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A B S T R A C T

Spinal cord injury is a kind of nerve injury disease with high disability rate. The bioscaffold, which presents a
biomimetic structure, can be used as “bridge” to fill the cavity formed by the liquefaction and necrosis of spinal
nerve cells, and connects the two ends of the fracture to promote the effective recovery of nerve function.
Tubasatin A (TUBA) is a potent selective histone deacetylase 6 (HDAC6) inhibitor, which can inhibit the over-
expression of HDAC6 after spinal cord injury. However, TUBA is limited by high efflux ratios, low brain pene-
tration and uptake in the treatment of spinal cord injury. Therefore, an effective carrier with efficient load rate,
sustained drug release profile, and prominent repair effect is urgent to be developed. In this study, we have
prepared a bionic multichannel Tubasatin A loaded nanofiber conduit (SC-TUBA(þ)) through random electro-
spinning and post-triple network bond crosslinking for inhibiting HDAC6 as well as promoting axonal regener-
ation during spinal cord injury treatment. The Tubasatin A-loaded nanofibers were shown to be successfully
contained in poly(glycolide-co-ε-caprolactone) (PGCL)/silk fibroin (SF) matrix, and the formed PGCL/SF-TUBA
nanofibers exhibited an uniform and smooth morphology and appropriate surface wettability. Importantly, the
TUBA loaded nanofibers showed a sustained-release profile, and still maintains activity and promoted the
extension of axonal. In addition, the total transection large span model of rat back and immunofluorescent la-
beling, histological, and neurobehavioral analysis were performed for inducing spinal cord injury at T9-10,
evaluating therapeutic efficiency of SC-TUBA(þ), and elucidating the mechanism of TUBA release system in
vivo. All the results demonstrated the significantly reduced glial scar formation, increased nerve fiber number,
inhibited inflammation, reduced demyelination and protected bladder tissue of TUBA-loaded nanofibers for spinal
cord injury compared to SC-TUBA, SC and Control groups, indicating their great potential for injured spinal cord
healing clinically.
1. Introduction

Spinal cord injury (SCI) results in partial or complete loss of motor
and sensory function of the limbs below the plane of neurological injury,
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which imposes a huge economic burden on the patient and society [1].
The ineffective regeneration for axons is a major obstacle to the func-
tional recovery of central nervous system (CNS) in mammals [2–4].
Insufficient intrinsic growth capacity of damaged neurons, glial scarring,
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fragmentation of myelin sheath, and even inhibitory factors associated
with axonal components may lead to ineffective axon regeneration [5–7].
Although some previous reports have shown that partial axonal regen-
eration can be improved by removing or neutralizing these above in-
hibitors. However, the effect of regeneratiom is unobvious [8–10].
Therefore, an effective drug-loaded scaffold is urgently for the reparing
of large spinal cord defect.

Tubasatin A (TUBA), which is a potent selective histone deacetylase 6
(HDAC6) inhibitor with tetrahydro-γ-carboline capping, can promotes
axonal regeneration and improves behavioral function in mammals [11,
12]. It has been reported that inhibition of histone deacetylases (HDACs)
promotes histone acetylation as well as present neuroprotective effects in
various disease models associated with neurodegeneration [13–16].
Among them, HDAC6 is a microtubule-associated deacetylase, which is a
potential target for protection and regeneration after neurological injury
[12,17,18]. Despite the important role of TUBA in promoting axonal
regeneration and stabilizingmicrotubules in spinal cord injury repair, the
high outflow rate, limited brain penetration (B/P ¼ 0.15), and low up-
take rate (<100 ng/g) have limit the clinical application of TUBA [19,
20]. In addition, TUBA also exhibits permeability to the blood-brain
barrier, but the results of the previous report suggest that its percent-
age of passing through is still very limited [19]. So, sustained, higher
peripherally administered concentrations are required to exert neuro-
protective effects. This multiple and complicated injection operation
increases the risk of infection, and it is not easy to control the concen-
tration of TUBA. More importantly, local blood circulation is impaired
after spinal cord injury, making it difficult for TUBA to really enter the
deeper part of the spinal cord injury area and achieve the ideal thera-
peutic effect. These factors severely limit the application of TUBA in the
treatment of spinal cord injury. Therefore, it is important to design a
feasible local drug delivery system for the clinical application of TUBA in
the treatment of spinal cord injury.

