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Peripheral nerve regeneration and functional recovery remain a major clinical challenge. Nerve guidance conduit
(NGC) that can regulate biological behavior of Schwann cells (SCs) and facilitate axonal regeneration through
microenvironmental remodeling is beneficial for nerve regeneration and functional recovery. Gastrodin, a main
constituent of a Chinese traditional herbal medicine, has been known to display several biological and phar-
macological properties, especially antioxidative, anti-inflammatory and nerve regeneration. Herein, poly-
urethane (PU) NGCs modified by different weight ratio of Gastrodin (0, 1 and 5 wt%) were designed for
sequential and sustainable drug release, that created a favorable microenvironment for nerve regeneration. The
scaffold showed suitable pore structure and biocompatibility in vitro, and evidently promoted morphological and
functional recovery of regenerated sciatic nerves in vivo. Compared to the PU and 1%Gastrodin/PU scaffolds, the
5%Gastrodin/PU significantly enhanced the proliferation, migration and myelination of SCs and up-regulated
expression of neurotrophic factors, as well as induction of the differentiation of PC12 cells. Interestingly, the
obvious anti-inflammatory response was observed in 5%Gastrodin/PU by reduced expression of TNF-« and iNOS,
which also evidenced by the few fibrous capsule formation in the subcutaneous implantation. Such a construct
presented a similarity to autograft in vivo repairing a 10 mm sciatic nerve defects. It was able to not only boost
the regenerated area of nerve and microvascular network, but also facilitate functional axons growth and
remyelination, leading to highly improved functional restoration. These findings demonstrate that the 5%Gas-
trodin/PU NGC efficiently promotes nerve regeneration, indicating their potential for use in peripheral nerve
regeneration applications.

1. Introduction (PNS) has an intrinsic ability to repair, regeneration by end-to-end su-

ture only occurs for short segmental nerve defects and under ideal

Peripheral nerve injury (PNI) is an intractable clinical problem
bringing heavy burdens to patients, due to its high incidence and un-
satisfactory treatment. Severe PNI mainly causes sensory and locomotor
dysfunction that can result in complete paralysis of the affected limb,
and development of intractable neuropathic pain, which impacts on a
patients’ quality of life [1]. Although the peripheral nervous system
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conditions, axons of the transected nerve regenerate vigorously to the
extent limited by the size of the nerve gap and scar tissue formation [2].
Herein, current interventions for the large segmental nerve defects
(greater than ~10 mm) typically require the bridging by nerve grafts
[3]. Autograft nerve transplantation with only less than 50% success
rate remains the gold standard surgical therapy [4]. Despite
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considerable improvements in the application of microsurgery, func-
tional recovery following such therapy are far from complete solving.
Nerve guidance conduits (NGCs), enabling guided cell growth and axon
extension to promote peripheral nerve regeneration and function
restoration, have emerged as a potential alternative to autografts to
bridge the gap between injured peripheral nerve stumps [5]. NGCs can
prevent scar formation, but usually lack guidance cues like Schwann
cells (SCs) and therapeutic levels of neurotrophic factors. There is
considerable need for improved microenvironment of the native tissue
and improved nerve tissue-engineering graft substitutes [6].

Unlike nervous tract in the central nervous system (CNS), injured
peripheral nerves exhibit the ability to regenerate largely due in part to
the supportive population of SCs, which are primary neuroglial cells in
the PNS [7]. SCs play a key role in peripheral nerve repair not only in the
early clearance of debris and control of inflammation but also in axon
growth and myelination [8]. SCs are unique in their capacity to
de-differentiate, re-enter the cell cycle, and subsequently myelinate
regenerating axons [9]. Proliferating mature SCs produce growth fac-
tors, cytokines, growth-associated proteins, axonal ligands and estab-
lishing a supportive growth matrix in the microenvironment after PNI
[10], which facilitate axonal remyelination and peripheral nerve
regeneration [11,12]. It has been observed that exogenously adminis-
tered neuroglial cell line-derived neurotrophic factor (GDNF) increases
both the number and myelination of regenerating axons [13]. This is due
to effects of GDNF signaling both on regenerating nerve fibers and on
Schwann and inflammatory cells, and SCs migration is thought to pre-
cede and promote axon elongation into repair sites [14]. Brain-derived
neurotrophic factor (BDNF) is a member of the neurotrophin family
and enhances myelination in SCs, promotes neuronal survival and
neurite outgrowth, and prevents neural death [15,16]. Studies indicate
that BDNF exerts regrowth-promoting effects on nerve after sciatic nerve
injury and is closely related to motor recovery following PNI [17,18].
Without either neurite outgrowth matrix or neurotrophic factors,
regeneration will either not occur or be dysfunction [19]. In this regard,
understanding the synergistic effects on nerve regeneration involved in
this complex crosstalk between growth promoting matrix and neuro-
trophin, which describes a challenge to develop more accessible NGCs
for upregulating SCs biological behavior to repair injured nerves.

In the pursuit of an effective nerve conduit, constructing the neuro-
vascular microenvironment of scaffold materials is associated with
stimulating repair process [20]. One reason for limited regeneration is
insufficient vascularization around or inside the implant [21], resulting
in inadequate nutrient supply and gas exchange to support nerve
growth. In addition, implants may not provide the appropriate micro-
environment for nerve regeneration [22]. Therefore, implants should be
endowed with both angiogenic and neuroregenerative capacity for op-
timum clinical efficacy. For example, scaffolds pre-seeded with induced
stem cells [23], and immobilized angiogenic factors or genes [24], have
been developed for various applications in tissue engineering and
regenerative medicine. While substantial progress has been achieved in
scaffold vascularization, there are still insufficient data for clinical
application. The previous study proposed an acellular nerve scaffolds
based on a VEGF-heparin sustained release system could achieve early
vascularization and restore blood supply in the nerve graft area. How-
ever, its neuroregenerative effect was not as good as that of autografting,
indicating a limitation in the use of a single factor in repairing nerve
injury [25]. Other studies showed that combined use of neurotrophic
peptide sequence and other peptide motifs derived from growth factors,
such as NGF and VEGF, promoted nerve regeneration [26]. Therefore,
efforts to establish synergetic scaffolds harboring function to simulate
effects of the angiogenic and neurotrophic factors have been devoted in
the search for new therapeutic approachs.

