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Abstract

The repair and regeneration of transected peripheral nerves is an important area of clinical research, and the adhesion of anastomosis
sites to surrounding tissues is a vital factor affecting the quality of nerve recovery after nerve anastomosis. This study involves the
generation of a novel nerve repair membrane derived from decellularized porcine nerves using a unique, innovative technique. The
decellularized nerve matrix was verified to be effective in eliminating cellular components, and it still retained some neural extracel-
lular matrix components and bioactive molecules (collagens, glycosaminoglycans, laminin, fibronectin, TGF-[3, etc.), which were
mainly determined by proteomic analysis, histochemistry, immunohistochemistry, and enzyme-linked immunosorbent assay.
Cytotoxicity, intracutaneous reactivity, hemolysis, and cell affinity analyses were conducted to confirm the biosecurity of the nerve
repair membrane. The in vivo functionality was assessed in a rat sciatic nerve transection model, and indices of functional nerve
recovery, including the measurement of the claw-spread reflex, nerve anastomosis site adhesion, electrophysiological properties, and
the number of regenerated nerve fibers, were evaluated. The results indicated that the nerve repair membrane could effectively prevent
adhesion between the nerve anastomosis sites and the surrounding tissues and enhance nerve regeneration, which could be attributed
to its various bioactive components. In conclusion, the novel nerve repair membrane derived from xenogeneic decellularized nerves
described in this study shows great potential auxiliary clinical treatment for peripheral nerve injuries.
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Introduction

Peripheral nerve injury is a common clinical disease that af-
fects 2.8% of trauma patients globally [1]. It affects the quality
of'life of more than 1 million people each year worldwide and
causes a huge medical and economic burden for society [2].
Despite advancements in microsurgical techniques, the
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reconstruction of transected peripheral nerves remains a for-
midable challenge in reconstructive surgery. At present, the
main treatment for transected peripheral nerves is direct end-
to-end suturing of the injured nerve ends. However, direct
nerve anastomosis is still far from ideal because of the inva-
sion of surrounding tissue into the anastomosis site, resulting
in adhesion and painful neuroma formation [3—7]. Therefore,
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developing a nerve repair membrane for anastomosis site is
necessary to prevent connective tissue invasion into anasto-
mosis site and promote nerve regeneration.

In the past few years, some materials have been created to
prevent anastomosis site adhesion after nerve anastomosis
[8—10]. These materials have included poly(DL-lactic acid)
film [8], chitosan film [9], and collagen wrapper [10].
Although they had an anti-adhesion effect, they were associ-
ated with some shortcomings. The former 2 materials had
poor biocompeatibility and a long degradation period, and none
of the 3 materials contained various bioactive molecules.
Hence, it was urgent to create a new nerve wrap that prevented
adhesion and promoted nerve regeneration after anastomosis.
The evidence suggests that extracellular matrix (ECM) mate-
rials, especially those derived from site-specific tissues, are
more useful as reconstructive tissues than synthetic and non-
specific tissue-derived materials [11-13]. Zilic et al. [14] dem-
onstrated that the porcine nerve was very similar to the human
nerve in terms of its anatomical, biochemical, and cellular
components. Porcine decellularized nerves without cellular
components did not elicit an immune response [15].
Meanwhile, decellularized porcine nerves retain different
kinds of functional proteins, including collagens, glycosami-
noglycans, proteoglycans, and growth factors, which might
provide a native-like microenvironment that would favor
Schwann cell proliferation and axon growth [14, 16-18].
Therefore, porcine decellularized nerves would be an ideal
nerve repair material. Recent studies have found that
Schwann cells cultured in contact with decellularized porcine
nerves could survive and proliferate and retain their own phe-
notype [16], and evidence has suggested that decellularized
porcine nerve-derived hydrogels could enhance the wrapping
of Schwann cells around areas of neuritis and promote axon
growth in vitro [19]. In an animal experiment, porcine
decellularized nerve-derived hydrogels containing conduits
were integrated into transected sciatic nerves of rats, and better
axonal regeneration was achieved in comparison to the results
of using hollow conduits [20]. Therefore, both in vitro and
in vivo studies have proven that porcine decellularized nerves
show excellent performance in nerve regeneration.

In the current study, a novel nerve repair membrane derived
from decellularized porcine nerves was successfully
manufactured to prevent the adhesion of nerve anastomosis
sites to surrounding tissues and to support nerve regeneration.
To determine the components of the porcine decellularized
nerve matrix, high-performance and high-resolution proteo-
mic analysis, dimethylmethylene blue assay, hydroxyproline
assay, Picrosirius red staining, immunohistochemistry, and
enzyme-linked immunosorbent assay were performed. The
biocompatibility of the nerve repair membrane was evaluated
by cytotoxicity assay, intracutaneous reactivity test, hemolysis
test, and cell affinity analysis. Furthermore, its treatment effi-
cacy in transected sciatic nerves in a rat model was determined

through claw-spread reflex test, observations of anastomosis
site tissue adhesion, electrophysiological assay, and histolog-
ical analysis of the regenerated nerve fibers.

Materials and Methods

Manufacture of the Porcine Decellularized
Nerve-Derived Nerve Repair Membrane

Preparation of Porcine Decellularized Nerve Matrix Fresh sci-
atic nerves were harvested from the lower limbs of crossbred
pigs obtained from a market according to ISO 22442-2, and the
nerves were cut into 5-mm pieces prior to decellularization.
Briefly, the nerves were agitated and rinsed with deionized
water for 6 h at room temperature. Then, the nerves were sub-
jected to chemical decellularization in 3.0% Triton X-100
(Sigma, USA) for 12 h and washed with deionized water (3
times for 15 min each), 4.0% sodium deoxycholate (Sigma,
USA) for 24 h, and deionized water again (3 times for
15 min each) with constant vibration. The resulting
decellularized nerve matrix was lyophilized and stored until
use. Hematoxylin and eosin (HE) staining and residual DNA
content test were performed to analyze the efficiency of the
decellularization of the porcine nerves. The TIANamp
Genomic DNA Kit (TIANGEN, China) was used to isolate
the genomic DNA from fresh nerves and decellularized nerve
matrix. Later, the isolated DNA was analyzed and quantified
using agarose gel electrophoresis and a NanoDrop
spectrophotometer.

