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ABSTRACT

Spinal cord injury (SCI) is an overwhelming and incurable disabling condition, for which increasing forms of
multifunctional biomaterials are being tested, but with limited progression. The promising material should be
able to fill SCI-induced cavities and direct the growth of new neurons, with effective drug loading to improve the
local micro-organism environment and promote neural tissue regeneration. In this study, a double crosslinked
biomimetic composite hydrogel comprised of acellularized spinal cord matrix (ASCM) and gelatin-acrylated-
p-cyclodextrin-polyethene glycol diacrylate (designated G-CD-PEGDA) hydrogel, loaded with WAY-316606 to
activate canonical Wnt/p-catenin signaling, and reinforced by a bundle of three-dimensionally printed aligned
polycaprolactone (PCL) microfibers, was constructed. The G-CD-PEGDA component endowed the composite
hydrogel with a dynamic structure with a self-healing capability which enabled cell migration, while the ASCM
component promoted neural cell affinity and proliferation. The diffusion of WAY-316606 could recruit endog-
enous neural stem cells and improve neuronal differentiation. The aligned PCL microfibers guided neurite
elongation in the longitudinal direction. Animal behavior studies further showed that the composite hydrogel
could significantly recover the motor function of rats after SCI. This study provides a proficient approach to
produce a multifunctional system with desirable physiological, chemical, and topographical cues for treating
patients with SCI.

1. Introduction

spinal cord is directly or indirectly injured, a series of symptoms of
sensory and motor dysfunction below the level of the SCI will be man-

Spinal cord injury (SCI) is a highly disabling condition. Once the ifested [1]. Following SCI, spinal cord tissue ischemia, hypoxia, edema,
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excessive release of lysosomal contents, infiltration of inflammatory
factors, and initiation of autophagy will all cause changes in the
microenvironment, resulting in neuronal degeneration and necrosis in a
relatively short period [2,3]. This necrotic tissue is subsequently
absorbed and liquefied to form a fluid-filled cyst. The formation of voids
can diminish cytokine infiltration and axonal ingrowth, making it
difficult for synapses to recover and eventually causing neurological
dysfunction [4]. Strategies such as transplantation of neural stem cells
(NSCs), inhibition of inflammatory factors, stimulation of neuronal
differentiation, and promotion of nerve growth have certain therapeutic
effects on SCI. However, a single therapeutic strategy has limited effi-
cacy, because SCI is a complex pathological process [5]. Therefore, there
is an urgent need to develop a multifunctional therapeutic strategy with
greater efficacy.

The rapid development of biomaterials and tissue engineering pro-
vides us with opportunities to treat SCI more effectively. Biomaterials
used for treating SCI have shifted from monolithic materials to bio-
mimetic composite materials. For example, electrospun collagen/poly-
caprolactone (PCL) composite hydrogel scaffolds displayed both
excellent mechanical strength and cellular affinity [6]. In our previous
study, a decellularized spinal cord scaffold loaded with umbilical cord
mesenchymal stem cells bridged the cavity caused by SCI and promoted
long-distance axon regeneration and motor function recovery [7]. It is
known that topographical features provided by the scaffolds play a
crucial role in determining the cellular responses. Given that the di-
rection of neurite outgrowth can be affected by nano-to micro-scale
structural features, providing biomaterials with appropriate topo-
graphical guidance can accelerate neurite extension together with the
axial direction of the spinal cord, thereby leading to a more rapid syn-
apse connection.

Furthermore, the addition of functional drugs/biomolecules in
scaffolds could elicit favorable cellular responses. In our previous study,
spinal cord defects were filled with a decellularized scaffold containing
bpv (Pic)-loaded polylactic acid microspheres, which activated
mammalian target of rapamycinl signaling by inhibiting gene of phos-
phate and tension homology deleted on chromosome ten through bpv
(Pic) to enhance autophagy and inhibited cell apoptosis levels, thereby
promoting neuronal repair and reducing neuronal loss [8]. Therefore,
the optimized combination of certain biomaterials with drugs could be
used as a desirable strategy for treating SCI.

The canonical Wnt/p-catenin signaling pathway is an essential
signaling cascade that plays a key role in the regulation of neuronal
differentiation, axonal extension, cell proliferation, and neuronal sur-
vival [9-11]. Several studies have reported that the activation of
Wnt/p-catenin signaling after SCI promotes neuronal differentiation,
axonal regeneration, and functional recovery [12-15]. Therefore, the
targeted use of drugs to activate Wnt/p-catenin signaling may provide a
novel approach for the recovery of spinal cord function in SCI
WAY-316606, a small molecular inhibitor of secreted frizzled-related
protein (sFRP-1) [16,17], promoted bone formation in mice and
inhibited apoptosis in human glioblastoma cells by activating canonical
Wnt/p-catenin signaling [18,19]. However, the function of
WAY-316606 has not been discussed in neuron regeneration and func-
tional recovery in SCI.

In this study, a composite hydrogel was fabricated by combining
three-dimensionally (3D) printed oriented PCL microfiber bundles pro-
duced through near-field direct write electrospinning with WAY-
316606-loaded biomimetic hydrogels comprised of acellular spinal
cord matrix (designated as ASCM) and gelatin-acrylated-p-cyclodextrin-
polyethylene glycol diacrylate (designated as G-CD-PEGDA) hydrogels,
to guide the growth of nerve axons, improve the microenvironment, and
inhibit glial scar formation. The implantation of our WAY-316606-
loaded composite hydrogel into the hemi-sectioned SCI rat model
effectively recruited endogenous NSCs and allowed them to migrate to
the lesion area, showing up-regulated neuronal differentiation together
with the aligned PCL fibers and inhibited astrocyte differentiation. The
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WAY-316606-loaded composite hydrogel scaffolds activated Wnt/
B-catenin signaling to promote NSC differentiation and nerve cell
growth, thereby repairing injured spinal cord tissue. Moreover, the
motor function of rats with SCI was significantly improved. Overall, the
3D printed oriented PCL microfiber-reinforced WAY-316606-loaded
composite hydrogel can be used as a suitable system to treat SCI.