As a polyfunctional biomaterial for tissue-engineered scaffold,
polyurethane (PU) NGC has shown surprising results on axonal regen-
eration and muscle functional recovery of injured neural tissues [27].
Nevertheless, regenerative process mediated by NGCs always brings
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with inflammatory response [28]. A prolonged inflammatory response is
considered as the pathogenesis of negative symptoms after PNI or other
nerve diseases [29], and shows a negative effect on functional recovery
and some anti-inflammatory factors are verified to be beneficial for
nerve regeneration in vivo [30]. Gastrodin, a bioactive component of an
ancient Chinese herb Tianma (Gastrodinelata B1), has been known to
neuroprotective and anti-inflammatory effects due to cell protection
from reactive oxygen species and reactive nitrogen species [31].
Compelling evidence have identified its effects not only on scavenging
free radicals and inhibiting apoptosis by regulating expression of
proinflammatory cytokines such as TNF-a and IL-1§ [32], but also
stimulating release of BDNF [33]. Utilizing the potential
anti-inflammatory [34] and neuroprotective effect of Gastrodin [35],
our laboratory have designed and fabricated the Gastrodin functional-
ized PU nerve films, which showed hydrophilicity, interconnected
porous structure, good flexibility and compatible neurite extension for
PC12 cells [36]. Furthermore, we reported recently that
Gastrodin-functionalized PU elevated angiogenesis without obvious in-
flammatory response during subcutaneous implantation [37]. There-
fore, NGCs loaded with Gastrodin may be a potential candidate coupled
with angio- and neurogenesis for facilitating functional recovery.

It is possible, therefore, that a functional Gastrodin/PU NGC is
designed for sequential and sustainable drug release, which creates a
favorable microenvironment for nerve regeneration. To test this possi-
bility, we investigated the potential regenerative role of functional
Gastrodin/PU NGC and found that Gastrodin/PU NGC efficiently pro-
motes nerve regeneration, indicating their potential for use in peripheral
nerve regeneration applications.

2. Materials and methods
2.1. Fabrication of Gastrodin/PU NGCs

2.1.1. Reagents

Gastrodin (purity > 99.0%) was purchased from Kunming Pharma-
ceutical Co. Ltd., China. Isophorone diisocyanate (IPDI), Lysine ethyl
ester dihydrochloride (Lys-OEt-2HCI) and Poly (€-caprolactone)2000
(PCL2000) were purchased from Aladdin Co. Ltd., China. The source of
other chemicals of AR grade was purchased from Tianjin Fengchuan
Chemical Reagent Technology (China).

2.1.2. Synthesis of Gastrodin/PU polymers

PU polymers with different concentration gradients of Gastrodin
were successfully synthesized using the in situ polymerization method
[36]. Primarily, PCL2000 and IPDI, 30.00 g and 7.80 g, respectively,
were mixed in a 250 ml three-necked flask under nitrogen continuously
and heated at 70 °C, stirred for 4 h with 4 drops SnOct as catalyzer to
obtain the prepolymer. Posteriorly, 3.70 g of Lys-OEt—2HCl was applied
to extend the prepolymer. After stirring for 2 h, different doses of Gas-
trodin were added into the mixture to synthesize different concentration
gradient polymers. Finally, the resultant polymer was cured at 90 °C.
According to the theoretical weight ratio of Gastrodin in polymer chain
(set as 0, 1, and 5 wt%), the samples were named as PU, 1%Gastro-
din/PU, and 5%Gastrodin/PU, respectively.

2.1.3. Preparation of NGCs

The NGCs were prepared using the dipping-leaching method [6]. In
brief, the samples were dissolved in 1, 4-dioxane and twice of NaCl (by
weight) particles (<50 pm) as porogen were added into the solution and
mixed thoroughly. Stainless steel wires (£1.28 mm) were dipped
vertically and removed from the suspensions for a total three cycles.
After air drying 24 h to eliminate solvent, the conduit was taken down
from the steel wire. And the NaCl particles were dissolved away from the
conduit by immersion in deionized water under vacuum for 48 h to
obtain porous NGCs.
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2.2. Characterization

2.2.1. Morphology

Microstructure characterization of the NGCs was observed under
scanning electron microscopy (SEM, FEI Quanta-200, Switzerland) at an
accelerating voltage of 10 kV. Before morphology observation, the
specimens were sputter-coated with a 7 nm layer of gold. The average
pore sizes of the scaffold section surfaces were measured using an Image
J software from the SEM photographs.

2.2.2. Degradation study

The specimens (~0.2 g) were immersed in tubes containing 3 ml 0.1
M NaOH solution and placed in an incubator at 37 °C. Each group was
prepared in quintuplicate. The solution was refreshed every week until
the 6th week.

2.2.2.1. Mass loss. Specimens were collected and gently rinsed 3 times
with distilled water at 1, 2, 4, 6 weeks, followed by oven drying to a
constant weight. The mass loss of the degraded samples was quantified
by Equation (1) [38].

Mass loss (%) = [(Wo—W,) / W] x 100% 1

where Wy and W; represent the weights of scaffolds before and after
degradation, respectively.

2.2.2.2. Gastrodin release. The Gastrodin released from polyurethane
was quantified by high performance liquid chromatography (HPLC;
Shimadzu, Kyoto, Japan). The collected degradation liquid was filtered
through a 0.22 pm filter, separated on a C18 column (250 mm x 4.6 mm,
5 pm, USA) using a mobile phase composed of solvent A (0.05% phos-
phoric acid aqueous solution) and solvent B (acetonitrile). The ratio of
solvent A to solvent B is 97:3. The sample injection volume was 10 pl and
the flow rate was 0.8 ml/min. The detection of Gastrodin was set at 220
nm, and a calibration curve of Gastrodin was obtained under the same
conditions (Fig.S1).

