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A B S T R A C T

Tissue-engineered nerve grafts (TENGs) are the most promising way for repairing long-distance peripheral nerve
defects. Chitosan and poly (lactic-co-glycolic acid) (PLGA) scaffolds are considered as the promising materials in
the pharmaceutical and biomedical fields especially in the field of tissue engineering. To further clarify the effects
of a chitosan conduit inserted with various quantity of poly (lactic-co-glycolic acid) (PLGA) scaffolds, and their
degrades on the peripheral nerve regeneration, the chitosan nerve conduit inserted with different amounts of
PLGA scaffolds were used to repair rat sciatic nerve defects. The peripheral nerve regeneration at the different
time points was dynamically and comprehensively evaluated. Moreover, the influence of different amounts of
PLGA scaffolds on the regeneration microenvironment including inflammatory response and cell state were also
revealed. The modest abundance of PLGA is more instrumental to the success of nerve regeneration, which is
demonstrated in terms of the structure of the regenerated nerve, reinnervation of the target muscle, nerve impulse
conduction, and overall function. The PLGA scaffolds aid the migration and maturation of Schwann cells.
Furthermore, the PLGA and chitosan degradation products in a correct ratio neutralize, reducing the inflamma-
tory response and enhancing the regeneration microenvironment. The balanced microenvironment regulated by
the degradants of appropriate PLGA scaffolds and chitosan conduit promotes peripheral nerve regeneration. The
findings represent a further step towards programming TENGs construction, applying polyester materials in
regenerative medicine, and understanding the neural regeneration microenvironment.
1. Introduction

Tissue-engineered nerve grafts (TENGs) are currently the most
promising way to repair long-distance peripheral nerve defects [1–3].
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continuous progress [4–7]. As the core element of tissue engineering, the
discovery and creation of new biomaterials are the fastest growing and
the most innovative field [8–11]. Biomaterials for tissue engineering are
more demanding than general applications in biocompatibility and
biodegradability. Biological materials are generally divided into natural
materials and synthetic materials, whose research and selection are
crucial for the better construction of TENGs. Natural materials have su-
perior compatibility, while synthetic materials have superior plasticity.

Chitosan is a natural polymer biomaterial with rich sources and
excellent biocompatibility that is the only essential amino polysaccharide
and has been proven to regulate and suppress inflammation [12,13].
Given the advantages of chitosan, we developed a TENG using chitosan
as the primary material, which was the patented product (No. ZL
0110820.9, china). The chitosan-based TENG could make full use of the
body's regenerative ability to drive reprogramming of endogenous cells
and aids peripheral nerve function recovery in the form of in situ tissue
regeneration [14–16]. The TENG is composed of two parts: the nerve
conduit and the scaffolds inserted in a lumen. The fiber scaffolds added
into the nerve conduit aim to further imitate the axial architectural
structure inside natural nerves to guide the Schwann cell migration and
axon regeneration [17,18]. Peripheral nerve regeneration microenvi-
ronment refers to the local inflammatory and immune state jointly pre-
sented by main cells including Schwann cells, macrophages, vascular
endothelial cells, fibroblasts, biomaterials, and physical and chemical
factors in the regeneration chamber, which is crucial to nerve regener-
ation [19–21]. Unlike the neural conduit, which needs to maintain suf-
ficient strength for a relatively long period to maintain the local
regenerative microenvironment, the fiber scaffolds inserted are deman-
ded to be degraded soon after the guidance effect is completed, so as to
leave space for further nerve regeneration and tissue remodeling. The
poly (lactic-co-glycolic acid) (PLGA), a widely researched and applied
synthetic polymer material, was selected as the guide scaffolds inside the
TENG. The PLGA scaffolds neutralize the rapid degradation of poly
(glycolic acid) (PGA) and the slow degradation of poly (lactic acid)
(PLA).

Our team has continued to perform researches in-depth on the chi-
tosan/PLGA based TENG for decades, involving the effectiveness
assessment of TENGs repairing the peripheral nerve defect, the safety
evaluation of TENGs causing the inflammation and immune reactions,
and the improvement exploration of TENGs combining supporting cells
and growth factors [22–25]. Moreover, a few studies on chitosan shaped
into the nerve conduit have been conducted, such as its good biocom-
patibility with nerve cells and vascularization after implanted in vivo, its
effects of reducing the wrong projections of regenerative axons compared
with the end-to-end suture, and its mechanisms of the degradation
product facilitating peripheral nerve regeneration [26–30]. However, the
PLGA scaffolds in the lumen of TENG, directly guiding the growth of
Schwann cells (SCs) and nerve axons, have few relevant studies about its
functions except for the preliminary observation of cell-directing effects
of the scaffolds [31]. Compared with the chitosan nerve conduit, the
aspects of the PLGA scaffolds about the degradation products and
degradation rate, the impact on the regenerative microenvironment, and
its interaction with nerve cells directly affect peripheral nerve
regeneration.

PLGA is a polyester material copolymerized with PGA and PLA,
widely studied and used in regenerative medicine [32–35]. With the
deepening of researches, it is gradually recognized that the acidic
degradation product of PLGA may limit its applications in the construc-
tion of tissue-engineered tissues and organs. However, there is literature
on the effects of PLGA or similar materials on the local regeneration
microenvironment in vitro and vivo, the illustration of which is ambiguous
and sometimes contradictory [36–39]. Especially as an essential
component of the TENGs, whether the acid degradation products are
absolutely harmful to the nerve cells in the regeneration microenviron-
ment or beneficial to the final results of peripheral nerve regeneration
have not been precisely and thoroughly explored. It is critical but has no
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essential experimental supports that if it is necessary to add guiding
scaffolds inside the neural conduit and if the degradation of scaffolds in
the regenerative microenvironment significantly affects the biological
behaviors of local cells. The explorations of questions will have a
tremendous instructing sense for improving the design of the delicate
internal structure of TENGs, the selection and application of the more
suitable scaffold materials, and the further enhancement of the ability of
clinical peripheral nerve injury repairs.

Our work aimed to observe and evaluate the influences of the
different amounts of PLGA fiber scaffolds within the nerve conduit on the
regenerative microenvironment. The TENGs containing 0 (conduit), 1
(conduitþ1), 2 (conduitþ2) and 3 (conduitþ3) PLGA scaffolds woven
from monofilaments were constructed to repair rat sciatic nerve defects.
We jointly investigate the effects of cellular guidance and the degrada-
tion of PLGA scaffolds on the local regenerative microenvironment
composed of different cells in vitro and in vivo. Our work will provide a
solid theoretical foundation and guidance for a deeper understanding of
the interaction between biomaterials and tissues in peripheral nerve
regeneration microenvironment, a more rational design of the detailed
structure of TENGs, and better repair of peripheral nerve defects in
clinical practices.

2. Methods

2.1. PLGA extracts preparation

PLGA scaffolds were immersed and extracted in Dulbecco's modified
eagle medium (DMEM) (Invitrogen, Carlsbad, CA, USA) at 37 �C with a
proportion of 10.5 μl/cm that was equivalent to the scale of 3 PLGA
scaffolds inserted in conduit in vivo. The pH value of the PLGA extraction
liquid was detected by an electronic pH Meter (S–3C, REX, Shanghai,
China). Hereafter, the influences of PLGA extraction liquid instead of
DMEM media on the primary SCs in vitro were further evaluated.

