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Background: Designing novel biomaterials that incorporate or mimic the functions of
extracellular matrix to deliver precise regulatory signals for tissue regeneration is the focus of
current intensive research efforts in tissue engineering and regenerative medicine.

Methods and results: To mimic the natural environment of the spinal cord tissue, a three-
dimensional hierarchically aligned fibrin hydrogel (AFG) with oriented topography and soft
stiffness has been fabricated by electrospinning and a concurrent molecular self-assembling
process. In this study, the AFG was implanted into a rat dorsal hemisected spinal cord injury
model to bridge the lesion site. Host cells invaded promptly along the aligned fibrin hydrogels
to form aligned tissue cables in the first week, and then were followed by axonal regrowth. At
4 weeks after the surgery, neurofilament (NF)-positive staining fibers were detected near the
rostral end as well as the middle site of defect, which aligned along the tissue cables. Abundant
NF- and GAP-43-positive staining indicated new axon regrowth in the oriented tissue cables,
which penetrated throughout the lesion site in 8 weeks. Additionally, the abundant blood vessels
marked with RECA-1 had reconstructed within the lesion site at 4 weeks after surgery. Basso-
Beattie-Bresnahan scoring showed that the locomotor performance of the AFG group recovered
much faster than that of blank control group or the random fibrin hydrogel (RFG) group from
2 weeks after surgery. Furthermore, diffusion tensor imaging tractography of MRI confirmed
the optimal axon fiber reconstruction compared with the RFG and control groups.
Conclusion: Taken together, our results suggested that the AFG scaffold provided an induc-
tive matrix for accelerating directional host cell invasion, vascular system reconstruction, and
axonal regrowth, which could promote and support extensive aligned axonal regrowth and
locomotor function recovery.
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Introduction

Spinal cord injury (SCI) is extremely difficult to repair and often leads to permanent
neurological impairments. Unlike peripheral nervous system (PNS) injury, the spon-
taneous axonal regeneration after SCI is very limited, and unfortunately there are no
effective therapeutic methods capable of completely restoring neurological function so
far. The failure of spinal cord regeneration can be attributed to the extremely limited
regenerative capacity of neurons and an inhibitory hostile microenvironment caused by
pathological sequelae of the initial trauma, which introduces a physical and chemical
barrier to regeneration, such as glial scar formation, neurotrophic factor deficiency,
cystic cavity, and myelin-associated inhibitors.! Therefore, one promising therapeutic
strategy for the treatment of SCI is based on the principle of tissue engineering and
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regenerative medicine to engineer novel biomaterials for
breaking the physical and chemical barrier to regeneration
and guiding axonal regeneration.*” Here, biomaterial scaf-
fold serves as a beneficially regenerative microenvironment
that could deliver regulatory signals to instruct cell fate and
related regenerative processes.

It has been clearly proved that biomaterial-based control
of'the cell may occur through multiple physical and chemical
cues, such as biomaterial’s mechanical properties, topography,
surface chemistry, or biological ligands. For example, early
evidence showed that the stiffness or elasticity of biomaterial
can have a major influence on cell behaviors such as
migration, proliferation, and differentiation.®'® To mimic
the stiffness of native nerve extracellular matrix (ECM), a
variety of hydrogels with mechanical properties that can be
tuned to be similar to those of native nerve tissue have been
investigated as ideal candidates for spinal cord regeneration,
showing positive roles in inducing stem cell neurogenic
differentiation in vitro and axonal regrowth in vivo with
significant and long-lasting motor functional recovery.!!"*