2. Experimental
2.1. Preparation of 3D printed oriented PCL microfibers

Three-dimensionally printed oriented microfibers were prepared
using the melt near-field direct writing electrospinning technology.
First, after preheating the 3D printing near-field electrospinning ma-
chine (Foshan Lepton Precision Measurement And Control Technology
Co., Ltd., Foshan, China), the polymer material PCL particles (Sigma, St.
Louis, MO, USA) were placed into a clean stainless steel needle, which
was put into the machine and inserted into the trachea and fixed. Sub-
sequently, the heating device was turned on and the heating target
temperature was set to 97 °C to heat for 20 min, and a 40 x 40 mm glass
piece cleaned with alcohol was placed on the conductive glass plate.
Finally, the pre-drawn computer program path (the X/Y/Z three-axis
mapping, orientation arrangement, starting and ending points, etc.)
was imported into the printer software, which was set with the following
parameters: height 5 mm, speed 40 mm/s, acceleration 300 mm/s?,
preprocessing 1000 times, turning time 1000 ms, stacking layers 20,
voltage 4.63 KV, and air pressure 4.98 KPa. The melted PCL was
extruded from the tip of the nozzle under constant air pressure,
stretched, and refined under the combined action of gravity, platform
traction, and electric field (conductive glass applies high-voltage static
electricity), and the extruded filaments were cooled and solidified to
form microfiber deposits on a conductive glass substrate.

2.2. Preparation of rat acellularized spinal cord (ASC)

Ten two-month-old Sprague-Dawley rats (Tianqin Biotechnology
Co., Ltd., Changsha, China) weighing approximately 200 g were
euthanized with 3% pentobarbital sodium (4 ml/kg) by intraperitoneal
injection of overdose anesthesia. The spinal cord was completely
removed from the spinal canal. ASC was prepared by ice-melting and
chemical extraction methods. The basic process was to remove the spi-
nal cord and cool it for 2 h at —80 °C. Subsequently, it was placed at
room temperature for rapid thawing. Finally, the spinal cord was
repeatedly rinsed with ultra-pure (UP) water, 1%TritonX-100 (Sigma),
and 1% sodium deoxycholate (Sigma) solution with oscillation. The cells
were removed and the extracellular matrix (ECM) was retained, as
described in our previous study [20]. The rinsed spinal cord specimens
were placed in a freeze-drying machine (Christ, Osterode, Germany) and
freeze-dried for 24 h. The spinal cord was opalescent, soft, light, and
tough, and was stored at —80 for future use.

2.3. Preparation of drug-loaded ASC hydrogels

The shredded ASC scaffold was placed into 1.5 ml UP water, fully
shaken and mixed to dissolve, filtered to remove undissolved substances,
and finally, a milky white ASCM was formed. A total of 10 mg of the drug
WAY-316606 (MCE, New Jersey, USA) was dissolved in 2229.8 pl
dimethyl sulfoxide to a concentration of 10 mmol and diluted to a final
working concentration of 2 pmol/L. A total of 1117 pl working solution
(drug dose of 10 ug) was added to the ASCM to form a WAY-316606-
loaded ASCM.

The components of the drug-loaded ASC hydrogel included gelatin
0.16 g, methacrylated p-cyclodextrin (AC-p-CD) 0.16 g, polyethylene
glycol diacrylate (PEGDA) 0.05 g, photoinitiator phenyl (2,4,6-trimethyl
benzoyl) phosphate lithium salt (LAP) 0.003 g, and WAY-316606-loaded
ASCM. As each component was added to the WAY-316606-loaded
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ASCM, the mixture was incubated in a 50 °C water bath, and then
removed again each time to add the next component, finally forming the
WAY-316606-loaded ASC hydrogel. The hydrogel was irradiated with
ultraviolet light (UV) at 300-400 nm for 10 min to form a double-cross-
linked WAY-316606-loaded ASC hydrogel [21], which was not yet
solidified.

2.4. Preparation of 3D printed oriented microfiber-loaded WAY-316606/
ASC hydrogel composite hydrogel scaffolds

The WAY-316606-loaded ASC hydrogel was filled on the 3D printed
oriented microfibers, which were curled and shaped into a cylindrical
shape similar to the spinal cord, placed in a confined space, and cured
using 300-400 nm UV light for 10 min, and finally formed into a 3D
printed oriented microfiber loaded WAY-316606/ASC hydrogel com-
posite scaffold. The composite scaffold was freeze-dried for 24 h, ster-
ilized using gamma-ray irradiation, and stored at —80 °C for future use.

2.5. Invitro degradation assay of scaffolds

Scaffold residual weight (%) was used to investigate scaffold
degradation in vitro over 8 weeks. The weighed samples were immersed
in centrifuge tubes containing phosphate-buffered saline (PBS, pH 7.4,
containing 1% penicillin-streptomycin mixture). The centrifuge tube
was sealed with parafilm and placed in a constant temperature shaker
(temperature 37 °C, speed 30 rpm), and the PBS solution was replaced
every 3 days. At each time point (2, 4, 6, and 8 weeks), three samples
were taken from the test tube for each group, placed in a freeze dryer to
dry for 48 h, and weighed. The percentage of the remaining weight and
the initial weight were used to determine the degradation rate.

2.6. Physicochemical characteristics of composite hydrogel scaffolds

A standard light microscope was used to observe the arrangement,
diameter, and wire drawing of the 3D printed oriented fibers. The
macroscopic and microscopic morphologies of the composite hydrogel
scaffolds were observed using a smartphone camera (Huawei
HONOR30, China) and a scanning electron microscope (Leo 1530
Gemini, Zeiss, Oberkochen, Germany), respectively. The lyophilized
samples were coated with a thin layer of gold and the microscopic
morphology of the composite hydrogel scaffolds was observed from
longitudinal and transverse sections. By testing five samples, the
orientation of the 3D printed oriented fibers, the structure of the com-
posite hydrogel, and the relationship between the oriented fibers and the
composite hydrogel were studied.

