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ARTICLE INFO ABSTRACT
Keywords: Compared to conventional artificial nerve guide conduits (NGCs) prepared using natural polymers or synthetic
Peripheral nerve regeneration polymers, acellular nerve grafts (ACNGs) derived from natural nerves with eliminated immune components have
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natural bionic advantages in composition and structure that polymer materials do not have. To further optimize
the repair effect of ACNGs, in this study, we used a composite technology based on supercritical carbon dioxide
(scCOy) extraction to process the peripheral nerve of a large mammal, the Yorkshire pig, and obtained an
innovative Acellular nerve xenografts (ANXs, namely, CD + scCO2 NG). After scCO; extraction, the fat and DNA
content in CD + scCO2 NG has been removed to the greatest extent, which can better supported cell adhesion and
proliferation, inducing an extremely weak inflammatory response. Interestingly, the protein in the CD + scCOy
NG was primarily involved in signaling pathways related to axon guidance. Moreover, compared with the pure
chemical decellularized nerve graft (CD NG), the DRG axons grew naturally on the CD + scCO; NG membrane
and extended long distances. In vivo studies further revealed that the regenerated nerve axons had basically
crossed the CD + scCOy NG 3 weeks after surgery. 12 weeks after surgery, CD + scCO2 NG was similar to
autologous nerves in improving the quality of nerve regeneration, target muscle morphology and motor function
recovery and was significantly better than hollow NGCs and CD NG. Therefore, we believe that the fully
decellularized and fat-free porcine ACNGs may be the most promising “bridge” for repairing human nerve defects
at this stage and for some time to come.

1. Introduction convenience to people’s lives but that also from beautiful scenery. In the
medical field, we often hear “heart bypass”. Similarly, when the pe-

A bridge, as the name suggests, is a structure used to overcome ob- ripheral nerve suffers severe damage and there is a defect, we need to
stacles. There are many famous bridges in the world that not only bring provide a bridge for it. Peripheral nerve injury (PNI) is a common
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clinical condition [1]. Approximately 1 million PNIs occur worldwide
every year [2]. These injuries convey a serious economic burden to so-
ciety and lead to the loss of limbs or organ functions, which greatly af-
fects patient quality of life [3,4]. More serious PNI is often accompanied
by a certain degree of nerve defect, and clinicians will choose a “bridge”
to fill it.

For many years, autologous nerve transplantation has been the
clinical “gold standard” for the treatment of nerve defects [3]. While
obtaining satisfactory repair results, autologous nerve transplantation
also exhibits scveral shortcomings, such as differences in nerve size,
secondary dysfunction in the donor area, and a risk of neuroma forma-
tion along with insufficient donor sources [5,6]. When the “bridges”
derived from the patients themselves became subject to various re-
strictions, scholars turned their attention to artificial nerve guidance
conduits (NGCs). Thus far, the U.S. Food and Drug Administration (FDA)
has approved some NGCs for clinical application that have shown pos-
itive therapeutic effects, such as NeuraGen and Neurolac [7-9]. How-
ever, most current NGCs are hollow and have catheter structures, which
do not accurately simulate the three-dimensional anisotropic structure
of natural nerves [10,11]. At the same time, the composition is also
significantly different from that of natural nerve extracellular matrix
(ECM). To overcome the abovementioned challenges, researchers have
used advanced manufacturing technology to create complex NGCs to
simulate the internal structure of autologous nerves [3,12-15], pri-
marily including the following 4 designs: porous, grooved, multichannel
and NGCs with fillers (fiber or hydrogel) [16]. Compared to the hollow
catheter structure, the abovementioned complex design has indeed
achieved a more satisfactory repair effect, but its structure is still far
from the three-dimensional anisotropic structure of the natural nerve
[17-19]. With the emergence and further development of technologies
and materials, such as 4D printing, intelligent materials and modular
fabrication, a new generation of bionic NGCs will inevitably be com-
parable to natural nerves in structure, composition and function
[20-22]. In addition, with the development of gene editing technology,
cell transplantation has brought hope to patients for the treatment of
hematopoietic diseases [23,24]. Therefore, we have reason to believe
that xenotransplantation (liver, kidney, nerve and bone tissue) based on
gene editing technology will also become reality in the near future.

At this stage, the “bridge” closest to natural nerves in structure and
composition is acellular nerve grafts (ACNGs), which are a very prom-
ising alternative to autologous nerve grafts (ANGs) [1,25]. ANGs remove
components that cause immune rejection, such as cells, myelin sheaths
and axons, while retaining the three-dimensional oriented neural base-
ment membrane tube structure that can guide nerve regeneration [26],
providing a scaffold for immediate cell migration and angiogenesis [27,
28]. A recent study indicated that approximately 70% of American hand
surgeons have used ANGs in surgery to repair nerve defects [29].
Scholars have made various attempts to obtain qualified ANGs, such as
irradiation, repeated freeze-thaw cycles and detergent treatment
[30-32]. However, ANGs prepared based on these methods do not
preserve the three-dimensional ECM structure very well, and residual
cellular debris is an obstacle to axon regeneration that inevitably causes
strong immune rejection by the host. Compared to other methods, the
chemical reagent washing and decellularization scheme does have
certain advantages, and the chemical decellularization (CD) scheme
developed by Johnson et al. is the most commonly used [33]. Based on
this method, Sondell et al. created a scheme consisting of Triton X-100
and sodium deoxycholate, which has more advantages for preserving
the internal structure of natural nerves [34]. The allograft prepared
based on the Sondell protocol has been demonstrated to effectively
remove cellular components and achieve satisfactory nerve regeneration
in vivo. Six years later, Hudson et al. proposed a less corrosive CD
method based on Triton X-200 and sulfobetaine-10 and -16 (SB-10,
SB-16) [35]. SB-10 and SB-16 are zwitterionic detergents that have the
characteristics of nonionic and ionic detergents and have more advan-
tages in maintaining the integrity of the ECM [36]. In addition, the only
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ANG-Axogen approved by the US Food and Drug Administration is based
on the Hudson protocol, and its clinical repair effect is satisfactory and
superior to commercial NGCs [37,38]. However, due to various factors,
the previously commercialized Triton X-200 detergent has been dis-
continued and is difficult to synthesize locally [39]. At the same time,
the use of a variety of chemical detergents increases the possibility of
chemical residues in ANGs, inducing more intense cytotoxicity [40].
Therefore, it is necessary to explore decellularization methods with
equivalent or improved effects.

As a green and environmentally friendly technology, scCO5 extrac-
tion is favored and plays an important role in many applications, such as
solving environmental pollution [41], extracting natural products [42],
preparing nanoparticles [43], material processing [44] and sterilizing
[45]. As an environmentally friendly solvent, CO2 has the advantages of
nontoxicity, low cost and easy recycling [44,46,47]. The mild super-
critical state parameters of CO; (critical pressure 7.38 MPa; critical
temperature 31 °C) ensure that scCO5 can also play an important role in
the field of biomedicine and biomaterials [48]. Under such high pressure
and low temperature conditions, scCO, exhibits the characteristics of
low viscosity and high diffusivity, which allows penetration of dense
materials and acts as a powerful solvent [49,50]. Carbon dioxide ex-
hibits unique advantages in dissolving organic compounds, especially
some lipophilic compounds. The first application of scCO, in the
biomedical industry was to extract lipids from bone scaffolds, main-
taining the strength of the bone scaffolds while reducing their antige-
nicity [51]. In addition, SC-CO2 is also used to decellularize porcine
aorta [52], porcine corneal tissue [53] and rat heart tissue [54].

In terms of the selection of raw materials for the preparation of
ACNGs, most are related to allogeneic ACNG research, and some have
been approved by the FDA and used in clinical applications [55].
However, due to trauma and disease, there are many peripheral nerve
tissues derived from the human body that cannot be collected. In addi-
tion, due to religious and cultural issues, it has become difficult to obtain
nerve tissue from human cadavers in some countries. In many studies,
most of the ECM scaffolds used for surgical reconstruction come from
mammals, such as skin, tendons, blood vessels and nerves [56].
Compared with allografts, the sources of xenografts are more extensive,
and their use avoids religious and cultural issues. In terms of the source
of acellular nerve xenografts (ANXs) with the most promising clinical
transformation, we believe that peripheral nerve tissue derived from
porcine species is the most suitable [57] for three reasons: I) peripheral
nerves derived from porcine are more compatible with humans in terms
of anatomical structure and diameter; II) compared to most mammals,
porcine and humans have higher genetic homology and are more
emotionally acceptable; III) pig breeding technology is mature, and their
nerve source is rich, easy to obtain and has low economic cost. However,
peripheral nerves derived from porcine sources are thicker in diameter,
and the epineurium is dense and contains more nerve bundles, pre-
venting the conventional decellularization protocol from achieving the
desired effect [58]. In addition, porcine nerves are rich in lipids, which
may hinder the production of qualified ACNGs for a number of reasons.
I) The phospholipid bilayer structure of the cell membrane hinders the
removal of intracellular antigenic substances (nucleic acids and some
proteins). II) Some lipids anchored on membrane proteins participate in
the immune response [59]. III) Some lipids may promote the occurrence
of inflammation [60]. IV) Lipids also hinder the recellularization of
ACNG after transplantation through their hydrophobic property [61]. V)
Lipids may interfere with the conduction of electrical signals during the
process of nerve regeneration. In terms of decellularization and defat-
ting of pig nerves, we hypothesize that green and environmentally
friendly supercritical carbon dioxide extraction technology may convey
a unique advantage. It should be noted that chemical detergents still
play a pivotal role in the preparation of ECM scaffolds. A recent study
demonstrated that a decellularization program based on the mild
chemical detergent sodium dodecyl sulfonate (SDS) provides a reference
for preparing qualified ACNG from porcine [62]. However, the role of
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chemical detergents in degreasing is very limited.

In the present study, for peripheral nerves derived from porcine
species, we attempted to prepare a new type of ANXs based on very low
concentrations of chemical detergents combined with scCO; extraction.
The results showed that the fat of the new ANXs was removed to the
greatest extent, and its DNA content was also reduced to below clinical
standards. At the same time, the well-preserved three-dimensional
directional nerve basement membrane tube structure could better guide
and promote the growth of nerve axons. In vivo experiments on
repairing long sciatic nerve defects in rats illustrated that the effect
approximated autologous nerve transplantation. Based on the above
findings, we believe that the fully decellularized and fat-free porcine
ACNG may be the most promising “bridge” for repairing human nerve
defects at this stage and for some time to come. In addition, we hope that
this new type of ANXs based on multifield technology provides scientists
with some enlightenment for the design of the next generation of arti-
ficial NGCs and the advancement of xenogeneic acellular nerve grafts for
clinical application as soon as possible.

