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ARTICLE INFO ABSTRACT

Keywords: Peripheral nerve injury (PNI) seriously affects the health and life of patients, and is an urgent clinical problem
O"al_bumi“ that needs to be resolved. Nerve implants prepared from various biomaterials have played a positive role in PNI,
Casting method but the effect should be further improved and thus new biomaterials is urgently needed. Ovalbumin (OVA)
Electrospinning

contains a variety of bioactive components, low immunogenicity, tolerance, antimicrobial activity, non-toxicity
and biodegradability, and has the ability to promote wound healing, cell growth and antimicrobial properties.
However, there are few studies on the application of OVA in neural tissue engineering. In this study, OVA im-
plants with different spatial structures (membrane, fiber, and lyophilized scaffolds) were constructed by casting,
electrospinning, and freeze-drying methods, respectively. The results showed that the OVA implants had
excellent physicochemical properties and were biocompatible without significant toxicity, and can promote
vascularization, show good histocompatibility, without excessive inflammatory response and immunogenicity.
The in vitro results showed that OVA implants could promote the proliferation and migration of Schwann cells,
while the in vivo results confirmed that OVA implants (the E5/70% and 20 kV 20 pL/min groups) could
effectively regulate the growth of blood vessels, reduce the inflammatory response and promote the repair of
subcutaneous nerve injury. Further on, the high-throughput sequencing results showed that the OVA implants
up-regulated differential expression of genes related to biological processes such as tumor necrosis factor-o (TNF-
o), phosphatidylinositide 3-kinases/protein kinase B (PI3K-Akt) signaling pathway, axon guidance, cellular
adhesion junctions, and nerve regeneration in Schwann cells. The present study is expected to provide new
design concepts and theoretical accumulation for the development of a new generation of nerve regeneration
implantable biomaterials.

Freeze drying
Nerve scaffold
Peripheral nerve injury

1. Introduction source and size mismatch [3] Currently, various tissue-engineered nerve

implants have been utilized to achieve the repair of nerve injury [4,5],

PNI caused by wars, traffic accidents, natural disasters, surgeries, etc.
Lead to impaired mobility, sensory deficits and loss of function, thus
seriously affecting the physical and mental health of the patients and
imposing a serious economic burden on their families and society [1].
Therefore, repair and functional reconstruction after PNI is one of the
major problems to be solved in clinical practice [2] However, autolo-
gous nerve grafts, which are the “gold standard” for peripheral nerve
injury repair, are limited in clinical application due to their limited
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and a large number of studies have focused on the selection of bio-
materials [6,7]. Among them, the natural biopolymers or synthetic
polymers are the commonly used materials for nerve implants [8],
which have been used to fabricate different types of nerve implants,
including membrane, electrospinning fiber, hydrogel and sponge scaf-
folds, etc [9,10]. Although synthetic polymer materials can provide
better mechanical properties for grafts, natural biomaterials are less
toxic, more bioactive and biocompatible, and can better activate cell
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proliferation and migration [11] However, although artificial nerve
implants have achieved remarkable results in nerve tissue engineering,
they are still not as effective as autologous grafts and do not fully meet
the clinical needs. Therefore, there is an urgent need to develop new
nerve implants materials for better treatment and repair of PNI.

Among the various polymers that can be used to prepare artificial
implants, natural polymers with high bioactivity and biocompatibility,
easy handling and low production costs are preferred [12]. Currently,
the protein-based natural polymers have been widely used in tissue
engineering due to their similarity to natural extracellular matrix com-
ponents [13]. Although protein-based biomaterials support cell attach-
ment, proliferation, migration, etc. More than other materials, their
limited sources and complex extraction and purification procedures
make them expensive or difficult to obtain [14]. Egg white, as a com-
bination of proteins and growth factors, is a low-cost, readily available,
direct protein-based biomaterial, and can mediate cell adhesion and
growth [15]. Moreover, it also has excellent biological functions such as
antibacterial and anti-inflammatory, promotes cell adhesion, stimulates
nerve cell growth, and is rich in trophic factor [16]. Among them, OVA,
a glycoprotein extracted from egg white, is the most abundant protein
(54%) in egg white, and has genetic similarity to human serum albumin
[17]. OVA has been used for centuries as an excipient in creams for the
treatment of various diseases due to its non-immunogenicity, tolerance,
antimicrobial activity, non-toxicity and biodegradability [17,18]. In
addition, OVA has excellent biocompatibility, promotes cell attachment
and proliferation, and can be degraded in vivo into safe by-products,
thus OVA has been used in the repair of bone and soft tissue injuries
[19,20]. OVA contains a variety of bioactive components, so it has
wound healing promotion, cell growth and antimicrobial properties. It is
worth mentioning that egg white can mimic the effect of nerve growth
factor (NGF) by inducing axon growth in mammalian cells such as PC12
cells, which suggests that bioactive components are similar to NGF may
also present in OVA [16,21]. Therefore, the development of OVA nerve
implants is expected to provide continuous nutrient delivery for
long-term growth of nerve tissues, but at present, studies on the appli-
cation of OVA in the repair of PNI have not been reported.

It has been found that the spatial structure of the scaffolds possesses a
significant impact on the neuroregeneration outcome [9]. Currently, the
construction of tissue-engineered neural implants with different spatial
structure, such as porous scaffolds, hydrogel, membrane, fiber and
nanogels can be achieved using various processing and fabrication
methods, e.g. freeze-drying, electrostatic spinning, solution casting, and
phase separation, etc [22-24]. The advantage of freeze-drying is that the
pore size and porosity can be controlled by changing the parameters of
freezing, and the implants obtained have high porosity and inter-
connected structure, which is conducive to the retention of the physical
and chemical properties of the implant material [25,26]. We previously
prepared porous chitosan conduit with longitudinally aligned structures
on the intraluminal wall using the freeze-drying method, and the
conduit was proved to significantly promote the regeneration of sciatic
nerves in the 10 mm gap of the rat [27]. Preparation of micro/nano fiber
scaffolds by electrospinning has been widely used in tissue engineering
[28,29]. Nanofiber structures are more conducive to cell adhesion and
proliferation as well as loading of bioactive factors than micron-sized
fiber structures [30,31]. In addition, nanoscale fibers prepared by
electrospinning can mimic the extracellular matrix microenvironment of
tissues and thus better modulate cell behaviors [8,32,33]. Li et al. suc-
cessfully prepared a biomimetic microenvironment-inspired scaffold
integrating anisotropic micro-nanocomposite topology grafted with
IKVAV peptide through micro-molding, electrostatic spinning technol-
ogy and surface biomodification, the scaffolds were proven to effectively
promote peripheral nerve regeneration [34]. Solution casting is the
simplest and most economical method of preparing nerve implants.
Generally, a solvent is used to dissolve the polymer material, with the
addition of a porogenic agent or granules as required, and the mixture is
injected into a mold of the desired geometry, then the solvent is
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evaporated to form a membrane [35,36]. Based on the above mentioned,
nerve implants with different spatial structures can be prepared using
different processing and fabrication techniques, but there are few re-
ports on what kind of spatial structure of OVA implants can more
effectively promote the repair of PNI.