2.7. In vitro biocompatibility evaluation

Rat NSCs and complete medium and differentiation medium Kkits
were purchased from OriCell Company (Guangzhou, China). The main
components of the complete medium set were OriCell SD rat neural stem
cell basal medium 96 ml, B27 supplement 2 ml, penicillin-streptomycin
1 ml, r-glutamine 1 ml, heparin 0.1 ml, basic fibroblast growth factor
0.02 ml, and epidermal growth factor 0.01 ml. The main components of
the differentiation medium kit were neural stem cell neurogenic dif-
ferentiation basal medium 97 ml, neural stem cell neurogenic differen-
tiation supplement 2 ml, and glutamax 1 ml. First, the NSCs were
cultured in a complete medium for 3 days, the cells were collected and
centrifuged for 4 min at 160 g, then resuspended in a differentiation
medium, and co-cultured with composite hydrogel scaffolds (divided
into two groups; one group was drug-free composite hydrogel scaffolds,
one group was WAY-316606-loaded composite hydrogel scaffolds) to
make the cells grow adherently. NSCs were cultured on the first and
third days for cell activity detection, live/dead cell staining, and cell
counting to evaluate the biocompatibility and cytotoxicity of the com-
posite hydrogel scaffolds. The general process of staining was as follows:
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First, the medium in the well of the culture plate was aspirated and the
cells were washed twice with sterile PBS solution for 2 min each time.
Subsequently, 500 pl calcein-AM and PI mixed dyeing solution (Dong-
Ren Chemical Technology Co., Ltd., Shanghai, China) was added to each
well of the 24-well laser confocal special culture plate (Hangzhou
Xinyou Biotechnology Co., LTD. Hangzhou, China), which was placed in
a CO; incubator at 37 °C under 5% CO; and saturated humidity for 30
min. After the dyeing was completed, the mixed dyeing working solution
was aspirated, the cells were washed twice with sterile PBS solution for
3 min each time, and finally, 500 pl complete medium was added to each
well of the 24-well plate. Cells were observed using a confocal laser
scanning microscope, simultaneously observing live cells with yellow-
green fluorescence and dead cells with red fluorescence at an excita-
tion wavelength of 490 nm.

2.8. Immunofluorescence staining and imaging

Cells used in the vitro experiments were divided into three groups:
Control group (medium only), Scaffold group (medium + drug-free
composite hydrogel scaffold), and WAY-316606 + Scaffold group (me-
dium + WAY-316606-loaded composite hydrogel scaffold). Cells were
fixed with 4% paraformaldehyde (Biosharp, Hefei, China) for 20 min,
whereas the spinal cord was not fixed with paraformaldehyde.
Following washing with PBS, the cells or tissues were blocked with 10%
goat serum for 1 h, washed three times for 5 min with PBS, incubated
with primary antibody for 12 h at 4 °C and washed three times for 5 min
in PBS. The cells or tissues were subsequently incubated with the cor-
responding secondary antibody at room temperature for 1 h and washed
three times for 5 min in PBS. Finally, 2-(4-)-6-indolecarbamidine dihy-
drochloride (Sigma) staining was performed. A cover glass was used to
seal the spinal cord tissue. Confocal images were obtained using a Leica
LSM 800 confocal microscope (Leica, Wetzlar, Germany).

2.9. Ethics statement

All the animal experimental protocols were approved by the Animal
Ethics Committee of Youjiang Medical University for Nationalities, and
the experimental animals were used according to the requirements of
the Animal Welfare Ethics Committee.

2.10. Animals and SCI surgery

Adult female Sprague-Dawley rats (Tiangin Biotechnology Co., Ltd.,
Changsha, China) (230-250 g, n = 32) were randomly assigned to four
groups: the sham-operated group (Sham, n = 8), spinal cord only half-
cut group (SCI, n = 8), drug-free scaffold group (Scaffold, n = 8), and
WAY-316606 + Scaffold group (WAY-316606 + Scaffold, n = 8). The
rats were anesthetized by intraperitoneal injection of 3% sodium
pentobarbital (1 ml/kg). Following successful anesthesia, the animal
was fixed on the animal operating table in a prone position, the lamina
was removed, and the thoracic 10 spinal cord was exposed, as previously
reported [8]. Subsequently, an iris knife was used to excise the spinal
cord with a length of approximately 0.2 cm on the right side to form a
cavity. During this intervention, the rats were observed shaking
violently and tail-waving, indicating that the modeling was successful.
The scaffolds were cut to a length of approximately 0.2 cm and
implanted into the defect area following immersion in PBS for 30 min.
The incision was completely hemostatic, and the muscle layer, deep
fascia, subcutaneous, and skin were sutured layer by layer. Following
the operation, the rats were placed in a rewarming box until they
awakened. The rats were intramuscularly injected with penicillin for 3
days and bladder massaged to urinate twice daily until normal urination
was restored.
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2.11. Recovery and analysis of motor function

The motor function recovery of the hind limbs Basso-Beattie-
Bresnahan (BBB) motor function score of the rats was observed
weekly after the operation, and the observation was performed for 8
weeks in total. Animals were observed in an open area for 5 min, fol-
lowed by BBB scoring. To evaluate the body balance and lower limb
muscle strength of the rats, a 45-degree slope grid test was performed at
8 weeks after the operation. During the test, a wire mesh with a mesh
diameter of 1 cm was placed at a 45-degree angle, and the rat was placed
on it to observe the animal’s crawling posture and foot position.

2.12. Histological staining

Eight weeks after the operation, the rats were anesthetized by
intraperitoneal injection of 3% sodium pentobarbital (/kg). Following
successful anesthesia, the rats underwent intracardiac perfusion with
200 ml 0.9% normal saline followed by 250 ml 4% paraformaldehyde.
As the rats were perfused with paraformaldehyde, severe muscle tremors
and tail “dancing” were observed in these animals, indicating that the
heart was perfused successfully. The spinal cord was removed and fixed
in 4% paraformaldehyde for 24 h. The SCI segment was cut to a length of
2 cm. Spinal cords were dehydrated in a gradient of 15% and 30% su-
crose, embedded in optimal cutting temperature compound, and frozen
in longitudinal and transverse sections (thickness 12 pm). The samples
were stained with hematoxylin-eosin (HE) and Nissl, and images were
acquired with an Olympus upright microscope.

2.13. Statistical analysis

Data were analyzed using SPSS v16.0 (IBM, USA). Measurement data
were expressed as mean =+ standard deviation (SD). Data were analyzed
using a nonparametric one-sample Kolmogorov-Smirnov Test or one-
way analysis of variance (ANOVA) with Homogeneity of variance test.
Multiple comparisons between groups were performed using one-way
ANOVA with least significance difference and Student Newman Keul’s
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post-hoc test. Tamhane’s T2 was used if equal variances were not
assumed. Error bars represent SD. P < 0.05 statistical significance.