Unfortunately, most of these hydrogels are isotropic in
architecture and lack oriented topography. Spinal cord tissue,
especially the white matter that is composed of well-aligned
axon tracts, has hierarchically oriented tissue structures rang-
ing from a single neural axon to nerve fibers.*® Therefore,
the aligned architecture also works as an important topo-
graphical guidance cue to bridge the lesion site and encour-
age axon regeneration.” In order to impose aligned guidance
cue on hydrogels, all kinds of aligned microstructures/
macrostructures have been created in hydrogel scaffolds using
the methods like porogen leaching, freeze drying, crystal
templating, multiphoton lithography, and molding.!*>** For
example, Gros et al fabricated an agarose hydrogel scaf-
fold with strictly linear guidance channels, which could
support linear growth of long-tract axons of the injured
spinal cord and promote axonal egress from lesion sites.?*
The anisotropic alginate-based hydrogels with continuous
linear channels were able to integrate into a spinal cord
lesion and provide a stable physical passageway to promote
axonal regeneration in a highly oriented fashion.'>*%6 In
comparison to the linear channel structure, the aligned fiber
structure was shown to be more similar to the nerve tissue,
and designed for nerve regeneration.?”?® For instance, linear-
ordered collagen fibers with the addition of brain-derived
neurotrophic factor provided effective bridge and stimulation
for neural regeneration, with recovery of locomotor func-
tion in both rat and canine SCI models.?>!' Similarly, the
aligned fibrous structure in nanoscale also was introduced

to the nerve regeneration. Nguyen et al incorporated aligned
poly(caprolactone-co-ethyl ethylene phosphate) nanofibers
within a collagen hydrogel in a three-dimensional (3D)
configuration, which provided topographical signals for
effectively directing neurite extensions and supporting
remyelination within the lesion sites.3? Berns et al prepared
an aligned self-assembled peptide amphiphile hydrogel
with a nanoscale fibrous structure, and the results demon-
strated that the scaffold could guide the growth of oriented
neurites.** Therefore, the fabrication of aligned nanofiber
structure in hydrogel is thought to be useful in nerve tis-
sue engineering by delivering joint regulatory signals
of low elasticity and oriented topography simultaneously.

In our previous work, a 3D aligned fibrin hydrogel (AFG)
with oriented structure and low elasticity (~1.5 kPa) was
developed to direct mesenchymal stem cell neurogenic dif-
ferentiation and rapid neurite outgrowth.* Fibrin is one of
the most important proteins involved in normal hemostasis,
wound healing, and tissue regeneration.***® Especially
during the initial regenerative process of PNS, acellular
aligned fibrin cable formation occurs spontaneously within
the hollow nerve guidance conduit, bridging the proximal
and distal nerve stumps. Following this process, Schwann
cells, endothelial cells, and fibroblasts migrate, align, and
proliferate longitudinally along the align fibrin cable to
form a biological tissue cable to guide axonal sprouting.®
Furthermore, the fibrin hydrogel also showed potential for
promoting axonal regrowth in SCI regeneration.* Therefore,
fibrin hydrogels have been widely used in nerve regeneration.
We herein applied the fibrin nanofiber hydrogel in impart-
ing topographical and mechanical signals to enhance nerve
regeneration after SCI.

In this study, we implanted the AFG into a rat dorsal
hemisected SCI to bridge the lesion site and induce neural tis-
sue regrowth. The cellular and axonal regrowth were evaluated
by immunohistochemistry from 1 week after the surgery, and
the regenerating axons in the lesion site were further observed
by diffusion tensor imaging (DTI) and transmission electron
microscopy (TEM). Hindlimb locomotor function of the rat
was evaluated by the Basso-Beattie-Bresnahan (BBB) scale.

Materials and methods
Preparation and characterization
of fibrin hydrogels

Fibrinogen, thrombin, poly(ethylene oxide) (average molecu-
lar weight ca 4,000 kDa), and alginate were purchased from
Sigma-Aldrich, St. Louis, MO, USA. The AFG was fabri-
cated through electrospinning according to previous work 344!
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The electrospun AFG was gathered to form a 2 mm thick half-
cylindrical bundle. Then, the surface of AFG was coated with
alginate by dipping into 1% alginate solution and crosslinking
with 50 mM CaCl, solution. The random fibrin hydrogel (RFG)
was fabricated by the direct reaction of 1% fibrinogen and
20 units/mL of thrombin, and then also coated with alginate.
To observe the microstructure of the fibrin scaffolds, the sam-
ples were fixed with 2.5% glutaraldehyde for 2 h at 4°C, then dehy-
drated through graded concentrations of ethanol (30, 50, 60, 70, 80,
90,95, and 100%), and finally critical-point dried with CO,. The
fresh surfaces of the samples were imaged with a field-emission
scanning electron microscope (SEM; JEOL 6700F; JEOL,
Tokyo, Japan) after being sputter coated with a layer of Au.