In this study, OVA implants with different spatial structures (solid
membrane, porous sponge scaffolds, and fibrous scaffolds) were pre-
pared and compared for the treatment of PNI (Fig. 1). Firstly, OVA
membrane, OVA fiber scaffolds, and OVA sponge scaffolds were pre-
pared using casting, electrospinning, and freeze-drying methods. Then,
the physical properties, surface morphology and compositional struc-
ture of the OVA implants were analyzed, respectively. Next, the
biocompatibility was evaluated. Then, through the above experiments,
two groups of each form of implants were optimally selected for com-
parison of the pro-vascularization, inflammatory response, histocom-
patibility and immunogenicity. Further on, the effect of nerve
regeneration during tissue healing after PNI was evaluated. Finally,
high-throughput sequencing and molecular biology experiments were
used to preliminarily reveal the mechanism of OVA implants on the
regulation of nerve regeneration. It is expected that such artificial OVA
nerve implants may be potential candidates for clinical use in peripheral
nerve regeneration. The study will provide a more ideal biomaterial
scaffolds for the repair of PNI in future.

2. Results

2.1. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) cross-linked OVA scaffolds

The changes in the characteristic peaks of OVA scaffolds before and
after cross-linking were detected by fourier transform infrared (FTIR)
spectroscopy, and the results are shown in Fig. 2A. The peaks at 1525
cm ™! and 1539 em ™! indicated the formation of C=N double bonds in
all samples and their intensity decreased as the samples were cross-
linked. The characteristic N-H peak of OVA was detected at wavelength
3394 cm™ !, the peak present at 3400 cm ™! was a type II amine bond, and
the peak at wavelength 1468 cm ™! indicated the formation of C-N bonds
in all samples, and its intensity increased with the cross-linking of the
samples. The results showed that all groups of OVA scaffolds were
successfully crosslinked by EDC. The results of Fig. 2B and C indicated
the presence of characteristic peaks of OVA at approximately 3282,
1640, and 1520 cm™! representing amide A (N-H stretching), amide I
(C=0 stretching), and amide II (N-H bending), respectively. No addi-
tional characteristic peaks were observed when the OVA sample was
dissolved using acetic acid. A slight increase in the amide I and amide II
bands was observed in the spectra due to the hydrocarbon stretching
vibrations of the CH, and CHs groups. In addition, X-ray photoelectron
spectroscopy (XPS)tests were performed on the OVA scaffolds before
and after cross-linking with 5 mM EDC and 70% ethanol to analyze the
change in binding energy. As shown in the results of Fig. 2D, the content
of carbon increased while the content of oxygen decreased after cross-
linking. The binding energies of C and S elements before and after cross-
linking of OVA scaffolds were analyzed, and the results showed that the
C=0, C-0 and C-C/C—C bonds were still retained, the content of sulfur
did not change significantly before and after cross-linking.

2.2. Characterization of OVA implants with different spatial structures

The parameters of OVA membrane, fiber, and sponge scaffolds pre-
pared by casting, electrospinning, and freeze-drying methods are shown
in Tables S1-3, respectively. For OVA membranes, as shown in Fig. S1A,
OVA membranes prepared after cross-linking with 50% and 70%
ethanol yielded intact membranes and the completion of the cross-
linking altered the water-soluble properties of the OVA membranes.
The OVA membranes obtained after cross-linking with 100% ethanol
were poorly flexible and not easy to obtain the complete membrane. The
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Fig. 1. Sketch map of the preparation of OVA implants with different spatial structures (membrane, fiber, and lyophilized scaffold).

results of UV spectroscopy are shown in Fig. S1B. The transparency of
the membrane after crosslinking with 70% ethanol was significantly
higher than that of the 50% ethanol group. The transparency of the OVA
membrane was changed by varying the concentration of EDC at the same
ethanol concentration. After crosslinking with 5 mM EDC, the trans-
parency of the membrane was higher than that of 1 mM and 10 mM EDC
concentrations. The UV spectral scanning results showed that the
highest transparency of the OVA membrane was obtained after cross-
linking with 5 mM EDC and 70% ethanol. The membrane with high
transparency will be favorable for observing the wound healing. Fig. 3A
shows that the surface of the uncrosslinked OVA membrane was uneven
and had more folds. The surface of the E5/70% and E10/70% OVA
membranes was relatively flat and contained a small number of air
holes. As shown in Fig. 3D, the overall trend of the swelling rate of the
six groups of OVA membranes gradually increased within 12 h and
finally reached equilibrium with the extension of time. After 12 h, the
swelling rate of E1/70% was the highest compared with the other
groups, and E10/50% group showed lower swelling rate, but there was
no significant difference among the three groups. Fig. 3E displays that
the contact angles of the OVA membrane in each group were less than
75°, indicating the hydrophilicity. The OVA membrane is able to un-
dergo significant elastic strain under the action of external force. Fig. 3F
and Fig. S3 show that the elastic modulus and maximum load of the OVA
membrane increased with the concentration of cross-linking agent,
indicating the mechanical strength of the OVA membrane by the cross-
linking agent with concentration dependence.