3. Results and discussion

3.1. Design and characterization of PCL microfibers/ASCM/G-CD-
PEGDA composite hydrogel scaffolds

Fig. 1 shows the schematic of making PCL microfiber-reinforced
WAY-316606 composite hydrogel scaffold and implantation of the
composite hydrogel scaffolds into the SCI tissue defects. Near-field direct
writing electrospinning technology has gained attention in the fields of
biology and tissue engineering and has been widely used in tissue en-
gineering scaffolds [22-24]. Through the near-field direct writing
electrospinning technology, the diameter of the electrospun fibers and
the gap between the spinning fibers can be controlled, and they can be
stacked layer by layer [25-27]. The aligned PCL microfibers with
desirable biocompatibility and mechanical property bridged both ends
of the SCI region to provide topographical guidance for directional
extension of axons and neurites, and hence reduce cell clustering and
disorderly growth of neurites [13,28-30]. The ASCM, which contains a
large number of polysaccharides, proteins, and signaling molecules [31,
32], can provide a favorable microenvironment for neural tissue
regeneration and regulate the cellular behavior of NSCs [33]. The
self-healable G-CD-PEGDA hydrogel with a dynamic double crosslink
network can maintain its structural stability during the degradation
process and provide a favorable space for endogenous NSC migration
and neurite extension [6,34-36]. The drug WAY-316606, which is
slowly released by the composite hydrogel scaffolds, can activate ca-
nonical Wnt/p-catenin signaling by inhibiting sFRP-1, thereby promot-
ing nerve cell proliferation [37-39].

It can be seen from Fig. 2A and B that PCL microfibers made through
the near-field direct write electrospinning were in a parallel arrange-
ment with an average diameter of 19.17 + 4.29 (Fig. 2B). Fig. 2C shows
the macroscopic morphology of the ASC, which retains the ECM
network. The ASC had a milky white color and a sponge-like state. The

PACcceularized|spinallcordimatrixfsolution!

3D} Printed PCI2
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Fig. 1. The preparation process of the composite component scaffold.
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Fig. 2. Physicochemical properties of the composite hydrogel scaffolds and their components. A) The general view of 3D printed oriented PCL fibers shows that the
fibers are oriented in a directional arrangement. B) Microscopic morphology of oriented fibers, the red number is the fiber diameter (scale bar 100 pm). C) The
macroscopic view of the ASC after freeze-drying (scale bar 500 pm). D) SEM morphology of ASC, showing a porous network structure, which was intertwined (scale
bar 20 pm). E, F) State of the ASCM-G-CD-PEGDA composite hydrogel before and after curing. Before curing, it is a flowable gel, and after curing, the viscosity
increases and it can be adhered to the bottom of the bottle. G) SEM image of the ASCM-G-CD-PEGDA hydrogel (scale bar 20 pym). H) SEM image of the WAY-316606-
loaded hydrogel (scale bar 10 pm). I) General view of the composite hydrogel scaffolds. J) SEM image of the composite hydrogel scaffolds (1 and 2 represent partially
enlarged images with yellow arrows designating oriented fibers, and the scale is 10 pm).

scanning electron microscope (SEM) micrograph showed that the ASC
had a 3D porous structure with randomly distributed ECM fibers that
formed a network structure (Fig. 2D). Fig. 2E and F shows the state of the
G-CD-PEGDA hydrogel before and after photo-crosslinking at 37 °C, in
which complexation between the benzene ring in gelatin and the bowl-
like structure of acrylated-p-CD occurred to form the first crosslinking
network, while radical polymerization between PEGDA and acrylated-
B-CD was initiated by the photoinitiator LAP and UV irradiation at 365
nm to form the second crosslinking network. The double crosslinking
network endowed the hydrogel with a self-healing property. Fig. 2G and
H shows the microstructure of the ASCM-G-CD-PEGDA and WAY-
316606-loaded ASCM-G-CD-PEGDA hydrogels after freeze-drying
treatment. A honeycomb-like porous structure, which could facilitate
cell adhesion, proliferation, and migration [40], was obtained for both
types of hydrogels, and drug aggregates (i.e., WAY-316606) were uni-
formly distributed in the honey comb porous structure. The incorpora-
tion of drugs in the hydrogel matrix could increase the stability of the
drug and enable its release in a more sustained manner [41]. Fig. 2I and
J shows the macroscopic and microscopic morphology, respectively, of
PCL microfiber-reinforced WAY-316606-loaded ASCM/G-CD-PEGDA
composite hydrogel. The composite hydrogel had a cylindrical shape,
with a length of 15 mm and a diameter of 3 mm (Fig. 2I), in which
aligned PCL  microfiber bundles were wrapped with
WAY-316606-loaded ASCM-G-CD-PEGDA hydrogel. The PCL fiber
bundles were oriented uniformly, which enables cells to grow in one
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direction along the oriented fibers while avoiding cells growing in
clusters and losing direction during growth and migration (Fig. 2J).

3.2. In vitro degradation and biocompatibility of composite hydrogel
scaffolds

Hydrolytic degradation of the scaffolds was evaluated over 8 weeks
with a particular focus on weight loss. SEM micrographs showed that the
PCL microfibers before and after 8 weeks of degradation were still ori-
ented and encapsulated by the hydrogels; the hydrogels had a 3D porous
structure and were cross-connected to each other (Fig. 3A), suggesting
that the PCL microfiber bundle-reinforced double-crosslinked composite
hydrogel has a stable structure and can maintain the pre-designed shape
after 8 weeks of incubation. After 2, 4, 6, and 8 weeks of degradation, the
composite hydrogel displayed 5.08%, 9.24%, 16.49%, and 22.53%
weight loss, respectively (Fig. 3B).