2.2. Schwann cell culture

As previously described, primary SCs were isolated from the sciatic
nerve of neonatal Sprague-Dawley (SD) rats [40]. Briefly, the sciatic
nerve was dissected and treated with collagenase and trypsin. Collected
cells were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS) (Invitrogen), 1% penicillin and streptomycin (Invitrogen), 2 μM
forskolin (Sigma, St. Louis, MO, USA), and 10 ng/ml heregulin β1
(Sigma) till confluence. Cells were then treated with anti-Thy1.1 anti-
body (Sigma) and rabbit complement (Invitrogen) to remove fibroblasts.
Purified SCs were grown in a culture medium containing DMEM, 10%
FBS, and 1% penicillin and streptomycin (Invitrogen) in a humidified 5%
CO2 incubator at 37 �C. Primary SCs were passaged for no more than two
passages before use. The purity of SCs was identified by immunocyto-
chemical staining using the primary antibody rabbit anti-S100 (1:200
dilution, Abcam), and the second antibody goat anti-rabbit IgG-Cy3
(1:100 dilution, Abcam), and nucleus were labeled with 4’,6-dia-
midino-2-phenylindole (DAPI) (SouthernBiotech).

2.3. Cell viability assay

The SCs viability was detected using Cell Counting Kit-8 (CCK8)
(Dojindo, Kumamoto, Japan). In short, cells were seeded in a 96-well
plate added culture medium or extraction liquid for 24 h. Then the
CCK8 reagent (10μl/well) was added to each well followed an incubation
for 2 h. The cell viability was indicated with the optical density (OD)
value at 450 nm by a microplate reader (BioTek, USA). The experiment
was repeated three times. The data of PLGA was normalized to that of
negative control (NC).
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2.4. Cell proliferation assay

The proliferation of SCs in vitrowas examined using EdU proliferation
assay as previously described [41]. Briefly, SCs were seeded on
poly-L-lysine-coated 96-well plates at a density of 2 � 105 cells/ml. 50
μM EdU was added to the culture medium or extraction liquid, and SCs
were cultured for an additional 12 h before fixation. Cell proliferation
rate was calculated as the ratio of EdU positive cells to the number of
total cells by a Cell-Light EdU DNA Cell Proliferation Kit (Ribobio,
Guangzhou, Guangdong, China). Images were obtained under a fluores-
cence microscope (DMR, Leica Microsystems, Bensheim, Germany). The
experiment was repeated three times. The three non-overlapping fields in
each well were used for statistics.

2.5. Cell migration assay

The migration ability of SCs was tested using the Transwell migration
assay. In brief, SCs with 3 � 105 cells/ml were resuspended in DMEM or
extraction liquid and added to the top chamber of a Transwell with 8 μm
pores (Costar, Cambridge, MA, USA). Then the 500 μl mediumwas added
to the bottom chamber pre-coated with 10 μg/ml fibronectin. After 24 h,
the upper surface of the top chamber was cleaned while the bottom
surface was stained with 0.1% crystal violet. SCs adhering to the bottom
surface were observed and photographed under an inverted microscope
(Leica). The areas of migratory SCs were calculated using ImageJ soft-
ware (https://imagej.nih.gov/ij/index.html). The data of PLGA was
normalized to that of NC (fold change). The experiment was repeated
three times. The three non-overlapping fields in each well were used for
statistics.

2.6. Cell apoptosis assay

The SCs apoptosis in vitro and in vivo was detected using a terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) BrightGreen Apoptosis Kit (Vazyme, Nanjing, Jiangsu, China).
In short, slides of cells cultured with media or extraction liquid for 24 h
and tissues were marked through incubation with BrightGreen Labeling
Mix and Recombination TdT Enzyme at 37 �C for 1 h, following a
permeation with 20 μg/ml Proteinase K at room temperature for 10 min.
Then, the nuclei were stained by DAPI (SouthernBiotech). Images of cells
and tissues were observed and obtained under the fluorescence micro-
scope (Axio Imager M2, Carl Zeiss Microscopy GmbH, Jena, Germany).
The experiment was repeated three times. The three non-overlapping
fields in each well were used for statistics.

2.7. TENGs preparation

TENGs were constructed, including chitosan conduits with 1 mmwall
thickness and 2 mm inner diameter, and the different number of PLGA
scaffolds. Briefly, the chitin/chitosan (Nantong Xincheng Biochemical,
Nantong, China) mixtures were injected into stainless-steel casting
molds, which were sealed and placed at �12 �C for 2–4 h and then
lyophilized under a 35–45 mTorr vacuum for 20 h after rinsing [42]. The
PLGA (PGA: PLA ¼ 9:1) sutures were woven from 140 to 160 mono-
filaments, which was about 10 μm in diameter (Nantong Holycon, Nan-
tong, China). The PLGA fibers, used as the guiding scaffolds, were
inserted into the lumen of chitosan nerve conduit before surgery. The
chitosan conduits alone (conduit) and conduits inserted with 1 (con-
duitþ1), 2 (conduitþ2) or 3 (conduitþ3) PLGA scaffolds were pruned
and stored in normal saline (NS) for bridging sciatic nerve defects.

2.8. Sciatic nerve defect model construction

The animals were divided into conduit, conduitþ1, conduitþ2, con-
duitþ3 and autograft groups randomly (n¼8) for evaluation at 4 w, 8 w
and 12 w three time points. Adult female SD rats about 200 g were
3

acquired from the Experimental Animal Center of Nantong University
(License No. SYXK (Su) 2017–0046). The animals were housed in a
temperature-controlled environment and allowed food and water ad
libitum. The Administration Committee approved all experimental pro-
tocols of Experimental Animals, Jiangsu Province, China, following the
guidelines of the Institutional Animal Care and Use Committee, Nantong
University, China (Inspection No: 20180301–009). All rats were deeply
anesthetized by an intraperitoneal injection of compound anesthetic
(chloral hydrate 4.25 g, magnesium sulfate 2.12 g, sodium pentobarbital
886 mg, ethanol 14.25 ml, and propylene glycol 33.8 ml in 100 ml). The
skin and muscle were incised to expose the sciatic nerve at the left mid-
thigh. An 8-mm segment of the sciatic nerve was resected to form a 10
mm gap following a slight retraction of the nerve stumps [42]. The sciatic
nerve defects were bridged by TENGs or autologous nerves. Finally, the
muscle layers and skins were closed with sutures.

2.9. Gait analysis

The integrated function recovery was assessed via Catwalk XT 9.0
(Noldus, Wageningen, Netherlands) gait analysis system. Animals were
allowed to pass through a glass walkway, underneath which a video
camera captured each run. The sciatic nerve function index (SFI) was
calculated and analyzed to reflect functional recovery, including motor
and sensory functions. The values of animals subjected to toes ulceration
or curling were excluded. SFI¼109.5 (ETS-NTS)/NTS-38.3 (EPL-NPL)/
NPLþ13.3 (EIT-NIT)/NIT-8.8 (TS is toe spread. PL is print length. IT is
intermediate toe spread. E and N indicate the experimental and normal
contralateral hind paws, respectively.).