Manufacture of the Nerve Repair Membrane The lyophilized
porcine decellularized nerve matrix was transformed into a
powder using a tissue homogenizer (SPEX SamplePrep,
USA). Then, the powder was solubilized in 0.3% acetic acid
with constant vibration for 24 h. After solubilization was com-
plete, the digested solution was transferred to a plate, and the
solution-to-membrane transition of the decellularized nerve
matrix was induced by drying at room temperature. Finally,
the pH was adjusted to 7.4 with 0.1 N NaOH, and the nerve
repair membrane was washed with deionized water 3 times.

Composition Analysis

Proteomic Analysis Mass spectrometry was used to analyze
the protein contents of the nerve repair membrane,
decellularized nerve matrix, and fresh nerves. The samples
were prepared using imFASP method with slight modification
[21]. Protein extract was determined by using a BCA kit
(Beyotime Biotechnology, China). The proteins in each group
were digested with trypsin (enzyme to protein ratio of 1:30),
and then 1 pg of each protein extract was analyzed by a nano-
RPLC-ESI-MS/MS system consisting of an EasyNano
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HPLC system and a Q-Exactive MS (Thermo Fisher, USA).
The nano-RPLC separation was performed using a capillary
column that was packed in-house (0.075 mm id x 140 mm)
(Sino Sumtech, China) with C18 silica particles (5 um, 100 A)
(Thermo Electron, USA). Mobile phase A (0.1 % formic acid
in H,O) and B (0.1 % formic acid in acetonitrile) were used to
generate an 80-min gradient that was comprised of 5 min of
2% B followed by 65 min of 5 to 50% B, with a final step of
80% B for 10 min; the flow rate was 200 nl/min.

The mass spectrometer was operated in positive mode with
a spray voltage of 2.25 kVand a temperature in the ion transfer
capillary of 200 °C. The MS/MS collision energy was set at
28%, and all MS/MS spectra were acquired in data-dependent
mode. A full MS scan was acquired from m/z 300 to m/z 1800
and was followed by 10 data-dependent MS/MS events. The
MS/MS scans were performed at a resolution of 17,500
(AGC, 1E>; maximum injection time, 60 ms), and the data
were acquired in centroid mode using a 20-s exclusion win-
dow. The unassigned ions or those with a charge of + 1 or >+ 7
were rejected.

The raw data were uploaded into Proteome Discoverer
(PD, version 1.4.1.14) with Mascot (2.3.2) and were searched
against the UniProt Knowledgebase (UniProtKB) complete
pig proteome sequence database (release 2018 10, 48,969
entries). The mass tolerances were set at 0.5 Da for the parent
ions and at 10 ppm for the fragments. The minimal peptide
length was 6 amino acids. Carbamidomethylation (C, +
57.0215 Da) was used as the fixed modification. Oxidation
(M, +15.9949 Da) and acetylation (protein N termini, +
42.0106 Da) were searched as variable modifications. The
peptide and protein identifications were filtered by PD with
false discovery rate <1%. At least 1 unique peptide was re-
quired for the identification of each protein. The percentage of
ECM proteins was calculated by determining the relative
abundances of all the identified ECM proteins, and the relative
abundances of the identified proteins were expressed as log;g
values.

Glycosaminoglycans Analysis The glycosaminoglycans
(GAGs) content of the decellularized nerve matrix and fresh
nerves was detected and quantified by dimethylmethylene
blue assay (GenMed Scientific INC, USA) according to the
manufacturer’s instructions.

Hydroxyproline Assay A hydroxyproline assay was carried
out to determine the total collagen in the decellularized
nerve matrix and fresh nerves. This assay utilizes the for-
mation of a chromophore by the oxidation of hydroxypro-
line with chloramine-T (sodium N-chloro-p-
toluenesulfonamide), which can be measured at 570 nm
[22]. The total collagen content was calculated according
to the ratio of hydroxyproline to collagen, which was 1:7.69
[16, 23].
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Picrosirius Red Staining Picrosirius red staining was per-
formed to detect collagen I and collagen III in decellularized
nerve matrix and fresh nerves. The samples were fixed in 4%
paraformaldehyde (PFA) for 24 h followed by several washes
in phosphate-buffered saline (PBS, pH 7.4) for 2 h. Then, the
fixed samples were dehydrated with a graded ethanol series,
embedded in paraffin wax, sectioned into 5-pm sections, and
affixed to microscope slides. The slides were stained with
Picrosirius red to visualize collagen I and collagen III distri-
bution under visible light and polarized illumination (BX53;
Olympus, Japan).

Immunohistochemistry For immunohistochemistry (IHC), the
slides of nerve tissues were pretreated with citrate buffer at 95
°C for antigen retrieval. Next, the UltraSensitive SP (Mouse/
Rabbit) IHC Kit (MXB® Biotechnologies, China) was used
according to the manufacturer’s instructions. The sections
were incubated in 3% (v/v) H,O, for 10 min to block endog-
enous peroxidase activity. Nonspecific staining was further
blocked with nonimmune serum at 37 °C for 30 min. Anti-
collagen IV antibody, anti-laminin antibody, and anti-
fibronectin antibody (Abcam, USA) were used at a 1:200
dilution for 12 h at 4 °C. The secondary antibody was used
according to the instructions from the UltraSensitive SP
(Mouse/Rabbit) IHC Kit. Subsequently, the peroxidase reac-
tion was visualized with a DAB Peroxidase Substrate Kit
(MXB® Biotechnologies, China). After counterstaining with
hematoxylin, the slides were dehydrated, cleared, mounted,
and visualized with an Olympus BX53 (Japan) light
microscope.