For OVA fiber scaffolds, when hexafluoroisopropanol (HFIP) and
trifluoroacetic acid (TFA) were mixed in the ratio of 2:1, the optimal
electrospinning conditions were OVA solution concentration of 10%,
electrospinning time of 5 min, receiving distance of 15 cm, and needle
gauge of 20#. Varying the voltage (18-25 kV) and the flow rate (12-25
pL/min) under these electrospinning parameter conditions resulted in
electrospun fibers with high filament yield, uniform fibers, and no
droplet appearance, as shown in Fig. S2A. The better four groups of fi-
bers were further selected for crosslinking and characterization
including 20 kV 15 pL/min, 20 kV 20 pL/min, 20 kV 25 pL/min and 25
kV 20 pL/min. As shown in Fig. S2B, the four groups of fiber scaffolds
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were crosslinked by EDC to improve the stability without changing the
surface morphology of the fibers. The nanofibers showed a uniform
continuous random distribution, and the statistical analysis of the fiber
diameters in Fig. 3B and C showed that the fiber diameters of the 20 kV
15 pL/min and 20 kV 20 pL/min groups averaged 657 nm and 635 nm,
whereas the fiber diameters of the 20 kV 25 pL/min group averaged 769
nm comparing with the 25 kV 20 pL/min group, the other three groups
of electrospun fibers showed more slender diameters. Fig. 3G shows that
the contact angle of all OVA fiber scaffolds was less than 90°, indicating
that the OVA fiber scaffolds were hydrophilic and displays a decreasing
trend with increasing flow rate under the same voltage conditions.

For OVA sponge scaffolds, the scaffolds had a uniform circular or
elliptical aperture, which were uniformly connected to each other
throughout the scaffolds. This microstructure is suitable for supporting
cell growth and migration. In addition, the pore may also promote
angiogenesis and reduce fibrotic response in vivo. As shown in Fig. 3H, I
and Fig. S4, the pore size of 6% OVA sponge scaffolds ranged from 20 to
60 pm with an average porosity of 54.48%, while 8% OVA sponge
scaffolds had a pore size range of 10-30 pm with an average porosity of
45.44%, which significant decreased compared to 6% OVA sponge
scaffolds. Therefore, 8% OVA sponge scaffolds were selected for subse-
quent experiments. In Fig. 3J, N and Fig. S5, the stress-strain curves
showed that the OVA sponge scaffolds crosslinked with different con-
centrations of EDC had good mechanical properties, and was able to
undergo significant elastic strain under the action of external forces. The
elastic modulus of the OVA sponge scaffolds increased with EDC con-
centration. Moreover, the OVA sponge scaffolds of E4 and E2 groups
remained structurally intact even after subjected to 50 compression
tests. However, in the E0.5 group, the structure of the scaffolds was
damaged after the 20th compression. The initial height of the three
groups of OVA sponge scaffolds was 0.5 cm before testing, and was
about 0.2 cm after the initial compression test, then the scaffolds
recovered to their original state quickly after being put into PBS, which
indicated that the OVA scaffolds showed good shape memory properties.
E4 group was able to recover to its original state after 50 compression
tests, while E2 group recovered to its original state only in the initial 10
cycle tests, and its structure was damaged and irreversible in the
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Fig. 2. Chemical characterization of EDC cross-linked OVA scaffold. (A) FTIR Spectra of OVA Membrane Crosslinked with EDC and ethanol, A1: OVA membrane
cross-linked with 5 mM EDC and different concentrations of ethanol, A2: OVA membrane crosslinked with different concentrations of EDC and 70 % ethanol, (B) FTIR
spectra of OVA fiber scaffold, (C) FTIR spectra of OVA Sponge Scaffold, (D) Full spectra of XPS test, D1: High-resolution spectra of Cl1s and S1s elements in E10/70%

group, D2: OVA group.

subsequent tests. The compression test results show that the concen-
tration of cross-linking agent affected the compressive strength of OVA
scaffolds. The results in Fig. 3K show that among the six groups of
sponge scaffolds, E2 group had the smallest contact angle and the best
hydrophilicity. The results in Fig. 3L and M show that the degradation
rate of the sponge scaffolds could be adjusted by adjusting EDC cross-
linking agent. Within 21 days, all five groups of sponge scaffolds
showed degradation behavior, with the highest degradation rate in
group E1. And with the increase of crosslinker concentration, the
degradation rate of sponge scaffolds gradually increased, reaching the
maximum value at group E1 (=3.4 times of the initial weight).

2.3. In vitro bioevaluation

The cytotoxicity of the OVA implants was evaluated by 3- (4,5)-
dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay
after culturing the L929 cell line for 24 h using the extracts of OVA
membranes for 1 d and 3 d, as shown in Fig. 4A. The results showed that
the cell viability of all OVA implants was greater than 90% compared
with the control group, indicating no significant cytotoxicity and suit-
able for subsequent cell cultures. The cell viability of each group at 3
d was overall higher than that of 1 d. Schwann cells were then cultured
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on the OVA membrane, and cell viability assays were performed after 1
and 3 d of culture. As shown in Figs. S6-7, the number of live cells on the
OVA membranes of each group was significantly higher than the dead
cells, and the cells were evenly distributed on the membrane surface,
almost no dead cells were observed in the experimental group. The re-
sults of live-dead staining further indicated that the OVA membrane was
not cytotoxic. The hemolytic performance of the OVA membranes was
evaluated by in vitro hemolysis rate assay. The results in Fig. 4B and C
showed that there was no difference in color between the experimental
groups and the control group, and the hemolysis rate of all OVA mem-
branes was less than 1%, indicating all OVA membrane were not easy to
cause hemolysis.