2.10. Electrophysiology analysis

Under deep anesthesia with compound anesthetic, the surgical site at
the left mid-thigh level was reopened, and the sciatic nerve was re-
exposed. Electrical stimuli were applied to the sciatic nerve trunk at
the distal and proximal ends of the graft sequentially. Compound muscle
action potentials (CMAPs) were recorded on the gastrocnemius belly. The
assessments of normal sciatic nerve CMAPs were conducted at the un-
injured contralateral side.

2.11. Tissue sample collection and processing

Animals were anesthetized and perfused via the ascending aorta with
NS and 4% paraformaldehyde. The regenerated nerves in the mid-graft
segment were harvested. The bilateral gastrocnemius and tibialis ante-
rior muscles were removed and measured to calculate the wet weight
ratio. The collected nerves and gastrocnemius muscles were then post-
fixed for 6–8 h at 4 �C, frozen, and cut into 12-μm-thick slices,
respectively.

2.12. Inflammation score

The inflammation grade of the local regeneration microenvironment
was semiquantitatively scored and evaluated by hematoxylin-eosin (HE)
staining of the cross-section in the middle segment of the bridge (ISO
10993–6: 2007) [43–45]. Thress random fields with high magnification
( � 400) in the lumen of conduit per animal were used for inflammation
score. Images were photographed under upright microscopy (Zeiss).

2.13. Masson trichrome and motor endplate staining

The cross-sections of the gastrocnemius (12 μm) were subjected to
Masson trichrome staining to calculate the average cross-sectional area of
muscle fibers. The muscle cells in 5 random fields with high magnifica-
tion ( � 400) per animal were selected for cross-sectional area statistics.
The longitudinal sections of the gastrocnemius (25 μm) were subjected
toα-bungarotoxin (α-BGT) (1:200 dilution, Sigma) staining for 12 h at
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room temperature to calculate the average area of motor endplates,
which were combined with immunohistochemical staining of mouse
anti-PGP 9.5 (1:200 dilution, Gene Tex). The motor endplates in 9
random fields with high magnification ( � 400) per animal were calcu-
lated for area statistical analysis. Images were photographed under up-
right microscopy (Zeiss). The areas of muscle fibers and motor endplates
were counted by ImageJ software (https://imagej.nih.gov/ij/index.h
tml).

2.14. Immunohistochemical staining

The immunohistochemical staining of the cross-section of regener-
ated nerve in the middle segment of the bridge was performed to analyze
the nerve regeneration, cell proliferation, blood vessel, and macrophage.
The sections were blocked with 5% goat serum for 1 h at 37 �C, incubated
with primary antibodies overnight at 4 �C, and then incubated with
secondary antibodies for 1 h at room temperature. Primary antibodies
included mouse anti-NF200 antibody (1:200 dilution, Sigma), rabbit
anti-S100 antibody (1:200 dilution, Abcam), mouse anti-S100 antibody
(1:1000 dilution, Sigma), rabbit anti-Ki67 antibody (1:200 dilution,
Sigma), goat anti-CD34 antibody (1:50 dilution, R&D), rabbit anti-Iba1
antibody (1:25 dilution, Wako), mouse anti-CD68 antibody (1:100 dilu-
tion, Abcam), rabbit anti-CD206 antibody (1:100 dilution, Abcam) and
mouse anti-PGP 9.5 (1:200 dilution, Gene Tex). Secondary antibodies
included goat anti-mouse IgG-Alex-488 (green) (1: 500 dilution, Abcam),
goat anti-rabbit IgG-Cy3 (red) (1:100 dilution, Abcam), donkey anti-goat
IgG-Alex-488 (green) (1:500 dilution, Abcam), and sheep anti-rabbit IgG-
Cy3 (red) (1:1000 dilution, Abcam). Nuclei were marked using Hoechst
33342 (blue) (1:5000 dilution, Life Technologies). Images were acquired
under fluorescence microscopy (Zeiss). The entire space of conduit lumen
was collected for statistics on the area of regenerated nerves and the
number of blood vessels and macrophages. In addition, the three random
fields with high magnification ( � 400) in the lumen of conduit per an-
imal were picked for the cell proliferation, cell apoptosis, and macro-
phage sort analysis. The quantities of immunofluorescence were
conducted by calculations of the positive signal areas using ImageJ
software (https://imagej.nih.gov/ij/index.html).

2.15. Scanning electron microscope

Samples of biomaterials were fixed in 4% glutaraldehyde and post-
fixed with1% OsO4, dehydrated in a graded series of ethanol, which
were replaced by tert-butyl alcohol. Afterward, samples processed were
dried in a freeze drier (Hitachi, ES-2030, Japan) and then mounted for
scanning electron microscope observation after platinum coating.

2.16. Transmission electron microscope

The animals were anesthetized and then perfused with a fixative
containing 1% paraformaldehyde and 1.25% glutaraldehyde. The
regenerating nerves in the middle segments and gastrocnemius muscles
were collected, postfixed in 4% glutaraldehyde, and embedded in Epon
812 epoxy resin (Sigma). Ultrathin sections were obtained and stained
with lead citrate and uranyl acetate. The morphology of nerves and
muscles were observed under a transmission electron microscope (JEOL
Ltd., Tokyo, Japan). The three random fields with low magnification ( �
1.2k) per animal were chosen for myelinated nerve fiber statistics
involving the g-ratio (nerve axon diameter/nerve fiber diameter) and
thickness of myelin. The five random fields with high magnification ( �
20.0k) per animal were selected for the count of myelin sheath layers.

2.17. Statistical analysis

The numerical results were presented as means � standard deviation
(SD). Unpaired t-test was used for mean comparison between two groups.
One-way analysis of variance (ANOVA) was used for mean comparisons
4

among multiple groups (Tukey's multiple comparisons test). Statistical
analysis was conducted by using Graph-Pad Prism 6.0 software (Graph-
Pad Software Inc., La Jolla, CA, USA). A p-value< 0.05 was considered
statistically significant.

3. Results

3.1. Effects of abundant PLGA degradation products on SCs in vitro

First of all, the pH of PLGA scaffolds extraction liquid was measured.
Themedia without PLGA scaffolds, as the negative control, had almost no
changes both in the appearance color and pH value as expected (Fig. 1A).
However, the color of the extraction liquid obviously changed with a
macroscopic thinning of PLGA scaffolds at 4 w (Fig. 1A). Correspond-
ingly, the pH value indicated that the degradation of a great amount of
PLGA scaffolds makes the medium gradually acidified at 2 w and 4 w
(Fig. 1B). Especially the acidity of extract liquid increased significantly,
reaching 3.41 at 4 w (Fig. 1B). The effects of the acid extraction liquid at
4 w on the behaviors of primary cultured SCs were subsequently tested.
The SCs were identified following purification (Fig. S1). Not surprisingly,
the robust acidic environment caused by the degradation of excessive
PLGA scaffolds firstly exerted a significant adverse effect on the viability
of SCs (Fig. 1C). Then, by detecting of the basic biological behaviors in
vitro, the acid extraction of PLGA greatly inhibited the proliferation and
migration of SCs and significantly induced apoptosis of SCs (Fig. 1D-F).