Electrospinning is a simple and widely used technique for the
continuous extraction of nanofibers from viscoelastic fluids by electro-
static repulsion between surface charges, which can be assembled into
ordered or graded structures depending on different arrangements,
stacking and folding [21]. In recent years, electrospun fiber as drug de-
livery systems have received increasing attention due to the unique
properties of electrospun fibers such as great specific surface area and
very high porosity [22]. To obtain better drug-polymer compatibility and
improve drug activity, polymer-blended drug delivery systems have been
promoted [23–26]. Although electrospun nanofibers show great poten-
tial for applications in biomedical research, the structure and composi-
tion of polymeric nanofibers for tissue regeneration scaffolds need to be
further optimized. Further still, it has been reported that electrospun
nanofiber scaffolds provide physical cues that can guide the extension of
neurites from dorsal root ganglia (DRG) and embryoid bodies (EBs) and
also further increase the length of neurites through functionalization
[27–30]. Therefore, a wide variety of natural and synthetic polymers
have been electrostatically spun into fibers for local drug delivery.
Among them, poly(glycolide-co-ε-caprolactone) (PGCL) has attracted
much attention due to its elasticity similar to rubber, amorphous nature
and rapid biodegradability, as well as its ability to enhance intercellular
interactions [31–33]. In addition, silk protein (SF) exhibits prominent
biocompatibility, controlled biodegradability, absorbability of natural
proteins, low immunogenicity for applications in both tissue engineering
and drug release [34–37]. Based on these advantages, we will prepare a
hybrid PGCL/SF-TUBA multi-channel bioactive filament nanofiber
catheters via combine electrospinning technique and post-network bond
processing, which may be a useful strategy for more loaded active factor
in neural tissue engineering applications.
2

2. Materials and methods

2.1. Materials

Poly(glycolic acid-co-Ɛ-caprolactone) (PGCL, weight-average molec-
ular weight ¼ 100,000 g/mol) with a glycolic acid/Ɛ-caprolactone ratio
of 50:50 and Tubasatin A (TUBA, purity>99.9%) were purchased from
Shenzhen Mai Qi Biomaterials Co., Ltd. (Shenzhen, China) and Sigma-
Aldrich Trading Co., Ltd. (Shanghai, China), respectively. Silk fibroin
(SF) is an extract from silkworm cocoons in our laboratory. PC12 cells for
in vitro experiments were obtained from Shanghai Cell Bank of Chinese
Academy of Sciences (Shanghai, China). Cell counting kit (CCK-8) was
obtained from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China). Dul-
becco's modified eagle medium (DMEM), Fetal bovine serum (FBS), and
antibiotic-antibacterial medicine (penicillin/streptomycin) were pur-
chased from Hyclone Trading Co., Ltd. (Shanghai, China). Hexa-
fluoroisopropanol (HFIP, purity�99.56%) was obtained from Shanghai
Darui Fine Chemicals Co., Ltd. (Shanghai, China). Unless otherwise
specified, all the above reagents were used directly. All the materials
were used as received, except where mentioned otherwise.

2.2. Preparation of multichannel nanofiber conduit

PGCL and extracted SF were mixed and then dissolved in 10 mL HFIP
at a mass ratio of 5:5, formed a mixture with 10% concentration. After
stirring until clarified, quantitive TUBA was added in the above-clarified
mixture forming electrospinning solution with a relative mass fraction
(WTUBA/(WPGCL þ SF)) of 1%. After mixing, the solution was continuously
stirred by a stirrer for 2 days till completely dissolved. Followed by ul-
trasonic treatment to completely dissolve and remove any air bubbles.
The electrospun solution was prepared into random fiber by a conven-
tional electrospinning device, which was composed of a propulsion
pump, a high pressure supply and a metal collector. The spinning pa-
rameters were set to an output voltage ¼ 10.3 kV, the distance from the
needle tip to the receiver was 18 cm, and the propulsion speed of the
propulsion pump was set to 0.8 mL/h. The parameters were no longer
adjusted during electrospinning to ensure that stable fiber scaffolds were
obtained. The obtained electrospun nanofiber scaffolds were crosslinked
by glutaraldehyde vapor (evaporation in 25% glutaraldehyde aqueous
solution) at room temperature for 4 h. Finally, the nanofiber scaffolds
were vacuum dried at room temperature for 7 days to prepare for the next
step of characterization and testing. Singlechannel PGCL/SF nanofiber
conduit (SC), singlchannel PGCL/SF-TUBA nanofiber conduit (SC-
TUBA), and multichannel PGCL/SF-TUBA nanofiber conduit (SC-
TUBA(þ)) were prepared for animal experiments.

2.3. Characterization and testing

The morphology of the nanofibers after gold spraying was observed
by scanning electron microscopy (SEM, Phenom XL, Netherlands) oper-
ating with sputter gold plating for 35 s at 5 mA at an accelerating voltage
of 10 kV. A contact angle measuring device (JC 2000D 2 A, Shanghai
Zhongchen Digital Technology Equipment Co., Ltd, China) was used to
testing the wettability of prepared nanofibers scaffolds. In this testing,
0.02 mL deionized water was added to the sample and three different
positions of the sample were taken to test the water contact angle and
calculate the average value. Image-J (USA) was adopted to determine the
diameter of nanofibers, inner diameter and wall thickness of nanofibers
scaffolds.