Biocompatibility of the composite hydrogel was examined by live/
dead cell staining. The viability of NSCs co-cultured with drug-free
composite hydrogel scaffolds for 1 and 3 days were 81.45% =+ 0.58%
and 77.61% =+ 4.26%, respectively, while NSC viability when co-
cultured with the drug-loaded composite hydrogel scaffolds for these
days were 84.14% + 2.38% and 81.54% =+ 2.17%, respectively
(Fig. 30), indicating that both the drug-free and the drug-loaded com-
posite hydrogel scaffolds were biocompatible and there was no signifi-
cant difference in the viable cell rate between the two groups. Confocal
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laser electron microscopy (CLSM) micrographs showed that only a few
dead NSCs (colored red) were observed in both the drug-free and drug-
loaded composite hydrogel scaffolds (Fig. 3D). Biodegradability is one of
the basic characteristics of tissue engineering materials [42,43]. The
degradation speed of the material must meet the needs of cell growth.

3.3. Drug-loaded composite hydrogel scaffolds promote NSC neuronal
differentiation and inhibit astrocyte differentiation

NSCs can differentiate into neurons, astrocytes, oligodendrocytes,
and microglia among others. To observe the effect of the drug-loaded
composite hydrogel scaffolds on NSC differentiation to astrocytes,
drug-loaded composite hydrogel scaffolds were co-cultured with NSCs
for 10 days. In total, 83.22% =+ 2.15% and 68.15% + 3.48% GFAP" cells
were observed in the Control and WAY-316606 + Scaffold groups,
respectively (P < 0.05, Fig. 4A and B), indicating that the drug-loaded
composite hydrogel scaffolds can effectively inhibit differentiation
along the astrocyte lineage. In addition, whether the neuronal cells
differentiated from NSCs eventually differentiated to mature neuronal
cells was determined by immunofluorescence for mature neuronal cell
marker proteins microtubule-associated protein 2 (MAP2) and neuronal
nuclei (NeuN) (Fig. 4C and D). Following 21 days of culture, 32.24% +
0.79%, 40.02% + 4.88%, and 63.37% + 3.47% MAP2" cells were
observed in the Control, Scaffold, and WAY-316606 + Scaffold groups,
respectively. The Scaffold and WAY-316606 + Scaffold groups achieved
significantly better neuron growth than the Control group (P < 0.01), in
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Fig. 3. Degradation rate and in vitro compatibility of
composite hydrogel scaffolds. A) SEM images of
composite hydrogel scaffolds before and after degra-
dation. In the figure, a and b and ¢ and d are the
microscopic characterizations of the longitudinal
section and cross-section of the composite hydrogel
scaffolds before and after degradation, respectively;
(scale bar: a, ¢ are 50 pm; b, d are 10 pm). B) The
degradation rates of composite hydrogel scaffolds at
2, 4, 6, and 8 weeks. C) The viable cell rates of NSCs
co-cultured with the two different composite hydro-
gel scaffolds. D) CLSM micrographs of NSCs co-
cultured with scaffolds for 1 and 3 days, with live
cells in green and dead cells in red (scale bar 58 pm).
(Error bars represent SD, n = 4).

3DAY

which the value in the WAY-316606 + Scaffold group was significantly
higher than that in the Scaffold group (P < 0.05); 31.5% =+ 2.73%,
44.51% =+ 5.48%, and 59.79% =+ 2.99% NeuN™ cells were observed in
the Control, Scaffold, and WAY-316606 + Scaffold groups, respectively.
The neuronal differentiation of NSCs and maturation of neurons in the
Scaffold and WAY-316606 + Scaffold groups were significantly better
than those in the Control group (P < 0.05); and the WAY-316606 +
Scaffold group was better than the Scaffold group (P < 0.05). These data
demonstrated that the composite hydrogel scaffolds can promote
neuronal growth and provide a cellular basis for SCI repair. The differ-
ence between the Scaffold and WAY-316606 + Scaffold groups could be
attributed to the effect of the drug WAY-316606 loaded on the com-
posite hydrogel scaffold, suggesting that WAY-316606 can promote
neuronal cell growth.

3.4. Composite hydrogel scaffolds promote NSC differentiation and
growth by regulating the Wnt/-catenin signaling pathway

Because WAY-316606 can indirectly activate the Wnt/p-catenin
signaling pathway, whether the proteins of this signaling pathway are
continuously expressed and whether their levels change during NSC
differentiation should be elucidated. To investigate the role of Wnt/
fB-catenin signaling in NSC differentiation, the expression of p-catenin
and downstream proteins of Wnt/f-catenin signaling (including tran-
scription factor 4 (TCF4) and lymphoid enhancing factor (LEF1)) were
examined during NSC differentiation. With the prolongation of the

MAP2 NeuN

Fig. 4. Effect of 3D printed composite hydrogel scaffolds on NSC differentiation in vitro. A, B) WAY-316606-loaded composite hydrogel scaffolds inhibited the
increase of GFAP (green). The Control and WAY-316606 + Scaffold composite hydrogel scaffold groups were quantitatively analyzed. C, D) Composite hydrogel
scaffolds can promote neuronal cell differentiation. All data are presented as mean + SD, n = 3. Scale: 50 ym *P < 0.05, **P < 0.01, ***P < 0.001.
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differentiation induction time, the cell body became larger and the
synapse became longer under the bright field of the inverted micro-
scope. Immunofluorescence staining of NSCs showed that p-catenin
protein was localized in the nucleus and cytoplasm, TCF4 protein was
mainly localized in the nucleus, with less content in the cytoplasm, and
LEF1 protein was localized in the nucleus, but not expressed in the
cytoplasm (Fig. 5A). The expression of p-catenin, TCF4, and LEF1 was
already detected on the first day of NSC differentiation. With the cell
growth, the p-catenin protein content increased gradually. The mean
fluorescence intensity of total f-catenin protein in nerve cells on days 1
(132.08 + 4.86), 3 (167.57 + 4.88), 5 (170.65 + 2.91), 7 (192.87 +
6.29), and 10 (203.10 + 7.90) showed that the total p-catenin protein
level in cells gradually increased with time (Fig. 5B). During the first 3
days after the induction of NSC differentiation, the up-regulation was
the greatest, and then gradually increased at a slower rate. The total
fB-catenin protein content in cells was significantly different between day
1 and days 3, 5, 7, and 10 (P < 0.01). There were significant differences
between the 3rd day and other days except the 5th day (P < 0.01). There
were significant differences between the 7th day and other days except
the 10th day (P < 0.01). Over the same time period, the p-catenin pro-
tein content in the nucleus was determined. From days 1-10, the
B-catenin protein content in the nucleus gradually increased with time
(Fig. 5C). Similar to the total p-catenin protein expression in the cells,
the p-catenin protein content in the nucleus increased significantly over
1-3 days and 5-7 days. It is of note that the increase of p-catenin protein
was slow over days 3-5 and 7-10, and there was a clear “plateau”.
Whether this phenomenon is associated with the protein synthesis cycle
in the nucleus of nerve cells requires more in-depth research. The total
intracellular TCF4 protein expression increased slightly with time from
days 1-10, but there was no significant difference between the different
days (P > 0.05, Fig. 5D). The TCF4 protein content in the nucleus was
significantly different on the first day compared with the other days
except for the third day, and was most significantly different on the tenth
day (P < 0.01). Although there was an increasing trend on days 3, 5, and
7, there was no significant difference, while there was a significant
difference between day 10 and all the rest of the days (P < 0.01, Fig. 5E).
We performed immunofluorescence staining for LEF1 protein and found
that there were significant differences between the first day of NSC
differentiation and the other days (P < 0.01, Fig. 5F). The third day was
significantly different from the other days except for the fifth day (P <
0.01). The staining gradually increased on days 5, 7, and 10, but this was
not significantly different (P > 0.05). Therefore, we concluded that
fB-catenin, TCF4, and LEF1 accumulated in the nucleus during NSC dif-
ferentiation, indicating that Wnt/p-catenin signaling is involved in the
regulation of NSC differentiation.