Enzyme-Linked Immunosorbent Assay An enzyme-linked
immunosorbent assay (ELISA) was carried out to detect
collagen I, collagen IV, laminin (LN), and fibronectin
(FN) in protein extracts from decellularized nerve matrix
and fresh nerves. ELISA kits (USCN Life Science
Technology, China) were used to analyze the protein con-
tents according to the manufacturer’s instructions. Standard
samples and protein extracts of decellularized nerve matrix
and fresh nerves (100 pl) were added to the wells in tripli-
cate and incubated for 2 h at room temperature. The color
reaction was monitored at 405 nm, and the data from the
standard samples were plotted as the background-corrected
absorbance (OD) versus the concentration. The contents of
collagen I, collagen IV, LN, and FN in the 2 groups were
calculated based on the appropriate standard curve.

Biocompatibility of the Nerve Repair Membrane

Cytotoxicity Assay The cytotoxicity of the nerve repair mem-
brane was investigated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Schwann cells
(RSC96) were cultured in complete Dulbecco’s modified
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Eagle medium (DMEM) with 10% fetal bovine serum and 1%
penicillin/streptomycin, as described previously [24]. The
protocols were performed as described in ISO 10993-5. The
conditioned media were obtained by incubating 0.2 g nerve
repair membrane in 1 ml DMEM at 37 °C for 24 h and then
collected by filtering the remains. In addition, a normal medi-
um control (DMEM), a negative control (polyethylene), and a
positive control (DMSO) were prepared. The cell pellets were
counted and then seeded at a density of 2 x 10* cells/well in
96-well plates. Then, the 96-well plates were transferred to an
incubator at 37 °C with 5% CO, and 95% humidity. After 3
days of culture, the culture medium of the Schwann cells was
replaced with 25 ul MTT (5 mg/ml), which was followed by
incubation for 4 h at 37 °C. Then, the reaction solution was
carefully removed from the 96-well plates, and 100 pl of
DMSO was added to dissolve the blue formazan product, after
which the OD at 570 nm was measured. The cell viability (%)
was calculated according to the formula ODes/OD pedium *
100, where OD, is the absorbance of each group and
ODedium 18 the absorbance of DMEM group. Six replicates
for each group were used to assess cell viability.

Scanning Electron Microscopy Observation of Cell Affinity
Scanning electron microscopy (SEM) was used to observe
Schwann cells cultured on the surface of the nerve repair
membrane. Briefly, Schwann cells were seeded on the nerve
repair membrane surface and incubated in DMEM with 10%
fetal bovine serum and 1% penicillin/streptomycin. After 3
days of culture, the samples were coated with gold and ob-
served at an acceleration voltage of 25 kV by SEM (S-4800;
Hitachi, Japan).

Intracutaneous Reactivity Test The intracutaneous reactivity
test was performed according to ISO 10993:2010 (Biological
Evaluation of Medical Devices-Part 10). The subjects were
male New Zealand White rabbits (n = 3, 2.5 + 0.2 kg) that
were kept in an animal facility under standard housing condi-
tions. The rabbits were maintained under a 12-h light/dark
cycle and had free access to water and food. The room tem-
perature (22.0 + 3.0 °C) and ambient humidity (50 + 20%)
were monitored daily. Before treatment, the fur on the back
and both sides of the spine of each rabbit was sheared to obtain
a sufficiently large injection area. Then, the injection area was
disinfected with a 75% alcohol-soaked gauze pad. The extrac-
tion solution for the nerve repair membrane (0.2 g/ml) was
prepared in physiological saline at 37 °C for 24 h and then
collected by filtering the remains. A volume of 0.2 ml of
extraction solution was injected intracutaneously into 10 sep-
arate sites on the left side of each rabbit spine, and the same
dose of physiological saline was injected into sites on the
corresponding right side of the spine. The injections were
spaced approximately 1.0 cm apart. Then, observations of
the injection sites were made immediately after injection as

well as 24, 48, and 72 h after injection. The appearance of each
site was evaluated by grading for erythema and edema, as per
the following criteria: 0, negligible; 1, very slight; 2, well-
defined; 3, moderate; 4, severe. The mean scores of erythema
and edema individually for the test and control sites were
calculated. If the difference between the mean scores of the
test sites and the control sites was less than or equal to 1.0, it
was considered to indicate an absence of intracutancous
irritation.

Hemolysis Test The hemolysis test was performed by a color-
imetric assay that measured the release of cyanmethemoglobin
in solution. A 2% (w/v) red blood cell (RBC) suspension from
Sprague-Dawley rats was prepared as described previously
[25]. Briefly, rat blood was centrifuged at 4000 rpm/min and
4 °C for 15 min, and the plasma was removed. Then, the cell
pellets were resuspended in physiological saline for washing,
followed by centrifugation as previously described. After
washing 3 times, the cell pellets were resuspended in physio-
logical saline at a final concentration of 2% (w/v). The extrac-
tion solution of the nerve repair membrane (0.2 g/ml) was
prepared in physiological saline at 37 °C for 24 h. In addition,
the same amount of physiological saline and deionized water
were prepared as the negative and the positive control, respec-
tively. Then, each solution was mixed with the RBC suspen-
sion and incubated for 1 h at 37 °C. Each solution was centri-
fuged at 3000 rpm/min for 10 min, and the supernatant was
measured at ODsys. Later, the mean ODsy5 value and hemolytic
rate were calculated.

Functionality of the Nerve Repair Membrane In Vivo

Surgery Procedure Male Sprague-Dawley rats (n = 32, 220 +
10 g) were used for in vivo nerve repair studies and kept in an
animal room under standard housing conditions. The bilateral
sciatic nerves of all animals were transected, followed by end-
to-end nerve anastomosis. The surgical operation was per-
formed by the same surgeon under aseptic conditions with
2% pentobarbital sodium anesthesia (25 mg/kg) for all rats.
An incision was made on the posterior—lateral side of the
thigh, and the sciatic nerve was exposed carefully and cut
quickly 0.5 cm above the bifurcation of the tibial and peroneal
nerve with microsurgical scissors. The epineuria of the prox-
imal and distal nerve ends were sutured using a 9-0 nylon
microsuture. The right anastomosis sites were wrapped with
the nerve repair membranes (as the treatment group), whereas
the left anastomosis sites were not wrapped with nerve repair
membranes (as the nontreatment group). The muscle and skin
were closed with 6-0 nylon sutures.