2.4. TUBA sustained release testing in vitro

SC-TUBA (weight: 2.055 � 0.065 μg, n ¼ 3) with 1 mL of phosphate
buffered salt (PBS, Gibco, C10010500BT) was taken to determine the
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effect of TUBA release in vitro from the nanofibers. The SC-TUBA with
PBS were placed in a rotary shaker at 50 rpm and 37 �C 500 μL of su-
pernatant containing released TUBA was removed and stored at �20 �C
at the set time points on days 1, 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30,
following supplemented with equal amounts of PBS. The concentration of
TUBA in the supernatant was measured using HPLC and expressed as the
cumulative amount of TUBA released over time according to the formula
in previous reported literature [38,39].

2.5. Cytocompatibility in vitro

2.5.1. Cell culture
PC12 cells were cultured and proliferated in a suitable environment of

37 �C, 5% CO2, 95% air. The culture medium was RMPI 1640 medium
(GIBCO, C11875500BT) containing 10% fetal bovine serum (GIBCO,
10099–141) and 1% penicillin/streptomycin (GIBCO, 15140–122). PC12
cells was induced to differentiate into neuron-like cells with β-NGF (50
ng/mL, Sino Biological, 11050-HNAC-3).

2.5.2. Cell value-added-toxicity assay
Cell suspensions were obtained by digesting β-NGF-induced differ-

entiation of PC12 cells with 0.25% EDTA trypsin (GIBCO, 25200056),
adding cell suspensions to 96-well plates at 1 � 104 cells per well and
supplementing the outermost wells with 100 μL of PBS to prevent the
outermost medium from evaporating during the incubation process. To
test cell activity after experimental treatment, drug-containing medium
was discarded and 100 μL of fresh medium was added to each well,
followed by the addition of 10 μL of Cell Counting Kit 8 (CCK-8) solution
(Meilunbio, CCK8-500 T) to each well, followed by incubation in an
incubator for 3 h. Finally, the absorbance of each well at 450 nm was
measured using an enzyme marker. Five replicate wells were set up for
each group of cells.

Add 2 � 104 β-NGF-induced differentiated PC12 cells to 24-well
plates, SC and SC-TUBA extracts were pretreated for 12 h. Cells were
co-incubated for 2 h using an equal volume of EdU (1 � , 10 μm) in
BeyoClickTMEdU-555 Cell Proliferation Assay Kit (Beyotime, C0075L),
paraformaldehyde solution (4% PFA, biosharp, BL539A) for 1 h at room
temperature, wash and add PBS containing 0.3% Triton X-100 for 15 min
at room temperature, wash and add Click reaction solution for 30 min at
room temperature and avoid light, shake gently to ensure that the reac-
tion mixture can evenly cover the cells, aspirate the wash solution and
add Hoechst 33,342 (1 � ) was added to each well and incubated for 10
min at room temperature and protected from light.

2.5.3. Bioactivity evaluation of Tubastatin A
The supernatants of SC and SC-TUBA were collected on day 3 and

used to assess the biological activity of TUBA released from the nerve
conduits. PC12 cells was added to 12-well plates pre-coated with poly-
Lysine (Solarbio, P2100-10) and incubated at 37 �C and 5% CO2, sup-
plemented with 1 mL of RMPI 1640 medium containing 10% fetal bovine
serum, 1% penicillin/streptomycin and 50 ng β-NGF to each well. Me-
dium was changed every 2 days and the experimental group drug was
added on day 3. An equal volume of PBS was added to the blank group
and incubated in the incubator for 12 h.

2.5.4. Cell adhesion assay
Round slides (Φ10 mm) were prepared as described above, sterilized

and grouped into 24-well plates, and 2 � 104 PC12 cells were inoculated
onto each slide, supplemented with 1 mL of RMPI 1640 medium con-
taining 10% fetal bovine serum, 1% penicillin/streptomycin and 50 ng
β-NGF. After 3 days of incubation, the slides were washed with PBS at
room temperature and a sufficient amount of electron microscopy fixa-
tive (Servicebio, G1102) overnight. After aspiration and dehydration
with gradient ethanol solutions (30%, 50%, 70%, 90%, 95%, and 100%),
3

the slides were finally dried in a lyophilizer (Labogen, CS55-4, Denmark)
for 4–6 h. After gold spray treatment, the cell adhesion on the slide
surface was observed under SEM.

2.5.5. Immunocytochemistry
After 72 h of in vitro incubation, the cultures were fixed in para-

formaldehyde solution (4% PFA, biosharp, BL539A) for 15 min, washed
with PBS, permeabilized with PBS containing 0.3% Triton X-100 for 20
min at room temperature, closed with goat serum (GIBCO, 16210064) for
30 min at room temperature, and stained with Anti-beta III Tubulin
antibody (EP1569Y, 1:500, Abcam, United States) was immunostained
overnight at 4 �C, the antibody was removed and washed with PBS, then
incubated with Goat Anti-Rabbit lgG H&L (Alexa Fluor
®488,1:200,Abcam, United States) at room temperature for 1.5 h. All
neurites in the wells were observed using a fluorescence microscope
(IX73 þ DP80). Neurosynaptic extension of β-NGF-induced differentia-
tion of PC12 cells was quantified using Image-J software.