3.2. Axon and Schwann cell regrowth

The sciatic nerve defects were bridged by TENGs containing 0, 1, 2
and 3 PLGA scaffolds that were inserted into lumens of chitosan conduits:
conduit, conduitþ1, conduitþ2 and conduitþ3 respectively (Fig. 2). The
tissue structure, mainly the axons and SCs, was panoramic and dynami-
cally displayed via immunochemical staining of the middle segment of
the regenerated nerve. The room and protection provided by the chitosan
nerve conduit for nerve regeneration in vivowere suitable and stable. The
tube wall of nerve conduit had sufficient strength to maintain complete
regeneration space at 4 w and 8 w. Then, the lumen was slightly com-
pressed due to the gradual degradation of biomaterials at 12 w, which
was compatible with the densification and remodeling of tissue archi-
tecture of regenerated nerve (Fig. 3A). However, the area of axons and
SCs demonstrated significant differences between different groups. The
areas of axons and SCs of conduitþ1 were significantly larger than those
of other TENGs at all three-time points (Fig. 3A-D). In addition, there was
always no significant difference in the area of regenerated axons between
the conduitþ1 and autograft, while the area of SCs of autograft, as the
positive control, was more significant (Fig. 3A-D). The nerve regenera-
tion of the conduit was slightly worse than those of conduitþ2 and
conduitþ3 groups without statistical difference at 4 w (Fig. 3B). The
differences in nerve regeneration among different groups could be more
intuitively displayed through a dynamic form. It could also be noted that
the area of regrown axons and SCs from 8 w to 12 w was reduced, which
should undergo remodeling and maturation (Fig. 3E). Meanwhile, in the
axial section of conduitþ1, it was demonstrated that SCs migrated along
the PLGA scaffolds and further guided axon regeneration, and the re-
generated nerve had grown over the entire nerve defect and entered the
distal nerve trunk (Fig. S2). Moreover, the area percentage of PLGA/
lumen of the TENG with different amounts of PLGA scaffolds was
calculated (4.13%, 7.63%, and 12.75%), which suggested that the
addition of scaffolds could have minor adverse effects on the space of
conduit lumen for nerve regeneration (Fig. S3) [46]. Therefore, more
PLGA fibers were not considered. The excessive space occupation of
guiding scaffolds would inhibit peripheral nerve regeneration.

3.3. Regenerative nerve ultrastructure

The structure and quality of myelinated scaffolds of regenerated
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Fig. 1. Degradation of numerous PLGA scaffolds and its influence on SCs in vitro. (A) The appearance changes of PLGA submerged in DMEM. The massed PLGA
scaffolds immersed in a limited volume of medium imitated the 3 PLGA scaffolds inserted into the chitosan nerve conduit. Arrow indicated PLGA scaffolds at 2 w.
Arrowhead indicated significantly thinner PLGA scaffolds at 4 w. Scale bar, 500 μm. (B) The pH values of PLGA extraction liquid. The acidity of the media continued to
increase with the degradation of materials. (C–F) The degradation products of exorbitant PLGA at 4 w greatly inhibited cell viability using CCK8 detection (C),
migration using Transwell assay (purple) (D), and proliferation using EdU assay (red) (E), and induced apoptosis using TUNEL assay (green) (F). Nuclei were blue in
(E) and (F). *, PLGA group vs. NC group. *, p<0.05; ****, p<0.0001. Scale bar, 100 μm.
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nerve were analyzed more precisely from the ultrastructural level
through transmission electron microscopy. The differences in the mean
of the axon diameter and myelin thickness of the regenerated nerve
scaffolds among the groups were demonstrated, which was critical to the
quality of nerve functional recovery. However, the advantages as guessed
in remyelination of conduitþ1 were not demonstrated at 4 w after sur-
gery. The g-ratio, the thickness of myelin, and the number of myelin
layers were comparable among three biomaterial groups, which were
inferior to the autograft group (Fig. 4A and B). However, as the repair
time passed to 8 w, the potential for myelin regeneration of conduitþ1
was beginning to be displayed. The indicator mentioned above of con-
duitþ1 was significantly better than those of conduit, conduitþ2, and
conduitþ3 groups, and gradually approached autograft (Fig. 4A and C).

Nevertheless, the g-ratio of the conduit was slightly better than the
other two TENGs with more PLGA scaffolds (Fig. 4C). At 12 w after
surgery, the thickness of myelin and the number of myelin layers of the
conduitþ1 still demonstrated much better recovery than conduit, con-
duitþ2, and conduitþ3 groups (Fig. 4A and D). Meanwhile, the g-ratio
showed an identical situation, although the difference was not statisti-
cally significant (Fig. 4D). However, it was not the same that the differ-
ence between the autograft and conduitþ1 in parameters was statistically
significant (Fig. 4D). The evolution of remyelination of different repair
biomaterials in the process of nerve regeneration and the differences
between them was further unequivocally painted in the dynamic dia-
grams (Fig. 4E).
3.4. Target muscle reinnervation

As nerves innervated the target organs, the muscles would undergo
denervation atrophy after nerve injuries. It was distinctly revealed that
the muscle atrophy and subsequent recovery of conduitþ1 were better
than conduitþ2 and conduitþ3 groups and closer to the autograft group.
5

At 4 w post-surgery, the wet weight ratios of anterior tibialis of conduit,
conduitþ2 and conduitþ3 groups were significantly less than those of
conduitþ1 and autograft; while the wet weight ratios of gastrocnemius of
conduitþ2, and conduitþ3 groups except for conduit were also signifi-
cantly lower than those of conduitþ1 and autograft (Fig. 5F). Then the
wet weight ratios of two target muscles of conduitþ1 and autograft were
better than those of the other three groups at 8 w and 12 w after surgery
(Fig. 5G and H). However, the muscle weight advantage of conduitþ1
compared to the conduitþ2 and conduitþ3 groups was more promi-
nently displayed on gastrocnemius atrophy at 8 w and 12 w (Fig. 5G and
H). The comprehensive dynamic charts demonstrated that the perfor-
mance of better-reinnervated target muscles of conduitþ1 and autograft,
as the denervated muscles first atrophied and then recovered (Fig. 5I). In
addition, compared with the gastrocnemius muscle, the anterior tibialis
muscle continued to atrophy more significantly after denervation
(Fig. 5I).

Hereafter the cross-sectional areas of gastrocnemius muscle fibers
were calculated and analyzed (Fig. 5A-E). In the images of Masson tri-
chrome, it was presented that the areas of muscle fibers of conduitþ1 and
autograft were significantly larger than those of other groups at all time
points (Fig. 5A). Meanwhile, the different degrees of collagen fiber hy-
perplasia between muscle cells were displayed. At 8 w and 12 w after
surgery, the collagen fibers between muscle fibers of conduitþ1 and
autograft were less than those of other groups (Fig. 5A). The statistical
results confirmed that the muscle fiber cross-sectional areas of the
conduit, conduitþ2, and conduitþ3 groups were significantly smaller
than those of conduitþ1 and autograft (Fig. 5B-D). The difference in the
area of myocytes among groups was the smallest at 4 w. There was no
statistically significant difference in muscle cell area between conduit
and conduitþ1 (Fig. 5B). Afterward, the more vital recovery ability of
target muscles of conduitþ1 and autograft in the later stage of nerve
regeneration was evidently illustrated through the dynamic analysis



Fig. 2. Constructions of the TENGs with different number of PLGA scaffolds. (A)
Scanning electron eicroscope picture of cross section of chitosan nerve conduit.
The wall of nerve conduit displayed a multi-layered porous structure. Scale bar,
1 mm. (B–D) Scanning electron eicroscope pictures of cross sections of 1, 2 and 3
PLGA scaffolds. The PLGA scaffolds were woven from multiple monofilaments.
Scale bar, 100 μm, 300 μm, and 200 μm respectively. (E) Schematic diagrams of
the TENGs assembled with nerve conduits and different amounts of
PLGA scaffolds.
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(Fig. 5E). Moreover, the areas of the motor endplates of the gastrocne-
mius were further counted to assess the reinnervation of the target
muscles. From all three time points, the areas of neuromuscular junctions
of conduitþ1 and autograft were significantly larger than those of
conduit, conduitþ2, and conduitþ3 groups (Fig. 6A-D), and the dispar-
ities between them were pretty obvious (Fig. 6E).