Second, in this study, the 3D printed WAY-316606-loaded composite
hydrogel scaffolds were co-cultured with NSCs, and we verified the ef-
fect of the drug-loaded composite hydrogel scaffolds on NSCs by
detecting p-catenin and LEF1 protein expression. On the fifth day of
induction of NSC differentiation, immunofluorescence staining for
B-catenin and LEF1 proteins was performed (Fig. 5G). The total intra-
cellular p-catenin protein content in the WAY-316606+Scaffold and
WAY-316606 groups was significantly higher than that in the Control
group (medium only) (P < 0.05) (Fig. 5H). The p-catenin protein content
in the nucleus of the experimental group was significantly higher than
that of the Control group (P < 0.05, Fig. 5I). At the same time, we
determined the LEF1 protein expression in the nucleus, and there was a
significant difference between the Control and experimental groups (P
< 0.05, Fig. 5J). There was no difference in p-catenin and LEF1 protein
between WAY-316606+ scaffold and WAY-316606 groups. These data
indicated that the WAY-316606-loaded composite hydrogel scaffolds
can upregulate p-catenin and LEF1 protein expression and activate Wnt/
B-catenin signaling. The above experimental results showed that NSC
differentiation and proliferation are closely associated with Wnt/p-cat-
enin signaling. The 3D printed directional microfiber WAY-316606-
loaded composite hydrogel scaffolds can activate the Wnt/p-catenin
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signaling pathway, which can promote f-catenin protein accumulation
in cells and its transfer to the nucleus, further up-regulating the
expression of the downstream proteins TCF4 and LEF1, thereby pro-
moting NSC differentiation and growth.

3.5. Drug-loaded composite hydrogel scaffolds regenerate defect spinal
cord tissue and stimulate motor function recovery

Following SCI, tissue ischemia and hypoxia lead to secondary
inflammation, apoptosis, and absorption of necrotic tissue to form a
fluid cyst. Cavity formation will inhibit nerve axon ingrowth, eventually
making it difficult to restore nerve function [4]. Therefore, filling the
injured area with advanced biomaterials can reduce liquefication and
facilitate neural tissue regeneration. The composite hydrogel with a
semicylinder shape (length: 2 mm; diameter: 1.5 mm) was implanted
into the spinal cord with a semi-sectioned defect (length: 2 mm), and
spinal cord regeneration was observed 2 and 8 weeks after the opera-
tion. In the Sham group, the surface of the spinal cord was smooth, the
texture was uniform, and there was no obvious scar formation. In the SCI
group, the spinal cord defect was obvious and the boundary was clear,
and the defect area at 8 weeks was larger than that at 2 weeks. In the
Scaffold and WAY-316606 + Scaffold groups, there was no obvious
defect in the spinal cord, and the surface was smooth. In the
WAY-316606 -+ Scaffold group, the tissue regeneration in the defect area
was more complete than that in the Scaffold group, and the boundary
line was more blurred and closer to normal spinal cord tissue (Fig. 6A).
To further study the changes in microstructure and cavity area, longi-
tudinal and transverse sections of the spinal cord were stained with an
HE agent. In the Sham group, intertwined fibers were evenly distributed
in the sectioned spinal cord, and there was no obvious cavity formation.
There was no obvious tissue growth in the defect area in the SCI group,
whereas the defect area in the WAY-316606 + Scaffold and Scaffold
groups was well filled, and the directional fibers could connect both ends
(Fig. 6B and C). The cavity area of the Scaffold groups (0.06 + 0.006
mm?) and WAY-316606 -+ Scaffold (0.05 + 0.006 mm?)was signifi-
cantly smaller than that of the SCI group (0.37 + 0.08 mm?) (P < 0.05,
Fig. 6D). Of note, directional microfibers were observed from both
longitudinal and transverse sections of the groups implanted with
composite hydrogel, and the PCL fibers were surrounded by tissue,
which provided a topographical cue to guide heterogeneous neural tis-
sue regeneration. Moreover, Nissl staining showed that the number of
Nissl bodies in the WAY-316606 -+ Scaffold (50.5 + 1.9/mm2) and
Scaffold groups (35.8 + 1.1/mm?) were significantly higher than those
in the SCI group (6.0 + 0.4/mm2) (P < 0.05), and they were all
distributed around the fibers (Fig. 6E). The pathological regeneration of
spinal cord tissue suggested that the composite hydrogel could promote
tissue regeneration.