Rat T9 dorsal hemisected SCI

Animal experiments were performed according to the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health and were approved by the Animal Care
and Use Committee at Capital Medical University (Beijing,
China). Adult female SD rats (200-230 g) were anesthetized by
intraperitoneal injection with 6% chloral hydrate at 6 mL/kg.
After routine shaving and cleaning with povidone iodine,
surgery was performed under sterile conditions. After dorsal
laminectomy at the T9-T10 vertebral level, a portion of the
spinal cord ca. 4 mm long and 1.5 mm in dorsal thickness was
removed to create a hemisected lesion (Figure 1). After hemo-
stasis, a fibrin hydrogel scaffold (AFG, RFG) was implanted
into the lesion site to bridge the defect; 0.9% saline was used
as a blank control. For the AFG group, the aligned fibrin fibers
were positioned parallel to the long axis of the spinal cord.
After the operation, 1 mL of penicillin was injected subcuta-
neously to prevent infection. Bladders were emptied manu-
ally by pressing twice a day until bladder function recovered.

Tissue preparation and

immunohistochemistry

After 1, 2, 4, and 8 weeks following implantation, the rats
(n =4 at each time point for each group) were anaesthetized
and then perfused with 100 mL of 0.9% saline and 300 mL
of cold 4% formaldehyde through the heart to fix the tissues.
The spinal cord tissue (T8-T11) containing the injury site
was harvested and used in histological analysis.

The tissue section containing the injury site was cryo-
preserved in the optimal cutting temperature compound and
sliced longitudinally into 20 um thick sections using a cryostat
(CM1900; Leica Microsystems, Wetzlar, Germany). For
immunofluorescence staining, the sections were incubated
for 1 h at room temperature in PBS with 10% goat serum and

0.3% Triton X-100 to block nonspecific binding and improve
the penetration of the antibody. Next, the tissue sections were
incubated with primary antibodies at 4°C overnight. Then,
after washing three times with PBS, they were incubated with
secondary antibodies for 1 h at room temperature in the dark.
Finally, the tissue section was mounted using a drop of mount-
ing medium containing 4’,6-diamidino-2-phenylindole (DAPI;
Abcam, Cambridge, UK). The following immunocytochemical
markers were used: rabbit anti-B-tubulin IT1 (1:1,000) to label the
endogenous neuron; mouse anti-neurofilament (NF) (1:1,000)
and rabbit anti-GAP43 (1:500) antibodies to detect axon
regrowth; and mouse anti-endothelial cell antibody (RECA-1)
(1:500) to investigate vascularization in the lesion site. The
anti-rabbit (1:800, 594; Thermo Fisher Scientific, Waltham,
MA, USA) and anti-mouse (1:800, 488; Thermo Fisher
Scientific) secondary antibodies were used correspondingly.

F-actin staining was employed to investigate the migra-
tion of endogenous cells into the hydrogel in the first week.
For F-actin staining, the sections were incubated in PBS with
1% bovine serum albumin and 0.1% Triton X-100 for 1 h at
room temperature to block nonspecific binding and improve
the penetration of the antibody, and then stained with F-actin
marker rhodamine-phalloidin (Dojin, Kurume, Japan) at room
temperature for 40 min, washed three times with PBS, and then
mounted with a drop of mounting medium containing DAPI.

The slides were examined by laser confocal fluores-
cence microscopy (LSM 780; Carl Zeiss Meditec AG, Jena,
Germany) using the tile scan function.

DTI acquisition and analysis

DTI datasets were obtained at 16 weeks after injury. The ani-
mals (n=4 for each group) were anesthetized with intravenous
pentobarbital sodium at 30 mg/kg. Magnetic resonance imaging
(MRI) data on the rat SCI were acquired using a 7.0 T Bruker
Bio Clin Spin Animal MRI System (Bruker, Billerica, MA,
USA) with a specialized coil for scanning rats. The DTI experi-
ments were performed using the single-shot spin-echo echo-pla-
nar imaging sequence. The imaging parameters were as follows:
field of view = 36 x 30 mm, acquisition matrix = 128 x 128,
slice thickness = 0.8 mm, slice number =25, inter-slice gap/slice
thickness = 30%, echo time = 5,000 ms, repetition time = 60 ms,
corresponding to various non-collinear and non-coplanar dif-
fusion directions with h-value = 600 s/mm?.