2. Materials and methods
2.1. Preparation of ANXs

Fresh sciatic nerves from adult Yorkshire pigs weighing 200-250 kg
were obtained from a qualified animal slaughterhouse approved by the
local government. Under aseptic conditions, the visible fat and con-
nective tissue around the nerves were removed (Fig. 1A), and the nerves
were washed three times in deionized water for 5 min each. For the
specific decellularization and defatting process, please refer to the Chi-
nese patent (original Patent No. ZL 2018 1 1331708. X) published by our
team. A brief processing flow is shown in Fig. 1 as well. Briefly, the nerve
tissue obtained in the above steps was repeatedly frozen and thawed
three times (—80 °C-37 °C) and then treated with 0.5% sodium dodecyl
sulfonate (SDS; L6026, Sigma—Aldrich, USA) extract in an orbital shaker
for 48 h at 4 °C (Fig. 1B). Next, the nerve tissue was intermittently
treated in an ultrasound instrument (Sigma-Aldrich, USA) 3 times for 3
min each at a frequency of 50000 Hz, shaken and cleaned in sterile sa-
line (Solarbio, China) in an orbital shaker (Thermo Fisher Scientific,
USA) for 60 h, and the saline was changed every 6 h. To further remove
the DNA material remaining in the interstitial space, the isolated nerve
was treated with 60 u/ml DNAse I (D5025, Sigma-Aldrich, USA) and 2
u/ml RNAse A (R4875, Sigma-Aldrich, USA) solution at 37 °C for 5 h
and then washed according to the above conditions and replaced with
saline. At this time, we obtained pure chemical decellularized sciatic
nerve grafts (CD NG) as a control group for this study. Then, the nerve

Sciatic nerve
of york pig

Chemical
decellularization

Lyophilization

v
f‘i‘ |

1|

Bioactive Materials 18 (2022) 300-320

tissue was extracted with supercritical carbon dioxide. To improve the
extraction efficiency, the obtained nerves were first precooled at —20 °C
for 5 h and then placed in a vacuum freeze dryer (Oumeng, Shanghai,
China) for 24 h (Fig. 1C). Second, the processed nerve tissue was sub-
jected to fat extraction treatment in a supercritical carbon dioxide
extraction apparatus (Joel, Dalian, China) at 30 °C and 5.5 MPa for 6
cycles, with each cycle being 45 min (Fig. 1D). Finally, the nerve tissue
processed through the above steps was sterilized using y-ray irradiation
with a dose of 20 kGy cobalt 60 and then aseptically vacuum packaged
(Fig. 1F). At that point, based on pure chemical decellularization tech-
nology, we obtained cell-free and fat-free nerve grafts (CD + scCO2 NG)
extracted by supercritical carbon dioxide as the experimental group of
this study.

2.2. Histological and immunofluorescence analysis of ANXs

The two obtained kinds of ANXs (CD NG, CD + scCO5 NG) were
embedded in OCT embedding glue (SAKURA, Japan), and then frozen
sections with a thickness of 6 pm were made using a freezing microtome
(CM1900, Leica, USA) on the cross-section of the nerve. At the same
time, natural porcine sciatic nerve (Natural SN) was selected as a con-
trol. After putting in PBS and degumming, hematoxylin and eosin (H&E)
staining was performed according to the kit instructions (G1120,
Solarbio, China). The tissue on the section was blocked in 10% goat
serum (SLO38, Solarbio, China) for 30 min. Laminin antibody (1:1000,
L8271, Sigma—-Aldrich, USA) from mice was used as the primary anti-
body to cover the nerve tissue and incubated overnight in the dark at 4
°C. The excess primary antibody was washed off with PBS and then
incubated for 2 h with goat anti-mouse IgG H&L secondary antibody
(Alexa Fluor 594, 1:200, ab150116, Abcam, USA) in the dark at 37 °C.
The excess secondary antibody was washed off with PBS, and sections
were incubated with DAPI (1:100, 62248, Thermo Fisher Scientific,
USA) staining solution for 5 min in the dark, washed with PBS and
mounted with aqueous mount (P10144, Thermo Fisher Scientific, USA).
Finally, a microscope equipped with a DP71 camera (BX51, Olympus,
Japan) was used to image the stained sections obtained in the above
experiment.

2.3. Scanning electron microscopy (SEM) observations of ANXs

The above two kinds of ANXs and fresh porcine sciatic nerves were
placed in a —20 °C freezer for 2 h, placed in a —80 °C refrigerator for 5 h,
and then transferred to a vacuum freeze dryer for sublimation and
drying for 24 h. Next, a blade (819, Leica, USA) was used to cut the nerve
into a 3 mm sample, the sample was fixed on a metal tray with
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Fig. 1. The brief preparation process of ANXs based on supercritical extraction technology.
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conductive glue, and then placed in an ion sputtering apparatus (Q150R,
QUORUM, UK) to spray gold onto the surface of the nerve sample for 10
min. Subsequently, the metal holder carrying the nerve sample was
transferred to a field emission scanning electron microscope (S4800,
HITACHLI, Japan) to image and record the surface and internal micro-
structure of the sample.

2.4. Qualitative and quantitative analysis of fat in ANXs

According to the above steps, frozen sections of two kinds of ANXs
and fresh porcine sciatic nerves were obtained. To prevent the dissolu-
tion and destruction of adipose tissue, organic solvents such as acetone
and xylene were prohibited during the experiment. According to the kit
instructions (G1261, Solarbio, China), the sections were stained with Oil
Red O to qualitatively evaluate the fat content of the nerve samples.
Second, to quantitatively evaluate the fat content, we used a gas chro-
matography mass spectrometer (Tracel310 ISQ, Thermo Fisher Scien-
tific, USA) to quantitatively analyze the 37 fatty acids in the nerve
samples. Briefly, 30 mg of sample was dissolved in ethanol and diluted to
25 ml. One milliliter was added to a 15 ml centrifuge tube. Then, 2 ml of
5% hydrochloric acid methanol solution, 3 ml of chloroform methanol
solution (volume ratio 1:1), and 100 pl of internal standard methyl
octadecanoate (Sigma-Aldrich, USA) were added. The above mixture
was placed in a water bath at 85 °C for 1 h. After completion, the
temperature was allowed to drop to room temperature. One milliliter of
n-hexane was added to the centrifuge tube, shaken and extracted for 2
min, and allowed to stand for 1 h. After layering, 100 pl of the super-
natant was diluted to 1 ml with n-hexane and was tested on the machine
after passing through a 0.45 pm filter membrane. Thirty-seven kinds of
fatty acid mixed standard products were purchased from Sigma-Aldrich.
All measurements were independently repeated three times. The
following calculation formula was used to determine the content of each
fatty acid in the sample:

. Asi x Mskli x Fj
T Asdix M
Xi: The content of each fatty acid in the sample (mg/kg); Asi: The

peak area of fatty acid in the sample solution; Mskli: The quality of the
standard product contained in the fatty acid triglyceride standard
working solution drawn in the preparation of the standard measurement
solution (mg); Fj: The conversion factor of each fatty acid triglyceride
into fatty acid, see Supplementary Table 1; Astdi: Peak area of each fatty
acid in standard test solution; M: The weight of the sample (kg).

2.5. Determination of DNA content of ANXs

With reference to the published literature [63], a Quan-IT™ pico-
green™ dsDNA assay kit (P7589, Invitrogen, USA) was used to deter-
mine the DNA content of the two ANXs after decellularization and
defatting. Briefly, two ANXs and natural porcine sciatic nerve samples
were added to a 1.5 ml EP tube containing 500 pl of cell lysis buffer,
sonicated for 15 s, and centrifuged at 1000 rpm for 5 min. The super-
natant was collected, and then the fluorescence intensity was measured
using a Nanodrop ND3300 spectrofluorometer (Thermo Fisher Scienti-
fic, USA) for DNA quantification. The measurement was repeated 3
times, and after reading, the measurement unit (ng/pl-ng/mg) was
converted.

2.6. Western blot analysis of extracts and CD + scCO2 NG

The extracts were collected during 6 cycles of supercritical extrac-
tion, and WB detection of proteins of interest together with CD + scCO2
NG was performed. Sixty milligrams of the sample was placed in a test
tube, 10 times the tissue volume of the protease inhibitor was added, and
the tube was placed in a homogenizer for 100 s, during which the
temperature was intermittently lowered. After the end, the sample tube
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was removed, placed in an ice bath for 30 min, and shaken every 5 min
to ensure complete lysis of the tissue. Afterward, the samples were
centrifuged at 12000 g for 10 min, and the pellet was dissolved in a
solution containing 0.01 M HCl and 1 mg/ml pepsin. Soluble and
insoluble protein mixtures were separated by electrophoresis on a 15%
sodium dodecyl sulfate-polyacrylamide gel, and then the protein was
transferred to a polyvinylidene fluoride (PVDF) membrane. The mem-
branes were blocked in 5% nonfat dry milk at 4 °C for 1 h and incubated
with rabbit anti-collagen I (1:1000, ab34710, Abcam, USA), rabbit anti-
collagen II (1:1000, ab34712, Abcam, USA), rabbit anti-collagen IV
(1:1000, ab6586, USA) and mouse anti-fibronectin (1:1000, ab6328,
Abcam, USA) primary antibodies overnight at 4 °C. Next, the mem-
branes were incubated with secondary antibodies for 1 h at room tem-
perature with HRP-anti-rabbit (1:500; Zhongshan, China) and HRP-anti-
mouse (1:500; Zhongshan, China) antibodies. The membranes were
developed using an enhanced chemiluminescence substrate (Thermo
Fisher Scientific, USA). Finally, membranes were scanned using an Al
600 ultrasensitive multifunctional imager (GE, USA). All measurements
were independently repeated three times.

2.7. Proteomic analysis of ANXs based on label-free quantitative
technology

Two kinds of ANXs stored in a —20 °C refrigerator after sterilization
were used as experimental samples, and natural SN was used as a control
sample. One gram of each of the three kinds of nerve samples was placed
in 3 centrifuge tubes, and then 6 mL of protein extraction buffer was
added to each sample. After mixing, the samples were thoroughly
ground for 10 min, sonicated at low temperature for 5 min, and
centrifuged at 5500 g for 10 min. The supernatant was discarded, and
the resulting precipitation was dried in a fume hood for subsequent use.
A BCA kit (23225, Thermo Fisher Scientific, USA) was used to determine
the protein concentration of the above samples, and the samples were
separated by running a gel to observe the protein distribution. One
hundred micrograms of each of the above samples were subjected to the
FASP method [64] for protein enzymolysis, and high-performance liquid
phase and mass spectrometry technology were used to detect and
analyze the protein samples.

The international mainstream proteomics analysis software Prote-
ome Discoverer 2.1 was used to perform protein identification and
analysis of the raw data collected by LC-MS/MS. The search database
was downloaded from the UniProt (https://www.UniProt.org/) website,
and the search engine was Sequest HT. Differentially expressed proteins
(DEPs) were screened using mapDIA software. To identify the primary
functional pathways of the DEPs in three kinds of nerve samples, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway-enrichment analyses were performed using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) 6.8
(https://david.nciferf.gov/), and the R language ggplot2 installation
package was used to draw bubble charts. GO analysis consists of three
categories: biological processes (BP), molecular functions (MF), and cell
components (CC). The statistical threshold was set as P < 0.05 with fold
change (FC) > 1.5.

2.8. Bioactivity of SCs on the ANXs scaffold

The 3 mm nerve samples were sterilized using y-rays produced by
cobalt 60 and used as a scaffold for cell culture. Rat-derived Schwann
cell lines (RSC96) were purchased from the Cell Bank of the Chinese
Academy of Sciences and used in this experiment after resuscitation. The
two ANXs plates were transferred to a 6-well plate in a sterile environ-
ment, with 3 replicate wells for each ANX. The cells were passaged to
generation 2 (P2). After digestion and resuspension in collagenase NB4
(17454, SERVA, Germany), the cells were counted and immediately
seeded into 6-well plates, and the number of seeded cells per well was
200,000. Then, Dulbecco’s modified Eagle’s medium/Ham’s F-12 Mix
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(DMEM/F-12, Corning, USA) containing 10% fetal bovine serum (FBS)
(35-011-CV, Corning, USA) was added, and the 6-well plate was trans-
ferred to an incubator at 37 °C and incubated in an atmosphere of 5%
COq. Cells were cultured to the 3rd and 7th days for live/dead cell
double staining, secretion, immunofluorescence and scanning electron
microscopy analysis. According to the instructions of the kit
(40747ES76, Yeasen, China), alive and dead staining was performed on
cells adhering to the ANXs scaffold, and then a laser confocal microscope
(TCS SP8, Leica, USA) was used to capture images. Next, the cell com-
posite scaffold was fixed in 4% paraformaldehyde (P1110, Solarbio,
China) for 1 h at 4 °C and washed 3 times with PBS for 5 min each. Then,
immunofluorescence staining of the cell composite scaffold was per-
formed using S100 p (ab52642, Abcam, USA) antibody, using the rele-
vant steps described above, and images were obtained using a confocal
microscope. Finally, the cell composite scaffolds that had been cultured
for 7 days were fixed in 2.5% glutaraldehyde (P1126, Solarbio, China)
and dehydrated with ethanol step by step, which was the same as the
previous steps, and cell morphology on the surface of the scaffold was
observed by scanning electron microscopy.