The surgical procedure was performed strictly in accor-
dance with the China Medical University guidelines for the
ethical care of animals. All animals had free access to water
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and food. The spirit and appetites of the animals and the ap-
pearances of the surgical incisions were observed every day.

Claw-Spread Reflex test The claw-spread reflex was detected
to assess the functional nerve recovery at 4, 8, and 12 weeks
after surgery. The nerve functional recovery was graded as A,
B, or C according to the following scale: grade A, rat responds
to acupuncture and spreads its claws; grade B, rat responds to
acupuncture without spreading its claws; grade C, rat does not
respond to acupuncture.

Nerve Anastomosis Site Tissue Adhesion Observation Nerve
anastomosis site adhesion to surrounding tissues was evaluat-
ed at 4, 8, and 12 weeks after surgery according to 3 grades:
grade 0, no adhesion; grade 1, the anastomosis site was slight-
ly adhered to the surrounding tissues but was able to be sep-
arated; grade 2, the anastomosis site was tightly adhered to the
surrounding tissues and was difficult to separate.

Electrophysiological Evaluation Nerve functional recovery
was also measured by electrophysiological assay at 4, 8, and
12 weeks after surgery. The rats were anesthetized with 2%
pentobarbital sodium (25 mg/kg), and the nerve anastomosis
site was re-exposed. Electrical stimuli were applied at the
proximal and distal nerve trunks of the anastomosis site by a
multichannel electrophysiological system (RM6240, China).
The stimulation mode was set to pulse mode (stimulus

Porcine fresh nerve Porcine decellularized nerve

intensity = 6 mA; frequency = 1 Hz; duration = | ms). A
recording electrode was inserted into an anterior tibial muscle
to measure the compound muscle action potential (CMAP).
The CMAP amplitude was recorded by measuring the vertical
distance from the peak to the trough of the CMAP. The CMAP
latencies induced by proximal and distal stimulation were re-
corded. The difference in the CMAP latencies was calculated,
and the distance between the proximal and distal stimulation
sites was measured to determine the motor nerve conduction
velocity (MCV) across the nerve trunk between the proximal
and distal stimulation points.

Toluidine Blue Staining of the Myelin Sheath After the electro-
physiological assay, the nerve distal segments near the anasto-
mosis site were harvested and fixed in 4% PFA for 48 h, followed
by washing in PBS. Then, the samples were embedded in Epon
812 epoxy resin and cut into 0.5-um semithin sections using
glass knives. After being stained with toluidine blue, the sections
were observed under a light microscope (BX53; Olympus,
Japan), and 5 high power fields (HPF, x 1000) were selected
for each section (center, top, bottom, right, and left of the section).
Then, the myelinated axon density (number of axons/HPF) was
quantitatively determined using Imagel.

Immunofluorescence of the Axon and Myelin Sheath For the
immunofluorescence detection of the axon and myelin sheath,
the distal nerve segments near the anastomosis site were fixed

Powder Solution

Nerve repair membrane

Fig. 1 Manufacturing procedure used for the nerve repair membrane (a)
and the decellularization efficiency evaluation (b, c). (a) Porcine sciatic
nerves were decellularized by chemical extraction, followed by tissue
homogenization, acid digestion, and room temperature drying, resulting
in the formation of the nerve repair membrane. (b) HE staining of fresh
nerve and decellularized nerve tissue. Scale bar = 100 um. (c) Agarose
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Picrosirius red staining

Under visible light Under polarized illumination

e
W&

Decellularized nerve

Fresh nerve

Fig. 4 Representative sections of decellularized nerve matrix and fresh
nerve with labeling of collagen I, collagen IV, LN, or FN. For Picrosirius
red staining (a—d), sections of decellularized nerve (a, c¢) and fresh nerve
tissue (b, d) were viewed under visible light (a, b) and polarized

laser scanning confocal microscopy (FV1200; Olympus,
Japan).

Statistical Analysis

All data were expressed as the mean + standard deviation
(S.D.) and were statistically analyzed using GraphPad Prism
5.0 software (USA). One-way analysis of variance (ANOVA)
was used for the proteomic analysis; the Wilcoxon test was
used for the claw-spread reflex analysis and the anastomosis
site tissue adhesion evaluation, and the other data were statis-
tically analyzed using ¢ tests. p < 0.05 was considered statis-
tically significant. Asterisks indicate a statistically significant
difference between 2 groups.

Results
Decellularization Efficiency Analysis

The decellularized nerves were derived from porcine sciatic
nerves by chemical decellularization, and the manufacturing pro-
cedure used for the decellularized, nerve-derived nerve repair
membranes is shown in Fig. 1a. After complete decellularization,

Table 1 Main components of the decellularized nerve matrix and fresh
nerve tissue as determined by ELISA

Component Decellularized nerve matrix  Fresh nerve tissue

Collagen I (ng/mg)  3.32 x 10° £0.61 2.19 x 10° +0.09

Collagen IV (ng/mg) 14.36 +4.11 19.66 +2.33
LN (ng/mg) 25.81 £ 4.65% 4525 +2.96
FN (ng/mg) 2.82+£0.27* 28.99 +2.87

*p < 0.05 versus fresh nerve
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the porcine sciatic nerves turned white and loosened, and HE
staining confirmed that the decellularization process eliminated
the cell nuclei from the fresh nerve tissue (Fig. 1b). The results of
agarose gel electrophoresis revealed that there was almost no
DNA in the decellularized nerve matrix, and the quantitative
analysis showed that the DNA content decreased from 679.40
+44.22 ng/mg in dry tissue from fresh nerves to 25.38 +3.13 ng/
mg in dry tissue from the decellularized nerve matrix (p < 0.05)
(Fig. 1c). The residual DNA content (<50 ng/mg) of the
decellularized nerve matrix was considered to meet the standard
for transplantation [26, 27].