2.3. Invitro cell culture tests

2.3.1. SCs growth on the scaffolds

Investigations of cell biological function on the nerve guide scaffolds
were performed using SCs (Beina, shanghai, China) in vitro. SCs were
cultured in 75 mm? cell culture flask in Dulbecco’s modified Eagle’s
medium (DMEM, HyClone, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA) and incubated at 37 °C, 5% COs. The culture
medium was renewed every 2 days.

After sterilized with y-ray irradiation with 15 kGy, the scaffolds were
incubated with SCs (1 x 10° cells/well) in 12-well plates for 3 days. The
SEM was performed to characterize the growth situation of cells on the
scaffolds. Samples were washed twice with PBS, fixed in 3% glutaral-
dehyde buffer for 1 h, then rinsed by PBS and dehydrated in gradient
ethanol series. Dried samples with the cell presence were metalized with
a thin layer of gold and performed by SEM with an accelerating voltage
of 10 kV. Labeling of cells for immunofluorescence observation involved
the use of nerve growth factor (NGF). DAPI (Abcam, USA) was applied to
stain the cell nucleus followed by imaging under an optical microscope
(BX53, Olympus, Japan).

2.3.2. Cell migration assay

SCs (2 x 10° cells/well) were seeded onto scaffolds in 6-well plates
and cultured until ~90% confluence. A scratch was induced using a
sterile 200 pl pipet tip, and the cell debris was washed with PBS. Then,
fresh medium without FBS was added to the wells. The cell migration
propensity was imaged after 0, 24 and 48 h. The wounded areas were
measured by Image J and quantified by Equation (2).
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Wounded — healing rate (%) [(S1 = So) / So] x 100% 2

where Sy and S; represent the area of cells before and after migration,
respectively.

2.3.3. RT-qPCR and western blotting

In order to explore the effect of scaffolds on SCs function, SCs (2 x
10° cells/well) were seeded onto scaffolds in 6-well plates for 3 days.
The gene expression levels of neuronal cellular adhesion molecules
(NCAM), GDNF and BDNF were measured by RT-qPCR. The protein
expressions of NCAM, early growth response 2 (EGR2), NGF, GDNF and
BDNF were evaluated using Western blotting. The process was reported
in the SL

2.3.4. PC12 cell differentiation

The bioactivity of growth factors secreted by SCs on scaffolds was
evaluated based on PC12 cell differentiation. Briefly, PC12 cells (2.0 x
10* cells/well) were seeded into 12-well plates and incubated for 24 h.
Then the medium was replaced with conditioned medium collected from
SCs cultured on scaffolds for 3 days and supplemented with 2.5% FBS.
The culture with normal medium was used as controls. After 3 days of
culture, differentiated PC12 cells were fixed with 4% paraformaldehyde
and stained with p-Tubulin-III for cytoplasm and DAPI for nucleus. The
stained cells were observed with an optical microscope. The neurite
length and percentage of differentiated cells were calculated using
Image J software. Furthermore, the effect of scaffolds/SCs conditional
medium on the FAK expression of PC12 was assessed by RT-qPCR
analysis.

2.3.5. Anti-inflammatory properties

To evaluate the anti-inflammatory properties of scaffolds,
RAW264.7 cells (2 x 10* cells/well) were seeded onto the various
scaffolds in 12-well plates in DMEM supplemented with 10% FBS. After
incubated for 3 days (37 °C, 5% COy), the cells were fixed with 4%
paraformaldehyde and stained with iNOS for cytoplasm and DAPI for
nucleus. The stained cells were then observed with an optical micro-
scope. Meanwhile, gene expression of iNOS and TNF-a was quantified
using RT-qPCR analysis. Supernatant of medium was collected and
assayed to measure the content of TNF-a using a TNF-a Elisa kit (Nanjing
jiancheng, China) according to the manufacturer’s instructions.

2.4. Animal experiment

Sprague-Dawley (SD) rats (male, 200-220 g) supplied by the
Experimental Animal Center of Kunming Medical University (Kunming,
China) were used for in vivo experiments. The animal experiments were
approved by the local institution of Animal Experimental Ethics Com-
mittee of Experimental Animal Center of Kunming Medical University in
compliance with international ethics guidelines and regulations. Ani-
mals were anesthetized with sodium pentobarbital (30 mg/kg).

2.4.1. Anti-inflammatory response of the scaffolds in the subcutaneous
embedding model

27 rats were randomly divided into PU, 1%Gastrodin/PU and 5%
Gastrodin/PU groups. Sterilized discs (#13 mm x 2 mm) were trans-
planted into the dorsal subcutaneous pocket symmetrically per rat. After
3, 7, 14 days of implantation, the samples with surrounding tissues were
harvested and fixed with 4% paraformaldehyde solution for histological
(Masson) and immunofluorescent (TNF-a, CD31) staining. To evaluate
the toxicity of scaffolds, routine blood and blood biochemistry test at 14
days was provided in SL

2.4.2. The effect of Gastrodin/PU NGCs on nerve regeneration
An experimental sciatic nerve defect injury animal model involved
sixty rats. Rats were randomly divided into autograft, PU, 1%Gastrodin/
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PU and 5%Gastrodin/PU groups. Surgeries were performed using an
operating microscope under aseptic techniques (Fig. S2(A)). After
anesthetizing, an incision was made in the gluteal muscle. The sciatic
nerve in the right hind limb was exposed and a 10 mm segment of the
nerve was removed. For autograft group, proximal and distal stumps of
the nerve was repaired using the reversed autologous nerve segment
using 8-0 absorbable sutures. For experimental groups, the NGCs of 12
mm were implanted between the proximal and distal stumps and su-
tured. Following, the muscle incision was sutured using 5-0 absorbable
sutures and the skin was closed with 3-0 absorbable sutures. Post-
operatively, every five animals were fed in a cage with free access to
food and water. At 4, 12, 16 weeks, twenty animals were sacrificed and
the implants with surrounding tissue were harvested (n = 5 per group)
and fixed immediately in a cold buffered 4% paraformaldehyde solution.
Additionally, sciatic function index, electrophysiological and histo-
morphometric analysis were performed at 16 weeks to estimate the ef-
ficiency of NGCs for nerve regeneration before the animals were
sacrificed. Further details were showed in the SI.
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2.5. Statistical analysis

The data were reported as the mean + standard deviations (SD). One-
way analysis of variance (ANOVA) was applied for statistical compari-
sons among groups more than two, and t-test was used for the statistical
comparisons among two groups. All statistical analysis was performed in
the software GraphPad Prism 8.0. The values of p < 0.05 were consid-
ered statistically significant.