The medium of the cell composite scaffold cultured to the third day
was used to determine cytokine secretion from Schwann cells. In brief,
the medium of each group was centrifuged at 1500 rpm and 4 °C for 10
min, the concentration of NGF and BDNF in the supernatant was
assessed using ELISA kits, the rat GDNF ELISA kit (EK0363, BOSTER,
China) and the rat NGF/NGFp ELISA kit (EK0471, BOSTER, China), and
the absorbance of each well at 450 nm was determined using a spec-
trophotometer (EPOCH TAKE 3, Bio-Tek, USA). Ten milligrams of grafts
were cut using microscissors and then dissolved in 0.01 mol/1 HCI pepsin
(working concentration 1 mg/ml, P6887, Sigma—Aldrich, USA) for 48 h.
The mass ratio of pepsin to ECM powder was 1:10, and the undissolved
particles were removed by ultracentrifugation at 20000 rpm. Then, the
supernatant was collected for cell experiments. Schwann cells were
resuspended to a concentration of 4 x 10* cells ml™}, and the cell sus-
pension was inoculated into a 96-well plate (250 pL per well). The 96-
well plate was divided into 3 groups: normal, CD NG, and CD + scCO»
NG. Cell-free medium (250 pl per well) was used as a blank control. The
CD NG group was cultured with complete medium containing 10% CD
NG enzyme digestion supernatant, and the CD + scCO2 NG group was
cultured with complete medium containing 10% CD + scCOy NG
enzyme digestion supernatant. As a control, the normal group was
cultured in complete medium, and cell proliferation of the three groups
was determine using the CCK8 kit (G4103, Servicebio, China) at 4 time
points on days 1, 3, 5 and 7. Finally, the absorbance of each well at 450
nm was determined using a spectrophotometer (EPOCH TAKE 3, Bio-
Tek, USA). All measurements were independently repeated three times.

2.9. Evaluation of DRG growth on the ANXs membranes

DRG isolation and culture were performed as previously described
[1]. In brief, 12-h-old SD rats were sacrificed and immersed in 75%
ethanol solution for sterilization. After cutting the back skin, the spine
was removed, divided into two equal halves along the sagittal plane, and
the DRG was removed from the bilateral intervertebral foramen under a
microscope. The tissue was placed in a medium-sized culture dish on an
ice bag containing complete medium with Schwann cells, and micro-
forceps were used to carefully peel off the epineurium of DRG. DRG with
the epineurium removed was inoculated into a six-well plate containing
uncoated round glass coverslips (normal group) or coated with CD NG or
CD + scCOz NG membranes. Circular glass slides coated with ANXs
membranes were obtained by the following methods: according to the
previous experimental procedure, ANXs was sliced longitudinally at a
thickness of 6 pm using a cryostat, attached to the surface of a circular
glass slide, and then immersed in 75% ethanol and sterile PBS for 5 min
for degumming and sterilization followed by use in cellular experiments
after packaging. Neurobasal A medium (10888-022, Gibco, USA) was
added to each well of the six-well plate, which contained B-27 (1:50,
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17504044, Gibco, USA) and GlutaMAX (1:100, 35050-061, Gibco,
USA). On the 5th day of culture, immunohistochemical staining was
performed to determine the growth of axons on the surface of the ANXs.

The immunohistochemistry steps were the same as before. The pri-
mary antibody was mouse anti-NF200 (1:200, N5389, Sigma-Aldrich,
USA), and then an immunohistochemistry kit (KIT-9922, Maixin, China)
was used to perform secondary antibody incubation and DAB color
development according to the manufacturer’s instructions. After
immunohistochemical staining, the ANXs membrane on the round slide
was stained with Oil Red O, and the relevant steps were as described
above. Finally, a microscope equipped with a DP71 camera (BX51,
Olympus, Japan) was used to image the stained sections obtained in the
above experiment. Five fields of view were randomly selected for each
group of samples, and two professional experimenters used Image-Pro
Plus software (IPP 6.0, Media Cybernetics, USA) to measure the
growth length, density and steering angle of DRG axons.

2.10. Animals

The 84 male Sprague-Dawley rats (age: 3 months; weight: 280-300
g) used in this study were bred in a sterile environment and were all
provided by Sibeifu (Beijing, China) Biotechnology Co., Ltd. (license No.
SCXK(Jing)2019-0010). The Ethics Committee of the Chinese People’s
Liberation Army General Hospital approved the experimental proced-
ures related to experimental animals in June 2019 (approval number:
2019-x6-05). All procedures with experimental animals were imple-
mented in accordance with the “Guidelines for the Care and Use of
Laboratory Animals".

2.11. Evaluation of immune tolerance after subcutaneous implantation of
ANXs

The previously prepared ANXs was cut into 15 mm nerve segments
along the longitudinal direction, and nerve bundles with a diameter of
1-1.5 mm were separated using microforceps and microscissors for
animal experiments. Similarly, natural porcine sciatic nerves of the same
specification were used as positive controls, and the rat’s own sciatic
nerve was used as a negative control. Thirty-six SD rats were randomly
divided into four groups: autogenous SN, CD NG, CD + scCO» NG, and
natural SN. The rats were anesthetized by intraperitoneal injection of
3% pentobarbital sodium solution (30 mg/kg), and the back hair was
removed to ensure that a 2 cm? square area was reserved at the con-
necting line between the spine and anterior superior iliac spine for the
subcutaneous embedding experiment. After disinfecting the square
operation area on the back, the center of the operation area carefully cut
the back skin 1 cm along the sagittal position and put the corresponding
graft under the skin of the rat. It should be noted that the autologous SN
group had the sciatic nerve on the right side of the rat cut and then
placed under the skin. To alleviate the pain in this group of rats, we
transplanted hollow chitosan conduits into the nerve defects.

After hemostasis, the subcutaneous fascia layer and the skin was
sutured in turn. Finally, all rats were fed under standardized laboratory
conditions. Overdose anesthetics were intraperitoneally injected (50
mg/kg), and 3 rats in each group were sacrificed 1, 2 and 4 weeks after
surgery. The graft and surrounding skin tissue were removed, fixed and
sliced for HE and immunohistochemical staining. The specific staining
steps were the same as described above, and the primary antibodies used
in immunohistochemistry were as follows: rabbit anti-CD4 (1:4000,
ab237722, Abcam), mouse anti-CD8 (1:200, ab33786, Abcam) and
mouse anti-CD68 (1:3000, ab955, Abcam).

2.12. In vivo implantation in long-distance sciatic nerve defects in rats
The surgical procedure was performed as previously described [63].

According to the graft used to bridge the sciatic nerve defect, 48 SD rats
were randomly divided into 4 groups (12 in each group): hollow
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chitosan conduit (HCC), CD NG, CD + scCO; NG, and ANG. After
anesthesia, the hair of the right hind limb was removed. After dis-
infecting the posterolateral skin of the right hind limb, the skin was
incised and separated along the intermuscular space. The sciatic nerve
was carefully exposed, the fat and connective tissue around the nerve
were removed and separated from the muscle space. Between the
proximal and distal branches of the sciatic nerve, a 15 mm nerve
segment was cut and removed, and then 4 types of grafts were used to
bridge the nerve defect. Under the microscope, 8/0 sutures with needles
were used to suture the outer membranes of the two nerve stumps and
fix them on both ends of the graft. In the ANG group, the excised rat
sciatic nerve was turned over 180° to bridge the nerve defect in situ. Of
note, HCC was provided by the Department of Orthopedics and Trau-
matology, Peking University People’s Hospital, and patents were ob-
tained from Peking University People’s Hospital and China Textile
Research Institute (Patent No. 01136314.2) [65]. After hemostasis, the
subcutaneous fascia layer and the skin were sutured in turn. After
waking up, all rats were fed under standardized laboratory conditions.

2.13. Gait analysis based on CatWalk

The experimental procedure of analyzing rat gait using the Catwalk
footprint analysis system (XT 10.6, Noldus, Netherlands) was performed
as previously described [1]. Briefly, the Catwalk footprint analyzer was
started, and the width of the footprint recording table was adjusted
according to the size and width of the experimental animal (SD rat) so
that the rat could pass through without turning around. The distance
between the camera and the footprint recording table was properly
adjusted so that the footprints of the experimental animals could be
clearly observed and recorded. The rats in each group were properly
trained to adapt to the environment of the footprint analyzer. After
defecation and urination, the experimental rats were placed at the
beginning of the footprint recording table, and appropriate light sound
or light stimulation was given to make them walk to the other end of the
footprint recording table by themselves. The start and end of a single
experiment were confirmed by professional operating software. At each
time point of the experiment, at least 6 rats in each group walked in
accordance with the analysis requirements of the software. The rats
were tested and analyzed for gait 2, 4, 6, 8, 10 and 12 weeks after sur-
gery. According to the experimental records, the Catwalk XT 10.6 sys-
tem was used to calculate the SFI and the standing/swing time ratio of
each rat. The following calculation formula was used to determine the
sciatic nerve index (SFI):

SFI = 109.5(ETS-NTS)/NTS-38.3(EPL-NPL)/NPL+13.3(EIT-NIT)/NIT-8.8

E: The injured hindfoot of the rat; N: The normal hindfoot of the rat;
TS: The toe width of the hindfoot footprint; PL: The length of hind foot
print; IT: The width of the middle toe of the hind foot print.

2.14. Histological evaluation of gastrocnemius muscle

Twelve weeks after the operation, rats in each group were sacrificed
by intraperitoneal injection of excessive anesthetics. The target organs
(gastrocnemius) of the operative side and normal side were removed and
weighed on an electronic balance to calculate the wet weight recovery
rate of the gastrocnemius. The formula was X% = W(E)/W(N). In the
formula, E is the operation side of the rat, N is the normal side of the rat,
and W is the measured wet weight of the gastrocnemius muscle (g).

The weighed gastrocnemius muscles of each group were imaged and
recorded, and then the muscle belly was cut out and placed in 4%
paraformaldehyde solution for fixation for 24 h. Routine dehydration
and embedding were performed, and then the automatic tissue paraffin
slicer (RM2125, Leica, USA) was used to make cross-sectional 5 pm
sections of muscles in each group. After conventional pathological
baking, dewaxing and rehydration, Masson staining was performed
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according to the kit instructions (G1346, Solarbio, China) to evaluate
differences in the cross-sectional area of muscle fibers in each group.
Fifteen fields of view were randomly selected for each group of samples,
and the average cross-sectional area of gastrocnemius muscle fibers was
measured by two professional experimenters using IPP 6.0 software.

2.15. Histological evaluation of regenerated axons

Four weeks after the operation, 1 experimental rat in each group was
injected with an overdose of anesthetic for euthanasia. The bridging
nerve segment (graft) was removed from 6 pm longitudinal frozen sec-
tions to observe the growth of regenerated axons in each graft. The
specific immunofluorescence staining steps were the same as described
above. The primary antibody was mouse anti-NF200 (1:200, N5389,
Sigma-Aldrich, USA), and the secondary antibody was goat anti-mouse
IgG H&L (Alexa Fluor® 488, 1:200, ab150113, Abcam). Twelve weeks
after the operation, all remaining experimental rats in each group were
sacrificed after being injected with an overdose of anesthetic. The
muscle gap along the skin suture was carefully opened, the grafts in each
group were fully exposed, and images were acquired. The distal 1/5
(length: 3 mm) of the bridging nerve segment was removed, and 6 pm
transverse frozen sections (5 samples per group) were obtained to
qualitatively observe the quality of regenerated axons in each group.
The specific immunofluorescence staining steps were the same as
described above. The primary antibodies were mouse anti-NF200
(N5389, Sigma-Aldrich, USA) and rabbit anti-MBP (1:5000,
ab218011, Abcam), and the secondary antibodies were goat anti-mouse
IgG H&L (Alexa Fluor® 594, 1:200, ab150116, Abcam) and goat anti-
rabbit IgG H&L (Alexa Fluor® 488, 1:200, ab150077, Abcam).