Meanwhile, of note, a fewmuscle samples of conduitþ1 and autograft
had already seen the nerve endings reinnervating the target muscles, but
none of the other three groups at 8 w after surgery (Fig. S4). Moreover,
the nerve endings branching into the motor endplates of conduitþ2 and
conduitþ3 groups could not be stained and detected in parts of muscle
slices until 12 w post-surgery. Finally, the ultrastructure of the dener-
vated gastrocnemius of different groups were also observed and
compared. The loss and recovery of normal ultrastructure of muscle fi-
bers in two-time points of conduitþ1 and autograft were significantly
better than those in other groups. At 4 w after surgery, the disorder of
original neat structure and the apparent myofibril disintegration was
shown, and the increased amount of mitochondria with degenerative
vacuole changes were displayed of conduit, conduitþ2, and conduitþ3
groups (Fig. S5). At 12 w after surgery, the normal ultrastructure of
muscle fibers had recovered to a certain extent, and a few swollen
mitochondria were still visible of conduit, conduitþ2, and conduitþ3
groups (Fig. S5).
3.5. Nerve impulse conduction

The measurements of regenerative nerve electrophysiology also un-
covered the superiority of conduitþ1 in repairing nerve defects. At all
three time points, the electrophysiological function recovery of the other
three groups, including conduit, conduitþ2, and conduitþ3 groups,
showed significant deficiencies from conduitþ1 (Fig. 7A-D). Further-
more, the differences in the ability to conduct nerve impulses mentioned
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above were more evident at 12 w (Fig. 7D). Meanwhile, there was no
statistical difference of the CMAPs by electrophysiological evaluations
between conduitþ1 and autograft, although the two groups had a slight
disparity at 12 w (Fig. 7D). From the dynamic point of view, the primary
recovery stage of CMAPs was in the late period of nerve regeneration
accompanied by the myelination of axons from 8 w to 12 w post-surgery
(Fig. 7E). This more critical period of recovery of nerve conduction
function showed the advantages of CMAPs of conduitþ1 and autograft
over the others. Correspondingly, the measurement and analysis of SFI
also demonstrated that the overall functional recovery of conduitþ1 was
better than other TENG groups and similar to that of the autologous nerve
repair (Fig. S6).

3.6. Macrophage and blood vessel of regenerative microenvironment

The infiltration of macrophages and the formation of new blood
vessels are the most common parameters for studying the foreign reac-
tion of biomaterials implanted in vivo. So all macrophages and blood
vessels involved in the cavity of the TENG at 4 w after surgery were
observed and analyzed. Above all, macrophages and vasculatures were
roughly evenly distributed and not accumulated excessively near the
PLGA scaffolds or some other sites in all groups (Fig. 8A). The further
statistical analysis illustrated the differences in the number of macro-
phages and blood vessels among the TENGs containing different quan-
tities of PLGA scaffolds. The area of neovascularization of conduitþ3 was
slightly larger than that of conduitþ2 with no statistical significance
(Fig. 8B). However, the blood vessels of conduitþ2 and conduitþ3
groups were significantly more redundant than those of conduit, con-
duitþ1, and autograft (Fig. 8B). Additionally, due to the implantation of
biomaterials, the number of macrophages of autograft was significantly
less than those of all TENGs (Fig. 8B). Furthermore, similar to the blood
vessels, the macrophages of conduitþ2 and conduitþ3 groups were
significantly more than those of conduit and conduitþ1 (Fig. 8B).
However, it was displayed that the infiltration of macrophages of conduit
was more than that of conduitþ1, but with no significant difference too
(Fig. 8B). In addition, in tissue regeneration, macrophages show different
polarization types, namely pro-inflammatory M1 subset and anti-
inflammatory M2 subset [47].

Does the existence and degradation of PLGA scaffolds affect macro-
phages' polarization state in the local microenvironment? The statistical
results showed that macrophages' types were consistent with the in-
tensity of local inflammation of different groups with different PLGA
scaffolds. In terms of the number and ratio of M1 macrophages, the
significantly lower values were revealed of conduitþ1 and autograft,
while the values of conduit, especially conduitþ2 and conduitþ3 groups,
were significantly higher (Fig. 8C). On the contrary, the number of M2
macrophages of conduitþ1 was the highest of all groups (Fig. 8C).
However, the highest ratio of M2 macrophages was that of autograft
because of its lowest amount of total macrophages (Fig. 8C). Meanwhile,
the ratio of M2 macrophages of conduitþ1 was still significantly higher
than conduitþ2 and conduitþ3 groups but was equivalent to that of
conduit without a statistical difference (Fig. 8C).

3.7. Inflammation score of regenerative microenvironment

In addition to assessing the macrophages and blood vessels in the
local regenerative microenvironment, more cell type and tissue structure
changes were taken into account to score the local inflammatory
response of different groups at 4 w after surgery. The cells, including
polymorphonuclear cells, lymphocytes, plasma cells, and giant cells, and
the tissue reactions including necrosis, fibrosis, and fat infiltration were
involved and counted (Fig. 9A). The inflammation score of autograft was
the lowest indicating the slightest local reaction, which was statistically
different from other groups (Fig. 9B). Then the inflammation scores of
conduitþ2 and conduitþ3 groups were significantly higher than that of
conduitþ1 (Fig. 9B), which was demonstrated mainly in terms of the
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Fig. 3. The evaluation of axons and SCs regrowth displayed by immunohistochemistry. At the three observation time points, the regrowth of axons and SCs of
conduitþ1 were significantly better than those of the other three TENGs and were closer to the autograft. However, the difference in the area of SCs between
conduitþ1 and autograft was statistically significant at 12 w. (A) Panoramic images and low and high magnification fields stained by anti-NF (green) indicating axons,
and anti-S100 (red) indicating both myelinated and non-myelinated SCs. Nuclei were stained using Hoechst (blue). The asterisks indicated the chitosan nerve conduits
with the autofluorescence of biomaterials. The arrows indicated the different amounts of PLGA scaffolds inserted into the conduits. Scale bar, 500 μm, 100 μm, and 20
μm respectively. (B–D) Histograms of axons and SCs areas in the lumens of TENGs at 4 w, 8 w, and 12 w after surgery. *, each group vs. autograft group. #, each group
vs. conduitþ1 group. *, p<0.05; ****, p<0.0001. #, p<0.05; ##, p<0.01; ###, p<0.001; ####, p<0.0001. (E) Dynamic line charts of regrown axons and SCs at
continuous time.