3. Results
3.1. Preparation and characterization of Gastrodin/PU NGC

The schematic of Gastrodin/PU NGC is illustrated in Fig. 1A. The
NGC had inner diameter of 1.28 mm and outer diameter of 2.8 mm
(Fig. 1B (a, d)). The microstructure of cross-section (b, ¢) and longitu-
dinal section (e, f) was viewed using SEM (Fig. 1B). The NGC displayed
the well-distributed and interconnected pore structure with pore size
from 10 to 60 pm, and there was no difference between PU and

Fig. 1. Synthesis and characteristics of
Gastrodin/PU NGCs. (A) Illustration of Gas-
trodin/PU NGCs preparation and their
application for a peripheral nerve repair
strategy. (B) Digital photos (a, d) and SEM
images (b—c: cross-section; e-f: longitudinal
section) of NGCs depicting interconnected
pore structure. (C) Effect of Gastrodin on
mass loss of NGCs against degradation time.
(D) Gastrodin release profiles. Data are
expressed as the mean £+ SD (n = 5). *p <
0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.
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Gastrodin/PU groups, consistent with our previous report [32].

The mass loss and Gastrodin release profile were quantified to
evaluate their degradation properties. As shown in Fig. 1C, there was a
significantly higher degradation rate for 5%Gastrodin/PU compared
with 1%Gastrodin/PU group, while PU was slowest. The difference be-
tween groups became more evident as degradation time extended.
Correspondingly, the Gastrodin was released from the 5%Gastrodin/PU
in a controlled and sustained manner for 6 weeks with no evidence of an
initial burst release, while obvious release in 1%Gastrodin/PU was only
observed at 6th week (Fig. 1D).

3.2. The influence of Gastrodin/PU NGC on SCs behaviors

The peripheral nerve regeneration starts from the proliferation and
migration of SCs, subsequently to support axonal outgrowth and mye-
linization. Meanwhile, SCs produce abundant trophic factors for axonal
regeneration. Hence, to determine the supportiveness of Gastrodin/PU
scaffolds for cell bioactivity, SCs were seeded onto the scaffolds. In
Fig. 2A, B, the cell migration behaviors applied with Gastrodin/PU were
significantly improved than that in other groups after 24 and 48 h, while
the 5%Gastrodin/PU drove faster wound-healing rate. After 3 days
culture, the cells covered the most of areas on these samples, and the
cells on the internal wall of NGCs were more than the outer surface
(Fig. 2C). These results suggested that scaffolds not only supported cell
proliferation but also guided cell infiltration and spatial distribution.
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Interestingly, cytoskeleton of SCs in the 5%Gastrodin/PU was elongated,
while the cells in the PU and 1%Gastrodin/PU groups were round. Live/
Dead staining observed more spread cytoskeleton and nuclei of SCs in
5%Gastrodin/PU, and better growth and proliferation than others
(Fig. S2). Meanwhile, a few dead cells (red) on PU and 1%Gastrodin/PU,
but a markedly higher activity of cells on 5%Gastrodin/PU (green) were
visible, confirmed well cytocompatibility in latter.

The effects of scaffolds on regulating SCs’ myelination were inves-
tigated. Obviously, optical density of NGF was significantly elevated in
the 5%Gastrodin/PU group on day 3 compared to those in the PU or 1%
Gastrodin/PU treatment groups (Fig. 3A, B). The higher gene expression
of GDNF and BDNF was also detected in 5%Gastrodin/PU than any other
scaffolds, while NCAM, a promyelination marker and only expressed in
immature SCs, was much lower, implying the onset of SCs myelination
(Fig. 3C). Western blotting analysis results also showed that higher
neurotrophic factors (EGR2, NGF, GDNF and BDNF) and lower NCAM
protein levels on 5%Gastrodin/PU compared with that on other samples
(Fig. 3D, E). These results demonstrated the benefits of optimum content
of Gastrodin onto the PU scaffolds in the greatest extent of SCs
myelination.

As a neuronal cell model, PC12 cells morphological differentiation
was examined by adding the medium suspension from SCs culture with
scaffolds (Fig. 4A). As shown in Fig. 4B, PC12 cells cultured with 5%
Gastrodin/PU/SCs conditioned medium for 3 days exhibited longer
neurite length than 1%Gastrodin/PU/SCs group or the culture with PU/

Gastrodin content (wt%)
5

50 um

Fig. 2. The migration and proliferation of SCs on PU, 1%Gastrodin/PU, 5%Gastrodin/PU scaffolds at 3 days. (A) Cell migration in scratch assay. (B) Quantitative
analysis of the migratory ability of SCs. (C) SEM images of SCs. * indicates internal surface of NGCs. Data are expressed as the mean + SD (n = 5). *p < 0.05; **p <

0.01; ***p < 0.001.
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Fig. 3. The differentiation of SCs on PU, 1%
Gastrodin/PU, 5%Gastrodin/PU scaffolds at
3 days. (A) NGF immunofluorescent images
of SCs. (B) Quantitative analysis of the op-
tical density from NGF staining. (C) Relative
genes level of NCAM, GDNF and BDNF. (D)
NCAM, EGR2, NGF, GDNF and BDNF protein
expression of SCs measured by Western
blotting and (E) the calculated correspond-
ing protein levels. Data are expressed as the
mean £ SD (n = 5). *p < 0.05; **p < 0.01;
*%p < 0.001; ****p < 0.0001.