To further quantitatively evaluate the quality of regenerated axons in
each group, the remaining nerve segments (6 samples per group) were
quickly removed and placed in 2.5% glutaraldehyde for 12 h for fixation
followed by 1% osmium tetroxide solution for 12 h at 4 °C. Then, the
nerve segments were dehydrated in gradient ethanol and embedded in a
mixture of glycolmethacrylate (GMA) mixed embedding medium and
acetone in equal proportions for 72 h. The unnecessary parts around the
embedded tissue block were trimmed, and the cross-section of the tissue
was made into semi-thin sections with a thickness of approximately 700
nm. According to the kit instructions (1% in sodium borate, G3663,
Solarbio, China), the sections were stained with toluidine blue O solu-
tion. Finally, a microscope equipped with a DP71 camera was used to
acquire images of the stained sections obtained in the above experiment.
Ten fields of view were randomly selected for each group of samples,
and 2 professional experimenters used IPP 6.0 to measure the mean
density of myelinated nerve fibers.

According to the micrographs stained with toluidine blue, the parts
of interest of each group of samples were determined, and then the cross-
sections of the distal sections of the nerve grafts of each group were cut
into ultrathin sections at a thickness of 70 nm. The sections were
transferred to a grid and then double stained with 3% uranyl acetate-
lead citrate. The grid with the slides was placed under a transmission
electron microscope (CM-120, PHILIPS, Netherlands) to observe and
take pictures of the regions of interest. Ten fields of view were randomly
selected for each group of samples, and 2 professional experimenters
used IPP 6.0 to measure the mean diameter of myelinated nerve fibers
and the mean thickness of the myelin sheath.

2.16. Statistical analysis

All data are expressed as the means + SD, and there were at least
three replicates. After categorizing and sorting the data, Statistical
Program for Social Sciences (SPSS) software (version 22.0, IBM, USA)
was used for statistical analysis. For measurement data with equal var-
iances, Student’s t-test was used to compare the differences between the
two groups, and one-way analysis of variance (ANOVA) was used to
compare the differences between multiple groups. For measurement
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data with uneven variances, nonparametric tests were used to analyze
the differences between groups. Count data are expressed as frequencies
or rates, and the y? test was used to analyze differences between groups.
P < 0.05 indicates that the difference between groups is statistically
significant.

3. Results
3.1. Characterization of ANXs

After a series of treatment procedures (Fig. 1), including chemical
washing (Fig. 1B) and supercritical carbon dioxide extraction (Fig. 1D),
we obtained the final acellular nerve xenografts (CD + scCOy NG)
(Fig. 1F). Purely chemically decellularized nerve xenografts (CD NG)
(Fig. 1C) served as the control group in this experiment. Second, after
processing using the supercritical carbon dioxide extractor, paste-like
extracts (Fig. 1E) were collected and used for subsequent analysis. Of
note, the ANXs derived from adult Yorkshire pigs is too thick compared
to the rat sciatic nerve. Therefore, we selected only one bundle of nerves
(Fig. 1A) for subsequent in vivo experiments in rats in this study.

Next, we performed a series of analyses on the general characteristics
of the two kinds of ANXs using laboratory-related techniques (Fig. 2A).
To more precisely determine the effect of the experimental treatment,
we chose the Natural SN as a reference. Inmunofluorescence staining
revealed that after chemical washing and supercritical extraction
treatment, laminin, an important component of the neural basement
membrane, was retained to a large extent. At the same time, DAPI
staining demonstrated that the nucleus was largely removed (Fig. 2B).
HE staining also showed similar results. Blue-stained nuclear compo-
nents were not observed in ANXs, while extracellular matrix compo-
nents were retained. Importantly, we still observed a porous nerve
basement membrane tube inside the CD + scCOy NG (Fig. 2C). SEM
showed that compared to the tightly arranged nerve fibers of naive
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nerves, the graft contained a three-dimensional oriented structure of
well-preserved nerve fibers and nerve basement membrane tube
(Fig. 2C).

3.2. Evaluation of defatting and decellularization

To qualitatively evaluate defatting of the two grafts, we stained the
three nerve samples with Oil Red O. The results showed that the red-
stained fat was primarily localized around the nerve bundles of the
natural SN. The degree of fat removal by simple chemical washing (CD
NG) was very limited, but the red-stained fat was almost invisible after
supercritical extraction treatment (CD + scCO2 NG) (Fig. 3A). In addi-
tion, we quantitatively evaluated the defatting and decellularization of
ANXs.

First, we performed chromatogram analysis of 37 fatty acids in three
nerve samples, and each peak represents one of the fatty acids
(Fig. 3B-D). After calculating the peak area and performing conversion,
the fat content of the nerve sample was obtained. After 6 cycles of su-
percritical carbon dioxide extraction, the fat content of nerve samples
gradually decreased. Among them, the fat content of natural SN was
635259.85 + 17388.23 mg/kg, and the fat content of ANX (CD + scCO»
NG) after extraction was 257597.81 + 18482.19 mg/kg (Fig. 3E). At the
same time, we performed fat quantification on nerve samples treated
with pure chemical washing (CD NG: 594168.16 + 15735.26 mg/kg).
As shown in Fig. 3F, there was no significant difference between the
Natural SN and CD NG groups (p = 0.101), but there was a significant
difference between the CD NG and CD + scCO2 NG groups (p < 0.001).
In addition, we quantified the 19 fatty acids with the highest content
among the 37 fatty acids in the two kinds of ANXs. The data are
expressed as the percent decrease in the content of a single fatty acid
compared to natural SN. There were significant differences in the con-
tents of 19 fatty acids between the two kinds of ANXs (p < 0.01) (Fig. 3G
and Supplementary Table 2). Analysis of the DNA content of the nerve

C Natural SN CD NG CD+scCO2 NG

Fig. 2. The general characteristic of ANXs. (A) Schematic diagram of the experimental analysis of ANXs and Natural SN obtained from Yorkshire pigs. (B)
Immunofluorescence detection of the main components of neural basement membrane tubes in ANXs and Natural SN. (Laminin: red, nucleus: blue). (C) HE staining
and scanning electron microscopy (SEM) images of ANXs and Natural SN. (The picture below is an enlarged view of the yellow area in the picture above).
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Fig. 3. Analysis of the defatting effect and DNA content of ANXs. (A) Oil red O staining of ANXs and Natural SN (the picture below is an enlarged view of the
yellow area in the picture above). (B, C, D) Chromatogram analysis of 37 fatty acids of the natural SN, CD NG and CD + scCO, NG (each peak represents one of the
fatty acids). (E) The relationship between fat content and extraction cycle. (F) The fat content of ANXs and Natural SN. Data are presented as the mean + SD (n = 3).
(G) The percent decrease of 19 fatty acids with the highest content among the 37 fatty acids in the two kinds of ANXs. Data are presented as the mean + SD (n = 3).
(H) DNA content of ANXs and Natural SN. Data are presented as the mean + SD (n = 5). Statistical analysis: n.s. no significances, **p < 0.01, *p < 0.05. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

samples is shown in Fig. 3H. The DNA content of naive nerves was
relatively high (natural SN: 3725.73 + 242.31 ng/mg), the content
decreased significantly after chemical washing (CD NG: 52.28 + 3.58
ng/mg, vs. natural SN: p < 0.001), and the content further decreased
after supercritical carbon dioxide extraction again (CD + scCO2 NG:
38.02 + 3.72 ng/mg, vs. CD NG: p = 0.026).

3.3. Difference in the protein composition between extracts and ANXs

To analyze the composition of the extract, we conducted WB
(Fig. 4A). Considering the primary components of the neural ECM and
the proteins that play a role in nerve regeneration, we tested for
expression of 4 proteins (collagen I, II, IV and fibronectin) in the extracts
and grafts. As shown in Fig. 4E, relative to the higher protein expression
of ANXs (CD + scCO- NG), the extract contained a certain amount of
collagen IV (Extracts vs. CD + scCO2 NG: 2.52 + 0.13 vs. 4.22 + 0.26, p
= 0.0005), while containing a small amount of collagen II (0.78 + 0.06
vs. 4.5 + 0.32, p < 0.001) and fibronectin (0.8 + 0.08 vs. 4.03 + 0.19, p
< 0.001), and a trace amount of type I collagen (0.05 + 0.01 vs. 4.19 +
0.22, p < 0.001).
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3.4. Protein quantification and proteomic analysis of ANXs

Nonlabeled (label-free) protein quantification technology is a mass
spectrometry analysis of peptides produced by protein enzymatic
digestion through liquid-mass spectrometry technology, comparing the
signal intensities of corresponding peptides in different samples to
relatively quantify the proteins corresponding to the peptides. At the
same time, it has the advantages of a short experimental period, wide
application range and low cost. The proteins of each group were sepa-
rated by SDS-PAGE (Fig. 4B). The protein types of natural SN were the
most abundant, and the protein types of ANXs were relatively reduced,
primarily those with a molecular weight of less than 30 kDa. Then, we
performed protein quantitative analysis on each group of samples.
Cluster heatmap analysis showed that there were a large number of
highly expressed proteins in the natural SN, and most of these proteins
were downregulated in both kinds of ANXs (Fig. 4C). At the same time,
the violin plot of protein relative abundance shows that Natural SN has a
higher relative protein abundance than ANXs. The violin plot is a sup-
plement to the protein data of the cluster heatmap (Fig. 4D).

In addition, we performed functional enrichment analysis on the
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Fig. 4. Western blot and proteomics analyses of ANXs and extracts. (A) WB analysis of the expression levels of collagen I, II, IV and fibronectin in the CD + scCO,
NG and extracts (the internal control was p-actin). (B) Total protein expression in ANXs and Natural SN. (C) Heatmap shows up- and downregulated proteins in ANXs
and Natural SN. Red and blue represent the up- and downregulated proteins, respectively. (D) Violin chart shows the relative protein abundance in ANXs and Natural
SN. (E) Quantitative analysis of the expression levels of collagen I, II, IV and fibronectin in the CD + scCO, NG and extracts. Data are presented as the mean + SD (n
= 3). (F) The most enriched GO terms of DEPs between CD NG and Natural SN based on biological process, cellular component and molecular function. (G) Statistics
of the top 20 enriched DEPs in the KEGG pathway between the CD NG and natural SN are shown in the bubble plot. The abscissa KEGG term represents the name of
the pathway to which the protein is enriched. The ordinate rich factor represents the enrichment factor, that is, the ratio of the protein that is enriched in the pathway
of the DEPs to the ratio of the background protein that is enriched in the pathway. The larger the rich factor is, the higher the degree of enrichment. The circle size
indicates the number of proteins enriched by the KEGG pathway. The circle color — Q value, represents the p-value after multiple hypothesis testing and correction.
The range of Q value is [0,1]. The closer the Q value is to 0, the more significant the enrichment. (H) The most enriched GO terms of DEPs between CD + scCO, NG
and CD NG based on biological process, cellular component and molecular function. (I) Statistics of the top 20 enriched DEPs in the KEGG pathway between the CD
+ scCO2 NG and CD NG are shown in the bubble plot. The specific information of the picture is the same as above. (J) The most enriched GO terms of the common
proteins of the three nerve samples based on biological process, cellular component and molecular function. (K) Statistics of KEGG pathway enrichment. The top 20
common proteins of the three nerve samples are shown in the bubble plot. The specific information of the picture is the same as above. Statistical analysis: n.s. no
sAigniﬁcances, **p < 0.01, *p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Evaluation of the cytotoxicity of the ANXs scaffold in vitro. (A, D) Living/dead double staining of Schwann cells grown on the ANXs scaffold for 3 days
and 7 days (live: green, dead: red). (B, E) SEM images of Schwann cells growing on CD SD and CD + scCO5 NG scaffolds for 7 days (the picture on the right is an
enlarged view of the yellow area in the picture on the left). (C, F) Immunofluorescence images of Schwann cells growing on CD SD and CD + scCO4 NG scaffolds for 7
days, respectively (S100: red, nucleus: blue). (G) Quantification of the number of live/dead double-stained Schwann cells in each region (0.36 mm?). Data are
presented as the mean + SD (n = 3). (H) The CCK-8 assay was performed after 1, 3, 5 and 7 days of cell culture. Data are presented as the mean + SD (n = 5). (I, J)
Quantitative analysis of the GDNF and NGF expression levels of Schwann cells on the ANXs scaffold. Data are presented as the mean + SD (n = 5). Statistical analysis:
n.s. no significances, **p < 0.01, *p < 0.05.
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DEPs between the groups. Specifically, the DEPs between CD NG and
Natural SN were primarily related to cellular process, single-organism
process, metabolic process, and single-organism cellular process in BP.
In terms of CC, it was primarily related to cell, cell part, intracellular,
intracellular part and cytoplasm. In terms of MF, it was primarily related
to binding and catalytic activity (Fig. 4F). In terms of the KEGG
pathway, it was primarily related to metabolic pathways, carbon
metabolism, glycolysis/gluconeogenesis and ribosome (Fig. 4G). Spe-
cifically, the DEPs between the CD + scCO3 NG and CD NG were mainly
related to the single-organism process, metabolic process, single-
organism metabolic process and transport in BP. In terms of CC, differ-
ences were mainly related to cell, cell part, intracellular, intracellular
part and cytoplasm. In terms of MF, they were mainly related to catalytic
activity and oxidoreductase activity (Fig. 4H). In terms of KEGG
pathway, differences were mainly related to metabolic pathways, car-
bon metabolism, focal adhesion, pathways in cancer, PI3K-Akt signaling
pathway and ribosome (Fig. 4I). The common protein among the three
nerve samples was the protein retained in CD + scCO4 NG after repeated
freezing and thawing, washing with chemical reagents and supercritical
carbon dioxide extraction by Natural SN, which was primarily related to
cellular process, single-organism process, metabolic process and single-
organism cellular process in BP. In terms of CC, it was mainly related to
organelle, membrane-bounded organelle, cell, cell part and extracellular
region. In terms of MF, it was mainly related to binding and structural
molecule activity (Fig. 4J). In terms of KEGG pathway, it was mainly
related to Axon guidance, cAMP signaling pathway and Proteoglycans in
cancer (Fig. 4K).