Fig. 4. The Ultrastructure of regenerated nerves under a transmission electron microscope. The significant advantage in the average thickness of myelin of conduitþ1,
compared with other TENGs, was reflected at 8 w and 12 w after surgery. At 4 w, the myelin regeneration of conduitþ1 was similar to other TENGs, which were both
different from the autograft. However, at 12 w after surgery, a certain difference of regenerated myelin between the conduitþ1 and autograft existed. (A) The electron
microscopic images of regenerated nerves, including magnified myelin sheaths. Scale bar, 5 μm and 500 nm. (B–D) Histograms of g-ratio, the thickness of myelin, and
the number of myelin layers at 4 w, 8 w, and 12 w after surgery. *, each group vs. autograft group. #, each group vs. conduitþ1 group. *, p<0.05; **, p<0.01; ***,
p<0.001; ****, p<0.0001. #, p<0.05; ##, p<0.01; ####, p<0.0001. (E) Dynamic line charts of the parameters.
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number of inflammatory cells (Fig. S7). Moreover, the conduitþ3 group
owned the highest inflammation score of all groups and significantly
differed from the conduit group (Fig. 9B). Meantime, although the dif-
ference was not statistically significant, the implantation reaction of
conduitþ1 was slightly less than that of conduit, which unlocked that the
alkaline degradation products of chitosan could also cause a slight in-
flammatory reaction in suit (Fig. 9B). Likewise, compared with the
autograft, the inflammation grade was slight (3–8.9) of conduitþ1 group
8

(5.88), moderate (9-15) of conduit (10) group and conduitþ2 group
(13.88), and sever (>15) of conduitþ3 group (17.75) respectively
(Fig. 9C). We also calculated the thickness of the fibrous capsule formed
on the surface of the nerve conduit implanted in vivo, and there were no
significant differences among the groups (Fig. S8). The results unraveled
that the inflammatory response of TENGs was predominantly limited to
the inside of the nerve conduit, indicating that the difference should be
caused by the degradation of different amounts of PLGA scaffolds.



Fig. 5. The denervation atrophy and reinnervation recovery of target muscles. From the weight of target muscles, including gastrocnemius and anterior tibialis, to the
average cross-sectional area of gastrocnemius cells, the statistical results demonstrated that the muscle atrophy and recovery of the conduitþ1 were better than the
other TENG groups and were closer to the autograft; proving the advantages and disadvantages of nerve regeneration and reinnervation among the groups. Moreover,
the differences mentioned above of different bridging materials appeared more obvious as the repair time passed. (A) Masson trichrome staining of the gastrocnemius.
Muscle fibers emerged red. Collagen fibers appeared blue. Scale bar, 100 μm, and 20 μm. (B–D) Histograms of the average cross-sectional areas of muscle fibers at 4 w,
8 w, and 12 w after surgery. (E) Dynamic line charts of the areas of muscle fibers. (F–H) Histograms of the wet weight ratios of the gastrocnemius and anterior tibialis
at 4 w, 8 w, and 12 w after surgery. (I) Dynamic line charts of the wet weight ratios of target muscles. *, each group vs. autograft group. #, each group vs. conduitþ1
group. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. #, p<0.05; ##, p<0.01; ###, p<0.001; ####, p<0.0001.
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Fig. 6. The motor endplate staining of the gastrocnemius. At all three time points, the conduit and autograft groups' average areas of motor endplates were much
bigger than those of the conduit, conduitþ2, and conduitþ3 groups. (A) The motor endplates were presented usingα-bungarotoxin staining (red). Nuclei were stained
using Hoechst (blue). The longitudinal muscle fibers were displayed with light green autofluorescence instead of antibody labeling to better present the tissue
structure. Scale bar, 100 μm, and 20 μm. (B–D) Histograms of the average areas of motor endplates. *, each group vs. autograft group. #, each group vs. conduitþ1
group. *, p<0.05; ****, p<0.0001. ####, p<0.0001. (E) Dynamic line charts of the average areas of motor endplates.
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3.8. Cell proliferation and apoptosis of regenerative microenvironment

Since the addition of PLGA scaffolds could cause significant changes
in the inflammatory response of the regeneration microenvironment,
what impacts the presence and quantity of PLGA scaffolds had on the
behavior and status of local cells in vivo? The proliferation and apoptosis
of cells, especially SCs, in the regenerated nerve at 4 w after surgery were
detected and analyzed (Fig. 10A). From the point of view of the prolif-
eration and apoptosis number and ratio, the autograft was the lowest due
to its minimal regenerative microenvironment changes, significant dif-
ferences from other TENG groups (Fig. 10B and C). In addition, the
microenvironment of conduit, conduitþ2, and conduitþ3 groups
inhibited cell proliferation to varying degrees compared to conduitþ1
group (Fig. 10B). The proliferating cells were further divided into SCs
and non-SCs. Proliferating non-SCs showed similar changes to all
10
proliferating cells calculated, that is, the local microenvironment of the
conduit, conduitþ2, and conduitþ3 groups inhibited cell proliferation
(Fig. 10B). However, the proliferating SCs between the conduitþ1,
conduitþ2, and conduitþ3 groups had no statistical difference
(Fig. 10B).

Interestingly, no matter the number and proportion of proliferating
SCs, the conduit was significantly higher than the other three material
groups (Fig. 10B). Of note, the statistics of SC proliferation unveiled
another vital factor that may affect SC proliferation, namely the influence
of scaffold guidance on SC proliferation and differentiation. Similarly,
the local microenvironment of different TENGs also had a direct impact
on cell apoptosis. From the total cell population to SCs or non-SCs, the
conduitþ2 and conduitþ3 groups both induced more cell apoptosis than
that of conduitþ1 (Fig. 10C). Meanwhile, the cell apoptosis of conduit,
especially the ratio of SC apoptosis, was slightly higher than that of



Fig. 7. The compound muscle action potentials of the gastrocnemius. The amplitudes of compound muscle action potentials of conduitþ1 were significantly higher
than those of the other three TENG groups. (A) The electrophysiological evaluation waveforms of the gastrocnemius. The distal (Stim 1) compound muscle action
potentials and proximal (Stim 2) trunk of sciatic nerves were both recorded. (B–D) Histograms of the amplitudes of compound muscle action potentials at 4 w, 8 w, and
12 w after surgery. *, each group vs. autograft group. #, each group vs. conduitþ1 group. &, each group vs. normal group. *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001. #, p<0.05; ##, p<0.01; ###, p<0.001; ####, p<0.0001. &&&&, p<0.0001. (E) Dynamic line charts of the amplitudes of compound muscle ac-
tion potentials.
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conduitþ1 without significant difference (Fig. 10C).