As shown in Fig. 4D-F, Schwann cells grew poorly in the E10/50%
group with low cell number, but grew better in other OVA membranes,
and the cells were easy to aggregate in the E1/50% and E5/50% groups.
However, in the E1/70%, E5/70% and E10/70% groups, the cell dis-
tribution was uniform and the cell morphology was good, and the cell
distribution in the E5/70% and E10/70% groups was more and the
growth morphology was better than that in the other groups, which
further proved that the OVA membrane was biocompatible and suitable
for cell growth and proliferation. After culturing Schwann cells on the
OVA fiber scaffolds for 3 d, toluidine blue O (TBO) staining was
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Fig. 3. Physical characterization of OVA implants with three forms. (A) SEM observation of OVA membrane and fiber, (B) Statistical results of OVA fiber diameter at
different flow rates, n = 30 (C) Statistical results of OVA fiber diameter at different voltages, n = 30 (D) Swelling ratio test of OVA membrane, n = 3 (E) Quantitative
analysis of contact angle of OVA membrane, n = 30 (F) Statistics of elastic modulus of OVA membrane before and after crosslinking, n = 5 (G) Quantitative statistical
analysis of contact angle of OVA fiber scaffolds, n = 30 (H) SEM observation of 8% OVA sponge scaffolds, (I) Quantitative analysis of pore size of sponge scaffolds, (J)
Elastic modulus statistics of sponge scaffolds, n = 5 (K) Quantitative statistical analysis of contact angle of OVA sponge scaffolds, n = 28 (L) Degradation rate of OVA
sponge scaffolds, n = 5 (M) Swelling rate of sponge scaffolds, n = 3 (N) 50-cycle compression test of E4 sponge scaffold. Data are shown as means + SD. Statistical

analysis: ***p<0.001, ****p<0.0001, ns no significance.

performed, shown in Fig. 4G-I, Schwann cells were evenly distributed
on the OVA fiber scaffolds and had good cell morphology. Scanning
electron microscopy (SEM) results in Fig. S8 showed that the 20 kV 20
pL/min and 20 kV 25 pL/min had better cell growth morphology and
more cells than the other groups. The cell morphology, distribution and
infiltration of Schwann cells were additionally evaluated 7 days after
incubation on E2 sponge scaffolds. Fig. 4J shows the stained image of the
middle cross-section part of the sponge scaffold, which showed that
Schwann cells migrated inside the pores of the sponge scaffold and the
cell growth status inside the pores was good, indicating that the three-
dimensional mesh structure of the sponge scaffolds were favorable for
the culture of Schwann cells.
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2.4. Subcutaneous inflammation reaction

To evaluate the safety and biocompatibility of OVA implants
(membrane, fiber scaffolds, and sponge scaffolds) in vivo, the subcu-
taneous implantation surgeries in ICR mice performed for one week and
two weeks, and the degree of local inflammatory reactions in the tissues
was detected by hematoxylin and eosin (H&E) staining, immunofluo-
rescence staining, and enzyme-linked immunosorbent assay (ELISA). As
shown in Fig. S9, the green triangles represented the OVA implants and
the blue circles were the surrounding tissues. More cellular infiltration
into the inner interstitial space of the scaffolds could be observed in the
H&E staining images in the 20 kV 20 pL/min, 20 kV 25 pL/min, E2, and
E4 groups, whereas more cellular nuclei were observed to be distributed
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Fig. 4. Biocompatibility evaluation of OVA implants with three forms. (A) Cell viability statistics of OVA scaffolds with three forms, n = 6 (B) Photo of different OVA
membranes incubated with red blood cells, (C) Hemolysis rate statistics, n = 6 (D) Immunofluorescence images of RSC96 cells grown on different OVA membranes for
3 days, (E) Number of Schwann cells, n = 5 (F) Statistics of cell differentiation length, n = 30 (G) TBO staining images of RSC96 cells on OVA fiber scaffolds, (H)
Number of Schwann cells, n = 5 (I) Differentiation length of Schwann cells, n = 30 (J) H&E staining images of E2 group sponge scaffolds cross section. Data are
shown as means + SD. Statistical analysis: *p <0.05, ***p <0.001, ****p<0.0001, ns no significance.

on the outer edges of the grafts, in E5/70% and E10/70%, respectively,
rather than in the grafts. The fluorescence intensity of CD86 in
Figs. SI0A-C was significantly lower than that of the normal group in
both the E10/70% and 20 kV 20 pL/min groups, and the fluorescence
intensity of CD86 was slightly lower than that of the normal group in
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both the E5/70% and 20 kV 25 pL/min groups, but there was no sig-
nificant difference from the normal group. In contrast, the one-week
CD163 fluorescence intensity of the experiment group was signifi-
cantly higher than that of the normal group. As shown in Fig. 5A-C, the
two-week CD86 staining fluorescence intensity of the 20 kV 25 pyL/min
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Fig. 5. Subcutaneous inflammation reaction of the OVA implants for 2 weeks, including E5/70%, E10/70%, 20 kV 20 pL/min, 20 kV 25 pL/min, E2, E4 and normal
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average immunofluorescence intensity statistics, n = 5 (C) CD163 average immunofluorescence intensity statistics, n = 5 (D) The ratio of CD86,/CD163 in the tissue

around the OVA scaffold. Data are shown as means + SD. Statistical analysis:

and E2 groups was significantly lower than that of the normal group, but
the other groups showed no difference from the normal group. The two-
week CD163 fluorescence intensities of the E5/70%, E10/70%, and E4
groups were significantly higher than that of the control group, while
the fluorescence intensity of CD163 in 20 kV 20 pL/min, 20 kV 25 pL/
min, and E2 groups was slightly higher than that of the normal group,
but was not significantly different from the normal group.

These results suggested that M1 macrophages could not be activated
rapidly around OVA implants to generate an inflammatory response, but
OVA implants favored the recruitment of M2 macrophages. The pro-
portion of M1/M2 macrophages serves as one of the indicators of the
inflammation degree in local tissues, and the ratio of M1/M2 macro-
phages has a greater potential in inflammation and tissue injury repair.
In general, the better the biocompatibility, the smaller the M1/M2
macrophage ratio of the biomaterial. As shown in Fig. S10D, the CD86/
CD163 ratio in the tissues around the OVA implants was significantly
lower than that in the normal group after 1 w of implantation, and the
CD86/CD163 ratio was the lowest in the 20 kV 20 pL/min group. In
Fig. 5D, the CD86/CD163 ratio in the tissues surrounding the implants in
the 20 kV 25 pL/min group was slightly lower than that in the normal
group 2 w after implantation, but there was no significant difference,
and the other groups displayed significantly lower ratio than that in the
normal group, with the lowest CD86,/CD163 ratio appeared in the E5/
70% group. These results indicated that there was no significant in-
flammatory response around the OVA implants with the extension of
time.