2.6. Animal experiments

All rats were obtained from Shanghai Slaccas Experimental Animal
Co., Ltd (Shanghai, China) and all experimental schemes are in agree-
ment with the requirements of the Institutional Animal Care and Use
Committee (IACUC) of Shanghai Jiao Tong University School of Medi-
cine Affiliated Shanghai Sixth People's Hospital (Fengxian Hospital) by
IACUC. Ethical principles were followed throughout the experiment. All
experimental plans were proceeding to conform to the Animal Manage-
ment Regulations of China (1988 and revised in 2001, Ministry of Sci-
ence and Technology).

In this experiment, 200 � 20 g adult female SD rats were subjected to
spinal cord transection transplantation and randomly divided into four
groups: spinal cord injury group (Control, n ¼ 10), single-channel cath-
eter scaffold group (SC, n ¼ 10), single-channel bioactive silk nanofiber
catheter scaffold equipped with TUBA (SC-TUBA, n ¼ 10), and multiple-
channel bioactive silk nanofiber catheter scaffold equipped with TUBA
(SC-TUBA(þ), n ¼ 10). All rats were anesthetized by intraperitoneal
injection of 10% chloral hydrate solution (400 mg/kg, Sigma-Aldrich,
23,100), the lamina was excised to expose the dorsal aspect of the T9-
10 segment, and the spinal cord was transected with microscissors to
form a 5 � 0.5 mm gap, and the wound was hemostatic. Then the ma-
terial was implanted into the transected gap with microscopic forceps
and ensured that it coincided with the lesion cavity, and the muscle and
skin were sutured layer by layer after checking for correctness. To pre-
vent infection, all animals were given amoxicillin (10 mg/kg, Chinese
national drug) intraperitoneally for 1 week after surgery. Food and water
were easily accessible to all animals, and manual bladder massage was
performed twice daily until the urinary reflex was restored.

2.6.1. Neurobehavioral testing
Neurobehavioral recovery after spinal cord injury in rats was assessed

using Basso, Beattie and Bresnahan (BBB) scores. Scores were observed at
specific time points by two independent observers who had no knowl-
edge of the experiment. Animals were placed in the center of an open
floor and scores were recorded strictly based on observation. Each animal
was observed and scores were recorded for no less than 4 min per week.
postoperatively once a week until 8 weeks postoperatively.

2.6.2. Histology and immunofluorescence staining
The animals were anesthetized and executed with an overdose of 10%

chloral hydrate at 8 weeks postoperatively, the hearts were opened and
fully exposed, and all rats were perfused with pre-warmed 0.9% saline
(pH ¼ 7.3) for 5 min, then perfused with pre-cooled 4% para-
formaldehyde (4% PFA, biosharp, BL539A) for 6 min. The samples were
fixed in 4% paraformaldehyde for 24 h at 4 �C, then dehydrated in a
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gradient of 20%–30% sucrose solution in turn, and frozen sections were
embedded in OTC (Servicebio, G6059-110 ML) with a section thickness
of 10 μm, numbered and labeled, and stored at �20 �C.

Immunofluorescence staining was performed using standard pro-
tocols, and sections were incubated with anti-glial fibrillary acidic pro-
tein (GFAP; 1:400; Abcam), anti-neurofilament 200 (NF200; 1:1000;
Abcam), and macrophage anti-CD68 (1:100; Santa Cruz) overnight at 4
�C. After 3 shaking washes with PBS (pH ¼ 7.4) on a decolorization
shaker and incubation with Alexa Fluor546 (1:300; Abcam) or Alexa
Fluor488 (1:300; Abcam) secondary antibody for 50 min at room tem-
perature protected from light, all specimens were washed 3 times with
PBS and 40,6-diamidino-2-phenylindole (DAPI; Servicebio; G1012) to
restain the nuclei, and the sections were slightly shaken and then sealed
with anti-fluorescence quenching sealer (Servicebio; G1401). Sections
were observed and images were acquired under an orthomosaic micro-
scope model (NIKON Eclipse ci), and each index was photographed using
the same parameter settings, and then quantitative analysis was per-
formed using Image-J software.

2.6.3. LFB staining
Spinal cord samples were obtained according to the method described

previously, and continuous cross-sectional sections of 5 μm thickness
Fig. 1. Schematic illustration of the preparation for the bionic multichannel nanofib
post-triple network bond crosslinking (amidation, Schiff based reaction, and hydroge
model in rat.