3.5. Cytotoxicity of the ANXs

To examine the cytotoxicity of the ANXs scaffold in vitro, we inoc-
ulated Schwann cells on the scaffold and conducted a series of evalua-
tions. First, we stained the cells seeded on the scaffold with the living/
dead cell double staining kit. A considerable number of cells adhered to
the two scaffolds, indicating that this ANXs scaffold can support the
attachment of Schwann cells, grow and produce ECM around them
(Fig. 5A and D). Chi-square analysis of the 3-day staining results showed
that there was no difference in the number of dead and alive cells be-
tween the two ANXs scaffolds (CD NG: live#292.5 + 23.4, dead#28.2
+ 4.3; CD + scCO, NG: live#451.6 + 38.2, dead#25.3 + 3.6, X2 =
3.767, p = 0.052) (Fig. 5G). As the time was extended to 7 days, the
number of cells on both scaffolds increased to a certain extent. In
particular, the number of cells on the CD + scCO4 NG scaffold increased
significantly, while the number of red-stained dead cells on the CD NG
scaffold was greater. Chi-square analysis revealed that there were sig-
nificant differences in the number of dead and alive cells between the
two graft scaffolds (CD NG: live#502.8 + 36.1, dead#93.6 + 6.9; CD +
scCO, NG: live#1037.2 + 52.5, dead#56.1 + 5.4, Xz = 52.84, p <
0.001).

Second, we identified the key marker S100 in Schwann cells. The
results of immunofluorescence staining showed that Schwann cells were
scattered on the scaffold, exhibiting a similar distribution trend for both
dead and live staining (Fig. 5C and F). In addition, to determine the
growth status of Schwann cells on the scaffold more clearly, we per-
formed scanning electron microscopic observations on the cell com-
posite scaffolds cultured for 7 days. Similar to the results of dead and live
staining, the cells on the CD NG scaffold were sparsely distributed, while
cells on the CD + scCO, NG scaffold were densely distributed, and se-
cretions could be seen between the cells (Fig. 5B and E).

Finally, we performed a quantitative assessment of cell proliferation
based on CCK-8-based OD detection. With the passage of time, the
number of cells in each group increased to a certain extent. One day 1,
there was no difference in the number of cells in any group (Normal:
0.42 + 0.02; CD NG: 0.4 + 0.02; CD + scCO2 NG: 0.45 + 0.03; p =
0.105). On day 3, the number of cells in the normal group was higher
than that in the CD NG group, but there was no significant difference
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(Normal: 0.71 + 0.03; CD NG: 0.62 + 0.04; p = 0.051), while the
number of cells in the CD + scCO2 NG group was higher than that in the
CD NG group with a significant difference (CD + scCO NG: 0.92 + 0.03
vs. CD NG, p < 0.001). On days 5 (Normal: 1.36 + 0.04; CD NG: 0.93 +
0.03; CD + scCO5 NG: 1.65 + 0.06) and 7 (Normal: 1.94 + 0.06; CD NG:
1.46 + 0.06; CD + scCO5 NG: 2.57 + 0.07) and thereafter, the three
groups of cells maintained a similar proliferation trend, and there were
significant differences between any two groups (p < 0.01). In addition,
we performed statistics on the secretion of cells on the scaffold. For the
cytokine GDNF, expression levels in the normal group were higher than
in the CD NG group (Normal: 81.28 + 6.29 pg/ml; CD NG: 53.52 + 4.82
pg/ml; p = 0.037) but lower than that in the CD + scCO2 NG group (CD
+ scCO2 NG: 156.73 + 14.72 pg/ml vs. Normal, p < 0.001). Similarly,
for the cytokine NGF, expression in the CD NG group was also the lowest
(Normal: 103.47 + 7.62 pg/ml; CD NG: 77.96 + 5.37 pg/ml; CD +
scCO2 NG: 160.81 + 12.54), and there were significant differences be-
tween any two groups (Normal vs. CD NG: p = 0.04; Normal vs. CD +
scCO3 NG: p = 0.001).

3.6. The effect of ANXs on the outgrowth of DRG neurite

To evaluate the effect of ANXs on the axons, we inoculated DRGs in
(inside) and around (outside) the ANXs membrane (Fig. 6A and B). At
the same time, DRGs inoculated on glass plates served as a control. As
shown in Fig. 6C (left), the axons of the DRG in the control group were
evenly distributed in a radial pattern. For a more detailed evaluation, we
took the center of the DRG cell cluster as the origin and divided the axon
region of the DRG into 8 regions, each with a 45° angle. At the same
time, to observe the growth of DRG axons more clearly, we performed
immunohistochemical staining (NF200) (Fig. 6C, right). For the DRGs
inoculated on the outside of the ANXs membrane, we defined the area in
contact with the ANXs membrane with axons as the front area, as shown
in the small angle area I between the two red dashed lines in Fig. 6D
(left). Correspondingly, the large-angle area II between the two red
dashed lines is defined as the back area. In addition, we measured the
exact steering angle of the steering nerve axon in the front area, as
shown in the area in the green dashed box in Fig. 6D (left), and Fig. 6D
(right) shows a partial enlargement of the corresponding area.

First, we measured the axon length of DRG. For DRGs inoculated
outside the ANXs membrane (Fig. 6E, left), the mean axon length of the
CD + scCO2 NG group was the shortest (1142.82 + 213.55 pm), and the
mean axon length of the normal group was the longest (1264.52 +
181.74 pm), but there was no significant difference among the three
groups (CD NG: 1199.46 + 250.39 pm, p = 0.683). For DRGs inoculated
inside the ANXs membrane (Fig. 6E, right), the mean axon length of the
CD + scCO2 NG group was the longest (1737.19 + 261.82 pm), and the
mean axon length of the normal group was the shortest (1264.52 +
181.74 pm). There was no significant difference between the normal and
CD NG groups (CD NG: 1350.5 + 201.82 pm, p = 0.456). However, there
were significant differences between the CD + scCO2 NG and the CD NG
groups (p = 0.0168).

As shown in Fig. 6A (top), for the DRG inoculated on the outside of
the CD NG membrane, it was difficult for its axons to enter red-stained
adipose zones 1 and 3 (green number label). At the same time, the
axons in interadipose zone 2 (green dotted line callout) extended for a
longer distance and rarely entered adipose zones 1 and 3. A small
number of axons entering adipose zone 3 exhibited disorderly growth
and a certain tendency of degeneration. For DRGs inoculated inside the
CD NG membrane (Fig. 6A, bottom), the axon growth range was pri-
marily in nonadipose zones 4 and 5, while axons were rarely observed in
red-stained adipose zones 1, 2, 3, or 6. In addition, we observed that
axons located in adipose zone 3 and nonadipose zone 4 displayed a
significant turn (green solid arrow). In the gap of adipose zone 6, only
one axon entered the nonadipose zone after passing through.

As shown in Fig. 6B (top), for DRGs inoculated on the outside of the
CD + scCO2 NG membrane, compared to the CD NG group, axons of the
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Fig. 6. Axonal outgrowth of DRGs on the ANXs membrane. (A) Axonal outgrowth of DRGs in (inside) and around (outside) the CD NG membrane. In the picture
on the upper left corner, areas 1 and 3 are adipose zones, area 2 marked by the green dashed line is the interadipose zone, and green arrows indicate degenerative and
turning axons; The picture on the upper right corner is an enlarged view of the area 3 in the picture on the upper left corner, and green arrows indicate degenerative
and turning axons. In the picture on the bottom left corner, areas 1, 2, 3 and 6 are adipose zones, area 4 and 5 marked by the green dashed line is the nonadipose
zones, and green arrows indicate turning axons. The picture on the bottom right corner is an enlarged view of the area 6 in the picture on the bottom left corner, and
green arrows indicate turning axons entering the nonadipose zone after passing through. (B) Axonal outgrowth of DRGs in (inside) and around (outside) the CD +
scCO2 NG membrane. In the picture on the upper left corner, area 1 represents axons entering the CD + scCO, NG membrane, and the green arrow indicates the
approximate growth direction of axons in area 2. The picture on the right is an enlarged view of area 2 in the picture on the upper left corner. In the picture on the
bottom, area 1 marked by the green dashed line represents the growth range of DRG axons inside the CD + scCO, NG membrane, and green arrows indicate axons
that extend a long distance and grow well. The picture on the upper right corner is an enlarged view of area 2 in the picture on the bottom, which indicates that axons
can extend inside the CD + scCO3 NG membrane indiscriminately. (C) The picture on the left is the growth status of DRG in control group, the axon region of the DRG
is divided into 8 regions, each with a 45-degree angle. The picture on the right is the immunohistochemical images of DRG in control group. (D) The growth status of
DRGs inoculated on the outside of the ANXs membrane (the small angle area I between the two red dashed lines represents the front area in contact with the ANXs
membrane with axons, and the large-angle area II between the two red dashed lines is defined as the back area). The picture on the right shows the exact steering
angle of the steering nerve axon in the front area, which is an enlarged view of the yellow area in the picture on the left. (E) The mean axonal length of the DRG in
(inside) and around (outside) the ANXs membrane. Data are presented as the mean =+ SD (n = 3 randomly selected DRGs per group). (F) The mean axonal density at
different distances (0.4 mm, 0.8 mm and 1.2 mm) from the center of the DRG inoculated on the outside of the ANXs membrane. Data are presented as the mean + SD
(n = 3 randomly selected DRGs per group). (G) The mean number of axons turned (with different steering angles) and entered the ANXs membrane in the front area.
Data are presented as the mean + SD (n = 3 randomly selected DRGs per group). Statistical analysis: n.s. no significances, **p < 0.01, *p < 0.05. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