Fig. 4. PC12 cell differentiation incubated
with scaffolds/SCs conditional medium after
3 days. (A) Schematic of indirect coculture
of PC12 cells. (B) Staining cytoplasm
(B-Tubulin-1II, green) and nucleus (blue) of
PC12 cells. Quantitative results of percent-
age of differentiated PC12 cells (C) and
neurite length (D). (E) FAK mRNA levels.
Data are expressed as the mean + SD (n =
5). *p < 0.05; **p < 0.01; ****p < 0.0001.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

results illustrated inderectly that 5%Gastrodin/PU would promote
neurotrophins secretion from SCs.
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3.3. Anti-inflammatory response

The effect of physicochemical features of biomaterials on the release
of inflammatory cytokines from macrophages in vitro was assessed. It
was found that the Raw264.7 cells could spread well on the scaffolds
(Fig. 5A). The cells incubated with Gastrodin/PU caused a decrease of
pro-inflammatory cytokines, more pronounced for 5%Gastrodin/PU
compared with 1%Gastrodin/PU showing significantly decreased iNOS
and TNF-a gene levels (Fig. 5B). Lower amounts of TNF-a protein
expression also exhibited in 5%Gastrodin/PU from Elisa assay (Fig. 5C).
By contrast, the macrophage-PU interaction resulted in an inflammatory
microenvironment, suggesting that Gastrodin loaded PU significantly
attenuated inflammation.

After confirming that the Gastrodin-enriched microenvironment
could trigger an anti-inflammatory response in vitro, the modulation on
day 3, 7 and 14 after subcutaneous implantation were determined. Im-
munostaining of TNF-a was performed to delineate host response to the
scaffolds (Fig. 5D). On day 3, optical density was apparently decreased
following Gastrodin/PU treated compared to those in PU group. Sub-
sequently, the expression of inflammatory protein decreased with the
healing process over the 14 days. Masson (Fig. 5E) staining further
showed that fibrous capsules surrounding the 5%Gastrodin/PU was
much thinner compared to the 1%Gastrodin/PU and PU groups at 3
days. The thickness of fibrous capsules decreased with the prolongation
of implant time, especially for 5%Gastrodin/PU, evidencing by the
sequent decrease of the fibrous capsule thickness (Fig. 5F).

As expected, there was a notably higher proportion of vessels gen-
eration for 5%Gastrodin/PU than other groups (Fig. S3). The systemic
effects of Gastrodin/PU were also assessed. Serum chemistry examina-
tions revealed that 5%Gastrodin/PU exhibited only a little decrease in
the number of creatinine during the 14 days after treatment (Table S3),
and the toxicity was not found.
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3.4. Gastrodin/PU NGC promotes sciatic nerve regeneration and
remyelination in vivo

Macroscopic examination of grafted defects revealed that the defects
were successfully re-bridged (Fig. S4(B)). Ammonia silver staining
clearly showed longitudinal regenerated nerve fibers at 4, 12 and 16
weeks postoperatively, and the fibers formed persistently with time. It
was observed that the nerve fibers were nearly regenerated completely
through the entire scaffold except slight arrangement without rules.
Both the autograft and 5%Gastrodin/PU presented aligned fibers along
the conduit by the bunch. However, the fiber was a little bit regeneration
as well as no regular arrangement through the PU and 1%Gastrodin/PU
in Fig. 6.

The results of H&E staining in middle-section of the nerve implants
depicted regenerative neuro-filaments. At 4 weeks, the nerve fibers in
the autograft group were significantly denser than those in the scaffold
groups. Obviously, a significant improvement in the regeneration of fi-
bers was observed within 5%Gastrodin/PU group, as compared to 1%
Gastrodin/PU and PU (Fig. 7A-D). At 12 weeks, the density of the nerve
fibers in both the 5%Gastrodin/PU and 1%Gastrodin/PU groups were
further enhanced, although could not be fully comparable to that in the
autograft group, whereas the fiber density in the PU group was signifi-
cantly lower (Fig. 7E-H). The difference was more pronounced at 16
weeks. Visibly, the 5%Gastrodin/PU had higher density of neuro-
filaments than 1%Gastrodin/PU and PU groups. (Fig. 7I-L).

Microvessel formation within the regenerated nerve was specifically
evaluated based on H&E staining (Fig. 7i-1) and immunofluorescent
staining for CD31 (Fig. 7M-P) at 16 weeks. Newly formed microvessels
were observed in Gastrodin/PU groups. Notably, 5%Gastrodin/PU
showed higher microvessel density than 1%Gastrodin/PU. Furthermore,
immunofluorescent staining for CD31, a marker of vascular endothelial
cells, also revealed more microvessels in Gastrodin/PU groups.

Moreover, a sign of inflammation in PU group (Fig. 7B) at 4 weeks
was observed, while the other defects were successfully re-bridged
without signs of inflammation. Compared to PU, the Gastrodin/PU
groups presented less fiber wrapping after implantation. No obvious

o Fig. 5. Efficacy on anti-inflammatory prop-
erties of Gastrodin/PU scaffolds. (A-C)
Scaffolds incubated with Raw264.7 cells for
3 days: (A) Staining cytoplasm (iNOS, red)
and nucleus (blue) of cells; (B) RT-qPCR
analysis; (C) The content of TNF-a protein.
(D-F) Host response to the scaffolds
following 14-day subcutaneous implanta-
tion: (D) Immunofluorescent (TNF-a) stain-
ing; (E) Masson staining; (F) Quantitative
results of thickness of fibrous capsules from
Masson staining. “F” denotes fibrous cap-
sules; two-way green arrows mark the span
of the fibrous capsule at the film-tissue
interface. Data are expressed as the mean
£ SD (n = 5). *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. (For interpretation
of the references to colour in this figure
legend, the reader is referred to the Web
version of this article.)
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Gastrodin content (wt%)

L booum &

Fig. 6. Ammonia silver staining longitudinal section of the middle-regenerated nerve at 4 (A-D), 12 (E-H), 16 (I-L) weeks implantation: (A, E, I) Autograft; (B, F, J)
PU; (C, G, K) 1%Gastrodin/PU; (D, H, L) 5%Gastrodin/PU.

