-269.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sanchez Rezza A, Kulahci Y, Gorantla VS, Zor F, Drzeniek NM.
Implantable biomaterials for peripheral nerve regeneration-
technology trends and translational tribulations. Front Bioeng Biotech-
nol. 2022;10:863969.

Kasper M, Deister C, Beck F, Schmidt CE. Bench-to-bedside lessons
learned: commercialization of an acellular nerve graft. Adv Healthc
Mater. 2020;9(16).€2000174.

Patel NP, Lyon KA, Huang JH. An update-tissue engineered nerve
grafts for the repair of peripheral nerve injuries. Neural Regen Res.
2018;13(5):764-774.

Brooks DN, Weber RV, Chao JD, et al. Processed nerve allografts for
peripheral nerve reconstruction: a multicenter study of utilization and
outcomes in sensory, mixed, and motor nerve reconstructions. Micro-
surgery. 2012;32(1):1-14.

Whitlock EL, Tuffaha SH, Luciano JP, et al. Processed allografts and
type | collagen conduits for repair of peripheral nerve gaps. Muscle
Nerve. 2009;39(6):787-799.

Zhu S, Liu J, Zheng C, et al. Analysis of human acellular nerve allograft
reconstruction of 64 injured nerves in the hand and upper extremity:
a 3 year follow-up study. J Tissue Eng Regen Med. 2017;11(8):2314-
2322.

Safa B, Jain S, Desai MJ, et al. Peripheral nerve repair throughout the
body with processed nerve allografts: results from a large multicenter
study. Microsurgery. 2020;40(5):527-537.

Han GH, Peng J, Liu P, et al. Therapeutic strategies for peripheral
nerve injury: decellularized nerve conduits and Schwann cell trans-
plantation. Neural Regen Res. 2019;14(8):1343-1351.

Sondell M, Lundborg G, Kanje M. Regeneration of the rat sciatic
nerve into allografts made acellular through chemical extraction. Brain
Res. 1998;795(1-2):44-54.

Klak M, tojszczyk |, Berman A, et al. Impact of porcine pancreas
decellularization conditions on the quality of obtained dECM. Int J
Mol Sci. 2021;22(13):7005.

Hudson TW, Zawko S, Deister C, et al. Optimized acellular nerve graft
is immunologically tolerated and supports regeneration. Tissue Eng.
2004;10(11-12):1641-1651.

Philips C, Cornelissen M, Carriel V. Evaluation methods as quality
control in the generation of decellularized peripheral nerve allografts.
J Neural Eng. 2018;15(2):021003.

McCrary MW, Vaughn NE, Hlavac N, et al. Novel sodium
deoxycholate-based chemical decellularization method for peripheral
nerve. Tissue Eng Part C Methods. 2020;26(1):23-36.

Lovati AB, D'Arrigo D, Odella S, et al. Nerve repair using Decellular-
ized nerve grafts in rat models. A review of the literature. Front Cell
Neurosci. 2018;12:427.

Zhang X, Chen X, Hong H, Hu R, Liu J, Liu C. Decellularized extracel-
lular matrix scaffolds: recent trends and emerging strategies in tissue
engineering. Bioact Mater. 2022;10:15-31.

Rao Z, Lin T, Qiu S, et al. Decellularized nerve matrix hydrogel scaf-
folds with longitudinally oriented and size-tunable microchannels for
peripheral nerve regeneration. Mater Sci Eng C Mater Biol Appl. 2021;
120:111791.

Kong Y, Wang D, Wei Q, Yang Y. Nerve decellularized matrix com-
posite scaffold with high antibacterial activity for nerve regeneration.
Front Bioeng Biotechnol. 2021;9:840421.

Pan D, Hunter DA, Schellhardt L, et al. The accumulation of T cells
within acellular nerve allografts is length-dependent and critical for
nerve regeneration. Exp Neurol. 2019;318:216-231.

Bae J-Y, Park SY, Shin YH, Choi SW, Kim JK. Preparation of human
decellularized peripheral nerve allograft using amphoteric detergent
and nuclease. Neural Regen Res. 2021;16(9):1890-1896.