Software Diffusion Toolkit version 0.6 (Wang R,
Wedeen VI, TrackVis.org, Martinos Center for Biomedical
Imaging, Massachusetts General Hospital, Boston, MA, USA)
was used for the tensor reconstruction and fiber tractography
(http://www.trackvis.org). Fractional anisotropy (FA) maps,
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Figure | Fibrin hydrogel scaffold and rat T9 dorsal hemisected SCI model. (A) The AFG fabrication process. (B) (al-a2) and (bl-b2) SEM images of the cross sections of
AFG and RFG scaffold reveal the hierarchically aligned structure of AFG and random fibrous structure of RFG, respectively; the insert pictures in (al) and (bl) display gross
images of the implanted AFG and RFG scaffolds; the arrows in (a2) and (b2) show the alginate film in the surface of the hydrogel for adhesive prevention. (a3 and b3) SEM
images of the longitudinal sections of AFG and RFG scaffolds, demonstrating the aligned and random nanoscale fibrous structure, respectively. (C) Schematic illustration of
the rat T9 dorsal hemisected model, and RFG and AFG scaffolds implantation (D and E).

Abbreviations: AFG, aligned fibrin hydrogel; RFG, random fibrin hydrogel; SCI, spinal cord injury; SEM, scanning electron microscope.

three eigenvalues (A1, A2, A3), and their corresponding
eigenvectors were acquired. Tract visualization and DTI metrics
quantification were performed using Track Vis ver. 0.5 (Harvard
Medical School, Boston, MA, USA). The focal point of the SCI
was established on the FA map at T9. A 2 mm long segment was
then measured in both rostral and caudal directions from the epi-
center and further subdivided at 0.4 mm increments. After the
regions of interest were delineated, FA values were generated

from the corresponding FA maps by outlining the entire cord
parenchyma in the axial plane; this process resulted in a numeri-
cal measure and FA values averaged within groups. These were
plotted as a function of their locations along the spinal cord.

TEM observations
After 16 weeks, the rats (n =4 for each group) were sacrificed
for ultrastructural observation and analysis. The animals were
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perfused with 0.01 mM PBS (pH 7.4, 37°C), followed by 4%
(weight/volume) paraformaldehyde and 2% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4, 4°C). Samples from the
epicenter of the injured tissue were diced for further fixation
in 2.5% glutaraldehyde at 4°C overnight, and then with 1%
osmic acid for 1.5 h. The samples were dehydrated through
graded ethanol and embedded in Epoxy Embedding Medium
(Sigma Aldrich) overnight, followed by polymerization at
60°C for 10 h. Ultrathin sections were cut with an ultrami-
crotome (EM UC6; Leica Microsystems) and stained with
uranyl acetate and lead citrate. Observations and photomi-
crographs were obtained with a TEM (Hitachi H-7650B;
Hitachi, Tokyo, Japan) operated at 80 kV.

Evaluation of hindlimb locomotor

function

The locomotor functions of the control, RFG, and AFG
groups were evaluated weekly by open-field testing using the
BBB scale. Rats were placed on a flat, 1 m diameter surface
and observed for 4 min. Hindlimb locomotor recovery in
animals was scored by two blinded observers on the scale of
0 (no hindlimb movement) to 21 (normal mobility).

Statistical analysis

A BBB score was expressed as means * standard errors of
means. Other results were presented as mean * standard
deviation. Differences in histological data, including vessel
counts, axon counts, axon length, and myelin thickness, were
assessed for significance using Student’s ¢-test. Differences
in BBB scores and FA values were assessed using two-way
analysis of variance with repeated measures, followed by the
post hoc Bonferroni test. The significance level for all tests
was set at p-values < 0.05.