Gastrodin content (wt%)

Autograft

H&E

CD-31/DAPI

Fig. 7. Middle cross-section microstructure of the regenerated nerves. H&E stained at 4 (A-D), 12 (E-H), 16 (I-L) weeks and CD31 stained at 16 (M — P) weeks
implantation: (A, E, I, M) Autograft; (B, F, J, N) PU; (C, G, K, O) 1%Gastrodin/PU; (D, H, L, P) 5%Gastrodin/PU. S - Scaffolds; F - Fibrous capsules; Green arrows
indicate the microvessels. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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degradation occurred in the PU group over the entire period, and the
conduits remained intact and rigid. In contrast, the Gastrodin/PU groups
showed significant degradation, especially for 5%Gastrodin/PU,
enlarged pore size and thinner tuber wall was observed at 16 weeks.

The regenerated nerve tissues were stained with immunofluorescent
indicators NF-200 (expression of axon maturation markers) to demon-
strate the nerve fibers within the regenerated nerve at 16 weeks. As
shown in Fig. 8A, B, the positive expressions of the NF-200 were
generated in these groups. The 5%Gastrodin/PU group was closest to
autograft with more homogeneous axons compared with the PU and 1%
Gastrodin/PU groups. Quantitative analysis results showed that the
positive area in the 5%Gastrodin/PU and autograft groups were signif-
icantly more than the 1%Gastrodin/PU and PU groups. There was no
significant difference between the 5%Gastrodin/PU and the autograft
groups (Fig. 8D).

To further survey the recovery of regenerated nerve, -Tubulin-III
and the corresponding positive area were studied. f-Tubulin-III, as a
marker protein of the microtubules formation of nerve regenerated
axons, is primarily expressed in neurons and may be involved in neu-
rogenesis and axon guidance and maintenance [39].The results of the
images analysis showed that the microtubules have regenerated. The 1%
Gastrodin/PU and PU groups showed minor nerve fiber growth. The 5%
Gastrodin/PU group was found to have more sturdy and homogeneous
microtubules compared with the PU and 1%Gastrodin/PU groups
(Fig. S6), which were closest to the autograft group. Similar result was
confirmed with the staining of NF-200.

The sub-microstructure and axonal regeneration myelin thickness of
middle regenerated nerves were measured according to the TEM images.
As shown in Fig. 8C, the thinnest myelin sheath and smallest diameter
were observed in the PU group, while the thickness of regenerated axons
in 5%Gastrodin/PU and 1%Gastrodin/PU groups were improved, but
still lower than the autograft group. The statistical results also indicated
that there was marked enhancement in the myelin thickness with
increased loaded-Gastrodin content (Fig. 8E). It could indicate more
regeneration of nerve fiber with myelin sheathes on 5%Gastrodin/PU
group.

3.5. Gastrodin/PU NGC promotes function and electrical conduction
recovery

After sciatic nerve injury, the denervated muscles begin to atrophy,
leading to limb paralysis. By recording rat footprints, the degree of
reinnervation functional recovery could be quantified. The walking
track analysis in each group was conducted at 16 weeks postoperatively.
As illustrated in Fig. 9A, photographs of the footprints indicated that the
toes of the rats spread in the 5%Gastrodin/PU group were similar to that

Gastrodin content (wt%)
A Autograft PU 1 5
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in the autograft and better than those in the PU and 1%Gastrodin/PU
groups, indicating a recovery in motor function. The SFI was calculated
to evaluate the functional recovery of the regenerated nerves (Fig. 9B).
As the SFI value approached zero, the corresponding functional recovery
was improved. The SFI value in the 5%Gastrodin/PU group was signif-
icantly higher than those in the PU and 1%Gastrodin/PU groups, while
the autograft group showed the most evident improvement. These re-
sults suggested that the 5%Gastrodin/PU could significantly improve
the functional recovery after sciatic nerve injury.

The recovery of nerve conduction was then evaluated by electro-
physiological analysis. The parameter of CMAP, reflecting the number of
nerve fibers innervating the target muscle, can offer a significant evi-
dence for evaluation scaffolds’ conducting function of peripheral nerve
[40]. The typical CMAP curves of each group at 16 weeks after surgery
was recorded, as depicted in Fig. 9C. Amplitude of CMAP, in the 5%
Gastrodin/PU group was significantly better than those of 1%Gastro-
din/PU and PU groups, closest to autograft group, but all of them were
inferior to autograft (Fig. 9D), indicating the positive effects of loaded
Gastrodin on restoring nerve conduction function.

The atrophy of gastrocnemius muscle resulted from dysfunction of
the sciatic nerves was further evaluated. The gross images of the har-
vested muscles showed that sciatic nerve injury caused muscle atrophy
of the injured site and the size of the muscle had not recovered to normal
at 16 weeks (Fig. 9E). The Masson staining showed that much more
regular and homogeneous muscular shape were observed in autograft
and 5%Gastrodin/PU groups than those in 1%Gastrodin/PU and PU
groups (Fig. 9F), and the later presented more marked muscular atrophy
and adhesion. Similar results were further verified by the immunofluo-
rescent staining of anti-laminin (Fig. 9G). Laminin, as an extracellular
matrix glycoprotein, was used to measure further the shape of gastroc-
nemius bundle. The statistically average diameter of the muscle fiber in
5%Gastrodin/PU was larger than that of the fibers in PU and 1%Gas-
trodin/PU groups, yet smaller than that of the autograft (Fig. 9I). The
wet weight ratios of gastrocnemius muscles (Fig. 9H) also indirectly
confirmed muscle atrophy. The data in the 5%Gastrodin/PU group was
significantly higher than that in 1%Gastrodin/PU and PU groups,
although still lower than that in the autograft group. The attenuated
reduction in muscle mass observed in 5%Gastrodin/PU group denoted a
lessened degree of muscle denervation atrophy, suggesting enhanced
neuro-regeneration.