DRGs more easily entered the CD + scCO2 NG membrane and in larger Whether in the front area or the back area, the further the distance from
numbers. Second, for DRGs seeded inside the CD + scCO3 NG membrane the DRG cell cluster, the lower the density of axons. At 0.4 mm from the
(Fig. 6B, bottom), their axons grew along the ECM orientation structure DRG cell cluster, the axon just touched the ANXs membrane. The axon
inside the CD + scCOz NG membrane and extended a longer distance. density of the CD NG group was significantly different in this area (front
Importantly, the axons extended inside the CD + scCO2 NG membrane area: 170.33 + 15.69, back area: 472.19 + 36.15, p < 0.001). However,
indiscriminately, including the nonadipose zone and the adipose zone the axon density of the CD + scCO; NG group was not significantly
before extraction treatment (currently the nonadipose zone) (green different in this area (front area: 629.44 + 56.75, back area: 662.64 +
arrow and green rectangular area 2). 68.27, p = 0.4271). At 0.8 mm (CD NG-front aera: 92.71 + 8.47, CD NG-

Second, for DRGs seeded on the outside of the ANXs membrane, we back aera: 247.95 + 20.62; CD + scCO3 NG-front aera: 461.93 + 39.21,
quantified the density of nerve axons at different distances (0.4 mm, 0.8 CD + scCO4 NG-back aera: 590.72 4 55.62) and 1.2 mm (CD NG-front
mm and 1.2 mm) from the center of the DRG cell cluster (Fig. 6F). aera: 51.75 + 6.33, CD NG-back aera: 129.36 + 14.94; CD + scCO,
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NG-front aera: 258.88 + 20.49, CD + scCO, NG-back aera: 450.56 +
38.48) from the DRG cell cluster, the axon density of the two ANXs was
significantly different in this area (p < 0.01).

Finally, for DRGs inoculated on the outside of the ANXs membrane,
we quantified the number of axons that turned and entered the ANXs
membrane in the front area (Fig. 6G, left). In the CD NG group, the
number of turned axons (74.67 + 6.21) was greater than that of entered
axons (55.38 + 5.34), while the CD + scCO2 NG group exhibited the
opposite result (turned: 40.72 + 5.33, entered: 318.1 + 15.87), and
there were significant differences between the two groups (x* = 112.93,
p < 0.001). Then, we measured the steering angle of the turned axon.
For the convenience of statistics, we divided the turned axons into two
categories with a 30° boundary (small steering angle: 0°-30°, large
steering angle: 30°-90°) (Fig. 6G, right). For the CD NG group, the
number of axons with large steering angles (47.36 + 5.74) was greater
than that with small steering angles (28.55 + 3.22), while the CD +
scCOy NG group showed the opposite result (0°-30°: 34.17 + 3.79,
30°-90°: 6.92 + 2.62), and there were significant differences between
the two groups (3% = 21.48, p < 0.001).

3.7. In vivo immune response to ANXs

To evaluate host immune rejection response to ANXs, we implanted
two types of ANXs under the skin of rats. After being removed at 3 time
points after the operation (1, 2 and 4 weeks), HE and immunohisto-

chemical staining were performed. In addition, to increase the contrast,
we implanted the rat’s autologous sciatic nerve (Autogenous SN) and the

A Autogenous SN

4

£

CD8

CD68
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natural porcine sciatic nerve (Natural SN) under the skin of the rat and
considered them negative and a positive control group, respectively.
According to the results of HE staining (Fig. 7A), in the autogenous SN
group (negative control), complete neurological morphology was
observed at all three time points, and there was no macroscopic
neutrophil accumulation in or around the autogenous SN. However, in
the Natural SN group (positive control), a large number of neutrophils
gathered around and inside the Natural SN at all three time points,
especially at 2 weeks. For the CD NG group, a moderate number of
neutrophils were observed at the interface between the host tissue and
the graft implantation 1 week after the operation. Two and 4 weeks after
surgery, neutrophils primarily gathered in the adipose zone between the
nerve bundles. In the CD + scCOz NG group, a small number of neu-
trophils were seen at the interface between the host tissue and the graft
implantation 1 week after the operation. Two and 4 weeks after surgery,
there were almost no visible neutrophils around or inside the graft.
Combining the results of HE staining in this experiment and previ-
ously published studies [66,67], 4 weeks after implantation is consid-
ered a suitable time point for assessing the immune response. To further
evaluate host immune rejection, we performed immunohistochemical
staining of CD4 (the primary marker of helper T lymphocytes), CD8 (the
primary marker of cytotoxic T lymphocytes) and CD68 (the main hall-
mark of macrophages) on the grafts in each group at 4 weeks after
surgery (Fig. 7B). For the Autogenous SN group, CD4" T cells and CD68*
macrophages were not detected, and only a very small number of CD8"
T cells were detected. In sharp contrast, in the Natural SN group, a large
number of CD8" T cells and CD68" macrophages were detected, as well

Natural SN
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Fig. 7. Evaluation of the host immune response to ANXs subcutaneous transplantation. (A) HE staining of ANXs implanted subcutaneously in rats for 1, 2 and 4
weeks. Rat autologous sciatic nerve (autologous SN) and natural porcine sciatic nerve (natural SN) were used as the negative control group and positive control
group, respectively. (B) Inmunohistochemical staining (CD4, CD8 and CD68) of ANXs, autologous SN and natural SN implanted subcutaneously in rats for 4 weeks.
(C) The number of CD8" and CD68™ cells in ANXs implanted subcutaneously in rats for 4 weeks. Data are presented as the mean + SD (n = 5). Statistical analysis: n.s.

no significances, **p < 0.01, *p < 0.05.
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as a small number of CD4" T cells. In the CD NG group, moderate
amounts of CD8" T cells and CD68" macrophages were detected (CD8™:
68.74 & 13.27, CD68": 54.28 + 10.53), but no CD4" T cells were
detected. In the CD+scCO2 NG group, similar test results appeared,
except that the number of CD8" T cells and CD68" macrophages was
smaller (CD87: 22.35 £ 6.76, CD68%: 17.16 + 5.34), and CD4™ T cells
were not detected. In addition, we counted the number of CD8" T cells
and CD68" macrophages in the two ANXs groups and found that there
were significant differences between the two ANXs groups (p < 0.01)

A

Real-time footprints in Catwalk XT

CD NG

CD+scCO2 NG

ANG
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(Fig. 7C).

3.8. Motor function recovery and histological evaluation of target muscle

Using the Catwalk XT 10.6 footprint collection and analysis system,
we analyzed the recovery of motor function in the injured limbs in rats
after ANXs bridging. Fig. 8A (left) shows the real-time footprints of each
group of rats in the gait collection device at 12 weeks after the operation.
The fluorescent green footprints in the white dashed frame are the
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Fig. 8. Evaluation of motor function recovery and target muscle histology. (A) The real-time footprints of three-dimensional stress diagrams of each group of
rats in the gait collection device at 12 weeks after the operation. (B) The gross view and Masson staining of the gastrocnemius muscle of each group of rats at 12
weeks postoperatively. (C, D) The wet weight ratio of the gastrocnemius and the mean cross-sectional area of gastrocnemius fibers at 12 weeks postoperatively. Data
are presented as the mean + SD (n = 5). (E, F) The sciatic nerve function index (SFI) and the standing/swing time ratio of each group of rats every 2 weeks after the
operation until 12 weeks after the operation. Data are presented as the mean + SD (n = 5). Statistical analysis: n.s. no significances, (**, ## &&y p <0.01, (%, # & )

< 0.05.
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injured hind of the rats. The toes of the ANG group were fully expanded,
while the HCC group had no obvious toe imprints, and the two ANXs
groups had obvious toe imprints that were not fully expanded.
Analyzing at the real-time footprint of the rat, the gait analysis system
collected the pressure data of the footprint and provided the corre-
sponding 3D stress map (Fig. 8A, right). The left hind foot of rats in all
groups were on the uninjured side, the force area of the footprints was
large, and the obvious stress peaks of the heel and toes were visible. The
right hind limb is the injured side, and its 3D stress map showed the
same trend as the real-time footprint. In addition, to continuously and
dynamically evaluate the recovery of motor function in injured limbs in
rats, we evaluated the SFI and the standing/swing time ratio of each
group of rats every 2 weeks after the operation until 12 weeks after the
operation.

In the first 6 weeks after surgery, the ANG group displayed the
highest SFI value, and the CD NG group exhibited the lowest SFI value
(Fig. 8E). However, there was no significant difference in SFI between
the groups. Starting from the 8th week after surgery, the SFI value of the
CD NG group (—73.74 + 5.11) began to exceed that of the HCC group
(—78.85 + 5.62), and the SFI between the groups began to show sig-
nificant differences. At the same time, starting from the 8th week after
surgery, the SFI value of each group increased rapidly in the order of
ANG first, CD + scCO3 NG second, CD NG third, and HCC fourth.

For the standing/swing time ratio (Fig. 8F), in the first 4 weeks after
surgery, the ANG group had the highest value, and the CD NG group had
the lowest value. However, there was no significant difference between
the four groups. At the 6th week after surgery, the CD + scCO5 NG group
had the lowest value (40.38 + 4.14%). Although there were significant
differences among the four groups (p = 0.03), there was no significant
difference between the first three groups (HCC, CD NG and CD + scCO
NG: p = 0.73). At the 8th week after surgery, the CD + scCO3 NG group
(56.29 + 4.97%) surpassed the CD NG group (with the lowest value:
51.46 + 5.32%). Although there were significant differences among the
four groups (p < 0.001), there was still no significant difference between
the first three groups (p = 0.16). At the 10th week after the operation,
the CD NG group (67.69 + 3.82%) surpassed the HCC group (63.15 +
3.79%), and significant differences began to appear between the groups.
The trend between the groups at the 12th week after the operation
remained consistent with that at the 10th week.

For the target muscle, we measured the wet weight ratio of the
gastrocnemius and the mean cross-sectional area of gastrocnemius fibers
12 weeks postoperatively. Compared to the ANG group, the gastrocne-
mius of the injured limb in the HCC group exhibited a certain degree of
atrophy (Masson staining showed more blue-stained collagen fibers),
but no significant atrophy was observed in the CD NG or the CD + scCO2
NG group (Fig. 8B). The wet weight ratio of gastrocnemius in the HCC
group was the lowest (31.63 + 3.77%), the ANG group was the highest
(81.57 + 6.54%), and the CD + scCOy NG group (76.84 + 6.38%) was
close to the ANG group and higher than the CD NG group (53.28 +
4.62%), and there were significant differences between the groups (p <
0.05) (Fig. 8C). Similarly, the mean cross-sectional area of gastrocne-
mius fibers in the HCC group was the lowest (584.36 + 42.74 pm?), the
ANG group was the highest (1532.88 + 138.81 pm?), the CD + scCO»
NG group (1255.29 + 117.85 pum?) was higher than the CD NG group
(827.63 + 67.46 nm?), and there were significant differences among the
groups (p < 0.01) (Fig. 8D).

3.9. Evaluation of the quality of regenerated nerves

Combining HE staining of the ANXs subcutaneously implanted into
the rat in this experiment and previously published research [1], we
believe that 3 weeks is the best time point to evaluate the extension of
the new axon in the nerve graft in the rat 15 mm nerve defect model.
Therefore, we took the bridging segment of 1 rat in the experimental
groups (CD NG and CD + scCO3 NG) 3 weeks after the operation and
performed longitudinal sectioning and NF200 immunofluorescence
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staining to observe the extension of the regenerated nerve fibers inside
the ANXs. As shown in Fig. 9A, the swelling on the left side of the graft
segment is the proximal suture. The bright green new nerve fibers
basically crossed the graft segment, and the new nerve fibers were less
distributed in the middle part of the graft, which primarily grew close to
the inner wall of the CD + scCO2 NG. Since the longitudinal slice
operation of the transplanted segment of the CD NG group failed, it is not
shown here.