Results

Scaffold fabrication and implantation

A dorsal portion of the spinal cord ca. 4 mm long and 1.5 mm
thick was surgically removed to create a hemisected lesion
(Figure 1). The electrospun AFG fibers were stacked into a
2 mm wide bundle (as shown in Figure 1) and then cut into 4
mm lengths to fit the SCI injury gap. It is noted that the gross
image of the assembled AFG scaffold (insert of Figure 1) was
similar to the spinal cord. The elasticities of AFG and RFG
were close to the ECM of nerve tissue, which were 1.57 +
0.11 kPaand 0.36 + 0.02 kPa, respectively, as reported in our
previous work.** To prevent the fibrous tissue from infiltrating
into the fibrin hydrogel from the dorsal side, alginate hydrogel

that is not beneficial for cell adhesion was coated only on
the dorsal surface of fibrin bundle. The SEM images of the
transverse and longitudinal sections of the RFG scaffold
(Figure 1) showed an isotropic fibrous structure. By contrast,
the SEM images of the transverse and longitudinal sections of
the AFG scaffold (Figure 1) showed a hierarchically aligned
fibrous structure, suggesting that it could be a bridge con-
necting the hemisected lesion site. The rat models with AFG
and RFG implantations are shown in Figure 1.

Host tissue integration and rapid

vascularization
At 2 weeks, a great many of host cells infiltrated into the
lesion site in the AFG and RFG groups, as indicated by the
DAPI staining of cell nuclei, whereas there was no obvious
tissue formation in the control group, leaving an obviously
large empty in the lesion site (Figure 2A—C). The result
implied that the implanted fibrin hydrogels could promote
cell invasion and have good integration with surrounding
host tissues. Nevertheless, there were still many cavities
formed inside the regrowth tissues in the RFG group, which
may be caused by the fibrin degradation and insufficient new
tissue formation. The new regrowth tissue in AFG group was
much denser than that in RFG group, indicating the aligned
guidance could probably accelerate cell invasion and tissue
regrowth. What is more, the nerve tissue under the defect in
the control group underwent severe degeneration resulting in
many cavities formed in the originally healthy tissue.
Rapid vascularization within the transplanted scaf-
fold is thought to be essential in determining the suc-
cess of new tissue regrowth for transporting adequate
oxygen and nutrients. RECA-1 is a specific marker for
endothelial cells, which form the linings of blood vessels.
As shown in Figure 2D, the density of RECA-1 positive ves-
sels of AFG group was significantly higher than that of the
RFG group at 2 and 4 weeks of implantation. The details at
4 weeks are shown in Figure 2E—J. Abundant blood vessels
which were labeled with RECA-1 could be clearly detected
in both the RFG and AFG groups. High magnification of
confocal microscopy images (Figure 2F and G and I and J)
revealed a higher density of blood vessels and newly formed
tissues in the AFG group.

Aligned cell cables supported rapid axon
sprouting and regrowth

Figure 3 shows the typical immunofluorescence photo-
graphs of the regrowth tissues in the middle and rostral
sites of the lesions at 1, 2, and 4 weeks after implantation.
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Figure 2 Vascularization in the dorsal hemisected site. (A—C) Representative sagittal sections of control, RFG, and AFG groups stained by DAPI show the tissue regeneration
at 2 weeks post-surgery, and the lesion site region is labeled by dashed line. (D) Quantification of RECA-| positive vessels at the middle site of injury at |, 2, and 4 weeks
after spinal cord injury. *p < 0.05, ¥**p < 0.0 for the comparison of RFG and AFG. Four individual rats per group were used for statistical analysis (n = 4), and five confocal
images per rats were used for the vessel counts. Inmunofluorescence staining images of the T8-T 10 sagittal sections in RFG (E-G) and AFG (H-J) groups labeled by RECA-|

(green).

Abbreviations: AFG, aligned fibrin hydrogel; DAPI, 4’,6-diamidino-2-phenylindole; RFG, random fibrin hydrogel.

In Figure 3(al—a3), the regrowth tissue in the injury site was
labeled red by staining the F-actin and the undegenerating
scaffold was black. In the RFG group, the endogenous
cells randomly invaded into the implanted RFG scaffold
(Figure 3A[al]), and in the AFG group, the cells followed the
fiber direction from the rostral stump toward the caudal stump
of the lesion site (Figure 3A[a2 and a3]), forming strips of
cell cables. At 2 weeks after implantation, with the increase
of the cell invasion, the fibrin scaffolds were degraded
and replaced gradually by the invading cells. As shown in
Figure 3B(b1-b3), a large amount of neurons labeled with
B-tubulin IIT were observed to form densely packed aligned
cell cables (follow dashed line in Figure 3B[b2 and b3]) in
the AFG group, while the regrowth tissue in the RFG group
was still distributed randomly (Figure 3B[b1]). At 4 weeks
post-implantation, random and short NF-positive axons were
observed in the middle region of the lesion site in the RFG
group. By contrast, NF-positive staining of axons longer
than 30 wm could be found in both the middle and the rostral
regions of the lesion site in AFG group, which aligned along
the cell cables. Furthermore, it is noted that the fibrin scaf-
folds underwent gradual biodegradation and could be prote-
olytically removed by regenerating tissue.*>*¢ The black area