Composition Analysis

Proteomic Analysis of the Nerve Repair Membrane,
Decellularized Nerve Matrix, and Fresh Nerve tissue The pro-
tein mass spectrometry was characterized by high performance
and high resolution, so a nano-RPLC-ESI-MS/MS system was
used to quantitatively analyze the protein components in the
nerve repair membrane, decellularized nerve, and fresh nerve
tissue. Fig. 2a shows the percentage of identified ECM protein
mass in the total protein mass of each group. The percentage of
identified ECM proteins in the nerve repair membrane (63.02 +
4.01%) was significantly higher than that in fresh nerve tissue
(17.78 £ 0.19%) (p < 0.05) and similar to that in decellularized
nerve tissue (54.94 £ 3.17%). Several major proteins in the nerve
tissue were selected for comparison among the 3 groups, which
showed the quantitative changes in these major proteins through-
out the process that started with fresh nerve tissue to generate the
decellularized nerve matrix and ultimately the nerve repair mem-
brane (Fig. 2b). The different changes in different proteins might
be attributed to the decellularization processes, isoelectric points,
hydrophilicity, and hydrophobicity. However, there were no sig-
nificant differences in these proteins in the nerve repair



Fabrication and Evaluation of a Xenogeneic Decellularized Nerve-Derived Material: Preclinical Studies of a... 363

Fig. 5 Cytotoxicity (a) and cell a 14-
affinity (b, c) of the nerve repair :
membrane. The ODs7( values of 1.2

the 3 control groups and the nerve

repair membrane group according 1.0
to MTT assay (a). SEM micro- E 0.8 -
graphs of cultured Schwann cells 8 0.6

on the nerve repair membrane
surface at x 200 magnification (b) 0.4
and x 1000 magnification (c). The

inset in the SEM micrograph (b) 0.2+
indicates the position of the image 0.0 -
shown in (c)

membrane and the decellularized nerve matrix, which indicated
that the manufacturing process of the nerve repair membrane did
not cause the loss of much protein.

The proteomic analysis results showed that not only major
structural proteins, such as collagens, LN, and FN, but also some
of the bioactive molecules that favor nerve regeneration (accord-
ing to data from UniProtKB), such as annexin A2, transforming
growth factor {3, and nidogen-2, were detected in the
decellularized nerve matrix and the nerve repair membrane.

GAGs and Total Collagen Content in Decellularized Nerve
Matrix and Fresh Nerve Tissue As GAGs and collagen were
the main components of ECM, the GAGs and collagen con-
tents retained in the decellularized nerve matrix and fresh
nerve tissue were determined. In the decellularized nerve ma-
trix and fresh nerve tissue, the GAGs content was 13.4 £ 1.1
and 16.6 + 1.5 ug/mg of dry tissue, respectively (Fig. 3a).
There was no difference in the GAGs content between the 2
groups. Moreover, the total collagen content was 386.9 + 5.9
and 251.8 £ 7.3 pg/mg of dry tissue, respectively (p < 0.05)
(Fig. 3b).

Collagen |, Collagen IV, LN, and FN in Decellularized Nerve
Matrix and Fresh Nerve Tissue Because collagen I, collagen
IV, LN, and FN were the main components of ECM in porcine
peripheral nerves, Picrosirius red staining, immunohistochem-
istry, and ELISA were performed to measure these proteins.
As shown in Fig. 4, the staining of the decellularized nerve
matrix and fresh nerve tissue with Picrosirius red revealed the
presence of collagen I and collagen III (Fig. 4a—d); however, a
large amount of collagen I (red) was found around the

Il DMEM

[ Negative control
T = Nerve repair membrane
[ Positive control

perineurium, and no collagen III (green) was detected.
Immunohistochemical staining was used to detect collagen
IV (Fig. 4e, 1), LN (Fig. 4g, h), and FN (Fig. 41, j), which
are located around the endoneurium. The results demonstrated
that collagen I, collagen IV, LN, and FN were retained in nerve
tissues after decellularization. Furthermore, the quantitative
detection of collagen I, collagen IV, LN, and FN was per-
formed by ELISA (Table 1). The contents of collagen I, col-
lagen IV, LN, and FN were 3.32 x 10°, 14.36, 25.81, and 2.82
ng/mg, respectively, in the decellularized nerve matrix and
2.19 x 10°, 19.66, 45.25, and 28.99 ng/mg, respectively, in
the fresh nerve tissue. The contents of LN and FN were sig-
nificantly decreased in the decellularized nerve matrix com-
pared to those in fresh nerve tissue (p < 0.05), although there
was no difference in the amounts of collagen I and collagen IV
between the 2 groups.

Biocompatibility Evaluation of the Nerve Repair
Membrane

Cytotoxicity An MTT assay was performed to determine the
cytotoxicity of the nerve repair membrane. After 3 days of cell
culture, the ODs7q value for the nerve repair membrane group
was 0.928 + 0.065, that for the DMEM group was 1.033 +
0.032, that for the negative control group was 1.016 = 0.161,
and that for the positive control group was 0.023 +0.003 (Fig.
5a). There was no significant difference in the ODs7, value
obtained for the nerve repair membrane group and the nega-
tive control group. The cell viability of the Schwann cells in
the membrane group (89.83%) was similar to that in the neg-
ative control group (98.31%), but was significantly higher

@ Springer
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Fig. 6 Intracutaneous reactivity test of the nerve repair membrane extract.
The left side of the rabbit spine was injected with extraction solution (0.2
g/ml) from the nerve repair membrane; the right side of the rabbit spine
was injected with physiological saline. The dermal appearance (erythema
and edema) of rabbits was observed immediately after injection (a) and at
72 h after injection (b)

than that in the positive control group (2.23%) (p < 0.05).
These results indicated that the nerve repair membrane pro-
duced by our process showed no toxicity in cells.