4. Discussion

PLGA, a synthetic polymer of classic polyester biomaterials, was
widely studied and applied for the tissue regeneration and restoration. It
was reported that PLGA, or PGA and PLA alone, was beneficial to the
tissue regeneration including peripheral nerves [48–51]. With the
deepening of researches involving observations in clinical trials, the
possible adverse effects of acid degradation products of such biomaterials
on regeneration were gradually recognized. However, the impact of this
type of biomaterial on tissue repair is devoid of comprehensive and
thorough observations and evaluations, which hinders further improve-
ments and applications. The chitosan nerve conduit and PLGA scaffolds
are jointly assembled to a TENG in the present work. The pointed study
was designed and conducted to unravel the role and influence of PLGA
scaffolds in TENGs during peripheral nerve regeneration. We focused on
the impact of its degradation products on the regenerative microenvi-
ronment involving cells of the nervous system in vivo, which answered
the critical questions about the necessity and amount of PLGA scaffolds
added to the chitosan conduit.

Although it is known that the degradation products of PLGA are
acidic, there is no intuitive understanding of its acidity. Unexpectedly,
the acidification degree of the surrounding local space reached a quite
high level after a large amount of degradation of PLGA scaffolds in vitro.
The degradation products were more acid than the results of existing
literature, which may be due to the different composition and quantity of
the materials [36]. Not surprisingly, the strongly acidic extract liquid
containing degradation products of the PLGA scaffolds significantly
inhibited the vitality and biological behaviors of the primary cultured
SCs. It requires to be further distinguished that the suppression of acid
degradation products on cell biological behaviors was just caused via the
cell viability reduction or other direct reasons. The TENGs containing the
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different number of PLGA scaffolds was used to bridge the sciatic nerve
defects in rats. The three consecutive time points were selected for the
assessment of nerve regeneration, so that a more comprehensive under-
standing of the dynamic process of peripheral nerve injury repair was
painted. A substantial absorption of PLGA scaffolds was in about 30 d. So,
the detection of the inflammation degree and cell status in the regener-
ation microenvironment was performed at 4 w after surgery. In addition,
the PLGA scaffolds were completely absorbed in 60–90 d, which was
confirmed by the experimental results in vivo.

In order to evaluate the influence of the number of PLGA scaffolds on
nerve regeneration, the chitosan nerve conduit alone and the conduit
containing 1, 2, or 3 PLGA scaffolds were constructed. It was demon-
strated that the PLGA scaffolds act as a bridge to guide the SCs migration
and axon regeneration [31]. Especially in the early stage, more regen-
erated nerves could be clearly seen around the PLGA scaffolds, explaining
why the nerve regeneration of chitosan conduit only was poor. The
assessment of nerve regeneration parameters delineated that conduit was
even slightly worse than conduitþ2 and conduitþ3. On the contrary,
more PLGA scaffolds including the conduitþ2 and conduitþ3 also
resulted in the undesirable nerve regeneration. Since it took a consider-
able time for the envelopment and maturation of the myelin, the differ-
ences in the regeneration of TENGs with different number of PLGA
scaffolds were further elucidated in detail by the ultrastructure obser-
vation. The advantage of remyelination of conduitþ1 was unambigu-
ously revealed with the extension of repair time. It was reflected that the
number of myelinated nerve fibers of the autograft and conduitþ1 was
more than those of the other three groups, especially in the early stage.
The difference in remyelination between groups was also reflected in the
electrophysiological recovery. The CMAPs of conduit þ1 equivalent to
those of the autograft were significantly better than CMAPs of other
groups at all-time points. Then the morphological and functional re-
coveries of the target muscles were analyzed from multiple levels. The
results clearly described a typical change of the target muscle from



Fig. 8. The macrophage invasion and blood vessel formation of regeneration microenvironment at 4 w. The number of macrophages and blood vessels in the lumen of
the nerve conduit between the conduit and conduitþ1 displayed no significant difference, significantly less than the conduitþ2 and conduitþ3 groups. Analysis of
macrophage subtypes was further performed. The M1 macrophages of conduitþ1 and autograft were significantly less than those of conduit, conduitþ2, and con-
duitþ3 groups. While the M2 macrophages of conduitþ1 and autograft were significantly more than those of other groups. (A) Immunohistochemical images of
macrophages (Iba1þ, red) and blood vessels (CD34þ, green) with the panoramic and local low and high magnification field of view. The arrows indicated the
macrophages. The arrowheads indicated the blood vessels. The asterisks indicated the PLGA scaffolds. Scale bar, 500 μm, 100 μm, and 20 μm respectively. The M1
(CD68þ, green; CD206-) and M2 (CD68þ, green; CD206þ, red) subtypes of macrophages were further illustrated. Scale bar, 20 μm. The triangles indicated the M1
macrophages. Nuclei were stained using Hoechst (blue). (B) Histograms of the areas of blood vessels and the numbers of macrophages. (C) Histograms of the numbers
and ratios of M1 and M2 macrophages. *, each group vs. autograft group. #, each group vs. conduitþ1 group. $, each group vs. conduit group. **, p<0.01; ***,
p<0.001; ****, p<0.0001. #, p<0.05; ##, p<0.01; ###, p<0.001; ####, p<0.0001. $, p<0.05; $$, p<0.01; $$$$, p<0.0001.
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Fig. 9. The inflammation scores and grades of local regeneration microenvironment at 4 w. The autograft group demonstrated minimal local inflammation. The local
inflammation of the regeneration microenvironment gradually increased from the conduitþ1, conduit, conduitþ2 to conduitþ3 groups. The inflammation of con-
duitþ1 was significantly lower than those of the conduitþ2 and conduitþ3 groups. (A) The images of HE staining of different groups. Scale bar, 100 μm, and 20 μm.
(B) Histograms of the inflammation scores. *, each group vs. autograft group. #, each group vs. conduitþ1 group. $, each group vs. conduit group. **, p<0.01; ****,
p<0.0001. ####, p<0.0001. $$$$, p<0.0001. (C) Histograms of the inflammation grades compared with the autograft group.
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Fig. 10. The proliferation and apoptosis of cells in regeneration microenvironment at 4 w. Compared with the conduitþ1, the local microenvironment of conduit,
conduitþ2, and conduitþ3 groups more significantly inhibited cell proliferation, and the detailed investigation revealed that mainly the proliferation of non-SCs was
inhibited. On the contrary, the proliferation of SCs was significantly increased of the conduit alone, which was different from the other groups. The regenerative
microenvironment exerted an identical effect on cell apoptosis, including both SCs and non-SCs. The local environment of conduitþ2 and conduitþ3 groups induced
much more cell apoptosis, indicating their conditions that seemed to be less conducive to nerve regeneration. (A) The images of cell proliferation (Ki67þ, red) and
apoptosis (TUNELþ, green). The SCs were marked by anti-S100 staining. Nuclei were stained using Hoechst (blue). The arrows indicated the proliferation of cells. The
arrowheads indicated the apoptosis cells. Scale bar, 20 μm (B) Histograms of the numbers and ratios of proliferation cells. (C) Histograms of the numbers and ratios of
apoptosis cells. *, each group vs. autograft group. #, each group vs. conduitþ1 group. $, each group vs. conduit group. *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001. #, p<0.05; ##, p<0.01; ###, p<0.001; ####, p<0.0001. $, p<0.05; $$, p<0.01; $$$, p<0.001; $$$$, p<0.0001.
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denervation to reinnervation, that is, the process of continuous atrophy
and then gradually recovering. In addition to the reinnervation of nerve
regeneration to retrieve muscle functions, the treatment to prevent
muscle from atrophy in the early stage of nerve injury was also of great
significance and importance. Moreover, it was worth noting that the
process of denervation atrophy of different target muscles was not the
same exactly, which may have potential instructions for the functional
recovery of the target muscles in clinic. Better muscle reinnervation of
the conduitþ1 was reflected in multi-dimensional evaluations. The
abilities of prevention of muscle atrophy and restoration of atrophic
muscle cells of conduitþ1 and autograft were much stronger. The
average areas of the motor endplates of conduitþ1 and autograft were
significantly larger than those of the other three groups at three time
points.