Dahl SLM, Koh J, Prabhakar V, Niklason LE. Decellularized native and
engineered arterial scaffolds for transplantation. Cell Transplant.
2003;12(6):659-666.


https://publons.com/publon/10.1002/btm2.10435
https://publons.com/publon/10.1002/btm2.10435
https://orcid.org/0000-0003-4351-4311
https://orcid.org/0000-0003-4351-4311

YU ET AL

BIOENGINEERING &
TRANSLATIONAL MEDICINEJ”;f20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Yu T, Wen L, He J, et al. Fabrication and evaluation of an optimized
acellular nerve allograft with multiple axial channels. Acta Biomater.
2020;115:235-249.

Ao Q, Wang A, Cao W, et al. Manufacture of multimicrotubule chito-
san nerve conduits with novel molds and characterization in vitro.
J Biomed Mater Res A. 2006;77(1):11-18.

Deng M, Chang Z, Hou T, et al. Sustained release of bioactive protein
from a lyophilized tissue-engineered construct promotes the osteo-
genic potential of mesenchymal stem cells. J Orthop Res. 2016;34(3):
386-394.

Wakayama S, Ito D, Hayashi E, Ishiuchi T, Wakayama T. Healthy
cloned offspring derived from freeze-dried somatic cells. Nat Com-
mun. 2022;13(1):3666.

Bain JR, Mackinnon SE, Hunter DA. Functional evaluation of com-
plete sciatic, peroneal, and posterior tibial nerve lesions in the rat.
Plast Reconstr Surg. 1989;83(1):129-138.

Garcia-Garcia OD, El Soury M, Gonzélez-Quevedo D, et al. Histologi-
cal, biomechanical, and biological properties of genipin-crosslinked
decellularized peripheral nerves. Int J Mol Sci. 2021;22(2):674.

Liu C, Pei M, Li Q, Zhang Y. Decellularized extracellular matrix medi-
ates tissue construction and regeneration. Front Med. 2022;16(1):
56-82.

Zhao B, Sun X, Li X, et al. Improved preparation of acellular nerve
scaffold and application of PKH26 fluorescent labeling combined with
in vivo fluorescent imaging system in nerve tissue engineering. Neu-
rosci Lett. 2013;556:52-57.

Gilbert TW, Sellaro TL, Badylak SF. Decellularization of tissues and
organs. Biomaterials. 2006;27(19):3675-3683.

Barreto RS, Romagnolli P, Fratini P, et al. Mouse placental scaffolds: a
three-dimensional environment model for recellularization. J Tissue
Eng. 2019;10:2041731419867962.

White LJ, Taylor AJ, Faulk DM, et al. The impact of detergents on the
tissue decellularization process: a ToF-SIMS study. Acta Biomater.
2017;50:207-219.

Wolkers WF, Oldenhof H. Principles underlying cryopreservation and
freeze-drying of cells and tissues. In: Wolkers WF, Oldenhof H. eds.
Methods in Molecular Biology. Humana;2021:3-25.

Buckenmeyer MJ, Meder TJ, Prest TA, Brown BN. Decellularization
techniques and their applications for the repair and regeneration of
the nervous system. Methods. 2020;171:41-61.

El Soury M, Garcia-Garcia OD, Moretti M, et al. Comparison of decel-
lularization protocols to generate peripheral nerve grafts: a study on
rat sciatic nerves. Int J Mol Sci. 2021;22(5):2389.

Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and whole
organ decellularization processes. Biomaterials. 2011;32(12):3233-
3243.

Chen S, Du Z, Zou J, et al. Promoting neurite growth and Schwann
cell migration by the harnessing decellularized nerve matrix onto
nanofibrous guidance. ACS Appl Mater Interfaces. 2019;11(19):17167-
17176.

Masand SN, Perron 1), Schachner M, Shreiber DI. Neural cell type-
specific responses to glycomimetic functionalized collagen. Biomate-
rials. 2012;33(3):790-797.

Bunge MB, Bunge RP, Kleitman N, Dean AC. Role of peripheral nerve
extracellular matrix in Schwann cell function and in neurite regenera-
tion. Dev Neurosci. 1989;11(4-5):348-360.

Topuz B, Aydin HM. Preparation of decellularized optic nerve grafts.
Artif Organs. 2022;46(4):618-632.

Shin YH, Park SY, Kim JK. Comparison of systematically combined
detergent and nuclease-based decellularization methods for acellular
nerve graft: an ex vivo characterization and in vivo evaluation.
J Tissue Eng Regen Med. 2019;13(7):1241-1252.