2.5. Immune cell proliferation response

To investigate the implant inflammatory response at 1 w and 2 w, the
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*p<0.05, **p<0.01, ***p<0.001, ns no significance.

concentrations of the inflammatory factors IL-10 and TNF-a in the tis-
sues surrounding the implants were determined. As shown in Fig. 6A,
the concentrations of IL-10 in the tissues surrounding the OVA implants
were significantly higher than normal tissues after 1 w of implantation,
and the concentrations of IL-10 in the E5/70% and E2 groups were
higher than those of the other implants, with the highest concentration
of IL-10 of up to 5575.59 pg/mL in the E2 group. After 2 w of implan-
tation, the concentrations of IL-10 in the tissues surrounding the three
forms of OVA implants were still higher than normal tissues. However,
the concentrations of IL-10 in the E5/70%, E10/70%, and 20 kV 20 pL/
min groups were substantially lower after 2 w of implantation compared
with 1 w of implantation. As shown in Fig. 6B, the concentration of TNF-
a in the tissues surrounding the E4 group was not significantly different
from that of normal tissues after 1 w of implantation, while the other five
groups were significantly higher than that of normal tissues, and the
highest concentration of TNF-a was found in the E10/70% group, which
was up to 2348.79 pg/mL. After 2 w of implantation, the concentration
of TNF-a in the E2 group was increased compared with that of implan-
tation for 1 w, and, the TNF-a concentration in the other five groups was
slightly lower than that of implantation for 1 w. In addition, the con-
centration of IL-10 was significantly higher than that of TNF-ua at both
the 1 w and 2 w. To further investigate the immune cell proliferative
response of the OVA implants, CD3 fluorescence staining was performed
on the peri-implant tissues (Fig. 6C), the fluorescence intensities of CD3-
labeled cells were lower at the 1st week subcutaneous tissues than that
at the 2nd week, suggesting that the T-lymphocyte infiltration was
increased with the extension of time. As shown in Fig. 6D and E, the
results indicated that the CD3 fluorescence intensity at the subcutaneous
transplantation site of all OVA implants was not significantly different
from that of the surrounding tissues, indicating no immunogenic. The
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Fig. 6. Inflammatory factors and immune cells of the OVA implants for 1 week and 2 weeks, including E5/70%, E10/70%, 20 kV 20 pL/min, 20 kV 25 pL/min, E2,
E4 and normal tissue, respectively. (A) The concentration of IL-10 in the tissue around the implant, n = 3 (B) The concentration of TNF-a, n = 3 (C) Immunoflu-
orescence staining using CD3 antibody and DAPI for analyzing immune cell proliferation response, (D) Quantitative statistics of the average fluorescence intensity of
CD3 in one week, n = 5 (E) Quantitative statistics of the average fluorescence intensity of CD3 in two weeks, n = 5. Data are shown as means + SD. Statistical

analysis: ****p <0.0001, ns no significance.

immune-fluorescence intensity of OVA sponge scaffolds was slightly
lower compared with that of the fiber scaffolds group and OVA mem-
brane group at the two time points. And the immunofluorescence in-
tensity of the fibrous scaffolds was slightly higher than that of the other
two forms of implants in the 1st week but slightly higher than that of the
other groups at the 2nd week, while there was no significant difference
among the groups.

2.6. Growth of the nerve fiber

To investigate the effect of OVA implants on healing after tissue
injury, nerve fiber growth at the subcutaneous injury was detected using
immunofluorescence staining. As shown in Fig. 7A, NF200-specific
labeled nerve fibers were shown in green. Normal nerve fibers were
used as the control group. As shown in Fig. 7B and C, the fluorescence
intensity of nerve fibers in the E10/70% and 20 kV 25 pL/min groups
was lower than that of the control group in the one-week time point,
indicating that in a short period of time, the growth of nerve fibers in the
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E10/70% and 20 kV 25 pL/min groups failed to reach that of the normal
group. The fluorescence intensity of nerve fibers in the 20 kV 20 pL/min
group was the highest. The fluorescence intensity of nerve fibers in the
six OVA implants groups was higher than that in the control group at the
two-week time point, indicating that OVA implants could promote nerve
fiber regeneration at the injury site. In addition, the E5/70% group
showed the highest nerve fiber fluorescence intensity. Taken together,
these results indicate that the E5/70% group and the 20 kV 20 pL/min
group promoted nerve fiber regeneration best.

2.7. Transcriptome sequencing and reverse transcription-polymerase
chain reaction (RT-PCR)

As shown in Fig. 8A, the concentration of NGF released from
Schwann cells in the control group was only 39.22 ng/L, but was higher
in the OVA implants groups. The highest concentration of NGF was
found in the 20 kV 20 pL/min group, which was 55.52 ng/L. Fig. 8B
shows that the control group had a total of 96 genes up-regulated and 93
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genes down-regulated compared with the 20 kV 20 pL/min group, 155
genes up-regulated and 101 genes down-regulated compared with the
E5/70% group, and 287 genes up-regulated and 356 genes down-
regulated compared to the E2 group. The above differential expression
analysis (DEG) were plotted into a volcano map and shown in Fig. S11,
with red dots indicating up-regulation of differential genes and blue dots
indicating down-regulation of differential genes. By analyzing the bio-
logical functions involved in all the up-regulated and down-regulated
genes, the major biochemical metabolic pathways and signaling path-
ways involved in the differential genes in the four groups of samples
could be identified, as shown in Fig. S12. The degree of kyoto encyclo-
pedia of genes and genomes (KEGG) enrichment was measured by the
number of genes enriched to this pathway by multiple factors, and the
results indicated that the expressed genes were mainly involved in the
TNF signaling pathway, the PI3K-Akt pathway, the ECM receptor
interaction pathway, the MAPK signaling pathway, the cytokine and
chemokine signaling pathway, the axon guidance, the cellular adhesion
junctions, the nerve regeneration. By screening the results of the above
DEGs, the heatmap results are shown in Fig. 8C, the genes related to the
biological functions of cell adhesion, proliferation, migration, myelin
sheath formation, nerve regeneration, and Ca?* transmembrane ex-
change were selected to re-analyze the differential gene class clustering,
the E2 group had more genes positively regulated in cell proliferation,
migration, and Ca®" transmembrane exchange, the control group had
the least number of genes positively regulated, suggesting that OVA
sponge scaffolds were able to modulate differential expression of the
relevant genes. RT-PCR was further used to detect the mRNA levels of
key genes related to chemotactic response, nerve regeneration and
axonal growth. As shown in Fig. 8D, the mRNA levels of EGR2, Met and
MPZ were significantly up-regulated in the experimental groups
compared with the control group, the mRNA level of ERG2 was higher in
the E2 group than other groups, the mRNA level of Met was higher in the
20 kV 20 pL/min group than other groups, and the mRNA level of YAP
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was significantly higher in the E5/70% group than the control group.