To evaluate the motor function recovery in rats implanted with
composite hydrogel, the left lower limb paralysis model was generated
after hemisection of the spinal cord. Following implantation, the BBB
motor function score was determined weekly, the scores being made by
two observers numerous times to avoid possible errors. At 8 weeks after
surgery, the BBB scores of the WAY-316606 + Scaffold (18.4 + 0.5) and
Scaffold groups (16.5 + 0.7) were significantly higher than those of the
SCI group (12.4 + 0.3) (P < 0.05), with the WAY-316606 + Scaffold
group significantly higher than the Scaffold group (Fig. 6F). In the
process of exercise recovery, each group displayed the greatest
improvement in exercise during the first 4 weeks and subsequently
entered a plateau phase. To observe the joint movement, grip strength
and body balance of the left lower limb, a grid test was performed
(Fig. 6G). Rats in the Sham group had strong lower limbs, which sup-
ported the body to balance and crawl upwards, and thus the animals
moved rapidly. In the SCI group, the muscles of the left lower limb were
atrophied, and the left lower limb could not support the left body when
crawling upward, resulting in drag. Animals of both the WAY-316606 +
Scaffold and Scaffold groups could crawl up with the left lower limb
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Fig. 5. Three-dimensionally printed WAY-316606-loaded composite hydrogel scaffolds activate Wnt/p-catenin signaling to promote NSC differentiation and growth.
A) Expression of p-catenin (green), TCF4 (green), and LEF1 (green) proteins during NSC differentiation. B) Expression of the total f-catenin protein in neurons on
different days. C) Expression of the f-catenin protein in the nucleus of neurons on different days. p-catenin protein expression was up-regulated from days 1-10. D)
Total TCF4 protein expression in neural cells. E) TCF4 protein expression in the nucleus of nerve cells. F) Mean fluorescence intensity of LEF1 protein expression in
the nucleus of nerve cells. G) The WAY-316606-loaded composite hydrogel scaffolds were co-cultured with NSCs for 5 days. H) Expression of the total p-catenin
protein in neurons. I) Expression of the p-catenin protein in the nucleus of nerve cells. J) LEF1 protein expression in the nucleus of neurons. Note: The large icon ruler
on the left side of Figs. A and D: 50 pm, and the small icon ruler: 20 pm. The size of the image is 40 x , Zoom: 2.0. *P < 0.05, **P < 0.01, ***P < 0.001. ns means no

significance.
<
<

supporting the body, and the melon could hold the grid. The coordina-
tion of the upper and lower limbs was poorer than that of the Sham
group. These results indicated that the composite hydrogel can enhance
the regeneration capability after SCI, and promote the recovery of nerve
and motor function through the ingrowth of nerve cells.

3.6. Three-dimensionally printed composite hydrogel scaffolds recruited
endogenous NSCs to migrate to the lesion area and induced their
differentiation into neural lineage cells

To further study the effect of composite hydrogel scaffolds on SCI
repair and to elucidate local nerve regeneration and glial scarring in the
lesion site, the effect of composite hydrogel scaffolds on endogenous
NSCs was investigated. Neuronal regeneration includes migration, pro-
liferation, and neuronal differentiation of endogenous NSCs. Nestin is a
marker protein of endogenous NSCs. NSCs were observed to be mostly
distributed in the central canal and parenchyma of the spinal cord in its
longitudinal section. In the composite scaffold groups (Scaffold group
and WAY-316606 + Scaffold group), a large number of Nestin™ cells
were observed in the lesion site, were distributed along the 3D printed
directional fibers, and were connected to the two ends of the defect area.
By comparison, in the spinal cord defect in the SCI group, Nestin™ cells
were relatively rare. These results suggested that the composite scaffold
could recruit endogenous NSCs and drive them to migrate to the injury
site (Fig. 7A). Another key question is whether migrated endogenous
NSCs can differentiate into neuronal cells. By immunofluorescence
staining for Tuj1 and GFAP, Tuj1* and GFAP™" cells were detected in the
lesion site and marginal areas in the SCI, Scaffold, and WAY-316606 +
Scaffold groups. (Fig. 7B). A large number of Tuj1" cells were observed
in and near the lesions of the Scaffold and WAY-316606 + Scaffold
groups, which were considered to be derived from endogenous NSC
differentiation, whereas many fewer such cells were observed in the SCI
group. By contrast, in the SCI group, excessive reactive astrocytes
aggregated in and around the lesion site to form a glial scar, which
further inhibited NSC migration and neurite outgrowth. In the local
enlarged image, it can be observed that Tujl and GFAP are expressed
both in and around the lesion, indicating that the composite hydrogel
scaffolds can recruit endogenous NSCs and induce them to differentiate
into neural cells. In addition, we quantified the Tujl and GFAP expres-
sion levels according to their corresponding positive staining area per-
centages. The GFAP expression level around the lesion in the SCI group
(18.70% =+ 1.43%) was significantly higher (P < 0.01) than that in the
Scaffold (10.62% + 2.98%) and WAY-316606 + Scaffold groups (7.19%
+ 1.26%) (Fig. 7C), and the level of the lesion (16.75 + 2.14%) was also
higher than the Scaffold (11.28 + 1.10%) and WAY-316606 + Scaffold
groups (6.02% =+ 0.91%) (Fig. 7D). The Tujl level was the opposite to
that of GFAP, and the WAY-316606 + Scaffold group was significantly
higher than the Scaffold and SCI groups at the lesion site and edge
(Fig. 7E and F). The results showed that the composite hydrogel scaf-
folds had a significant regenerative effect, and the WAY-316606-loaded
composite hydrogel scaffolds had the greatest effect. These results sug-
gested that the 3D printed composite hydrogel scaffolds can recruit
endogenous NSCs to migrate to the lesion area and induce neural lineage
cell differentiation, promote nerve regeneration, and reduce glial scar
formation.

339

3.7. Three-dimensionally printed composite hydrogel scaffolds reduced
neuroinflammation and promoted motor neuron differentiation

To investigate the immune response of spinal cord tissues to the
composite hydrogel scaffolds, the expression of a marker protein of
microglia, ion calcium-binding adapter molecule 1 (IBA1), was inves-
tigated. IBA1 is associated with acute neuroinflammation in central
nervous system injury or exogenous implantation [44]. As shown in
Fig. 8, microglia (IBA1") were observed in the lesion and adjacent tis-
sues in all groups 2 weeks after the operation. The number of IBA1" cells
in the SCI group (257.50 + 24.75/mm?) was significantly higher than in
the Scaffold (216.75 + 6.18/mm?) and WAY-316606 -+ Scaffold groups
(186.75 + 4.92/mm?) at the lesion site and its adjacent regions, while
the number in the Sham group was only 87.75 + 6.40/mm? (Fig. 8A, C).
These observations suggested that the composite hydrogel reduced the
inflammatory response around the SCI region. The composite hydrogel
scaffolds not only improved tissue regeneration but also promoted the
number of HB9 and synaptophysin (SYN), by showing significantly
higher HB9 and SYN expression levels in the Scaffold and WAY-316606
+ Scaffold groups than in the SCI group (Fig. 8A, D, and E). Of note, the
composite hydrogel scaffolds with directional topographical cues guided
the neural tissue regeneration in the lesion site. Motor nerves and SYNs
connected both ends of the injury site via directional microfibers, real-
izing loop growth of the neural network. (Fig. 8B).