Peripheral nerve regeneration depends on reconstruction of local
regeneration microenvironment. The microenvironment contains key
neural regeneration factors: immune response, intraneural vasculariza-
tion, bioenergetic metabolism and bioelectrical conduction [52]. How
different amounts of PLGA scaffolds affected the nerve regeneration
microenvironment of TENGs was a question that we were further con-
cerned about. It was reported that lactic acid might increase the
expression of a series of pro-angiogenic factors in vascular endothelial
cells and activate pro-angiogenic signaling pathways to improve angio-
genesis behavior significantly [53–55]. The two groups with more PLGA
scaffolds, conduitþ2, and conduitþ3, indeed generated more new blood
vessels in the lumen of the nerve conduit. However, a significant differ-
ence in the number of blood vessels was not displayed among the
conduit, conduitþ1, and autograft. The results suggested that the in-
teractions between biomaterials and body in vivo, and their effects of
biomaterials degradation products on angiogenesis were diverse and
intricate. Moreover the role of new blood vessels acting as a bridge to
guide and promote migration of Schwann cells for peripheral nerve
regeneration was recently reported [56,57]. However the lower number
of blood vessels of conduitþ1 with the better functional recovery was
illustrated. Therefore, at different stages of peripheral nerve regenera-
tion, is there a different emphasis on the role of blood vessels? Is the
larger the number of blood vessels, the better the nerve regeneration?
This is a small but critical issue for a deeper and comprehensive under-
standing of vascular factors in peripheral nerve regeneration
microenvironment.

The distribution of macrophages was mainly in the lumen of conduit
and secondly in the apertures of conduit wall. The macrophages in the
lumen were comparatively more distributed evenly and not just
concentrated around the PLGA scaffolds, which revealed that the
degradation of the scaffolds mainly caused the infiltration of macro-
phages. The Subsequent macrophage typing detection painted a more
detailed picture. The M1 macrophages were dominantly round, partly
fusiform, and small, yet the M2 macrophages were spherical and large
[58–60]. More meaningfully, the analysis of different types of macro-
phages reflected the high inflammation states of the conduitþ2 and
conduitþ3, and revealed the slightly higher inflammation environment
of the conduit compared to the conduitþ1. The nerve bridge biomaterials
could improve the regeneration microenvironment and promote the
peripheral nerve regeneration by inducingmacrophage polarization from
a proinflammatory to an anti-inflammatory state [61]. Furthermore,
more indicators, including other inflammatory cells, were taken into
account for the inflammation assessment. The moderate inflammation of
the conduit relative to the autograft was more obviously depicted in the
comprehensive inflammation scoring and rating. Therefore, we believe
that the slightly higher inflammation of conduit, coupled with the lack of
scaffold guidance that may be more critical, together bring about its
unsatisfactory effects in repairing peripheral nerve defects. A proper
amount of acid degradation products of the PLGA scaffolds could
neutralize the alkaline degradation products of the chitosan conduit [36],
which was conducive to building a suitable microenvironment for nerve
regeneration. Additionally, through the more exhaustive evaluations,
15
conduitþ2 and conduitþ3 demonstrated comparatively severe inflam-
mation of local microenvironment, which was consistent with their poor
nerve regeneration results. Then as far as these two groups were con-
cerned, the grade of inflammation of conduitþ3 was slightly higher than
that of conduitþ2. But the difference mentioned was not incarnated in
the effect of nerve regeneration, which may be due to an upper line or
threshold of the adverse effects of inflammation, or other reasons. In a
few of reports exploring the construction of nerve conduits for improving
peripheral nerve regeneration, anti-inflammatory and anti-oxidation
were often closely linked [62,63]. Whether our TENGs have the effect
on scavenging local free radical oxygen requires related testing. More-
over, it is shown that the electrical conductivity in nerve regeneration
microenvironment is one of the aspects worthy of attention. The nerve
conduits constructed by piezoelectric materials stimulated cellular
excretion of neurotrophic factors and regulated energymetabolic balance
[64,65]. What is the electrical conductivity and piezoelectric properties
of the chitosan conduit and PLGA scaffolds of the TENGs, and how it
affects the nerve regeneration microenvironment, deserves more obser-
vation and research. In summary, our experiments dissected that the
degradation of the PLGA scaffolds had a huge impact on the local
regeneration microenvironment of TENGs and directly lead to the
different nerve regeneration performances.

During the peripheral nerve regeneration, SCs will undergo de-
differentiation and proliferation, followed by differentiation and myeli-
nation [66–68]. In the present work, the massive proliferation of SCs
should occur before the observation time point of 4 weeks after surgery.
So, it showed most proliferating cells were other types, while SCs were
proliferating relatively few. This may explain the number and ratio of
proliferating SCs between the conduitþ1, conduitþ2, and conduitþ3 did
not show significant differences. Interestingly, the proliferation of SCs of
the conduit was significantly increased compared with the other TENGs.
We speculated that the abnormal increase of SC proliferation of conduit
should be aroused by the lack of guiding effect of the PLGA scaffolds. The
absence of PLGA scaffolds greatly delayed the differentiation and
maturation of SCs that still stayed in a proliferation phase, the effect of
which seemed to exceed the impact of local inflammation. Whether the
acidic microenvironment imposed a direct and considerable impact on
the differentiation and maturation of SCs remained to be further studied.
Of course, whether the significant inhibition of the proliferation of
non-SCs, such as macrophages or fibroblasts, caused by the acidification
of the regenerative microenvironment exerted a visible and sizeable in-
fluence on peripheral nerve regeneration was another issue worth
continuing to explore.

We provided a solid theoretical basis for the quantity control of the
PLGA scaffolds into the chitosan neural conduit, and have an intuitive
and clear understanding of characteristics of PLGA and their applications
in nerve regeneration. Under the optimal dosage condition, the positive
and negative effects of the biomaterial could reach a delicate balance.
The safety and effectiveness of tissue engineered products are critical to
their clinical applications. The results supplied the experimental support
for approval and marketing of our first-generation patented peripheral
nerve tissue engineered product that had completed the clinical trials in
China. The new issues discovered expanded the vision for further
improvement of our product and design and development of a new
generation of TENGs. In addition, it expands more directions and en-
lightenments for studying and applying polyester materials in other tis-
sue regeneration fields. Our experiment also has its limitations in the
depth of exploration. Behind a series of phenomena presented, our
investigation did not involve analyzing of molecular mechanism regu-
lations, which is crucial to reveal the essence of the problem. Apart from
this, our understanding of the use of PLGA, or other similar biological
materials, is in its infancy in regenerative medicine, and numerous
fundamental questions remain. According to the specific conditions of
regenerated tissues and organs, the appropriate amount of polymer ma-
terials or the complementary combination of other biomaterials may be
the answers.
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