in Figure 3A(al—a3) indicates the fibrin matrix that was not
yet fully degraded in 1 week. With the cell invasion, fibrin
was degraded by the secreted protease and replaced by the
invading cells, forming aligned cell cables or random tissue
in the lesion site.

The aligned cell cable formed along the hierarchically
oriented AFG fibers scaffold was able to induce axonal
spouting directionally and accelerate axon regrowth. Figure 4
shows the typical immunofluorescence staining of new axon
regrowth at 8§ weeks after the implantation. NF stain-
ing was used to label the NF, and the GAP-43 protein
was associated with nerve growth as a major component
of the motile “growth cones” that were formed at the tips
of the elongating axons. In the control group, the defect
still existed without tissue regeneration. The axons next
to the caudal site had obvious degeneration, leaving many
cavities or random scar tissue (Figure 4A[al—a3]). With the
fibrin scaffold implantation, the surrounding neural tissue
showed little further degeneration. Notably, the host-graft
interface was not obvious. For the excellent integration of
fibrin scaffold and host tissue, the host cells regrew into the
fibrin scaffold and replaced the scaffold structure. In addi-
tion, the regrowth axons in AFG group showed remarkable
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RFG (middle)

2 weeks DAPI/B-tubulin/ 1 week F-actin

4 weeks DAPI/

AFG (middle)

AFG (rostral)

Figure 3 Aligned tissue cables formed by the endogenous cell invasion promote extensive axonal regeneration. (al—a3) F-actin immunofluorescence staining at | week after
surgery. The representative immunofluorescence staining images of B-tubulin Il (red), NF (green), and DAPI (blue) at 2 weeks (b1-b3) and 4 weeks (c|—c3) after surgery. The
dashed lines indicate the long axis of the aligned AFG and cell cables. The arrows in b3 show the cells (neurons) labeled by B-tubulin lll migrate into the regrowth tissue.
Abbreviations: AFG, aligned fibrin hydrogel; DAPI, 4’,6-diamidino-2-phenylindole; NF, neurofilament; RFG, random fibrin hydrogel.

aligned and compact organization bridging the spinal cord
defect, as shown in high-magnification images of the AFG
group (Figure 4A[c2 and c3]). The quantification of NF-
positive fibers in the injury site also proved the AFG scaf-
fold could promote the axon aligned regrowth. As shown
in Figure 4B, the average density of NF-positive fibers was
higher in the injury site with the AFG scaffold implanta-
tion. Moreover, most of the fibers in the RFG group were
less than 40 um (about 69%), as shown in Figure 4C. The
frequency distribution of fiber length in AFG group is shown
in Figure 4D, and most of the fibers were longer, especially
the percentage of long fibers (>100 um) was about 24%,
which was notably higher than the RFG group.

Axon remyelination

At 16 weeks, tissues in the middle of the damaged area were
examined by TEM, as shown in Figure 5. In the control group,
some of the axons appeared degenerated with degraded
myelin sheath, as indicated by the arrow in Figure 5SA(al).
Simultaneously, cells with abundant incompact ECM were
observed in the injured region, which maybe was the glial
scar (Figure 5A[al and a2]). In the RFG and AFG groups,
the unmyelinated or myelinated axons as well as blood ves-
sels could be clearly seen. The axon density and the thick-
ness of myelin sheath were quantitatively calculated based
on the TEM images (Figure 5B and C). The regrowth axon
density in RFG and AFG groups had no obvious difference,
but was significantly higher than that in control group.
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Figure 4 Nerve regeneration in the dorsal hemisected site at 8 weeks after surgery. Shown in Figure 5A, (al—cl) are the immunofluorescence staining images of T8-T10
sagittal sections with NF (green), GAP43 (red), and DAPI (blue). Higher magnification images of the areas circled by the dotted white squares in the left images are shown
in the right columns ([a2—a3], [b2-b3] and [c2—c3], respectively). The quantification of NF-positive fibers at the injury site is shown in (B), (C), and (D): (B) the density of
NF-positive fibers at the injury site; the frequency distribution of NF-positive fibers of RFG (C) and AFG (D). Four individual rats per group were used for statistical analysis
(n = 4), and five confocal images per rats were used for the NF-positive fiber counts and length calculation.