Kim DH, Shin S-H, Lee M-K, Lee JJ, Kim JK, Chung YG. Effectiveness
and biocompatibility of decellularized nerve graft using an In vivo rat
sciatic nerve model. Tissue Eng Regen Med. 2021;18(5):797-805.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Idini M, Wieringa P, Rocchiccioli S, et al. Glycosaminoglycan functio-
nalization of electrospun scaffolds enhances Schwann cell activity.
Acta Biomater. 2019;96:188-202.

Luo F, Tran AP, Xin L, et al. Modulation of proteoglycan receptor
PTPs enhances MMP-2 activity to promote recovery from multiple
sclerosis. Nat Commun. 2018;9(1):4126.

Groves ML, McKeon R, Werner E, Nagarsheth M, Meador W,
English AW. Axon regeneration in peripheral nerves is enhanced by
proteoglycan degradation. Exp Neurol. 2005;195(2):278-292.

Philips C, Campos F, Roosens A, Sanchez-Quevedo MC, Declercq H,
Carriel V. Qualitative and quantitative evaluation of a novel
detergent-based method for Decellularization of peripheral nerves.
Ann Biomed Eng. 2018;46(11):1921-1937.

Hattori T, Matsuyama Y, Sakai Y, Ishiguro N, Hirata H, Nakamura R.
Chondrotinase ABC enhances axonal regeneration across nerve gaps.
J Clin Neurosci. 2008;15(2):185-191.

Neubauer D, Graham JB, Muir D. Chondroitinase treatment increases
the effective length of acellular nerve grafts. Exp Neurol. 2007;207(1):
163-170.

Graham JB, Muir D. Chondroitinase C selectively degrades chondroi-
tin sulfate glycosaminoglycans that inhibit axonal growth within the
endoneurium of peripheral nerve. PLoS One. 2016;11(12):e0167682.
Sridharan R, Reilly RB, Buckley CT. Decellularized grafts with axially
aligned channels for peripheral nerve regeneration. J Mech Behav
Biomed Mater. 2015;41:124-135.

Moradzadeh A, Borschel GH, Luciano JP, et al. The impact of motor
and sensory nerve architecture on nerve regeneration. Exp Neurol.
2008;212(2):370-376.

Pawar K, Mueller R, Caioni M, et al. Increasing capillary diameter and
the incorporation of gelatin enhance axon outgrowth in alginate-
based anisotropic hydrogels. Acta Biomater. 2011;7(7):2826-2834.
Zhang F, Zhang N, Xu Q, et al. Decellularized nerve extracellular
matrix/chitosan crosslinked by genipin to prepare a moldable nerve
repair material. Cell Tissue Bank. 2021;22(3):419-430.

Roosens A, Somers P, De Somer F, et al. Impact of detergent-based
decellularization methods on porcine tissues for heart valve engineer-
ing. Ann Biomed Eng. 2016;44(9):2827-2839.

Bousalis D, McCrary MW, Vaughn N, et al. Decellularized peripheral
nerve as an injectable delivery vehicle for neural applications.
J Biomed Mater Res A. 2022;110(3):595-611.

Gu Y, JiY, Zhao Y, et al. The influence of substrate stiffness on the
behavior and functions of Schwann cells in culture. Biomaterials.
2012;33(28):6672-6681.

Mason S, Phillips JB. An ultrastructural and biochemical analysis of
collagen in rat peripheral nerves: the relationship between fibril diam-
eter and mechanical properties. J Peripher Nerv Syst. 2011;16(3):
261-269.

Suss PH, Ribeiro VST, Motooka CE, et al. Comparative study of decel-
lularization techniques to obtain natural extracellular matrix scaffolds
of human peripheral-nerve allografts. Cell Tissue Bank. 2022;23(3):
511-520.

Freed AD, Doehring TC. Elastic model for crimped collagen fibrils.
J Biomech Eng. 2005;127(4):587-593.

Williams C, Liao J, Joyce EM, et al. Altered structural and mechanical
properties in decellularized rabbit carotid arteries. Acta Biomater.
2009;5(4):993-1005.

Zilic L, Wilshaw SP, Haycock JW. Decellularisation and histological
characterisation of porcine peripheral nerves. Biotechnol Bioeng.
2016;113(9):2041-2053.

Huang L, Zhu L, Shi X, et al. A compound scaffold with uniform longitu-
dinally oriented guidance cues and a porous sheath promotes peripheral
nerve regeneration in vivo. Acta Biomater. 2018;68:223-236.

Brosius Lutz A, Lucas TA, Carson GA, et al. An RNA-sequencing tran-
scriptome of the rodent Schwann cell response to peripheral nerve
injury. J Neuroinflammation. 2022;19(1):105.