SEM Observation of Cell Affinity Scanning electron micro-

graphs showed that Schwann cells maintained good cell mor-
phology with elongated processes and a high number of cell-

Table 2 Mean ODsys value and HR according to the hemolysis assay

Group ODsy5 HR (%)
Nerve repair membrane 0.0016 +£0.013 1.07
Physiological saline —0.0066 + 0.027 0
Deionized water 0.7555 +0.053 100

@ Springer

cell contacts on the nerve repair membrane surface (Fig.
5b, ¢). The results showed that the nerve repair membrane
could support cell attachment and proliferation.

Intracutaneous Reactivity Test All rabbits appeared clinically
normal during the test period. Dermal observations of erythe-
ma and edema were made at 24, 48, and 72 h after injection.
Fig. 6 presents the dermal appearance of the rabbits immedi-
ately after (a) and 72 h after injection (b). All of the mean
scores for the physiological saline sites and the membrane
extract sites were 0, which signifies that all injection sites
showed no erythema or edema until 72 h after injection. The
results showed that there was no significant irritation caused
by the membrane extract in rabbits after intradermal injection.

Hemolysis Test The hemolysis test was performed to evaluate
the blood compatibility of the nerve repair membrane, and the
hemolytic rate (HR) represented the extent of the fracture and
dissolution of RBCs caused by contact of the nerve repair
membrane with blood. In the standard hemolysis assay, mate-
rials producing a 0 to 2% HR are considered nonhemolytic
materials, whereas materials producing a 2 to 5% HR or a >
5% HR are classified as slightly hemolytic or hemolytic ma-
terials, respectively [25]. As shown in Table 2, the HR of the
nerve repair membrane was 1.07%, indicating that the nerve
repair membranes were nonhemolytic materials and had good
blood compatibility.

HR (%) = (OD,~ODy)/(OD,~OD}) x 100

where OD, indicates the ODs45 of the nerve repair membrane
group, ODy, indicates the ODsy4s of the negative control group,
and OD, indicates the ODsys of the positive control group

Functionality of the Nerve Repair Membrane In Vivo

Claw-Spread Reflex Analysis The claw-spread reflex analysis
indicated the functional nerve recovery following sciatic nerve
injury, and the results ranged from grade A (normal function)
to grade C (complete dysfunction). At 2 weeks after nerve
anastomosis, the regenerative nerve fibers could not reach
their targets, so the rats lost their claw-spread reflex. At 4, 8§,
and 12 weeks after surgery, the proportion of rats with grade A
response gradually increased over time in both groups, dem-
onstrating the gradual restoration of nerve function (Table 3).
During the 12-week period, there were statistically significant
differences in each grade between the treatment and nontreat-
ment groups (p < 0.05).

Nerve Anastomosis Site Tissue Adhesion Evaluation The nerve
repair membrane was used to wrap the right anastomosis site in
the rats with transected sciatic nerves (Fig. 7a, b). At 2 weeks
after surgery, the nerve repair membrane had not obviously
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Table 3 The rat number and

proportion of each grade Group Grade A, n (%) Grade B, n (%) Grade C, n (%)
according to the claw-spread re-
flex test 4 weeks (V) Treatment group* 12 (50.00) 8(33.33) 4 (16.67)
Nontreatment group 7(29.17) 10 (41.67) 7 (29.17)
8 weeks (V) Treatment group* 13 (81.25) 2 (12.50) 1(6.25)
Nontreatment group 9 (56.25) 4 (25.00) 3 (18.75)
12 weeks (N) Treatment group* 7 (87.50) 1(12.50) 0(0)
Nontreatment group 5(62.50) 2 (25.00) 1 (12.50)

N = 24 rats at 4 weeks after surgery; N = 16 rats at 8 weeks after surgery; N = 8 rats at 12 weeks after surgery

*p < 0.05, versus the nontreatment group

degraded, so the adhesion of the anastomosis site to surrounding
tissues could not be observed. After the gradual degradation of
the nerve repair membrane, the anastomosis site was observed at
4 weeks after surgery. At 8 weeks after surgery, the nerve repair
membrane was completely degraded. Therefore, the anastomosis
site adhesion was evaluated at 4, 8, and 12 weeks after surgery.
At 12 weeks after surgery, there was no anastomosis site adhe-
sion on the treatment side, but the anastomosis site was adhered
to the surrounding tissues on the nontreatment side (Fig. 7c, d).
As shown in Table 4, there were more rats at grade 0 in the
treatment group than in the nontreatment group at each observa-
tion point. At the same time, compared to the rats in the nontreat-
ment group, fewer rats in the treatment group were at grade 1 or
grade 2 at each observation point. It is possible that the scoring of
the anastomosis site adhesion at 4 weeks was affected by the
residual membrane present in the treatment group, but the results
from 8 and 12 weeks strongly proved that the nerve repair mem-
brane could effectively inhibit anastomosis site tissue adhesion (p
< 0.05).

Electrophysiological Evaluation Electrophysiological assay
was performed to evaluate the nerve functional recovery after
nerve anastomosis. The MCV and CMAP amplitude of the
normal sciatic nerve were 58.3 + 1.08 m/s and 12.8 = 1.62
mV, respectively. At 2 weeks after surgery, the MCV and
CMAP amplitude were not measured because nerve function
had not recovered after such a short time. Therefore, the MCV
and CMAP amplitudes of each group at 4, 8, and 12 weeks
after surgery were detected (Fig. 8). At4, 8, and 12 weeks, the

MCVs in the treatment group were 17.4 + 2.53, 26.2 + 3.26,
and 32.4 + 2.84 m/s, respectively, while the MCVs in the
nontreatment group were 15.6 £+ 3.15, 19.3 + 4.78, and 22.7
+ 3.96 m/s, respectively. At 4, 8, and 12 weeks, the CMAP
amplitudes in the treatment group were 2.41 + 0.82, 3.94 +
0.71, and 6.85 + 1.31 mV, respectively, while the CMAP
amplitudes in the nontreatment group were 2.21 + 0.92, 2.35
+ 1.05, and 4.74 + 1.67 mV, respectively. According to the
electrophysiological results, the MCVs and CMAP ampli-
tudes were significantly higher in the treatment group than
in the nontreatment group at 8 and 12 weeks after surgery (p
< 0.05), while there was no difference between the 2 groups at
4 weeks. Although the MCVs and CMAP amplitudes of the
treatment group did not return to normal during the observa-
tion period, nerve function was more significantly restored in
the treatment group than in the nontreatment group.