4. Discussion

After peripheral nerve injury, SCs begin to proliferate and guide the
regeneration of proximal axons. The supportiveness of NGCs for SCs
biological behavior and bridging the proximal and distal nerve stumps is

Fig. 8. Cross section immunofluorescent
staining of regenerated nerves at the middle
graft level for neurofilaments (A, B, NF-200,
red) and counterstained with DAPI (blue) at
16 weeks: autograft, PU, 1%Gastrodin/PU
and 5%Gastrodin/PU. Yellow square mag-
nifications of immunostainings demon-
strating nerve fascicle details and the
contained regenerated axons. (C) TEM im-
ages of transverse sections of regenerated
nerve fibers at 16 weeks. (D) Positive area
percentage of nerve fiber from NF-200
staining. (E) The average regenerating
myelin sheath thickness. Data are expressed
as the mean + SD (n = 5). **p < 0.01; ***p
< 0.001; ****p < 0.0001. (For interpretation
of the references to colour in this figure
legend, the reader is referred to the Web
version of this article.)
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A

critical nerve regeneration [33]. PUs with high flexibility and biocom-
patibility have been reported as NGCs to induce axonal extension or
direct neurite outgrowth [6]. However, their neuro-regeneration effect
should be enhanced for their clinical application. In this study, a func-
tional Gastrodin was polymerized onto the PU conduits to provide a
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Fig. 9. Recovery of function and electrical con-
duction at 16 weeks postoperatively. (A) Repre-
sentative images of left (normal) and right (injured)
footprints. (B) Sciatic functional index (SFI). (C)
The complex muscle action potential (CMAP). (D)
Statistical analysis of CMAP amplitude in each
group. (E) Representative images of gastrocnemius
muscles. (F) Masson and (G) Anti-laminin immu-
nofluorescent staining images of cross-sections of
gastrocnemius muscles. (H) Statistical results of the
wet weight ratios of gastrocnemius muscles. (I)
Statistical analysis of the mean cross-sectional
diameter of muscle fibers. Data are expressed as
the mean + SD (n = 5). *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001.

good microenvironment for minimizing the inflammatory responses and
stimulating axonal regeneration.

The NGCs had pore interconnectivity and the pore size ranged from
10 to 60 pm (Fig. 1B). Generally, a pore size of 20-60 pm is optimal for
maximum axon penetration and minimum axon misdirection [41].
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Incorporation of Gastrodin into PU statistically augmented flexibility
and elongation at break, which could provide a 3D framework for cell
matrix deposition and nerve regeneration [36]. The hydrophilic Gas-
trodin also accelerated degradation by activating interaction between
materials and degradation liquid (Fig. 1C). Correspondingly, sequential
Gastrodin release would act as a promising pattern in the peripheral
nerve tissue engineering. And 5%Gastrodin/PU realized long-term
release of Gastrodin (Fig. 1D), which was likely to support neuro-
protection and anti-inflammatory effect.

A great of many cells and cytokines are involved in the healing events
to influence tissue repair after nerve injury. Previous studies have
demonstrated positive effects of BDNF and GDNF on nerve repair and
survival [42]. The elevated secretion may primarily account for the
facilitated migration of axonal fibers and potentially involve in myeli-
nation [43]. During structural and functional recovery process, SCs also
generate and release different cytokines, which in turn are involved in
axonal activity, to establish a permissive growth microenvironment for
guiding the nerve growth [44]. Ultimately, proliferative SCs transform
to ensheath of immature axons [45]. NCAM is an indicator of SCs’
promyelination. It is expressed only in immature SCs and decreases in
SCs’ myelination [46]. In the current design, introduction of Gastrodin
to PUs could promote proliferation, migration and myelinating con-
version of SCs with an elongated shape (Fig. 2). Elongated SCs are
usually along their basal lamina to form bands of Biingner that support
the guidance of outgrowing axons [47]. It was confirmed that Gastro-
din/PU allowed SCs attachment, migration, cellular communication as
well as cell division. Promoted cell proliferation might come from the
increased hydrophilicity of 5%Gastrodin/PU, which has been confirmed
in our previous reports [36], more affinity to encourage SCs adhesion.
Coincidentally, De Luca et al. [48] reported a similar phenomenon that
hydrophilic surface could achieve significant proliferation and attach-
ment of SCs. Clearly, the enhanced cellular behaviors were also ascribed
to the Gastrodin released from PU, maximally accelerating SCs infil-
tration into the luminal surfaces of NGCs, favoring guided axon
ingrowth and myelination. The combination with interconnected pores
of tube wall in NGCs was even more crucial for in vivo implantation,
which assured a sufficient supply of nutrition and appropriate perme-
ability for oxygen and metabolite to ingrowth nerve prior to the estab-
lishment of functional neovasculature. Additively, culture of SCs on 5%
Gastrodin/PU showed reduced NCAM level for 3 days, indicating
elevated myelinating capacity and neurotrophin secretion (Fig. 3).
Consistent with the findings that myelinating SCs increased neuro-
trophic factors expression while reducing NCAM [49]. Significantly
promoted secretion of EGR2, NGF, BDNF and GDNF was measured on
5%Gastrodin/PU compared to 1%Gastrodin/PU, which were able to
promote PC12 differentiation (Fig. 4), suggesting the regulatory role of
5%Gastrodin/PU in maturation of SCs. The myelinating SCs usually
up-regulate myelin markers and release neurotrophins, relevant to pe-
ripheral nerve regeneration.