We opened the surgical incisions of all remaining rats 12 weeks after
the operation. The general view of the grafts in each group is shown in
Fig. 9B. The chitosan tube wall in the HCC group began to show signs of
degradation. The graft segments in the CD NG group exhibited varying
degrees of light yellow, while the graft segments in the CD + scCO3 NG
and ANG groups were milky white, which was close to naive nerve
morphology. The cross-sectional immunofluorescence of the farthest
part of the graft segments in each group showed that the diameter of the
regenerating nerve axons in the HCC group was relatively thin and
distributed randomly in a star-like manner. In sharp contrast, the
regenerative nerve axons in the ANG group were thick in diameter and
arranged regularly, and the green myelin sheath surrounding the axons
was thicker. Compared to the HCC group, the regenerative nerve axons
in the CD NG group were slightly larger in diameter, but they were still
irregularly distributed. The diameter of regenerative nerve axons in the
CD + scCO2 NG group was larger than that in the CD NG group, close to
the ANG group, and exhibited a clustered distribution.

Furthermore, we created semi-thin sections and performed toluidine
blue staining on the cross-sections of the farthest sections of the grafts in
each group, and the morphology was similar to the results of immuno-
fluorescence staining. It should be noted that there were increased dark
blue ribbon-like collagen fibers in the CD NG group. We quantified the
density of myelinated nerve fibers in each group (Fig. 9C): The CD NG
group (7483.95 + 402.38/mm?) was higher than the HCC group (with
the lowest value: 7045.27 + 384.61/mrn2, p =0.0011). The CD + scCO4
NG group (8134.74 + 420.86/mm?) was higher than the CD NG group
(p < 0.001) and higher than the ANG group (8066.77 + 395.29/mm2),
but there was no significant difference between the two groups (CD +
scCO3 NG vs. ANG: p = 0.6016).

Finally, to evaluate the diameter of the nerve fibers and the thickness
of the myelin sheath in each group, we created ultrathin sections on the
cross section of the farthest part of the graft. Regarding the diameter of
regenerated nerve fibers in each group (Fig. 9D), the diameter of the CD
NG group (4.51 + 0.32 pm) was higher than that of the HCC group (with
the lowest value: 4.15 + 0.36 pm, p = 0.0019). The CD group (5.98 +
0.47 pm) was close to the ANG group (6.52 + 0.44 pm, p = 0.0006) and
higher than the CD NG group (vs. CD + scCO2 NG: p < 0.001), and there
were significant differences among the groups. Regarding the thickness
of the myelin sheath of the regenerated nerve fibers in each group
(Fig. 9E), the trend of the statistical results between the groups (HCC:
0.68 £ 0.11 pm, CD NG: 0.98 + 0.16 pm, CD + scCO2 NG: 1.69 £ 0.18
pm, ANG: 1.85 + 0.21 pm) was similar to the diameter of the regener-
ated nerve fibers, and there were significant differences among the
groups (P < 0.05).

4. Discussion

Severe peripheral nerve injury with nerve defects are heavy medical
and social burdens. At the same time, the treatment costs are expensive
and cannot be accepted by most patients, while treatment efficacy re-
mains limited [4]. Therefore, in the current medical environment,
autologous nerve transplantation is still the first choice of many patients
and doctors, despite its many shortcomings [3]. To overcome these
shortcomings, a variety of artificial nerve grafts have been developed
and continuously optimized. Among them, ACNGs, which are closest to
natural nerves in structure and composition, are a very promising
alternative to autologous nerve grafts. In addition, the development of
cross-disciplines and the comprehensive application of multifield
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(A) Longitudinal neurofilament 200 immunofluorescence staining (NF200: green, DAPI: blue) of the grafting segment in the CD + scCO, NG group 3 weeks after the
operation is shown. (B) The general view of the nerve grafts in each group at 12 weeks after the operation, as well as the immunofluorescence (NF200: red, MBP:
green, DAPI: blue), toluidine blue staining and transmission electron microscopy (TEM) images of the farthest sections of the grafts. (C, D, E) The mean density and
diameter of myelinated nerve fibers and the mean thickness of the myelin sheath in each group. Data are presented as the mean + SD (n = 10). Statistical analysis: n.
s. no significances, **p < 0.01, *p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

technologies provide new opportunities for the preparation of decellu-
larized nerve grafts with improved performance. Based on the anatom-
ical characteristics of large mammalian peripheral nerves and the
various advantages of scCO2 extraction technology, we believe that
scCO, extraction is the best choice for preparing ANXs derived from
porcine peripheral nerves. To the best of our knowledge, this is the first
report describing the use of scCO; extraction technology to prepare
ACNGs. In this study, we prepared ANXs derived from porcine sciatic
nerves using a comprehensive program combining physical and chem-
ical technologies such as repeated freezing and thawing, chemical de-
tergents, ultrasonic cleaning, DNA/RNase and supercritical extraction. A
comprehensive and systematic evaluation of ANXs revealed that the fat
content of the CD + scCO, NG was removed to the greatest extent, and
its DNA content was also reduced to below clinical standards. At the
same time, the in vitro experiment of inoculating DRG on ANXs mem-
brane showed that nerve axons on CD + scCO2 NG can grow naturally
and extended a long distance. In vivo, ANXs was subcutaneously
transplanted into rats and dynamically observed for 4 weeks, and the
results of HE and immunohistochemistry showed that CD + scCO2 NG
only caused a very weak inflammatory response. Second, ANXs was used
to bridge 15 mm sciatic nerve defects in rats, and the repair effects were
evaluated in terms of regenerated nerve quality, target muscle wet
weight and motor function recovery. The results showed that CD +
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scCO2 NG was similar to autologous nerves and was significantly better
than hollow NGCs and CD NG.

Literature shows that the current preparation schemes of decellu-
larized nerve grafts mostly use a single chemical detergent or the
comprehensive application of multiple chemical detergents [1,68-70].
The technology of a single chemical detergent in preparing ACNGs with
smaller diameters and fewer nerve bundles has been developed, and
there are a large number of relevant basic studies, such as in the sciatic
nerve of rats. Peripheral nerves derived from porcine sources have the
characteristics of thicker diameter, dense epineurium and increased
nerve bundles. Therefore, it is difficult for a single chemical detergent to
achieve a satisfactory decellularization effect, and the processing cycle is
long. In addition, the combination of multiple chemical detergents in-
creases the possibility of chemical reagent residue. Based on the above
description, we chose the composite scheme based on scCO- extraction
to decellularize the porcine sciatic nerve (Fig. 1). Chemical detergent
has a good effect on removing genetic material from tissues, which has
been recognized by most researchers [33,71]. In this study, the DNA
content of porcine sciatic nerves treated with SDS decreased from
3725.73 + 242.31 ng/mg to 52.28 + 3.58 ng/mg (Fig. 3H). In addition,
most of the acellular schemes reported in the literature are still based on
chemical detergent, which has also been proven [33]. Therefore, in this
study, we chose a chemical detergent, SDS, and applied it to the
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decellularization process at a very low concentration (0.5%). Impor-
tantly, although SDS is a mild ionic detergent, it denatures the protein by
destroying the structure of the protein at an inappropriate concentration
[72,73]. In addition, for lipophilic compounds, organic solvents do have
a good degreasing effect [74]. However, most of the organic solvents
have strong biological toxicity and are easy to adhere to the surface and
interior of biological materials (especially ECM-based materials) and are
difficult to remove. The main reason is that this ECM-based material is
rich in a variety of proteins with the characteristics of easy adhesion, and
has a complex surface topology that is not conducive to the separation of
organic solvents [75,76]. It is gratifying that supercritical carbon diox-
ide extraction technology perfectly avoids the disadvantages of organic
solvents, and has natural lipophilicity, so it is the perfect choice to
replace organic solvents for degreasing of biological materials. The
scheme of placing the scCO5 extraction step after the chemical detergent
is the result of our comprehensive consideration based on the following
observations: I) The porous structure formed after the nerve tissue un-
dergoes chemical decellularization treatment is conducive to the entry
of scCO5, which improves the extraction efficiency [51]. II) Studies have
shown that scCO5 can be used to decellularize tissues, so it removes
cellular debris and genetic material remaining after chemical detergent
treatment while defatting [53,54]. III) scCO is a good solvent for many
substances, so it may play a role in removing chemical detergents
remaining in ACNGs [41]. IV) scCO; has sterilization properties, so it
may have a disinfection effect on the incorporation of bacteria in the
operation [45].

In view of the excellent performance of scCOs in dissolving lipids, we
also prepared satisfactory ANXs in this study. After 6 cycles of extrac-
tion, no extract was discharged from the material receiving port of the
supercritical equipment. The fat content of nerve samples after the end
of each extraction cycle was then determined. The results showed that
the fat content decreased step by step, and finally, the fat content
decreased by 59.45% (Fig. 3E). At the same time, after scCO; extraction,
the DNA content of ANXs also decreased from 52.28 + 3.58 ng/mg to
38.02 + 3.72 ng/mg (Fig. 3H). In addition, chemical detergents have a
weak defatting effect. In this study, after chemical detergent treatment,
although the difference was not statistically significant, the fat content
of ANXs decreased by 6.47% (Fig. 3F). In general, chemical detergents
are effective in removing genetic material and have a weak defatting
effect. scCO4 exhibited a significant effect in defatting and has a certain
degree of decellularization. However, two recent studies indicated that a
more satisfactory decellularized porcine corneal scaffold and decellu-
larized rat myocardial hydrogel can be obtained by simply relying on
scCO, [53,54]. These research reports are not in conflict with this
research because porcine corneal tissue and rat myocardial tissue more
easily complete decellularization, and both contain no or only a small
amount of adipose tissue. In the food field, to satisfy people’s healthy
low-fat diet, scCO5 is also used to defat the bovine heart [77]. In addi-
tion, the combination of scCO2 and peracetic acid decellularized baby
spinach leaves within 4 h, and human fibroblasts can adhere and survive
for 14 days after inoculating the surface of spinach leaves [78].

On the other hand, we also evaluated the decellularization and
defatting effects morphologically. HE and Oil Red O staining revealed
increased nerve bundles and adipose tissue between bundles in fresh
porcine sciatic nerves. After chemical detergent treatment, there were
no visible blue-stained cell nucleus in CD NG, and there was no changes
in red-stained adipose tissue (Figs. 2C and 3A). However, after the scCO4
extraction process, there was no visible red-stained adipose tissue in the
CD + scCO5 NG. In addition, immunofluorescence (laminin + DAPI) and
HE staining of CD + scCO2 NG exhibited a well-preserved porous neural
basement membrane tube structure, indicating that the above composite
decellularization scheme based on scCO, extraction did not cause
serious damage to the neural structure (Fig. 2B). In another study on
decellularization of porcine peripheral nerves, this well-preserved
porous nerve structure could not be seen [62]. We speculate that the
use of a variety of chemical reagents destroyed the nerve structure. In
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recent years, hydrogels have attracted much attention due to their
excellent properties, especially xenogeneic acellular matrix hydrogels,
which have been used to repair various types of tissue injury [79-82].
On a related note, in the repair of peripheral nerve injury, there are also
several reports on heterogeneous acellular matrix hydrogels [71,74].
However, we believe that in the repair of peripheral nerve injury,
especially nerve defects, acellular nerve scaffolds have more advantages
than hydrogels because well-preserved three-dimensional directional
nerve fiber basement membrane tubes provide nanotopological clues for
regenerated axons. Interestingly, to compensate for the shortcomings of
hydrogels in topological clues, researchers have used electrospinning
technology to prepare aligned nanofibers, and acellular matrix hydro-
gels have been coated on nanofibers to provide chemical clues [71].
Finally, in the experiment of repairing 5 mm sciatic nerve defects in rats,
this design also obtained relatively satisfactory results. Hydrogels may
play a greater role in peripheral nerve crush injuries [83]. In addition, it
should be pointed out that fat grafting has also become increasingly
popular in peripheral nerve surgery in recent years [84], which is not
contradictory to the operation in this study to reduce the fat content of
ANXs by means of scCO2 extraction. On the one hand, the function of
adipose tissue in fat grafting is mainly achieved by the adipose-derived
stem cells (ADSCs) it contains, which can differentiate into many line-
ages and secrete neurotrophic and angiogenic factors [85,86]. on the
other hand, in order to avoid immune response and to make it easier to
pass ethical review, the adipose tissue (ADSCs) involved in peripheral
nerve surgery are all autologous fat. Of course, in order to improve the
repair effect of long-gap nerve defects, autologous adipose tissue
(ADSCs) can also be considered together with the novel acellular nerve
ANXs prepared in this study.