Toluidine Blue Staining and Immunofluorescence Assay of
the Axon and Myelin Sheath The distal segments near the
anastomosis site were prepared for toluidine blue staining of
the myelin sheath and immunofluorescence assay of the re-
generated axon (NF200) and myelin sheath (S100) (Fig. 9). At
4, 8, and 12 weeks after surgery, the number of myelinated
axons in each HPF (x 1000) was counted. The number of
myelinated axons in the normal rat sciatic nerve was 311 +
16.6. As shown in Fig. 9b, the number of myelinated axons in
the treatment group was 93.6 £ 8.1, 179.2 + 14.6, and 275.2 +
17.3 at 4, 8, and 12 weeks, respectively, while the number was
73.3+8.3,141.1 £16.9, and 209.4 +20.9 in the nontreatment

Fig. 7 The nerve repair membrane was used to wrap the right anastomosis site in a rat with a transected sciatic nerve (a, b). The tissue adhesion of the
treatment side (c) and nontreatment side (d) at 12 weeks after surgery. The yellow arrowhead indicates anastomosis site adhesion
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Table 4 The number of rats of
each grade according to the Group Grade 0 (n) Grade 1 (n) Grade 2 (n)
anastomosis site tissue adhesion
evaluation 4 weeks (V) Treatment group* 6 2 0
Nontreatment group 0 5 3
8 weeks (V) Treatment group* 6 2 0
Nontreatment group 0 6 2
12 weeks () Treatment group™ 7 1 0
Nontreatment group 0 5 3

N = 8 rats in each group

*p < 0.05 versus the nontreatment group

group at4, 8, and 12 weeks, respectively. The results revealed
that there were more myelinated axons on the treatment side
than on the nontreatment side at 4, 8, or 12 weeks (p < 0.05).

Fig. 9c shows histomorphological micrographs of the nor-
mal rat sciatic nerve. At 2 weeks after surgery, a large number
of myelin fragments and denatured nerve fibers were observed
in the nerve sections from the treatment side and the nontreat-
ment side (Fig. 94, e).

At 4 weeks after surgery, the treatment side had more re-
generated nerve fibers and fewer remaining denatured nerve
fibers than the nontreatment side (Fig. 9d, e). The results
showed that the number of myelinated nerve fibers on the
treatment side was higher than that on the nontreatment side.

At 8 weeks after surgery, the number of myelinated nerve
fibers on the treatment side was increased, and myelin became
thickened (Fig. 9d, ¢). However, the number of myelinated
nerve fibers on the nontreatment side was slightly increased.

At 12 weeks after surgery, the number of myelinated nerve
fibers, the diameter of the nerve fibers, and the thickness of the
myelin sheath on the treatment side were increased compared
to the values on the nontreatment side (Fig. 94, e).

Discussion

The repair of transected peripheral nerves requires the suturing
of disconnected nerve ends [28]. However, direct suturing
could lead to nerve anastomosis site adhesion to surrounding
tissues, which impedes functional nerve recovery. Therefore,

we have developed a novel xenogeneic, decellularized nerve-
derived nerve repair membrane to prevent adhesion and pro-
mote nerve regeneration.

In this study, the decellularized nerve matrix derived from
porcine sciatic nerves was verified to be effective in eliminat-
ing cellular components and therefore could avoid immune
reactions after implantation of the tissue in the human body
[15]. Meanwhile, decellularized nerve matrix preserved cru-
cial ECM components, such as GAGs, collagens, LN, and FN
[29]. The remaining GAGs in the decellularized nerve matrix
could participate in the regulation of axonal growth [30].
Additionally, GAGs could partly promote the polymerization
of collagens, which could contribute to the formation of the
nerve repair membrane and support its mechanical properties
[31, 32]. As components of the basement membrane, colla-
gens, LN, and FN could confer functionality to the nerve
repair membrane to promote axonal outgrowth [33, 34]. For
example, collagen conduits containing LN could improve the
properties of hollow conduits in studies of nerve injury repair
in animals [35].

The nano-RPLC-ESI-MS/MS system was used to evalu-
ate the protein components of the nerve repair membrane,
decellularized nerve matrix, and fresh nerve tissue in depth.
There was no significant difference in protein mass between
the nerve repair membrane and the decellularized nerve ma-
trix, indicating that the process of generating the membrane
preserved the ECM protein masses of the decellularized nerve
matrix. Nevertheless, it is worth noting that collagen III, as a
relatively abundant protein, could be detected in the proteomic

Fig. 8 Electrophysiological a b
evaluation of functional nerve 104
recovery. Histograms show the ;2: —— B Treatment < :: —— . Treatment
MCV (a) and CMAP amplitude 304 [ Nontreatment :E; 7. [ Nontreatment
(b) at 4, 8, and 12 weeks after T 95 3 6
nerve anastomosis. Data are E 204 2 54 —
expressed as the mean £ S.D., *p § 154 £ 4
<0.05 104 g ;: il‘
54 o 14
0- 04