3. Discussion

Numerous biomaterials have been widely used for peripheral nerve
regeneration in the last two decades and achieve considerable progress
[37]. Artificial nerve implants prepared from natural and synthetic
biomaterials have been reported to be effective in promoting regener-
ation of PNI, but they still do not fully meet the clinical needs currently
[10,38]. OVA is the main protein component in egg white, which has
good biodegradability and nutritional properties, and can be degraded
into active peptide fragments with immunomodulatory functions [14,
16]. The extracted OVA was found to promote cell transformation [39],
thus, the application of non-toxic OVA has potential application for the
treatment of PNI. In this study, OVA membrane, OVA fiber scaffolds and
OVA sponge scaffolds were successfully prepared by using casting
method, electrospinning and freeze-drying technology. The results
showed that the EDC could cross-link the OVA implants well regardless
of the spatial structure, and the physicochemical properties and
biocompatibility of the cross-linking OVA implants were excellent and
there was no obvious cytotoxicity. In vitro experiments showed that
OVA implants were able to regulate the proliferation and morphological
changes of Schwann cells, and the fiber scaffolds in the 20 kV 20 pL/min
group promoted the secretion of more NGF by Schwann cells. In vivo
experiments showed that OVA implants could promote vascularization,
possessed good histocompatibility without inflammatory reaction and
immunogenicity, and the E5/70% and 20 kV 20 pL/min groups were
more conducive to the healing of nerve injury. Mechanism study showed
that OVA implants promote DEGs related to Schwann cell proliferation,
adhesion, migration, myelin formation, nerve regeneration, Ca2"
transmembrane exchange. The study provides an important reference
for the development of artificial implant materials for the repair of PNI.

The mechanical properties of untreated OVA implants are poor and
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scaffold group samples, (C) Heatmap of DEGs of Schwann cells among different groups, (D) mRNA expressions results of the Schwann cells using RT-PCR analysis, n
= 3. Data are shown as means + SD. Statistical analysis: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns no significance.
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could not satisfy the request as tissue engineered scaffolds, therefore the
cross-linking of OVA implants is needed to improve their physical and
chemical properties [19,21]. Although physical cross-linking ensures
the biosafety of the scaffolds, chemical cross-linking was used in this
study to improve the performance of OVA implants due to its insufficient
cross-linking strength [40,41]. The commonly used chemical
cross-linking agents include N,N'-methylenebisacrylamide, glutaralde-
hyde, formaldehyde, etc, but most of these chemicals are cytotoxic and
not suitable for use in tissue engineering [42], while EDC with excellent
biocompatibility and non-toxicity is a zero-degree cross-linking agent
commonly used in the field of protein biochemistry, which can be used
as an activator to catalyze the formation of amide bonds between
carboxyl and amine groups, and is widely used in the biological and
chemical fields [43]. FTIR and XPS results demonstrated the
cross-linking effect of EDC on OVA implants. EDC cross-linking
improved the mechanical properties of OVA implants while maintain-
ing their respective morphological structures and achieving controlled
degradation. Typically, protein-based biomaterials are usually brittle
and have low structural stability, which is not favorable for biomedical
engineering applications [44,45], addition of plasticizers is a method to
solve the above problem, glycerol is a non-volatile organic compound
which could increase the elongation, processability and toughness of the
polymers [46]. Therefore, in this study, glycerol was selected as a
plasticizer, and EDC (1 mM, 5 mM, and 10 mM) was used as crosslinker,
a novel OVA membrane was prepared in different ethanol concentra-
tions (50%, 70%, and 100%). It was found that as the concentration of
the crosslinker increased, the water absorption capacity of the mem-
branes decreased due to the reduction of interchain voids. In addition,
the membrane prepared in 100% ethanol underwent rapid degradation
in water, which was speculated to be possibly due to excessive cross-
linking of the OVA, and the rapid denaturation of the surface OVA
proteins by 100% ethanol reduced the ability of the EDC to penetrate
into the deeper layers of the OVA membrane [39]. In addition, 50%
ethanol cross-linking could not maintain the stable structure of the OVA
membrane, thus 70% ethanol was chosen for cross-linking the samples.
Morphological observations, tensile tests and UV spectral scans showed
that the OVA membrane had good mechanical properties, gas exchange
and easy observation for tissue repair. Moreover, the membrane has
good biocompatibility and is suitable for subsequent cell culture.
Schwann cell culture results showed that the cell growth status of the
E5/70% and E10/70% groups was better than the other groups, and the
OVA membrane could significantly promote cell growth.