Abbreviations: AFG, aligned fibrin hydrogel; DAPI, 4’,6-diamidino-2-phenylindole; NF, neurofilament; RFG, random fibrin hydrogel.

While the thickness of myelin sheath of the regrowth axons
in the AFG group was much more than that of RFG group,
which reflected better remyelination of the regrowth nerves
in the AFG group.

Nerve tissue regrowth identified by FA
maps and DTI results

The FA value is an anisotropic parameter: a numerical value
between 0 (isotropic) and 1 (anisotropic), and values closer
to 1 represent a more anisotropic structure, which appears as
brighter areas of high anisotropy in FA maps. Normal spinal
cord tissue appears bright in the FA maps because the nerve

fibers have aligned structures. However, injured and irregular
regrowth spinal cord tissues are dark in the FA maps because
of their random structures. Thus, dark areas in the spinal cord
FA maps can be used as a parameter for estimating lesion
volume.*>* The representative FA maps of the three groups
are shown in Figure 6A, and the lesion sites implanted with
different scaffolds are marked with red circles. The dark area
in the control group map was the largest one among all the
three groups, which suggested decreased anisotropy and a
disconnected spinal cord at the lesion site. In comparison
to the control and RFG groups, the FA maps of the AFG-
implanted group appeared the brightest in the lesion site and
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Figure 5 Transmission electron micrographs of the middle lesion site. (A) (al-a2) Axons with loose myelin sheaths and abundant collagen regenerated in the area of lesion
site in the control group; compared to the control group, a great deal of myelinated axons with relatively compact myelin sheaths (Ax) are seen in the middle region of lesion
site (cl—c2), and accompanying blood vessels (V) in the RFG group (bl-b2). The arrows show the axons. (B and C) The number and myelin thickness of axons in the middle
lesion site are summarized and analyzed. Data are expressed as mean + standard deviation. Statistical comparisons were performed using ANOVA, and *p < 0.05, **p < 0.01.
Four individual rats per group were used for statistical analysis (n = 4), and five TEM images per rat were used for the axon counts and myelin thickness calculation.
Abbreviations: AFG, aligned fibrin hydrogel; ANOVA, analysis of variance; RFG, random fibrin hydrogel; TEM, transmission electron microscopy.

had the smallest dark area, indicating an improved diffusion
tensor cylinder and enhanced aligned axonal regrowth.

DTI tractography was used as a qualitative indicator of
SCI to visually track the aligned nerve fibers and thereby eval-
uate axonal regrowth in the lesion site. All of the DTI results
were consistent with the FA maps. Figure 6A shows the DTI
results of the left (L) and posterior (P) locations. The figures
show no nerve fibers crossing the injury site from either the
rostral or the caudal site in the control group as observed from
the left side (Figure 6A[a4]). Furthermore, the nerve fibers
did not even cross the area that was in the uninjured region of
spinal cord, where the axons appeared degenerated and had
lost their aligned fiber structure (Figure 6A[a5]). In the RFG
group, although axon regrowth was observed from the histo-
logical examinations, the tracked nerve fibers were not across
the lesion site yet (Figure 6B[b4]). However, the nerve fibers

around the injury region could be tracked throughout the
defect, indicating no degeneration occurred in the surrounding
tissues (Figure 6B[b5]). Notably, in AFG group, abundant
nerve fibers from the rostral and caudal locations could be
tracked across the lesion site (Figure 6C[c4 and c¢5]).