@ Springer

4w 8w 12w



Fabrication and Evaluation of a Xenogeneic Decellularized Nerve-Derived Material: Preclinical Studies of a... 367

analysis but not in the Picrosirius red staining assay. Because
the mass of collagen I1I was far less than the mass of collagen I
according to the proteomic analysis, it was speculated that the
green color (collagen III) might be covered by the red color
(collagen I) of the Picrosirius red staining. Besides collagens,
proteomic analysis also identified a large amount of the
noncollagen protein myelin protein zero (MPZ), which is a
major structural glycoprotein in peripheral myelin.
Numerous studies have demonstrated that MPZ is important
for myelin formation and neurite outgrowth after peripheral
nerve injury [36-39]. Moreover, 1 cytokine, TGF-[3, remained
in the nerve repair membrane. As a member of a group of
autocrine signaling molecules, TGF-3 can induce normal fi-
broblast transformation and regulate Schwann cell prolifera-
tion by activating the classical Smad and AKT pathways [40].
In addition, there are many other ECM proteins or degradation
products that could be involved in intracellular signaling path-
ways, cell proliferation and differentiation, and vasculariza-
tion [11, 18, 41-45]. For instance, collagens have chemotactic
activity in endothelial cells and macrophages during the
healing response [18]. The degradation fragments of LN and
collagen IV, which contain X-Gly-X-X-Pro-Gly motifs, could
bind to elastin binding protein on the surfaces of cells (such as
various types of leukocytes) to trigger cellular activation [46].
However, the question of whether and how nerve repair mem-
brane components regulate injured nerve repair by involving
cell signaling pathways should be explored further.

The ability to support Schwann cell survival is a basic
requirement for an ideal nerve repair material [47, 48]. In this
study, the results of the biocompatibility evaluation revealed
that the nerve repair membrane could support Schwann cell
growth and proliferation (Fig. 5 and Table 2). Some ECM
proteins, including collagens and FN, are necessary for
Schwann cell growth and motility [16, 49, 50]. Therefore,
the presence of these ECM proteins made the nerve repair
membrane an ideal auxiliary biomaterial.

Here, we simulated conditions consistent with clinical ap-
plication to use the nerve repair membrane to optimize the
repair of transected peripheral nerves. In functional evaluation
assays, the sciatic functional index is often calculated to assess
the functional recovery of the motor nerve after nerve injury.
However, rats might bite off their toes due to sensory dysfunc-
tion after sciatic nerve injury, which makes it difficult to re-
cord toe spread to calculate the sciatic functional index. This
study used the claw-spread reflex test to evaluate the function-
al recovery of the rat sciatic nerve, which could not be affected
by rat self-injury. Importantly, the claw-spread reflex test
could reveal both motor and sensory nerve functional recov-
ery, so it was a more appropriate indicator for nerve functional
evaluation in our study. As shown in Table 3, the treatment
sides produced the claw-spread reflex earlier than the

nontreatment sides in rats, which indirectly showed that the
nerve recovery time of the treatment group was significantly
shorter than that of the nontreatment group. Additionally, the
results of the electrophysiological and histological assays
showed that the nerve function in the treatment sides recov-
ered faster than that in the nontreatment sides. Notably, when
the nerve anastomosis site was re-exposed, the nerve repair
membrane was found to have significantly prevented adhe-
sion between the anastomosis site and the surrounding tissues.
After nerve injury, fibroblasts actively proliferate to cause ad-
hesion between the anastomosis site and the surrounding tis-
sues within 4 weeks. The nerve repair membrane acts as a
mechanical barrier to prevent fibroblasts from invading into
the anastomosis site. Four weeks later, although the nerve
repair membrane (which included collagens, laminin, and fi-
bronectin) had degraded gradually, the proliferation of fibro-
blasts also stopped gradually; thus, the anastomosis site did
not adhere to the surrounding tissues. The nerve repair mem-
brane could also preserve an isolated space for the anastomo-
sis site to reduce bioactive molecule loss and enhance the
effects of nutrients on the nerve. Therefore, the nerve repair
membrane could effectively foster nerve regeneration in vivo.

Although the positive results of the in vitro and in vivo
studies demonstrated that the nerve repair membrane had po-
tential for clinical application, some important bioactive mol-
ecules were lost in the manufacturing process. This shortcom-
ing could be compensated for by adding functional molecules,
such as growth factors, or by improving the manufacturing
technology used for the nerve repair membrane, thereby facil-
itating the reconstruction of the biological microenvironment
to enhance nerve regeneration [51-54]. Additionally, based on
the role of the nerve repair membrane in nerve anastomosis, it
could be further used in other surgical operations. For in-
stance, the nerve repair membrane could be used to wrap
nerves after surgery for nerve compression syndromes to pre-
vent nerve adhesion. Additionally, we could develop a novel
xenogeneic, decellularized nerve-derived nerve repair conduit
that could serve as an effective nerve graft in the future.

In conclusion, the xenogeneic, decellularized nerve-
derived nerve repair membrane manufactured by the
unique technique described in this study retained the main
ECM components, and the in vitro and in vivo studies
showed that the nerve repair membrane had good biocom-
patibility. Moreover, the use of the nerve repair membrane
to repair the transected sciatic nerves of rats could effec-
tively prevent surrounding tissues from invading the anas-
tomosis site, reduce tissue adhesion, and enhance nerve
regeneration. Additionally, clinical trials of this membrane
have been conducted for the treatment of peripheral nerve
disruption and nerve compression syndromes in 3 hospi-
tals in China.
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« Fig. 9 Schematic diagram of the sampling locations of toluidine blue
staining and immunofluorescence assay (a). Histogram of the myelinated
axon numbers/HPF at 4, §, and 12 weeks after surgery. Data are expressed
as the mean £ S.D., *p < 0.05 (b). Toluidine blue staining and immuno-
fluorescence micrographs of the normal rat sciatic nerve (c). Toluidine blue
staining of the regenerated myelin sheath at 2, 4, 8, and 12 weeks after
surgery (d). Immunofluorescence staining of S-100 (red) and NF200
(green) in regenerated nerve fibers at 2, 4, 8, and 12 weeks after surgery;
the cell nuclei were counterstained with DAPI (blue) (e). Scale bar = 20 um
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