4

were prepared from both sides of the injury junction, and the sections
were dewaxed to water by xylene (Sinopharm Chemical Reagent Co.,
Ltd.; 10023418) and anhydrous ethanol (Sinopharm Chemical Reagent
Co., Ltd.; 100092683) sequentially, and stained with myelin staining
solution set (Servicebio. G1030) at 60 �C, repeatedly differentiated water
washing and microscopic examination until the myelin sheath was blue
background nearly colorless. Sections were oven dried at 65 �C, cooled
and then re-stained with 95% ethanol in eosin, and then sealed sequen-
tially by anhydrous ethanol (Sinopharm Chemical Reagent Co., Ltd.,
100092683) and xylene (Sinopharm Chemical Reagent Co., Ltd.,
10023418) dehydrated neutral gum. Three sections of the spinal cord of
each animal (including the section in the epicenter) were evaluated for
LFB-positive areas, microscopically examined with an orthomosaic mi-
croscope model (NIKON Eclipse ci), and the remaining myelin area in the
anterior and posterior horn of the spinal cord was quantified by deter-
mining the integrated optical density (IOD) of the remaining myelin in
selected areas using Image-J software.
2.7. Statistical analysis

All analyses were performed using the SPSS 25.0. Data were
expressed as mean � SD. Statistical comparisons between the two groups
er conduit carrying Tubastatin A (SC-TUBA(þ)) by random electrospinning and
n-bonding network densification) and its effective implantation in spinal injury
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were performed using the two independent-samples t-test and the inter
group were performed using the One-way analysis of variance (ANOVA).
(two-tailed) p < 0.05 was considered to be statistically significant.

3. Result

As in Fig. 1, a bionic multichannel TUBA loaded nanofiber conduit
(SC-TUBA(þ)) have been prepared via random electrospinning and post-
triple network bond crosslinking (amidation, Schiff based reaction, and
Fig. 2. (A) Schematic diagram of the fabrication of the bionic multichannel nanofibe
and SC-TUBA(þ). (C) SEM images of SC, SC-TUBA, and SC-TUBA(þ). (D) and (E) Wa
(F) Diameter distribution of PGCL/SF nanofiber and PGCL/SF-TUBA nanofibers. (ns

Fig. 3. In vitro releases of TUBA from SC-TUBA nanofibers in pH ¼ 6.8 PBS (n ¼
time points.

5

hydrogen-bonding network densification) for inhibiting HDAC6 as well
as promoting axonal regeneration during spinal cord injury treatment.
Subsequently, the prepared TUBA-loaded nanofiber conduit may effec-
tively promote neuronic induction, spinal regeneration after SCI, and
some improvement of bladder loss compensation when implanted with
SC-TUBA(þ) in the treatment of large spinal cord injury. In brief, we have
designed and proposed a newmode for the loading and delivery of TUBA,
which can help promote the clinical development and application of
TUBA in the field of neural repair.
r conduit based on PGCL/SF nanofibers. (B) The appearance images of SC-TUBA
ter contact angle images of PGCL/SF nanofiber and PGCL/SF-TUBA nanofibers.
: not significant).

5). (A) Cumulative release rate, and (B) the quantity of sustained TUBA in set
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3.1. Microstructure and surface wettability of nanofibers

The bionic multichannel nanofiber conduit was prepared as described
above (Fig. 2A). The microstructure and morphology of the nanofiber
conduits were examined using scanning electron microscopy (SEM), and
high-density interwoven nanofiber structures were observed in both SC
and SC-TUBA groups (Fig. 2C). Among them, the nanofiber diameter
interval of SC and SC-TUBA was about 140–200 nm. The diameters of
prepared fiber between the two groups was not statistically significant,
Fig. 4. Effects of SC-TUBA on cell activity and adhesion. (A) Staining on nerve filam
length of nerve filament in each group using Image-J software quantitative analysis. (
SC-TUBA. (E) Effects of CCK-8 on the activity of differentiated PC12 cells with SC and
*P < 0.05; **P < 0.01.

6

indicating that loaded TUBA in PGCL/SF matrix did not change the
arrangement of the nanofiber structure. The wettability of the scaffold
materials was assessed by contact angles (as in Fig. 2D and E), which
were 56.58� for SC and 56.42� for SC-TUBA, respectively. Both θ < 90�,
indicating that both are hydrophilic materials.

3.2. TUBA release properties of nanofibers

The release of TUBA from SC-TUBA nanofibers under physiological
ent of differentiated PC12 cells on the surfaces of SC-TUBA nanofibers. (B) The
C) and (D) Effects of EdU on the activity of differentiated PC12 cells with SC and
SC-TUBA. (F) SEM images of SC and SC-TUBA cell adhesion. NS, not significant;
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conditions was analyzed using HPLC. As shown in Fig. 3, during the 30-
day release experiment, the drug showed a violent release on the first
day, followed by a continuous slow release. Thus, approximately 70% of
TUBA was released from the stent in the SC-TUBA bionic nerve conduit.