The ECM is formed by the combination of substances secreted by
resident cells of each tissue and organ in a certain way [56]. Considering
that scCO- is a good solvent for many substances, we wondered whether
it also removes some ECM-related components during the process of
defatting and decellularization. Therefore, we assessed the expression of
major ECM-related proteins in the extract, such as collagen I, I, IV and
fibronectin (Fig. 4A and E). The expression level of collagen IV in the
extract was moderate, while expression levels of other proteins were
low; in sharp contrast, expression levels of 4 proteins in the CD + scCO,
NG were higher. The above results indicate that scCO5 has little effect on
the primary components related to ECM. Recently, a study from Seo
et al. reported that during the process of decellularization, scCO3 pro-
tects the ECM structure from damage and retains various angiogenic
proteins in the rat heart ECM [54]. Unfortunately, we did not system-
atically evaluate the factors or proteins related to nerve regeneration,
which is a shortcoming of this study. With the help of non-labeled
(label-free) protein quantification technology, we analyzed natural SN
and two kinds of ANXs. The results of SDS-PAGE showed that compared
to natural SN, the protein types of ANXs were relatively reduced, pri-
marily those with a molecular weight of less than 30 kDa (Fig. 4B). Next,
using bioinformatics analysis technology, we further analyzed the re-
sults. Heatmap analysis showed that most of the highly expressed pro-
teins in natural SN were downregulated in the two ANXs varieties
(Fig. 4C). In addition, we focused on DEPs among the three neural tis-
sues (Fig. 4F-I). In essence, the DEPs between natural nerves and CD NG
were related to technical operations, such as repeated freezing and
thawing, chemical washing, and ultrasonic vibration, while DEPs be-
tween CD NG and CD + scCO, NG were related to the scCO5 extraction
procedure. Interestingly, GO and KEGG enrichment analysis of these two
types of DEPs revealed that the results were very similar. Specifically, CC
was primarily related to cells, cell parts, intracellular parts, intracellular
parts and cytoplasm, which are primarily the products of acellular
processes. We speculate that scCO has a certain degree of decellulari-
zation in addition to its primary defatting effect, which is similar to the
effect of chemical detergents. Of course, the above results also echo the
previous experimental results of reduced DNA content in the CD + scCOg
NG.
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After some proteins were removed using the above chemical deter-
gent and scCO; technologies, some important ECM-related proteins
remained in the final ANXs (CD + scCO5 NG). The results of bioinfor-
matics analysis of the protein in the CD + scCO2 NG showed that it was
mainly involved in the signaling pathways related to axon guidance and
the cAMP signaling pathway in the KEGG pathway (Fig. 4J and K). A
recent study showed that compared to spinal cord tissue-derived
decellularized hydrogels, peripheral nerve-derived decellularized
hydrogels displayed a stronger effect on promoting myelination, which
may be related to laminin, collagens and fibronectin [87]. It is undeni-
able that these proteins were also completely retained in the CD + scCO4
NG in this study. However, for the time being, there is no report that
tissue-derived ECM hydrogels can guide nerve regeneration axons. We
speculate that the related proteins involved in the axon guidance
pathway may be related to the well-preserved three-dimensional
directional nerve basement membrane tube structure in the CD + scCO-
NG. All of this is primarily due to scCO, extraction, the low concentra-
tion and milder chemical detergents.

According to previous reports in the literature, we used similar
techniques to evaluate the effects of two kinds of ANXs on axons in vitro
[1,88]. Specifically, with the help of frozen section technology, we
prepared ANXs membranes and inoculated DRGs of rats in or around
them. To observe the interaction between fat in ANXs and DRG axons,
we first performed immunohistochemical staining of DRGs inoculated
on ANXs membranes and then performed Oil red O staining (Fig. 6).
Here, we observed a very interesting phenomenon: for DRGs inoculated
on the outside of the CD NG membrane, it was difficult for its axons to
enter the red-stained adipose zones; a small number of axons that
entered the adipose zones grew disorderly and had a tendency to
degenerate. In addition, for the DRG inoculated inside the CD NG
membrane, its axons were primarily concentrated in the nonadipose
zones. When the axon extended from the nonadipose zone to the
boundary line of the adipose zone, it obviously turned toward the
nonadipose zone. In the gap of the adipose zone, only one axon entered
the nonadipose zone after passing through (Fig. 6A). In this regard, we
speculated the following two possibilities: I) Due to its hydrophobic
characteristics, the biological activity of adipose tissue is limited, which
is not conducive to the adhesion or growth of nerve axons [89]. II)
Adipose tissue may contain some proteins or factors similar to chon-
droitin sulfate proteoglycans (CSPG), which inhibit axons [88]. How-
ever, for the CD + scCO; NG membrane that removes adipose tissue to
the greatest extent, more nerve axons will enter its interior and extend to
the nonadipose zone and the adipose zone before extraction treatment
(currently the nonadipose zone) (Fig. 6B). In addition, the statistical
results showed that in terms of the extension length of the axons inside
the membranes, the axon density at a distance of 0.4 mm from the center
of the DRG cell cluster outside the membranes, the number of axons that
enter the ANXs membranes by the extramembrane DRG, and the number
of axons that turn at a small angle, the CD + scCO3 NG group was better
than the CD NG group. However, for DRGs inoculated outside the
membrane, there was no significant difference in axon length between
the two ANXs. We believe that the anterior region has a smaller angle
relative to the posterior region, and the effect of ANXs on axons is offset
or compensated for by the posterior region.

Generally, for xenografts, researchers are most worried about
biocompatibility and immunogenicity [90]. However, the immunoge-
nicity of tissue-derived ECM grafts after decellularization has been
greatly reduced [91,92]. In recent years, biomaterials derived from
porcine nerves have been extensively studied and have achieved satis-
factory results in nerve repair [71,74,87]. In this study, we seeded
Schwann cells on the ANXs scaffold, and the results demonstrated that
the number of adherent and growing cells on the CD + scCO2 NG scaf-
fold was greater, and the number of red-stained dead cells was reduced.
CCK8 showed similar results. Scanning electron microscopy showed that
Schwann cells adhered to the CD + scCO2 NG scaffold at a higher den-
sity. In addition, the cells on the CD + scCO2 NG scaffold exhibited a
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higher secretion level of GDNF and NGF (Fig. 5). We speculate that the
main reason for the above results is that the hydrophobic characteristics
of adipose tissue and the possible residual chemical detergent in CD NG
are not conducive to the adhesion and proliferation of Schwann cells.
Several previous studies have evaluated the host immune rejection of
pig decellularized nerves, but we have not observed the overall
morphology of the graft in the animal body [74,93]. Therefore, in this
study, we first performed HE staining of ANXs implanted under the skin
of rats (Fig. 7A). The results showed that the autologous nerve as a
negative pair maintained better micromorphology, while a large num-
ber of neutrophils were observed around and inside the natural porcine
nerve. For CD NG, neutrophils aggregate primarily in the adipose zone
between nerve bundles. However, there were almost no visible neutro-
phils in the CD + scCO; NG 1 week after implantation. These above
results suggest that adipose tissue may play an important role in the
related immune response of xenogeneic nerve grafts. In addition, ac-
cording to current research, the relationship between lipids and
inflammation in the field of organ transplantation has not been fully
elucidated. One study showed the presence of lipoprotein A4 in bron-
chiolar lavage fluid from lung transplant patients who presented with
acute allogeneic rejection, with concentrations correlated with clinico-
pathological severity [94]. However, it has also been suggested that
lipids act on specific receptors to enhance cell arrest, resulting in
decreased neutrophil migration [95]. From an immunological point of
view, the immune response mediated by xenografts is primarily related
to the Thl and Th2 lymphocyte phenotypes [96]. Allman et al. subcu-
taneously implanted porcine small intestinal submucosa as a natural
acellular extracellular matrix in mice. The results suggested that the
immune response induced by it was similar to that of syngeneic tissues,
primarily confined to the local and systemic Th2 pathways, consistent
with remodeling reactions rather than rejection [97]. However, in this
study, we did not detect CD4™ T cells in the other three grafts, only in the
natural porcine nerves (Fig. 7B). In the two ANXs groups at the same
time point, we detected a number of CD8" T and CD68™ T cells, which is
similar to the results of previous studies [74,93]. Compared to the CD
NG, the number of CD8" T and CD68™ T cells that could be detected in
the CD-+scCO2 NG was lower, and this difference was significantly
different (Fig. 7C). The above results suggest that the host acute in-
flammatory response caused by CD + scCOy NG is weaker, and the
difference in these experimental results is mainly caused by scCOq
extraction.

In a 3-month experiment of repairing 15 mm nerve defects in rats,
the CD + scCO2 NG group exerted superior repair effects in a series of
morphological and functional evaluations. Immunofluorescence
revealed that the regenerated nerve axons had basically crossed the CD
+ scCO2 NG 3 weeks after surgery, which may be attributed to the well-
preserved three-dimensional oriented structure of the nerve fiber base-
ment membrane tube that can guide nerve regeneration (Fig. 9A). The
transplanted segments in the CD NG group 3 months after surgery
exhibited varying degrees of light yellow color, which may be an
incompletely absorbed inflammatory reaction product caused by
immunogenic substances, including a large amount of adipose tissue.
However, the graft segment of the CD + scCO2 NG group was similar to
that of the ANG group, which appeared milky white and close to naive
nerve morphology (Fig. 9B). Regarding nerve regeneration quality pa-
rameters (the density and diameter of myelinated nerve fibers and the
thickness of the myelin sheath), the CD + scCO2 NG group was close to
autologous nerve transplantation and was significantly better than the
CD NG and hollow catheter groups (Fig. 9C-E). In addition, in terms of
the wet weight of the wet weight ratio of the gastrocnemius and the
mean cross-sectional area of gastrocnemius fibers, the recovery among
the groups was similar to the above (Fig. 8B-D). Interestingly, the CD NG
group had a poor SFI during the first 6 weeks after the operation, which
may be related to the early acute inflammatory response. In contrast to
autologous nerve transplantation, the CD + scCO NG group had poor
motor function parameters during the early postoperative period.
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However, the recovery of motor function was significantly accelerated
in the middle postoperative period (6-8 weeks), and the motor function
parameters 12 weeks after surgery were close to those of autologous
nerve transplantation (Fig. 8E and F). Finally, it should be noted that
compared to the smaller diameter of the rat sciatic nerve, the diameter of
the porcine sciatic nerve was larger. Therefore, in the in vivo experi-
ment, we selected the nerve bundle matching the diameter of the rat
sciatic nerve. In future experiments, we will continue to use ANX to
repair sciatic nerve defects in beagle dogs to evaluate its repair effect in
large animals.

5. Conclusion

In summary, using a composite technology based on scCO extrac-
tion, we obtained an innovative ANX, in which the fat has been removed
to the greatest extent, and the DNA content has also been reduced to
below clinical standards. More importantly, the well-preserved three-
dimensional directional nerve basement membrane tube structure in
ANX can better guide and promote the growth of nerve axons. In addi-
tion, this is the first study using scCO5 extraction technology to prepare
ACNGs for guiding and promoting long-distance nerve regeneration.
Finally, we hope that this new type of ANXs based on multifield tech-
nology provides scientists with some enlightenment for the design of the
next generation of artificial NGCs and the advancement of xenogeneic
acellular nerve grafts for clinical application in the near future.
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