As a foreign body, implanted NGCs inevitably trigger an inflamma-
tory response that manipulates the regeneration process of peripheral
nervous damage [50]. Inferior nerve implants usually appear a long
period of chronic inflammation, resulting in fibrotic encapsulation of the
materials. Many studies have showed that fibrotic response in patho-
logical conditions impaired proper function of organ [51]. Hence, it is
necessary to endow implant with anti-inflammatory function. Our group
previously reported that Gastrodin mediated anti-inflammatory effects
in activated microglia by modulating the Wnt/p-catenin, down-
regulating expression of iNOS, TNF-a and NO levels [52]. Subsequent
study further reported that localized release of Gastrodin based polymer
significantly reduced TNF-a and IL-18 level, indicating an
anti-inflammatory response [37]. And we expect the Gastrodin/PU
NGCs to have similar influences in this study. The Gastrodin/PU
exhibited a high effect on anti-inflammation according to the results of
remarkedly down-regulating iNOS and TNF-a expression in RAW264.7
cells, which was particularly obvious in 5%Gastrodin/PU (Fig. 5A-C).
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Consistent with in vitro results, there was significant improvement on
inflammatory microenvironment in vivo using Gastrodin/PU scaffolds.
Subcutaneous implantation revealed a reduction of fibrous capsule
(Fig. 5E) and low expression of TNF-a (Fig. 5D) around Gastrodin/PU.
Only thick fibrous capsule was observed around the PU (Fig. 7B) in the
nerve implantation after 4 weeks, accompanied by the disappearance of
the inflammatory response in subsequent time-points. The inhibition of
inflammatory development at the site of nerve damage showed a posi-
tive feedback effect on nerve regeneration [53]. Neumann et al. [54]
reported increased neurite outgrowth when inflammatory factors like
TNF-a secretion were inhibited.

The dual function of SCs myelination and anti-inflammatory pro-
motion contributes to create a microenvironment conducive for axonal
regeneration and tissue repair [55]. After peripheral nerves are injured,
SCs start proliferation and migration into the injury site, interact with
axons to form the myelin sheath during their growth and maturation,
resulting in the subsequent myelination of regenerated nerve fibers [56].
More importantly, myelinated fibers can deliver signals to the target
muscle [57], and the presence of myelinated axons provides the struc-
tural basis for improvements in nerve conduction and functional re-
covery [58].The ultra-structure of the regenerated nerve tissues showed
that after 16 weeks, myelin sheath thickness was significantly enhanced
when treated with Gastrodin/PU (Fig. 8C, E). From morphological
evaluation of ammonia silver, H&E, NF-200 and p-Tubulin-III staining
results after 4, 12, 16 weeks, it was found that the regenerated nerve
fibers in the 5%Gastrodin/PU group had more dense and regular
morphological features similar to the nerve tissue morphology of auto-
graft than that in 1%Gastrodin/PU and PU groups, and the enhancement
was persistent with time (Figs. 6-8 and S5-56), which explained why the
5%Gastrodin/PU group had more spread footprint areas (Fig. 9A). Of
note was that 5%Gastrodin/PU group achieved a comparable amount of
neo-microvessels to autografts (Fig. 7L, P), which in turn resulted in
comparable nerve regeneration and function recovery of the regener-
ated nerves between 5%Gastrodin/PU group and autografts. The sig-
nificant neo-microvessels regeneration treated with Gastrodin/PU was
also visible in the subcutaneous implantation (Fig. S3), which has been
evidenced by our previous Gastrodin modified vascular scaffolds ex-
periments [37]. In fact, competent microvascular network reconstruc-
tion guarantees tissue regeneration and restoration of physiological
functions, as it permits a sufficient nutrient supply [59]. Further, the
walking track analysis (SFI, Fig. 9 (A, B) and electrophysiology (CMAP,
Fig. 9 (C, D) after 16 weeks showed that Gastrodin/PU had less loss of
nerve function than PU, indicating that the Gastrodin modified PU
improved the nerve functional restoration. This difference might reflect
the fast degradation of scaffolds accompanied by the release of Gastro-
din (Fig. 1D) leading to up-regulating neurotrophins supply. When the
Gastrodin release was optimized, 5%Gastrodin/PU achieved better ef-
fect. It is well known that adequate neurotrophins treatment had ther-
apeutic index in reduced atrophy of gastrocnemius [40]. Masson and
anti-laminin staining results indicated a reduction in the extent of
denervation muscular atrophy with the 5%Gastrodin/PU, being closer to
that in autograft and better than that in the 1%Gastrodin/PU and PU
groups (Fig. 9H and Fig. 7).

Altogether, the promotion effect of Gastrodin/PU for peripheral
nerve regeneration has realized through regulation of neuroprotection-
related cytokines and favorable biological properties to create an
appropriate microenvironment for nerve regeneration. Current 5%Gas-
trodin/PU offers compelling evidence of directing SCs biological func-
tion, inducing nerve fibers formation and angiogenesis, and eventually
contributing to nerve functional recovery (Fig. 10). Although the role of
Gastrodin on nerve protection has been studied extensively, Gastrodin
released from biomaterials is still in primary stage, and precise mecha-
nism of Gastrodin/PU on nerve repair needs our further exploration. In
addition, PU NGCs modified with 5 wt% Gastrodin have achieved pos-
itive effect on peripheral nerve repair in SD rat, however, the systema-
tized Gastrodin release profile and its dynamic manipulation on nerve
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Fig. 10. The mechanism of functional Gastrodin/PU NGC to accelerate pe-
ripheral nerve repair.

regeneration remains a challenge. Thus, a deep investigation may focus
on the detailed mechanism of Gastrodin/PU for peripheral nerve
regeneration, promoting its biomedical applications.

5. Conclusion

A functional Gastrodin/PU NGC is used to bridge nerve stumps.
Gastrodin is effectively bonded to the scaffolds that undergoes a well-
controlled release. Compared to the PU and 1%Gastrodin/PU scaf-
folds, 5%Gastrodin/PU scaffold significantly promotes SCs proliferation,
migration, myelination, and up-regulates trophic factors expression;
proved to promote the differentiation of PC12 cell. The release of Gas-
trodin reduces the proinflammatory cytokines iNOS and TNF-a levels,
and the fibrous capsule of Gastrodin/PU is few in implantation. Through
the evaluation of morphological and functional recovery of regenerated
nerve, it is found that 5%Gastrodin/PU can successfully repair a 10 mm
sciatic nerve defect and exhibit a similar healing capacity to autograft.
The 5%Gastrodin/PU has effective enhancement on the numbers of
axons and microvessels of regenerated tissue, followed by axonal
remyelination and functionalization. In addition to the fast recovery
rate, the ability to have regenerated tissue with normal morphology
makes 5%Gastrodin/PU to be a powerful candidate to repair the pe-
ripheral nerve damages.
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