3.8. The composite hydrogel scaffold increased the number of matured
neurons and promoted axon ingrowth into the lesion site

Mature nerve fibers play an important role in SCI and its repair.
During the repair of SCI, nerve cells differentiated from endogenous
NSCs migrate along directional fibers, and nerve axons extend to the
defect area to connect the two ends of the SCI and restore nerve function
[45]. As shown in Fig. 9A, both Tuj1l and MAP2 proteins were expressed
in the lesion site implanted with composite hydrogel scaffolds, indi-
cating that neuronal cells derived from migrated endogenous NSCs
could differentiate into mature neurons. Axon fibers were expressed less
in the lesion site and adjacent areas in the SCI group, which could be
attributed to the formation of glial scars after SCI, which blocked axon
fiber growth. By contrast, in the Scaffold and WAY-316606 + Scaffold
groups, a large number of axon fibers extended into the lesion area.
Notably, after quantifying axon length (Fig. 9C), significant differences
between the SCI (1.45 4+ 0.18 mm), Scaffold (2.83 + 0.10 mm), and
WAY-316606 + Scaffold groups (3.12 + 0.23 mm) were observed,
suggesting that 3D printed composite hydrogel scaffolds can promote
axon ingrowth into the lesion area. We also investigated the expression
of another mature neuronal marker, NeuN. As shown in Fig. 9B, NeuN
and Tujl protein distribution were the same as the direction of im-
plantation of the oriented fiber scaffold, which again confirmed that the
3D directional printed microfiber scaffold can guide the growth of nerve
cells. The number of NeuN™" cells in the SCI group (18.33 + 4.37/mm?)
was significantly less than that in the Scaffold (39.71 + 1.63/mm?) and
WAY-316606 -+ Scaffold groups (61.25 + 5.62/mm?) (P < 0.05,
Fig. 9D). Analysis of these data suggested that 3D printed oriented fiber
composite hydrogel scaffolds had a positive effect on the regeneration of
functional spinal cord tissue. Combined with in vitro cell experiments,
3D printed composite hydrogel scaffolds can activate Wnt/p-catenin
signaling to promote neuronal differentiation of NSCs and neuron
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Fig. 6. Three-dimensionally printed composite hydrogel scaffolds enhanced spinal cord tissue regeneration, reduced diseased cavities, and promoted motor function
recovery. A) General view of the spinal cord at 2 and 8 weeks after the operation (scale bar = 50 pm). B) HE staining of a longitudinal section of the spinal cord (large
scale on the left = 200 pm, small scale on the right = 20 pm). C) Rows a and b are the HE staining of the transverse section of the spinal cord. Row c is Nissl staining.
(arow scale = 200 pm, b and ¢ rows scale = 20 pm. Blue * mark indicates oriented fibers; yellow arrows mark Nissl bodies). D) Cavity area of the lesion area between
each group. (**P < 0.01, n = 3). E) Statistical plot of the number of Nissl bodies (**P < 0.01). F) BBB motor score plot (*P < 0.05 within each group; #P < 0.05
among groups). G) Grid test. The blue, green, red, and purple dots represent the hip, knee, ankle, and third toes, respectively. The left lower limb was dragged during
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Error bars represent SD (*P < 0.05, **P < 0.01). E, F) Tujl expression was analyzed in the adjacent area and the lesion site, respectively. Error bars represent SD (**P

< 0.01, ***P < 0.001, n = 3).

maturation. From this point of view, neural tissue regeneration after SCI
can be realized by activating Wnt/p-catenin signaling through the im-
plantation of a 3D printed composite hydrogel scaffold loaded with
drugs.

4. Conclusions

In this study, we successfully developed an aligned PCL microfiber
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bundle-reinforced ASC hydrogel composite hydrogel scaffolds loaded
with WAY-316606. The aligned microfiber pattern provided directional
topographical guidance for NSCs to migrate and led to a directional
neurite extension. Transplanting the drug-loaded composite hydrogel
scaffolds into the spinal cord defect effectively filled the SCI defect and
achieved spinal cord regeneration through a “bridging” effect. In vitro
results showed that the composite hydrogel scaffolds promoted NSC
differentiation into neurons while inhibiting their differentiation into
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Fig. 9. Three-dimensionally printed composite hydrogel scaffold promoted nerve axon ingrowth into the spinal cord defect and increased the number of neurons. A)
Immunofluorescence images of neuronal expression at 8 weeks after surgery. Spinal cords were stained with Tuj1 (green) and MAP2 (red) (Scale bar: large image 200
pm, small image 50 pm, n = 3. B) Immunofluorescence images of NeuN (red) and Tujl (green) protein expression. The dashed lines indicate the oriented fiber
direction of the 3D printed composite hydrogel scaffolds. (Scale bar = 100 pm n = 3). C) Quantitative analysis of axonal length. Error bars represent SD (**P < 0.01,
n = 3). D) Quantification of the number of NeuN. Error bars indicate SD (**P < 0.01, n = 3).
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astrocytes. In vivo study showed that the composite hydrogel scaffolds
promoted endogenous NSC migration to the lesion site, oriented the
growth of neurites, as did the axial direction of the aligned PCL bundle,
inhibited glial scarring, promoted the regeneration of spinal cord tissue,
and improved motor function recovery. More importantly, the WAY-
316606-loaded composite hydrogel scaffolds activated Wnt/p-catenin
signaling to promote NSC differentiation and nerve cell growth, thereby
repairing injured spinal cord tissue. This study provides an effective
approach to produce desirable drug-loaded composite hydrogel scaf-
folds with topographical cues to treat SCI.
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