3.3. The activity and facilitates neurosynaptic extension of nanofibers in
vitro

In vitro, differentiated PC12 cells were cultured by dip in SC and SC-
TUBA to determine whether the released TUBA retained biological ac-
tivity. Immunofluorescence results showed insignificant neurite growth
in PC12 differentiated cells in the SC group compared to the Control
group and neurite growth in the SC-TUBA group (Fig. 4A and B). CCK-8
(Fig. 4E) and EdU (Fig. 4C) results indicated that SC was not significantly
cytotoxic and that SC-TUBA increased the activity of PC12 differentiated
cells (Fig. 4D). Cell adhesion experiments showed that both SC and SC-
TUBA could provide attachment for cells, and the addition of TUBA in
SC nanofibers did not have a significant effect on cell adhesion (Fig. 4F).
This suggests that TUBA released from the SC-TUBA remained active and
promoted neurosynaptic proliferation.
Fig. 5. Spinal cord tissue was regenerated 8 weeks after modeling. (A) Control gr
showing nerve filament (NF200, green) and glial fibrillary acidic protein (GFAP, red
area, the arrows represent the rostral lesion and the tail, and the yellow dotted box
9,C10-12) areas. Image-J software for quantitative analysis of rostral (B) and tail (C

7

3.4. Evaluation of spinal cord repair in vivo

The results of positive NF200 neurofilaments (NF200, a marker for
neuronal and axonal regeneration) at different locations of spinal cord
injury were quantified to assess the effect of SC-TUBA(þ) on nerve axon
regeneration in vivo. The effect of nerve tissue regeneration after nerve
conduit implantation was assessed at week 8, and NF200 cell density was
significantly increased in the SC-TUBA(þ) group compared with the SCI
group (P < 0.01). The mean neurofilament density in the SC-TUBA(þ)
group was 33.303 � 2.996% in the Rostral region (Fig. 5B) and Caudal
region (Fig. 5C) 21.4935 � 4.0195%. The addition of TUBA seemed to
promote the increase of neurofilaments, and based on these data, local
delivery of TUBA from the SC-TUBA(þ) bionic nerve conduit scaffold
after SCI increased neurosynaptic regeneration at the injury site.

The extent of astrocyte aggregation was quantified by detecting the
density of GFAP staining (Fig. 6A). After 8 weeks of injury, the Control
group saw GFAPþ cell aggregates around the lesion, leaving poorly
repaired cavities with only a small amount of NF200 (Fig. 6A). These
astrocytes were tightly packed to form a scar barrier and hindered neural
tissue regeneration. Compared with the Control group, the SC-TUBA(þ)
and SC-TUBA groups showed less pronounced proliferation of reactive
astrocytes and decreased GFAP expression around the injury site after
oup, SC group, SC-TUBA group and SC-TUBA(þ) group representative images
) staining. The white dotted lines in the full view represent the cross-cut lesion
es show enlarged Rostral (R1-3,R4-6,R7-9,R10-12) and Caudal (C1-3,C4-6,C7-
) caudal. ns, *P < 0.05,**P < 0.01,***P < 0.001.
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treatment. GFAP expression was significantly reduced after local appli-
cation of SC-TUBA(þ), which induced a more significant reduction than
that in the SC-TUBA group, effectively preventing the excessive aggre-
gation of astrocytes. Thus, local delivery of MC-TUBA attenuated the
proliferation of glial cells at the injury site.

Infiltration of inflammatory cells around the lesion is an important
signal in response to chronic inflammation. Staining of activated mac-
rophages by anti-CD68 antibody (Fig. 6B) was used to assess the activity
of macrophages at the lesion site after SCI. After 8 weeks of injury, the
infiltration of CD68þ cells was reduced to different degrees in the SC-
TUBA and SC-TUBA(þ) groups compared with the Control and SC
groups, and the effect was more pronounced in the SC-TUBA(þ) group,
confirming the inhibitory effect of this delivery system on inflammation
after SCI.

Luxol Fast Blue (LFB) staining was performed to assess the myelin
protective effect of SC-TUBA(þ) on the anterior and posterior horn of the
injured spinal cord (as in Fig. 7). A large number of cellular debris and
degenerated axons were present near the epicenter of the spinal cord
transection injury. As assessed by IOD, myelin showed a protective effect
in the SC-TUBA(þ) group compared to the Control group (Fig. 7C and E).
The SC-TUBA(þ) group showed a better protective effect compared to
the SC-TUBA group. Based on these results, local administration of SC-
TUBA(þ) attenuates the demyelinating effect after SCI.

At week 8 after SCI, the injured spinal cord was excised from the
experimental animals and the effect of SC-TUBA(þ) on the lumen was
observed by H&E staining of horizontal sections (Fig. 8A). As shown in
the figure, incompletely degraded nerve conduit scaffolds were visible in
the epicenter of SC, SC-TUBA and SC-TUBA(þ) groups. Compared with
Control group, SC, SC-TUBA and SC-TUBA(þ) groups all showed
different degrees of guidance function, and SC-TUBA(þ) group signifi-
cantly reduced the regeneration of abnormal scar tissue.