In addition to the material bulk and its chemical composition, the
physical and morphological characteristics of the biomaterials surface
also play a role in modulating cell behavior in tissue repair and regen-
eration [23,47]. Protein nanofibers are superior to other polymer fibers
because they are biocompatible, tunable biodegradation, good me-
chanical integrity, and the adjusted size and morphology. Therefore,
protein nanofibers are widely used in biomedical applications such as
tissue engineering, regenerative medicine, drug delivery, and wound
dressings [48]. OVA is a globular protein, and undesirable molecular
entanglements caused by the molecular structure reduce their spinn-
ability and hinder fiber development. The process of electrospinning
using OVA alone is very unstable or difficult to carry out, resulting in
low or no filament production [49]. Several studies loaded OVA onto
other electrospun fibers for controlled drug release studies. For example,
Yang et al. used electrospinning to prepare the OVA@Eth-HA-GC/SF
nanofibrous mats, which significantly inhibited the growth of tumors
in the mouse model, and could be used to efficiently stimulate the im-
mune response in the mouse through transdermal delivery [50]. In this
study, new OVA fiber scaffolds were prepared by using electrospinning
technology, and a variety of spinning solvents were tried for OVA
electrospinning, and it was found that the solubility of OVA in HFIP and
N,N-Dimethylformamide was too low, the use of TFA could be used to
prepare electrospinning solution, but the viscosity of the solution was
too large, which was easy to clog the needles, the use of formic acid
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could be used to prepare electrospinning solution but it did not form
filament, and the viscosity of the electrospinning solution prepared by
using dimethyl sulfoxide as the solvent was too low. The low solubility
may be due to intermolecular interactions of OVA in organic solvents,
which promote electrostatic interactions as well as hydrogen bond for-
mation, leading to protein aggregation [51]. Excessive viscosity may be
due to the fact that the solvent used denatures the protein, destroying
the spatial structure of the protein, exposing the hydrophobic groups
within the molecule, and the aggregation of hydrophobic bonds leading
to excessive viscosity [49]. Finally, under the spinning parameter con-
ditions of OVA solution concentration of 10%, electrospinning time of 5
min, receiving distance of 15 cm, needle type of 20, and voltage of more
than 20 kV, the randomly aligned OVA fibers were successfully prepared
by mixing HFIP and TFA as electrospinning solvents in a ratio of 2:1,
which resulted in a high filament output, uniform fibers without droplet
appearances, and adjustable fiber diameters. The results showed that
both groups of OVA fiber scaffolds, i.e. 20 kV 20 pL/min and 20 kV 25
pL/min, had good hydrophilicity and could better promote the adhesion
and proliferation of Schwann cells. In addition, it was found that the
orientation of nanofibers plays a crucial role in determining the cell
proliferation and adhesion rate, can promote the growth of cells along
with the nanofibers direction [34]. Therefore, the OVA fibers can be
subsequently subjected to further process improvements.

OVA scaffolds have already been applied for bone or soft tissue
repair. Luo et al. prepared porous OVA scaffolds with adjustable prop-
erties using different cross-linking agents, and the study demonstrated
the feasibility of OVA-based scaffolds as cell carriers for soft tissue en-
gineering applications [17]. In this study, OVA was fabricated into
sponge scaffolds with regular porous microstructures and appropriate
mechanical properties by freeze-drying, and cross-linked by EDC to
further increase the mechanical properties of the scaffolds. The OVA
sponge scaffolds were subjected to 50 cycles of compression testing, and
the results showed that the scaffolds possessed better shape memory
properties, and exhibited suitable structural stability by adjusting the
cross-linking strength. Therefore, the scaffolds will be stable for pe-
ripheral nerve injury repair. In addition, by increasing the crosslink
density, the scaffolds can withstand the hydrodynamic forces of the
medium, resulting in a higher swelling ratio. However, increasing the
crosslinking concentration to a certain value resulted in a decrease in the
number of hydrophilic groups, which led to a decrease in the swelling
ratio [52]. MTT and H&E staining results showed that the E2 and E4
groups had good biocompatibility and the porous structure of the sponge
scaffolds favored the growth and infiltration of Schwann cells.

To evaluate the safety and biocompatibility of OVA implants
(membrane, fiber scaffolds, and sponge scaffolds) in vivo, six groups
(E5/70%, E10/70%, E2, E4, 20 kV 20 pL/min, and 20 kV 25 pL/min
groups) were optimally selected for subcutaneous implantation in mice.
One week and two weeks after subcutaneous implantation in ICR mice,
subcutaneous tissues were removed for histological analysis to assess the
tissue response to the implants. After OVA implantation, there was no
significant formation of a fibrous capsule membrane between the im-
plants and the subcutaneous tissue, indicating that the OVA implants
had good histocompatibility. Biomaterials with good biocompatibility
can induce macrophage polarization toward M2-type macrophages,
which are favorable for tissue repair and regeneration, and the ratio of
M1/M2 macrophages serves as one of the indicators of the degree of
inflammation in local tissues, the better the biomaterials with good
biocompatibility, the smaller the M1/M2 macrophage ratio is [53].
Immunohistochemical analysis of macrophages in this study showed
that subcutaneous tissue transplanted with OVA implants had lower
inflammatory responses compared with surrounding tissues. M1 mac-
rophages were not rapidly activated and inflammatory responses around
OVA implants was not generated. Moreover, the OVA implants favor the
accumulation of M2 macrophages. The macrophage ratios of M1/M2 in
the E5/70% group and the 20 kV 20 pL/min group were smaller, indi-
cating better biocompatibility. IL-10 is a cytokine with
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anti-inflammatory activity, and IL-10 mainly inhibits nuclear factor
kappa-B (NF-kB) target genes in macrophages, the MAPK signaling
pathway is one of the key pathways regulating IL-10 [54]. TNF-«a is an
inflammatory factor secreted by immune cells during the onset of acute
inflammation, which is responsible for a variety of intracellular
signaling and promotes cell necrosis or apoptosis [55]. The concentra-
tions of IL-10 and TNF-a in the tissues around the implant were
measured, and IL-10 concentration was significantly higher than TNF-a
in both 1 w and 2 w, indicating the OVA implants could promote the
subsidence of inflammatory response. The IL-10 concentration of in the
OVA sponge scaffolds of E2 group was the highest, which is more
conducive to the repair of tissue damage. T-lymphocytes play a role in
immunomodulation and influence tissue healing, the decrease or in-
crease in T-lymphocytes suggests a slowing down or worsening of
inflammation at the site of injury [56]. CD3 labels almost all T lym-
phocytes, and the immunohistochemical results of CD3 in this study
suggested that OVA implants did not exacerbate the inflammatory
response at the implantation site, which had a favorable impact on tissue
repair and healing. However, the specific mechanisms regarding the role
of T-lymphocytes in peripheral nerve regeneration and repair are
currently unknown.