BIOENGINEERING &
200120 | Qo ATIONAL MEDICINE

72.

73.
74.

75.

76.

77.

78.

YU ET AL

Bozkurt A, Deumens R, Beckmann C, et al. In vitro cell alignment
obtained with a Schwann cell enriched microstructured nerve guide
with longitudinal guidance channels. Biomaterials. 2009;30(2):
169-179.

Bozkurt A, Lassner F, O'Dey D, et al. The role of microstructured and
interconnected pore channels in a collagen-based nerve guide on axonal
regeneration in peripheral nerves. Biomaterials. 2012;33(5):1363-1375.
Stikov N, Campbell JSW, Stroh T, et al. In vivo histology of the myelin
g-ratio with magnetic resonance imaging. Neuroimage. 2015;118:
397-405.

Hagiwara A, Hori M, Yokoyama K, et al. Analysis of white matter
damage in patients with multiple sclerosis via a novel in vivo MR
method for measuring myelin, axons, and G-ratio. AJNR
Am J Neuroradiol. 2017;38(10):1934-1940.

Lizarraga-Valderrama LR, Ronchi G, Nigmatullin R, et al. Preclinical
study of peripheral nerve regeneration using nerve guidance conduits
based on polyhydroxyalkanaotes. Bioeng Transl Med. 2021;6(3):
e10223.

Mohammadi S, Callaghan MF. Towards in vivo g-ratio mapping using
MRI: unifying myelin and diffusion imaging. J Neurosci Methods. 2021;
348:108990.

Cercignani M, Giulietti G, Dowell NG, et al. Characterizing axonal
myelination within the healthy population: a tract-by-tract mapping

79.

80.

of effects of age and gender on the fiber g-ratio. Neurobiol Aging.
2017;49:109-118.

Andersson M, Kjer HM, Rafael-Patino J, et al. Axon morphology is
modulated by the local environment and impacts the noninvasive
investigation of its structure-function relationship. Proc Natl Acad Sci
U S A. 2020;117(52):33649-33659.

Zhu Z, Huang Y, Zou X, et al. The vascularization pattern of acellular
nerve allografts after nerve repair in Sprague-Dawley rats. Neurol Res.
2017;39(11):1014-1021.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Yu T, Ao Q, Ao T, et al. Preparation
and assessment of an optimized multichannel acellular nerve
allograft for peripheral nerve regeneration. Bioeng Transl Med.
2023;8(4):e10435. doi:10.1002/btm2.10435


info:doi/10.1002/btm2.10435

	Preparation and assessment of an optimized multichannel acellular nerve allograft for peripheral nerve regeneration
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Animals and ethics
	2.2  Nerve harvest and decellularization
	2.3  Histological analysis
	2.4  Biochemical analysis
	2.5  Western blot analysis
	2.6  Enzyme-linked immunosorbent assay
	2.7  Scanning electron microscopy analysis
	2.8  Porosity test
	2.9  Swelling test
	2.10  Biomechanical test
	2.11  Biocompatibility evaluation
	2.11.1  In vitro study for penetration of Schwann cells
	2.11.2  Detection of DNA content in culture medium
	2.11.3  Cytotoxicity evaluation

	2.12  Real-time polymerase chain reaction
	2.13  In vivo study for functionalities
	2.13.1  Surgical procedures
	2.13.2  Gait analysis
	2.13.3  Electrophysiological analysis
	2.13.4  Muscle wet weight evaluation
	2.13.5  Toluidine blue staining
	2.13.6  Transmission electron microscope analysis
	2.13.7  Immunofluorescence staining

	2.14  Statistical analysis

	3  RESULTS
	3.1  Decellularization extent evaluation
	3.2  ECM morphological characterization
	3.3  ECM componential characterization
	3.4  Pore size and porosity analysis
	3.5  Swelling characterization
	3.6  Biomechanical properties
	3.7  Biocompatibility evaluation
	3.7.1  Schwann cell penetration analysis
	3.7.2  DNA release detection
	3.7.3  Cytotoxicity analysis
	3.7.4  Gene expression analysis

	3.8  In vivo study
	3.8.1  Motor function evaluation
	3.8.2  Electrophysiological analysis
	3.8.3  Muscle recovery evaluation
	3.8.4  Analysis of axon regrowth and remyelination


	4  DISCUSSION
	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES




