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Tissue regeneration requires exogenous and endogenous signals, and there is increasing evidence that the
exogenous microenvironment may play an even more dominant role in the complex process of coordinated
multiple cells. The short-distance peripheral nerve showed a spontaneous regenerative phenomenon, which was
initiated by the guiding role of macrophages. However, it cannot sufficiently restore long-distance nerve injury
by itself. Based on this principle, we firstly constructed a proinflammatory model to prove that abnormal M2
expression reduce the guidance and repair effect of long-distance nerves. Furthermore, a bionic peptide hydrogel
scaffold based on self-assembly was developed to envelop M2-derived regenerative cytokines and extracellular
vesicles (EVs). The cytokines and EVs were quantified to mimic the guidance and regenerative microenvironment
in a direct and mild manner. The bionic scaffold promoted M2 transformation in situ and led to proliferation and
migration of Schwann cells, neuron growth and motor function recovery. Meanwhile, the peptide scaffold
combined with CX3CL1 recruited more blood-derived M2 macrophages to promote long-distance nerve recon-
struction. Overall, we systematically confirmed the important role of M2 in regulating and restoring the injury
peripheral nerve. This bionic peptide hydrogel scaffold mimicked and remodeled the local environment for M2
transformation and recruitment, favoring long-distance peripheral nerve regeneration. It can help to explicate
regulative effect of M2 may be a cause not just a consequence in nerve repair and tissue integration, which
facilitating the development of pro-regenerative biomaterials.

1. Introduction system is one of the most important regenerative tissues and research

model of the human body due to its regenerative phenomenon [6].

Tissue regeneration requires exogenous and endogenous signals from
multiple cell types, with temporal coordination and dynamic reprog-
ramming changes [1]. Most tissues of the human body lack spontaneous
regeneration after injury; in some cases, this is largely explained by
endogenous signals, such as insufficient sources of stem cells [2,3].
However, more evidence has revealed that the exogenous microenvi-
ronment may play an even more dominant role in the complex process of
coordinated regeneration of multiple cells [4,5]. The peripheral nervous
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Complete peripheral nerve transection commonly occurs in medical
and traffic accidents. The injured nerve fibers lead to the loss of motor
activity and sensation in the respective part of the body [7]. The current
clinical treatment for short or critical distances is surgical suturing of the
ends of stumps, and regeneration relies on the replacement of injured
structural cells. In this process, the two stumps are rejoined by change
and reconstruction of the microenvironment into the gap and are
composed of a mixture of inflammatory cells and matrix [8].
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Macrophages are considered to be the most important immune effector
cells because they show plasticity that allows them to react to
tissue-specific signals while retaining the ability to execute core func-
tions as tissue phagocytes [9,10].

After peripheral nerve injury, the stumps retract generating a gap of
several millimeters. The injured myelin and distal axons rapidly
degenerate due to detachment from the neuron bodies and activate the
process of Wallerian degeneration [11]. Macrophages are the main
effector cells responsible for the removal of damaged cell debris, and
they show the classically activated phenotype and strong phagocytosis
accompanied by the secretion of proinflammatory cytokines known as
M1 macrophages at this stage. Currently, it is generally agreed that the
M1-induced inflammatory reaction forms a hostile regenerative micro-
environment [12].

Following the removal of debris, inflammation gradually subsides,
and a regenerative microenvironment is slowly formed through the
cooperation of multiple cells [13]. Macrophages selectively respond to
local hypoxia within the gap named the regenerative bridge region, and
secreted growth factors triggers polarized vascularization [8]. The
newly formed blood vessels play a guiding role in Schwann cell recon-
nection to the distal ends of stumps, and axons of the regenerative nerve
are subsequently formed [14]. At this stage, macrophages change their
phenotype by sensing changes in the microenvironment, and the num-
ber of alternatively activated M2 macrophages increases. They produce
a variety of pro-healing cytokines, further strengthening the regenera-
tive environment and promoting structural cell growth [15-17].
M1-inflammation and M2-regeneration are interdependent and over-
lapping phases. Overall, macrophages are the initiator of endogenous
signals of nerve regeneration, even if the time and rate of transformation
from M1 to M2 phenotype in injured peripheral nerve regeneration are
still unknown.

For long-distance or severe nerve injury, spontaneous nerve regen-
eration cannot be guided by endogenous signals, and a graft is necessary
to bridge the gap between the proximal and distal nerve ends. Autolo-
gous nerve grafts are still the standard of bionics research and have the
best clinical curative effect; however, they are limited to donor sources
and mismatched with the defect sites [18,19]. Alternatively, nerve
guidance conduits are trying to reach the “gold standard” with features
such as appropriate biocompatibility, degradation rate and adequate
mechanical properties [13,20]. The current conduit mainly serves a
guiding role, but regenerative nerves do not show sufficient vitality. The
microenvironment is an essential element during the whole regenera-
tion process [21]. Macrophages participate in all injured nerve regen-
eration processes, and they play a regulatory role [9,22]. The precise
regulation of macrophage transformation and recruitment events by
engineering technology may result in better effects on long-distance
peripheral nerve injury.

Here, we constructed a proinflammatory model (Model 1) to verify
the guidance and repair role of M2 macrophages in long-distance pe-
ripheral nerve injury. A bionic peptide hydrogel scaffold based on self-
assembly was developed to promote M2 programming transformation
in situ (Model 2). M2-derived conditioned medium comprised of
regenerative cytokines and extracellular vesicles (EVs) was made, and
the EVs were quantified and enveloped in hydrogel scaffolds to
contribute to the constructive microenvironment, leading to the prolif-
eration and migration of Schwann cells, neuron growth, and recovery of
muscle motor function. Furthermore, the bionic peptide hydrogel scaf-
fold was combined with chemokines to recruit blood-derived macro-
phages to promote functional nerve recovery (Model 3). We
systematically confirmed the important role of M2 in long-distance pe-
ripheral nerve injury and good regenerative effect of bionic peptide
hydrogel scaffold remodeling of the local environment for M2 trans-
formation and recruitment in a direct and mild manner.
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2. Materials and methods
2.1. Animals

SD adult rats (190 g-210 g) and suckling rats (1d) were received
from Nantong University. All experimental and animal handling pro-
cedures were performed according to the US National Institute of Health
(NIH) guide for the care and use of laboratory animals published by the
US national academy of sciences, and approved by the administration
committee of experimental animals of Jiangsu Province.

2.2. Schwann cells culture

The sciatic nerve of suckling rats were cut into pieces and ground,
hydrolyzed by 1% collagenase for 30 min, and then hydrolyzed in 0.25%
trypsin (Roche, IN, USA) at 37 °C for 5-8 min. Digestion was terminated
with high glucose DMEM containing 10% fetal bovine serum, followed
by centrifugation at 1200 r/min for 5 min. Cells were cultured in DMEM
containing 10% fetal bovine serum. After 16 h, the medium was added
10 mM cytosine arabinoside. Cells were incubated at 37 °C for 24 h to
inhibit the proliferation of fibroblasts. Medium was changed to high
glucose medium supplemented with 10% fetal bovine serum, 2 mM
forskolin and 2 ng/ml heregulin (Sigma, MO, USA) to stimulate
Schwann cell proliferation. The cell density occupied about 90% of the
bottom area of the culture dish, and peeled with 0.25% trypsin.
Schwann and Anti-thy 1.1 antibody (1:1000) were incubated at 4 °C for
2 h, and reacted with complement (Jackson, PA, USA) at 37 °C for 30
min to clear fibroblasts.

2.3. M2 macrophages culture

The macrophages were received from SD rat ascitic fluid. After cer-
vical dislocation, adult rats were immersed in 75% alcohol for sterilize
and then pre-prepared PBS was injected into the abdominal cavity. The
abdomen was massaged gently for 3-5 min. Remove the abdominal fluid
and centrifuge at 1000 r/min for 10 min. Cells were cultured in a me-
dium containing 10% fetal bovine serum and 10 ng/ml IL-4 to polarize
into M2 macrophages. The supernatant was collected known as M2-
conditioned medium for subsequent experiments, and store at —80 °C.

2.4. Cell viability assay

The cells were plated in 24-well and cultured at 37 °C for 24 h. Then
the supernatant was removed and cleaned with PBS for 3 times. Each
well was added with 0.3 pL Calcein AM and PI, incubated at 37 °C for 30
min away from light. The living cells (Green) and dead cells (Red) were
observed by fluorescence microscopy.

2.5. Cell proliferation experiment

RSC96 were cultured in 24-well plates with a density of 30%, and the
cells were divided into four groups. There are media, M2-conditioned
medium, scaffold and bionic scaffold group. The dilute Edu solution
(1:1000) was mixed with cells and cultured at 37 °C for 4 h. The cells
was fixed in 4% polyformaldehyde at 25 °C for 30 min and permeated
with PBS solution which containing 0.3% TritonX-100 for 15 min. Then
cells were observed under confocal microscope (Leica TCS SP5).

2.6. Cell migration experiment

The isolation chambers were attached the bottom of the 12-well
plate, and the cells were added. Take pictures with transmitted light
at 2, 4, 8, 12 and 24 h respectively, and record the migration distance of
cells. The migration distance is the absolute value of the gap between
two cells minus the gap at the beginning of migration.
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2.7. Luminex multiplex array

The cell supernatant was collected and removed particulates by
centrifugation. Array buffer was added into 4-well multi-dish serving as
a block buffer. Place membrane into 4-well multi-dish with the number
facing upward. Incubate for 1 h on a rocking platform shaker. Add 15 pL
detection antibody cocktail to the sample and incubate at room tem-
perature for 1 h. Then aspirate array buffer and add prepared sample.
Incubate overnight at 4 °C on a rocking platform shaker. Wash the
membrane with wash buffer for 10 min on a rocking platform shaker for
three times. Add the membrane into 2 mL of diluted streptavidin-HRP of
the 4-well multi-dish. Incubate for 30 min at room temperature on a
rocking platform shaker. Lay chemi-reagent mix on the membrane and
expose to X-ray film for 1-10 min.

2.8. Real-time quantitative PCR analysis

Total RNA was collected and the ratio of A260:A280 was used to
indicate the purity. Complementary DNA (cDNA) was generated using
the First Strand ¢cDNA Synthesis kit, according to the manufacturer’s
instructions. QRT-PCR was performed with SYBR-Green PCR Master Mix
(Roche, Basel, Switzerland) and Applied Biosystems 7500 Fast System
(ABI, CA, USA). Relative levels of gene expression were determined with
GAPDH as the control.

2.9. ELISA

Cytokines and chemokines were assayed by ELISA, 100 pL of stan-
dard sample or experimental sample were added into each well and
incubated at 37 °C for 90 min. After the liquid was removed, detected
antibody was added into each well and incubated 60 min. After the
solution was removed, 100 pL enzyme-bound substrate was added and
incubated at 37 °C for 30 min. The substrate solution was incubated for
15 min, then the termination solution was added. OD value was
measured at 450 nm by spectrophotometer.

2.10. Immunofluorescence staining analysis

The sciatic nerve on the surgical side was taken out and the part of
regenerated nerve in the silicone tube was preserved. The tissue was cut
transversely or longitudinally into pieces in frozen microtome and then
dried. S100 (Abcam, ab52642), Tuj-1 (Abcam, ab25770) or CD206
rabbit (Proteintech, 18704-1-AP) were selected as the first antibody and
incubated at 4 °C for 12 h. CY-3 anti-rabbit (Abcam, ab6939) was the
second antibody, and were observed under a confocal microscope.

2.11. Flow cytometry

Cells were digested with 0.25% trypsin and fixed with 4% para-
formaldehyde for 30 min. After the cells were washed with PBS for three
times, they were incubated with the fluorescently-labeled antibody for 1
h at room temperature, and then the positive cells were detected. In vivo
study, the silicone tube on the surgical side was taken out and the liquid
in the tube was collected in 1 ml of PBS. The total number of positive
cells were detected by flow cytometry.

2.12. Animal models

Proinflammatory model: adult rats were randomly divided into
natural group (PBS) and inflammatory group (Mix agonist, 1 pg/pL CpG
ODNSs + 1 pg/pL LPS) was injected into a silicone tube. The sciatic nerve
tissue preparation animals were anesthetized by intraperitoneal injec-
tion of a combined anesthetic solution of sodium pentobarbital and
chloral hydrate (0.3 mL/100 g). The left sciatic nerve was exposed by
incising the skin and splitting the muscle. A segment of the sciatic nerve
was cut and excised, and the defect was 7-mm. Then, the proximal and
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distal ends of the sciatic nerve were connected with a silicone tube and
sutured with 7-0 surgical suture, and the muscle tissue and skin wound
were closed with 4-0 surgical suture.

Bionic scaffold model: adult rats were randomly divided into auto-
graft group, media group, M2-conditioned medium group (M2-C),
scaffold group (Scaffold) and bionic scaffold group (Bio-scaffold). The
nerve stumps were transected to create 10-mm nerve defects and each
group was injected with 30 pL of media or hydrogel. The surgical pro-
cedure and experimental methods were the same as above.

Recruitment experiment model: adult rats were randomly divided
into autograft group, MCP-1 or CX3CL1 was enveloped in bionic scaffold
group, and macrophages were depleted using clodronate liposomes
(Inhibitor). Media and bionic peptide scaffold served as control group.
The nerve stumps were transected to create 12-mm nerve defects and
each group was injected with 30 pL of media or hydrogel. The surgical
procedure and experimental methods were the same as above.

2.13. Motor functional analysis and electrophysiological examination

At 8 week after the nerve defect, the footprints were measured by the
catwalk system and the sciatic functional index (SFI) was calculated and
scored according to the BMS standard. Rats were anesthetized and
sciatic nerves on the operative and non-operative sides were re-exposed.
Electrical stimulation (10 mV) was sequentially applied to the proximal
and distal nerve stumps, and compound muscle action potentials
(CMAP) of gastrocnemius were recorded. The CMAP of non-surgical side
was known as the normal group and the negative wave amplitudes in the
electrophysiological evaluation results of each group were compared.
Rats were perfused and the gastrocnemius muscle on the operated side
and the non-operated side were taken out. The wet weight ratio in each
group was calculate.

2.14. Transmission electron microscopy and HE staining

The regenerated nerve in the nerve conduit was dissociated and
detected. The samples were used to measure and count the thickness and
the density of regenerated nerve in each experimental group by Image J.
The gastrocnemius muscle was fixed in 4% paraformaldehyde and tissue
was dissociated from the muscle. The tissues were coated with paraffin,
dehydrated with ethanol, and then sliced. The sample slides were
stained with hematoxylin solution, eosin solution and then sealed with
A-resin.

2.15. Statistical analysis

Standard statistical tests including an unpaired two-tailed student’s
t-test and one-way ANOVA were used to evaluate the significance. P <
0.05 was considered to indicate a statistically significant difference.

3. Results

3.1. Disturbance of the local microenvironment reduced M2 macrophages
within the bridge after long-distance peripheral nerve injury

The sciatic nerve was transected and bridged with a tube filled with
mixed agonist. Local injured nerves were immersed in an inflammatory
state compared with the natural repair group due to high concentrations
of agonist, which disturbed programmed regeneration. After injury,
macrophages were found to be the most important immune cells in the
bridge, and it is well accepted that M2-like macrophages play an
important role in tissue regeneration. Flow cytometry analysis showed
that the percentages of M2 macrophages (Iba-1"CD206") were 2.38%
and 29.4% at day 3 and 7 after nerve injury in the natural repair group,
respectively. It also increased in the inflammation group; however, the
percentages were 0% and 5.79% at day 3 and 7. M2 expression was
delayed and significantly lower in the early stage of injury, which is
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considered the optimal time for damaged tissue repair (Fig. 1A and B).
Localization of M2 macrophages via immunofluorescence staining for
CD206 was performed. At day 3, more M2 macrophages appeared in the
proximal and distal ends of the injured nervous tissue and there were no
significant differences in the middle of the bridge (Fig. 1C). At day 7,
they were distributed in the whole bridge. The percentage of M2 mac-
rophages was lower and the pro-inflammatory TNF-a was higher in the
regenerative process of inflammation group (Fig. 1D and E, Fig. S1).
These results indicated that high concentrations of agonist reduced M2
macrophages within the bridge after long-distance peripheral nerve
injury. The percentage of M2 macrophages was lower in the middle
compared with the two ends of the stumps at the early stage of injury,
which indicated a guiding effect on nerve regeneration.

Two weeks after the conduit implantation into the rat sciatic nerve,
the length and fluorescence intensity of Schwann cells also significantly
decreased in the mixed agonist group (Fig. 2A-C). At the same time, the
number of regenerative nerve cells in the mixed agonist group was
dramatically reduced by approximately 48% compared to that in the
natural control group, confirming that the decreased percentage of M2
macrophages delayed injury sciatic nerve regeneration (Fig. 2D). The
middle of the regenerative bridge shows a lower intensity of newly
formed tissue, which is consistent with the localization of M2 macro-
phages. We further evaluated functional recovery after peripheral nerve
injury in local excessive inflammation, and the compound muscle action
potential (CMAP) of the gastrocnemius muscle was recorded using
electromyography 8 weeks after surgery and representative electro-
physiological images of the two groups are shown in Fig. 2E. The CMAP
amplitude in the mixed agonist group at both the proximal and distal
ends of the injured nervous was significantly lower than that in the
natural group (Fig. 2F). Gradual achievement of normal gait is also a
sign of functional recovery. The sciatic functional index (SFI) was used
to analyze rat gait and assess nerve regeneration. Representative foot-
prints from each group are shown in Fig. 2G. The SFI in the natural
recovery groups was significantly higher than that in the inflammatory
group at 8 weeks (Fig. 2H, Fig. S2). These results indicated that excessive
inflammation decreased the expression and guidance of M2 macro-
phages, leading to worse motor neurologic functional recovery.

Peripheral nerve injury

Day3
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3.2. Construction and characterization of bionic peptide hydrogel scaffold

Biomimetic scaffolds are increasingly used to support or reprogram
the complex regenerative microenvironment by providing structural
stability and mechanical restoration. In our research, the self-assembling
peptide FEFEFKFK (FEFK), which is composed of a core of alternating
hydrophilic and hydrophobic residues that drive assembly to form
hydrogel, was applied as a functional scaffold material. The flanking
domains were designed by incorporating the short BDNF mimic peptide
IKRG to form a nanoartificial neurotrophic factor, which promoted the
rapid regeneration of injured nerves (Fig. 3A, Figs. S3-4). To better form
the hydrogel assembly, an equal proportion of FEFK was mixed with
nanoartificial factor to form scaffold. Fig. 3B indicates that the scaffold
shows a typical p-sheet conformation with minimum and maximum
molar ellipticity at 202 nm and 198 nm, respectively. It has been
confirmed that such a p-sheet structure is stable over a wide range of
temperatures and pH values. The scaffold spontaneously assembled into
nanofibers when it was exposed to cell culture media or buffer solution,
as shown in the TEM image (Fig. 3C). It developed into long fibers after
12 h, and formation of fiber aggregation or bundles occurred after 72 h.
The length of such nanofibers increased with assembly time, and more
nanofibrous networks formed via an end-to-end fiber-fiber aggregation
mechanism. Nanofibers were singly distributed, and long nanofibers
were either singly distributed or aggregated via entanglements.

To further mimicked the complex immune microenvironment, M2-
derived conditional medium (M2-C) was enveloped forming bionic
peptide scaffold. Fig. 3D shows that M2-C had a large content of
regenerative cytokines, including IL-10, IL-1ra, and IL-1f, and chemo-
kines, such as CCL5 and CCL20, which were detected using Luminex
multiplex technology. Meanwhile, mature M2 macrophages secreted
multiple growth factors and EVs to transmit a stimulatory signal and
reconstruct the regenerative microenvironment (Fig. 3E). The cytokine
levels in the M2-C were quantified by ELISA after 72 h of cell culture.
VEGF and IL-10 had higher concentrations than the other cytokines
(Fig. 3F). The rheological analysis demonstrated that the encapsulation
of cytokines did not significantly change the hydrogel modulus
(Fig. 3G). The peptide hydrogel scaffold was able to encapsulate M2-
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Fig. 2. Local excessive inflammation delayed the sciatic nerve regeneration and functional recovery. A, Representative immunofluorescent images of the longitudinal
sections of natural and mixed agonist group at 2 week post-implantation, showing the distribution of nerve (Tuj-1, green) and Schwann cells (§100, red) within
different groups. B-C, Quantification of the area and length of Schwann cells in the middle of bridge. D, Quantification of the number of regenerated nerve fibers. E-F,
Representative electromyography and peak amplitude of CMAPs of natural and mixed agonist groups at 8 week post-implantation. G-H, Representative footprint and
SFI values at 8 week post-implantation. N > 5 per group. The values represent mean =+ S.D. from at least three independent experiments, and statistical significance
was determined by an unpaired two-tailed student’s t-test relative to natural group (P values indicated when significant).

secreted cytokines forming bionic scaffold (bio-scaffold), and there was
an immediate and time-dependent release of cytokines over a 6-day
period, activating and sustaining release from the hydrogel and
remodeling the local immune environment (Fig. 3H).

The viability of macrophages cultured in the bionic peptide scaffold
was not significantly different from that of the control group, suggesting
excellent cytocompatibility (Fig. S5). Pro-transform macrophages
known as MO macrophages were cultured on bionic peptide scaffolds to
investigate their polarization effects. The control group included peptide
scaffold alone (scaffold), M2-conditional and normal medium. As shown
in Fig. 3I-L, more CD206" M2 cells were observed in the bionic peptide
scaffold and conditional medium groups than in the control group. It
have been shown to promote MO polarization by releasing multiple
cytokines into the microenvironment, and the peptide scaffold con-
tained the BDNF mimic motif induced a polarization efficiency of more
than 30%, which further enhanced the phenotypical and functional
transformation of macrophages.

89

3.3. Bionic peptide hydrogel scaffolds enhanced Schwann cell
proliferation, migration and dorsal root ganglion (DRG) growth behavior

To determine whether bionic peptide scaffold could influence
Schwann cell behavior by remodeling the M2 regenerative microenvi-
ronment. The cells were plated in bionic peptide scaffolds and peptide
scaffolds alone, grown in M2-conditioned and normal media were used
as the control groups. After 48 h, the amount of Edu* Schwann cells in
the bionic peptide scaffold group was 2-fold higher than that in the
media group. Relative to the peptide scaffold alone and bionic peptide
scaffold groups, there were no notable differences in the amount of Edu™
Schwann cells in the M2-conditional and normal media groups. This
result indicated that the BDNF mimic motif played a role to some certain
in promoting the proliferation of Schwann cell (Fig. 4A and B). We
further evaluated the proportion of Edu™ cells among the DAPI Schwann
cells. Fig. 4C shows over a 40% increase in Edu™ Schwann cells in the
bionic peptide scaffold group compared to the media group. qRT-PCR
analysis revealed that the specific markers GFAP and p75 were signifi-
cantly up-regulated after culture for 3 days in the bionic peptide scaffold



Bioactive Materials 30 (2023) 85-97

202

Scaffold ﬂ,;

ﬂ._j.

217

P. Yang et al.
A B
N, N, b 198
O_OH O_OH 2 Y
=1
[} o o o o o o 0
(af sy i PRe: E
HN N N N N H u oH
° H o H o H g H o o o @ 40
HN -80
Ll 190 200

- mTo0 ~ronl CN0Y wor®

210 220 230 240 250

Wavelegenth (nm)

m

m  G'Scaffold-M2-C
O G"Scaffold-M2-C

Cytokine released (%)

= VEGF B -
53 cCL20
55 10°
£ o .
e o £ s
eE IL-10 o 10 -
3 =
88 ° .
23 E3E 10t 4 ot
= IL-1ra
10° +
T T 1 0.1
0 200 400 600
I In situ polarization ,]
L _..,} % ¢
\, A
Bionic scaffold MO-macrophages  M2-macrophages
K 20 P=0.0015 " P =0.0480
P =0.0008 _ P =0.0003
- =g
5 8 150 P=0.0026 T 5% P =0.0003
2 2 P =0.0001 IL £8 P<0. 0001
g = 100 g X
25 ]
28 oF 20
Fg s g8
oJ [ o
- T T T T
O 0 R 8
O O O ) O’
& @'v A 88 o .;ar %&* A9
T "

Frequency(rad/s)

Scaffold Bio-scaffold

Fig. 3. Generation and characterization of bionic peptide hydrogel scaffold. A, The amino sequence of peptide scaffold and self-assemble into hydrogel. B-C, Circular
dichroism (CD) spectra and TEM image of peptide nanofiber. Scale bars = 100 nm. D, Luminex multiplex analysis of M2-conditional media. E, TEM of M2-derived
EVs. Scale bars = 100 nm. F, The concentration of M2 secreted cytokines were detected by ELISA. G, Rheological testing of peptide scaffold with H;O or M2-
conditional media. H, The cytokine release profile from the bionic peptide scaffold. Cumulative release was calculated. I, Schematic of bionic peptide scaffold
induce MO macrophages polarization. J, Immunofluorescence of M2 (CD206", red) was determined by confocal laser scanning microscope. K-L, The number and
percent of M2 and results were shown as mean =+ S.D. from at least three independent experiments, and statistical significance was determined by a one-way ANOVA

with multiple comparisons (P values indicated when significant).

group compared with the other three groups (Fig. 4D and E). The BDNF-
related MAPK/ERK signaling pathway was activated by western bolt
analysis (Fig. 4F).

Meanwhile, it showed that Schwann cells displayed faster migration
in the compatible microenvironment of the bionic peptide scaffold than
the other groups at respective time points (Fig. 4G, Fig. S6). In vitro
models of neurite outgrowth provide a means to study axonal regener-
ation potential when DRGs are cultured in different regenerative mi-
croenvironments. As shown in Fig. 2H and I, the average lengths of the
longest axons in the bionic peptide scaffold (1453.9 + 113.8 pm), pep-
tide scaffold alone (1150.3 + 92.7 pm) and M2-conditioned medium
(1049.5 £+ 63.1 pm) groups were significantly longer than that in the
media group (840.1 + 35.6 pm). In addition, the neurite lengths in the

peptide scaffold alone and M2-conditioned medium group were signif-
icantly longer than that in the normal medium group, indicating that
BDNF and M2-conditioned medium synergistically enhanced neurite
outgrowth in vitro.

3.4. Bionic peptide hydrogel scaffolds promoted macrophage
transformation in situ following long-distance peripheral nerve injury

The effect of bionic peptide hydrogel scaffolds on M2 polarization in
situ was investigated using long-distance sciatic nerve injury model. In
the natural injury repair process, a large number of M1 macrophages are
classically activated to possess proinflammatory, phagocytic, and pro-
teolytic functions essential for damaged tissue digestion and debris
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Fig. 4. Bionic peptide hydrogel scaffold regulate Schwann cell proliferation, migration and DRG growth behavior in vitro. A, Representative images of Edu™
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analysis of the expression of GFAP and p75. F, Western blot analysis of p-MEK and MEK. G, The migration level of Schwann cell on different microenvironment
in the scratch test. H, Fluorescence microscope images of DRG stained with NF200. I, Distribution of longest axons in each group. The results were shown as mean +
S.D. from at least three independent experiments, and statistical significance was determined by a one-way ANOVA with multiple comparisons (P values indicated

when significant). NS, not significant.

removal. In this study, the number and proportion of M1 macrophages
gradually decreased in the first two weeks, with percentages of 58.4%,
40.2%, 23.8% and 8.66% at day 1, 3, 7 and 14 in the natural repair
group, respectively. Correspondingly, 53.3%, 37.8%, 18.2% and 3.5%
M1 macrophages were shown in the bionic peptide hydrogel scaffold
group at day 1, 3, 7 and 14, respectively. Statistical significance was
observed at days 3, 7 and 14, which indicated that the bionic peptide
hydrogel scaffold reduced the expression of M1 macrophages to a
certain extent (Fig. 5A and B).

M2 macrophages are related to the regeneration of injured nerves,
and we detected the efficiency of M2 transformation by the biomimetic
local microenvironment. It showed an increase at first and then a
decrease in the first two weeks. The percentage of M2 macrophage was
13.7% higher in the bionic peptide hydrogel scaffold compared to the
control group at day 7. The percentages of M2 macrophages in the bionic
peptide hydrogel scaffold group were 0.98%, 11.4%, 42.2% and 29.9%
atday 1, 3, 7, and 14, respectively, showing the same trend as that in the
natural repair group (Fig. 5C and D). The bionic peptide hydrogel
scaffold regulated the regenerative microenvironment through multiple
cytokines to inhibit M1 and promote M2 transformation in a direct and
mild manner following long-distance peripheral nerve injury.

3.5. Bionic peptide hydrogel scaffolds promoted nerve regeneration and
functional recovery

To determine whether bionic peptide hydrogel in conduits favored
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nerve regeneration, we further evaluated the implanted scaffolds for 8
week. The peptide scaffold alone, M2-conditional medium, normal
medium and autograft groups were used as control. As shown in Fig. 6A,
HE and Masson staining of thin sections revealed the presence of a high
density of cells and ordered tissue in the bionic peptide hydrogel scaffold
and autograft group. However, only sparse and loose cells and tissues
were seen in the media group.

Morphological statistical analysis was performed to investigate nerve
regeneration in each group. For quantitative analysis of morphometric
indices, five sections per sample from the middle of the conduits were
examined. The thickness of the myelin sheath from each group was also
significantly higher than that of the media group (Fig. 6B). The total
number of myelinated axons displayed similar results, but the difference
in the M2-conditional medium group was not significant (Fig. 6C). There
has been increasingly more attention given to the layer number of
myelinated axons from bionic peptide scaffolds, which was comparable
to that of autografts and significantly superior to that of the media group
(Fig. 6D). The diameter of the regenerative nerve fibers was not signif-
icantly different (Fig. 6E). The number and thickness of myelinated
axons and the layer number in the bionic peptide scaffold all revealed
the faster speed and accuracy of nerve conduction.

To determine the functional recovery of sciatic nerve defects with
conduits filled with different scaffolds remodeling the regenerative
microenvironment, electrophysiologic testing was performed to eval-
uate the electrical transduction of regenerated nerves. Representative
images in each group are shown in Fig. 7A. The CMAP amplitude were
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Fig. 6. Morphological statistical analysis of sciatic nerves at 8 week post-implantation. A, HE and Masson staining images of the transverse sections of muscles from
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not significant.
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Fig. 7. Bionic peptide hydrogel scaffold showed better functional recovery. A, Representative electromyography of each group at 8 week post-implantation. B, The
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E, SFI values at 8 week post-implantation. The values represent mean =+ S.D. from at least three independent experiments, and statistical significance was determined
by an unpaired two-tailed student’s t-test relative to natural group (P values indicated when significant).

significantly higher in both the proximal and distal ends of the bionic
peptide hydrogel scaffold and autograft groups than those in the media
group (Fig. 7B). The conduction latency of the group treated with bionic
peptide hydrogel scaffold conduits was significantly shorter than that of
the media group but still longer than that of the autograft group
(Fig. 7C). Footprint assessment was also performed to assess the func-
tional recovery of regenerated nerves (Fig. 7D). The SFI was comparable
between bionic peptide hydrogel scaffold and autograft group, and both
were significantly higher than that of the media group (Fig. 7E). Overall,
it is suggested that BDNF and M2-conditioned medium could work
synergistically to promote axonal regeneration and remyelination.
However, the autograft still outperformed the bionic peptide hydrogel
scaffold.

3.6. Bionic peptide hydrogel scaffolds promoted nerve regeneration
following recruitment of blood-derived M2 macrophages

In addition to their role at the injury site, blood monocyte-derived
macrophages may play an important role in regeneration. We further
combined bionic peptide scaffolds with chemokines targeting blood-
derived macrophages to promote nerve regeneration (Fig. 8A). MCP-1
and CX3CL1 are used to recruit M1 and M2 cells, respectively. As
shown in Fig. 8B, the total number of macrophages was higher in the
bionic peptide scaffold combined with MCP-1 or CX3CL1 group
compared to the scaffold only and the control group at day 7 after pe-
ripheral nerve defect. Clodronate, an inhibitor of macrophages, can
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block blood-derived macrophages and reduce their percentage in local
scaffold. M2 macrophages were increased due to the recruitment effect
of CX3CL1, but there was no significant difference between the MCP-1
and bionic peptide scaffold groups (Fig. 8C).

Muscle structure and function maintenance are also crucial for nerve
regeneration. Thus, we evaluated the weight of the gastrocnemius after
injury nerve bridged a conduit filled with different scaffold. Gastroc-
nemius were harvested 8 week after surgery, and the wet weight ratio
(injured side/healthy side) was calculated. After injury and repair, the
muscle weight showed different degrees of decline in different scaffold
group compared to the autograft, and a better recovery effect was
noticed in the CX3CL1 group (Fig. 8D and E). Blood-derived M2-mar-
cophage, which recruited by CX3CL1, further promoted the muscle re-
covery compared to the bionic peptide scaffold (P = 0.0059). The
morphology of the gastrocnemius was consistent with the observations
by HE and masson staining. The CMAP amplitude were significantly
higher in both the proximal and distal ends of the M2 recruitment group
than those in the bionic peptide scaffold group. The inhibitor group
exhibited a weaker signal, suggesting that blood-derived macrophages
play a crucial role in nerve regeneration (Fig. 8F). Footprint assessment
was also used to evaluate the functional recovery of regenerated nerves.
SFI were significantly higher in the M2 recruitment groups than those in
the bionic peptide scaffold and inhibitor group (Fig. 8G). These results
demonstrated that bionic peptide scaffold combined with CX3CL1
further improved the recovery of injured nerves by recruiting M2 mac-
rophages from the blood.
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Fig. 8. The chemokines recruit blood monocyte-derived M2 improved functional recovery of injuried sciatic nerve. A, Schematic of chemokines induce macrophages
recruitment. B, The total of macrophages and C, The percent of M2 after bridged with nerve conduit filled with bionic peptide hydrogel scaffold encapsulated
chemokines. D, Photographs (left: injured side; right: healthy side) and E, Wet gastrocnemius weight ratio. N > 6 per group. F, The peak amplitude of CMAP. G, SFI
values at 8 week post-implantation. The values represent mean + S.D. from at least three independent experiments, and statistical significance was determined by a
one-way ANOVA with multiple comparisons (B, C, E, G), or by an unpaired two-tailed student’s t-test relative to bionic peptide scaffold group (F) (P values indicated

when significant). NS, not significant.
4. Discussion
4.1. Model 1

During the process of tissue injury and repair, M2-macrophages
participated in the reconstruction of immune microenvironment,
which is critical part of the local regenerative microenvironment. A
massive number of studies have uncovered the important regulatory
effect of macrophages. But, it remains unclear whether the regulative
effect is a consequence or a cause. Macrophages was polarized into M2-
type as a sign and result of tissue regeneration revealing in previous
studies [12,23]. In this study, we firstly concerned whether
M2-macrophages become a trigger not just the consequent for regen-
erative microenvironment. The short-distance peripheral nerve injury
can repair itself via the guidance of macrophages [15,24]. In contrast,
the endogenous regenerative ability is insufficient in large segments or
long distances of nerve defects. The typical rat sciatic nerve in our study
was approximately 1.2-1.8 mm in diameter, with a 100-200 pm epi-
neurial and perineurial sheath between the actual axons and the nerve
surface [10,25]. We constructed a gap of exceeding at least 4-times of
the diameter, which does not permit the end of stumps to be rejoined
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spontaneously. Local excessive inflammation generated by the mixed
agonist reduced the total percentage of M2 macrophages with Iba-1 and
CD206 labeling in the bridge. Iba-1 and CD206 are
monocyte-macrophage differentiation and typical M2-type macrophage
markers, respectively. This state of impaired neurogenesis was coupled
with a robust inflammatory response that persists in damaged region.
After two weeks, the middle of the regenerative bridge showed a lower
fluorescence intensity of newly formed tissue, which was positively
correlated with M2-macrophages in the inflammation group. These re-
sults verify the guidance and repair role of M2-macrophages, not
mix-type macrophages, in long-distance peripheral nerve injury.
M2-macrophages could be used as a trigger for remodeling regenerative
microenvironment.

4.2. Model 2

The biological activities and functions of regenerative structural cells
rely on the 3D scaffold, which provides necessary physical support and
biological signals [26,27]. The guidance effect of M2-macrophages is
dictated by their interactions with the extracellular matrix (ECM) in 3D
structures [28]. Peptide-based materials have shown great promise for
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injured nerve regeneration because of their capacity to mimic the
structure and complexity of ECM by manipulating the self-assembly of
sequences [29,30]. Previous research found that RADA16 and de-
rivatives could support neutrite growth and active synapse formation
when sympathetic neurons were cultured [31]. Other peptide hydrogels
based on the same self-assembling mechanism have shown good
biocompatibility for multiple tissues regeneration [13,32].

In this study, peptide FEFK was applied as a self-assembly scaffold,
and it had tunable mechanical properties, could be degraded without
adverse effects, and was a platform for the incorporation of bioactive
cues [33]. In our previous studies, FEFK displayed excellent perfor-
mance for rapid proliferation and functional maintenance of immune
cells [34]. The flanking domains of FEFK were designed by incorpo-
rating the identified BDNF mimic peptide IKRG forming nanoartificial
neurotrophic factor, which promoted rapid regeneration of injured
nerves [35,36]. Previously published studies applying another BDNF
mimetic, RGIDKRHWNSQ, combined with VEGF mimetic have shown
similar neurotrophic effects [31]. The mimetic motif is designed based
on the solvent-exposed loops 3 and 4 of BDNF, and it can promote
neurotrophy and neurite outgrowth by binding to the p75 NTR and TrkB
receptors. In this research, the scaffold group only promoted the pro-
liferation and migration of Schwann cells and neuron growth but
showed no significant change in macrophage polarization in vitro.

The cell-conditioned medium is composed of secreted cytokines and
metabolites, which establish local and systemic microenvironments.
Tumor-derived conditioned medium closely mimics the immunosup-
pressive microenvironment [37]. In contrast, stem cell-conditioned
medium can be used for regenerative medicine [2,38]. In this study,
M2-derived conditioned medium was used to construct a bionic
hydrogel scaffold to mimic the microenvironment of guidance, which is
suitable for M2 vitality and nerve regeneration. Cytokines and EVs may
serve this function in a quantitative manner, and we detected the types
of cytokines and their expression levels to accurately evaluate the repair
effect. The certified regenerative cytokines VEGF, IL-10, CCL-20, and
CCL-5 were highly expressed in M2-derived conditioned medium, which
may help elucidate the mechanism of guidance by M2-macrophages.

It is accepted that M2 polarization is closely related to tissue
regeneration; however, few studies have studied the process in a direct
way. Disturbances in M2 function can lead to aberrant repair, with un-
controlled inflammatory mediator and growth factor production, defi-
cient generation of anti-inflammatory macrophages, or failed
communication between macrophages and epithelial cells, endothelial
cells, fibroblasts, and stem or tissue progenitor cells, all contributing to a
state of persistent injury, which may lead to the development of path-
ological fibrosis [22,39]. In the process of macrophage polarization,
M1-inflammation and M2-regeneration are interdependent and over-
lapping phases. Considering the time and rate of macrophage trans-
formation, precise regulation of polarization process is still extremely
difficult at present. Many previous research regulated the procession of
macrophage polarization by application and design of various bio-
materials, but these strategies are indirect and rough. We concerned
whether the immune cells derivatives be used as bioactive materials
regulating macrophage polarization in a mild manner. In this research,
M2-derived condition medium was used to constructed scaffold, which
contained multiple cytokines and EVs. The self-assembly peptide scaf-
fold was composed of amino acids completely, which not induced im-
mune response and could be degraded without adverse effects. The
forming bionic scaffold remodeled the local microenvironment and
regulated M2 macrophages in a direct and mild manner, while the
transformation rate was displayed to a certain.

4.3. Model 3
There are two classes of macrophages, resident and infiltrating

macrophages, in peripheral nerve tissue. They are distinguishable, but
evidence exists that these two types of macrophage perform different
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functions [12,15,40]. After nerve injury, resident macrophages are
quickly activated and phagocytize damage-associated molecular pat-
terns (DAMPs) [41]. Proliferation of resident macrophages also occurs at
this early time point, but the quantity cannot meet the demand. Resident
macrophages are replaced by circulating monocytes in the later stage of
injury, and they become infiltrating macrophages [15]. Whether
monocyte-derived macrophages are essential for the clearance of myelin
and axonal debris is still controversial, but it is commonly stated that
infiltrating macrophages play an important role in the regeneration
stage.

For long-distance nerve injury, the prolonged inflammation and
regeneration stage requires more macrophages to perform their func-
tion. We imitated the recruitment effect of blood-derived macrophages
in the body. CX3CR1, as a marker of M2 macrophages, is expressed in
monocytes or macrophages during inflammatory conditions [42]. Pre-
vious studies have shown that blood-derived M2-macrophages
(Ly6c1°WCX3CR1high) function via VCAM-1-VLA-4 adhesion molecules
and epithelial CD73 enzymes for extravasation and epithelial trans-
migration [40,43]. In this study, the bionic peptide hydrogel scaffold
combined with CX3CL1, the receptor of CX3CR1, recruited more M2
macrophages targeting the injured nerve. More blood-derived M2 and
better recovery of injured nerves were observed in our model. However,
the precise process of M2 recruitment and transformation by engineer-
ing technology will have to be verified in further studies.

5. Conclusion

M2-macrophages promoted the short-distance peripheral nerve
regeneration, however it remains unclear whether the regulative effect
is a consequence or a cause. In this study, we firstly confirmed the
important role of M2 in guiding and repairing the long-distance pe-
ripheral nerve. A bionic peptide hydrogel scaffold based on self-
assembly was developed to envelop M2-derived regenerative cytokines
and EVs. The regenerative cytokines and EVs were quantified to mimic
the immune microenvironment in a direct and mild manner. This bionic
peptide hydrogel scaffold remodeled the local environment for M2
transformation and recruitment, favoring long-distance peripheral
nerve regeneration. It can help to explicate regulative effect of M2 may
be a cause not just a consequence in nerve repair and tissue integration,
which facilitating the development of pro-regenerative biomaterials.
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