Both tissue regeneration repair and scar healing involve nerve repair,
which is a critical stage in the tissue healing process [57]. The growth of
neural axons is affected by various regulatory factors and extracellular
matrix in scar tissue and granulation tissue. For example, during tissue
healing, cell growth factors secreted by the relevant cells, such as
vascular endothelial growth factor (VEGF), transforming growth
factor-1 (TGF-1), platelet-derived growth factor (PDGF), and fibroblast
growth factors (FGFs) can promote cell growth and differentiation,
which have a significant role in wound healing [58]. In this study,
immunohistochemical analysis was performed on the subcutaneous
injury site, and the fluorescence intensity of nerve fibers in the E10/70%
and 20 kV 25 pL/min groups was lower than that of normal tissues at the
one-week time point, indicating that the amount of nerve fiber growth
promoted by the membrane in the E10/70% group and the fiber scaf-
folds in the 20 kV 25 pL/min group failed to reach the level of normal
tissues in a short period of time. The fluorescence intensity of nerve fi-
bers in all OVA implants groups was higher than that in the control
group at the two-week time point, indicating that OVA implants could
effectively promote the regeneration of nerve fibers at the injury after a
period of time. And the E5/70% group membrane and 20 kV 20 pL/min
group fiber scaffolds were more conducive to promoting nerve fiber
regeneration. NGF is a neurotrophic factor innervated by sensory and
sympathetic neuronal projections that stimulates synaptic growth and
nerve regeneration after injury [59]. Here, Schwann cells were cultured
on the implants of E5/70%, E2 and 20 kV 20 pL/min and cultured for 3
days to investigate the effect on the secretion of NGF involved in the
tissue healing process, and the results showed that the fiber scaffolds of
the 20 kV 20 pL/min group promoted the Schwann cells to secrete more
NGF than other groups.

It has been reported that OVA induced increased levels of NF-kB and
IkB-o phosphorylation, expression of NF-kB target genes, and cytokine-
associated janus kinase 2 (JAK2)/signal transducer and activator of
transcription 3 (STAT3) phosphorylation. In addition, activated JAK2/
STAT3 signaling increased the number of Ki67 proliferating cells and the
target genes expression of developmental pathway in an inflammatory
model, thereby promoting tissue regeneration [51]. In this study, the
results of high-throughput sequencing showed that the E2 group sponge
scaffolds promoted the DEGs related to functions such as Schwann cell
proliferation, migration, and Ca®" transmembrane exchange. The
E5/70% membrane promoted the DEGs related to functions such as
Schwann cell adhesion and nerve regeneration. These differential genes
are involved in a variety of biological processes, including TNF signaling
pathway, MAPK signaling pathway, PI3K-Akt pathway, ECM receptor
interaction pathway, cytokine and chemokine signaling pathway, cell
adhesion and proliferation, nerve regeneration, myelin sheath
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formation, and Ca®" transmembrane exchange. In addition, RT-PCR
results showed that the prepared OVA implants could significantly
upregulate the expression of EGR2, Met, MPZ and YAP. Combining the
results of mRNA-Sequence and RT-PCR experiments, we proposed a
possible mechanism by which different forms of OVA implants regulate
peripheral nerve regeneration (Fig. 9). PI3K binding to epidermal
growth factor receptor (EGFR) changes the structure of Akt protein to
activate Akt protein, and the activated Akt protein can activate or inhibit
downstream activities of related proteins, thus regulating the processes
of cell proliferation, differentiation and apoptosis. PI3K can activate the
transcription factor inhibitor of kappa B kinase (IKK), which can be
phosphorylated to IkB-a protein after activation, causing NF-kB
detachment, which is then transferred to the nucleus and binds to the
DNA, leading to altered cellular functions [60]. When GTP replaces GDP
and binds to Ras, it phosphorylates and activates the downstream
pathway Raf, which in turn activates the cascade amplification reaction
of serothreonine kinase and ultimately activates extracellular regulated
protein kinases (Erk)/MAPK, thus regulating cell adhesion and pre-
venting apoptosis. TNF signaling activates the downstream signaling
pathway of NF-kB, which is an important nuclear transcription factor in
the cell. The MAPK pathway transmits signals to the nucleus to activate a
large number of transcription factors, many of which up-regulate mye-
lination-related genes and proteins in Schwann cells, thereby regulating
Schwann cell myelination [61]. Interleukin-17 (IL-17), secreted by
helper T cells (Th17) and innate immune cells, among others, is an
important pro-inflammatory cytokine, which plays a key role in a vari-
ety of inflammatory responses and autoimmune disease processes. IL-17
receptor (IL-17 R) activates downstream MAPK and NF-kB signaling
pathways through the signaling complex IL-17 R-Act1-TRAF6. In addi-
tion, the activated Ras pathway directly interacts with PI3K, and PI3K
activates the downstream Erk pathway. These signaling pathways
interact with each other to form a complex microenvironment that
regulates cell development and promotes nerve regeneration.

4. Conclusion

In summary, we successfully prepared OVA membranes, OVA fiber
scaffolds, and OVA porous sponge scaffolds by using casting, electro-
spinning, and freeze-drying techniques. The three forms of OVA im-
plants were successfully crosslinked with EDC, which improved the
stability and mechanical properties, but did not change the morphology
and structure of the grafts. The three forms of OVA implants showed
excellent physicochemical properties and were biocompatible without
significant toxicity. The OVA implants promoted vascularization, dis-
played good histocompatibility without inflammatory reaction and
immunogenicity. The highest concentration of IL-10 was obtained in the
tissues around the sponge scaffolds in the E2 group, and the E5/70% and
20 kV 20 pL/min groups were biocompatible and more conducive to
promoting tissue healing. In addition, we found that the sponge scaffolds
in the E2 group significantly up-regulated the DEGs related to cell pro-
liferation, migration and Ca?* transmembrane exchange, the E5/70%
group significantly up-regulated the expression of genes related to cell
adhesion and nerve regeneration, which suggested a possible signaling
pathway for the regulation of nerve regeneration by OVA implants.
Therefore, the OVA implants developed in this study may have a wide
range of applications in peripheral nerve regeneration and other tissue
engineering. The study is also expected to provide a theoretical basis for
the development and design of novel implant materials for nerve
regeneration.
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