Functional assessment of the hind limbs of the rats was performed
weekly by two uninformed examiners using the BBB scale. All groups of
Fig. 6. Local SC-TUBA(þ) administration reduced glial scar formation and inhibited
group after rostral treatment GFAP fluorescence staining image. (B) SC-TUBA(þ) grou
dotted boxes show enlarged Rostral areas.
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rats were completely paralyzed immediately after modeling, and the BBB
scores were significantly higher in the SC-TUBA and SC-TUBA(þ) groups
than in the Control group (Fig. 8E). In addition, the BBB score was higher
in the SC-TUBA(þ) group (9 � 1 point) than in the SC-TUBA group (7.5
� 0.5 points). Therefore, TUBA had a positive effect on rats after SCI,
while SC-TUBA(þ) treatment promoted the recovery of hindlimb func-
tion in rats after SCI.

Urinary tract disorders are a serious complication of SCI and can
cause irreversible pathological changes in the bladder, affecting the
quality of life and overall survival of patients with SCI. Effective relief of
urinary tract damage depends on the recovery of spinal cord neurological
function, and is therefore another important indicator of treatment effi-
cacy. bladder volume in the Control group increased significantly within
8 weeks after SCI, while the bladder of rats in the SC-TUBA(þ) group was
closer to normal (Fig. 8B). H&E staining showed that SC-TUBA(þ) was
effective in preventing pathological damage such as severe bladder wall
thickening and muscle bundle disorder (Fig. 8C) The implantation of SC-
TUBA(þ) provided effective protection to the urinary system and further
demonstrated the effect of neural repair.

4. Discussion

Spinal cord injury is one of the most serious public health problems,
yet effective treatment measures remain to be explored [40,41].
Following spinal cord injury, scar formation at the injury site and the
limited ability of neuronal axons to regenerate make recovery from spinal
cord injury difficult [8,42]. Studies have shown that HDAC6 expression
levels are significantly upregulated in damaged neurons and that inhi-
bition of HDAC6 promotes neuronal survival and regeneration [18,43,
44]. TUBA, a potent and selective HDAC6 inhibitor, is much more se-
lective than all other isozymes and is of great research value in spinal
cord injury repair [11,20]. By inhibiting HDAC6 expression levels, the
aim of promoting spinal cord injury repair can be achieved [12,14,16].
inflammation in Control group, SC group and SC-TUBA group. (A) SC-TUBA(þ)
p after rostral treatment CD68 antibody fluorescence staining image. The yellow



Fig. 7. MC-TUBA reduces demyelination. (A) The leading image shows the transverse view of the spinal cord (rostral injury/graft site and caudal). LFB staining for
histological evaluation of the transverse view of the anterior(B) and posterior horns(D). Image-J software for demyelination of the anterior(C), posterior horns(E). (*P
< 0.05).
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Fig. 8. Local administration of SC-TUBA(þ) improves bladder decompensation and promotes functional recovery. After 8 weeks, Macromorphology of spinal cord and
H&E staining (A), Macroscopic bladder morphology (B) and H&E staining (C). Green arrows indicate pathological features, transverse space of lesion is 5 � 0.5 mm
and SC-TUBA(þ) implantation image (D). (E) The BBB score. (*P < 0.05, **P < 0.01, ***P < 0.001).
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TUBA has been reported to promote axonal regeneration and functional
recovery in injured mice by intraperitoneal injection [12]. However,
systemic administration requires repeated applications of large doses,
making it difficult to maintain relatively high concentrations locally and
prone to serious side effects. Therefore, the development of long-acting
release drug delivery systems (LAR-DDSs) is particularly important.
Perfect DDSs maximise the therapeutic effect of the drug while mini-
mising adverse side effects. Our results show that the constructed
TUBA-loaded multi-channel bioactive nanofibrous tubular material not
only avoids the disadvantages of repeated multiple intraperitoneal in-
jections of TUBA, but also promotes axonal regeneration, reduces glial
scar formation and inhibits inflammatory responses by controlling direct
slow release, maximizing drug action and limiting peripheral side effects
of the drug. In summary, local release of TUBA from multichannel
bioactive nanofibre scaffolds has potential for preclinical studies.

Inhibitors of broad-spectrum HDACs have potential adverse effects
and their safety cannot be guaranteed in many non-oncology areas, so
selective HDACs inhibitors are receiving more attention. Small molecule
selective HDAC6 inhibitors can promote neuronal survival and regener-
ation after injury. In dorsal root ganglion neurons, HDAC6 inhibitors
prevent neuronal degeneration and stimulate axonal growth with fewer
adverse effects, making them more suitable for clinical use [45]. Recent
studies have shown that protein acetylation regulation plays an
10
important role in neuroprotection and in promoting the directional dif-
ferentiation of endogenous neural stem cells. The selective inhibitor of
histone deacetylase IIb, HDAC6, has a protective effect on nerve cell
growth and promotes axonal regeneration, suggesting that HDAC6 plays
an important role in the pathology of nerve injury and is a potential drug
target. However, there are few effective HDAC6 selective inhibitors and
their mechanism of action is unclear. TUBA, an HDAC6 inhibitor with
much higher selectivity than other isozymes, is also receiving increasing
attention from researchers for its role in the treatment of Alzheimer's
disease, glioma and neuroprotection. Although TUBA exhibits perme-
ability to the blood-brain barrier, studies have shown that it has a limited
percentage of passage, requires sustained and high peripheral dosing
concentrations to exert significant neuroprotective effects, is complicated
by multiple injections, increases the risk of infection, and has unstable
local concentrations during the injection interval [46–49]. More impor-
tantly, there is local blood circulation disorder after spinal cord injury,
making it difficult for TUBA to really enter the deeper part of the spinal
cord injury area to achieve the desired therapeutic effect. These factors
have severely limited the translational clinical application of TUBA in the
treatment of spinal cord injury. This study addresses these issues by
loading TUBA into a multichannel bioactive nanofibrous tubular scaffold
for in situ controlled release application of TUBA.

In studies on SCI, the method of TUBA administration is restricted to
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intraperitoneal injection. In our study, we designed a multi-channel
bioactive nanofibre tubular scaffold for TUBA delivery, namely SC-
TUBA(þ). This innovative vector not only overcomes the local blood
circulation barrier after spinal cord injury, but also maintains a high
effective local concentration of TUBA through controlled release and acts
directly on the injured area, effectively promoting axonal regeneration
through HDAC6 inhibition. It has been shown that reactive astrocyte
proliferation after spinal cord injury includes the release of inhibitory
molecules that may inhibit axonal growth, and that the application of
growth-promoting therapy may reduce the inhibitory effect of astrocyte
proliferation [50]. The present study showed that SC-TUBA(þ) applica-
tion reduced the aggregation of astrocytes around the injury site. More-
over, astrocytes are the main cells that inhibit axonal growth, which
acting mainly through the secretion of chondroitin sulfate proteoglycan
(CSPG) and glial scar formation, a strategy to reduce astrocyte aggrega-
tion at the injury site may mitigate these effects and thus promote po-
tential regeneration of neural synapses. Therefore, these potential effects
combined with the controlled release of TUBAmay be responsible for the
observed increase in nerve fibre density. In addition, SC-TUBA(þ)
treated animals exhibited a reduced inflammatory response at the spinal
cord transection anastomosis, as determined by CD68þ immunostaining
of macrophages at the site of injury. This finding is consistent with pre-
vious reports that TUBA administration after spinal cord injury partially
restores sci-induced autophagic flux blockade and that autophagy plays
an important role in inhibiting HDAC6-induced functional recovery after
spinal cord injury and supports a beneficial role of HDAC6 inhibition
after spinal cord injury [12].

Spinal cord injuries often cause complications such as pain, deep vein
thrombosis and urinary tract disorders. Repeated urinary tract infections
and stones, as well as the inability to urinate spontaneously due to the
loss of innervation of the detrusor and sphincter muscles, seriously affect
the patient's quality of life and even cause long-term renal insufficiency.
As a result, neurogenic bladder is one of the fatal complications for pa-
tients with spinal cord injury. The preservation and recovery of bladder
tissue is a great challenge and an important indicator of the effectiveness
of regenerative treatment of neural tissue. In this study, SC-TUBA(þ)
treatment promoted spinal cord repair and nerve regeneration, which
facilitated the protection and repair of bladder tissue. The implantation
of SC-TUBA(þ) not only promotes the repair and regeneration of spinal
nerve tissue, but also avoids complications due to pathological changes in
the bladder on this basis.

5. Conclusions

Overall, local release of TUBA from the multichannel bioactive fila-
ment nanofiber catheter scaffold was achieved in a controlled manner
over an extended period of time, and SC-TUBA(þ)-released TUBA
maintained its bioactivity in vitro and promoted axonal growth.
Furthermore, local application of SC-TUBA(þ) increased axonal exten-
sion across the injury boundary, inhibited pathological glial cell activa-
tion and inflammation, reduced demyelination, protected against
bladder neurogenic loss of compensations, and promoted neuro-
behavioral recovery. These findings are promising, as local delivery of
TUBA via a biodegradable drug delivery system implanted at the lesion
site plays a beneficial therapeutic role in the repair of the spinal cord after
injury. In conclusion, the local release of TUBA from a multichannel
bioactive filament nanofiber catheter prepared by co-blending PGCLwith
SF has potential for preclinical studies.
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