Figure 6B shows the FA values as a function of distance.
The area between the two dashed lines indicates the injured
region. The FA values of the injured spinal cord in the control
group were significantly lower than those in RFG and AFG
groups in not only the injured region but also the neighboring
areas due to the degeneration of axons. The FA values in the
AFG group were higher than those of RFG group at the same
position, although the difference was not that significant.
These results indicate that the fibrin hydrogel implantation
was beneficial for axon regrowth and decreased surrounding
neural tissue degeneration.
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Figure 6 Representative FA maps, tractography images, and FA values of the spinal cord at |6 weeks after the implantation. (A) The bright region indicates high anisotropy
in the representative FA maps (al-a3, bl-b3 and cl—c3, where A, P, L, and R represent anterior, posterior, left, and right, respectively). In the images of (a4-a5), (b4-b5), and
(c4—c5), yellow stands for fibers traced from the ROI rostral to the epicenter, where blue corresponds to fibers traced from the ROI caudal to the epicenter. (B) FA value
versus location (mm) reveals statistically significant differences between the AFG group and the RFG group at the lesion site (n = 4), *p < 0.05, **p < 0.01. Furthermore, the
FA value of AFG revealed statistically significant differences from control group animals at all locations along the spinal cord (p < 0.01).

Abbreviations: AFG, aligned fibrin hydrogel; FA, fractional anisotropy; RFG, random fibrin hydrogel; ROI, region of interest.

Recovery of locomotor function

Locomotor function was evaluated using a serial BBB score
analysis (Figure 7). At 1 week post-surgery, the average BBB
scores were similar in all the experimental groups, indicat-
ing the loss of motor function after surgery. Then, the motor
function in RFG and AFG groups recovered remarkably with
rapidly increased BBB scores in comparison to the control
group during the initial 4 weeks after the surgery. Moreover,
the AFG group showed the best performance in locomotion

among these three experimental groups with highest BBB
scores until 8 weeks. The results indicated that the AFG
implantation could promote the recovery of locomotor func-
tion at the early stage.

Discussion

The primary goal in spinal cord regeneration by using
biomaterials is to promote axonal outgrowth and reduce
barriers like the formation of cavities and glial scars. In order
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Figure 7 BBB score of the experimental groups. Data are expressed as mean +
standard error of the mean (n = 8 for each group). *p < 0.05, *#p < 0.0 (AFG vs
control at the same time point); **p < 0.01 (RFG vs control at the same time point);
& < 0.05, #p < 0.0l (AFG vs RFG at the same time point).

Abbreviations: AFG, aligned fibrin hydrogel; BBB, Basso-Beattie-Bresnahan;
RFG, random fibrin hydrogel.

to accomplish this goal, designing novel biomaterials that
deliver biophysical and biochemical cues to modulate cell-
specific responses and functions has been thought to be the
key issue. In this study, the main chemical component of the
hydrogels that we developed was fibrin, an important fibrous
protein that has been widely proven to be beneficial for pro-
moting axonal regrowth in both central and PNS regrowth.
What is more, we here focused on two biophysical regula-
tory signals, low elasticity and structural alignment, both of
which mimic the physical features of natural nerve tissues and
show positive effects on enhancing axon regrowth in vivo.

A

Rostral

Caudal

T9 dorsal hemisection spinal cord injury

Rostral
==z Host cells

Host cells invasion and proliferation
to replace the AFG

Thus, according to the biomimetic strategy, a hierarchically
aligned fibrillar fibrin hydrogel with the characteristics of
both aligned topography and low elasticity was designed and
fabricated for the nerve regrowth in rat SCI.

Unlike CNS injury, spontaneous axonal regeneration
and recovery can occur in the PNS. At the initial stage of
PNS regeneration with the help of nerve guidance conduits,
aligned fibrin cables form spontaneously to promote migra-
tion, longitudinal alignment, and proliferation of the various
endogenous cells, forming a cable of biological tissue to guide
axonal sprouting.’** Inspired by this finding, we therefore
developed a hierarchically aligned fibrillar fibrin hydrogel
through electrospinning technology and self-assembling
process to mimic the component, microstructure, and func-
tions of the native fibrin cables. In our previous study, the
AFG has been proven to promote axonal outgrowth and
prompt peripheral nerve regeneration in a rat sciatic nerve
injury model.?** Therefore, here we applied the AFG for
SCI repair by bridging the defect, which was estimated to
promote the axon regrowth and restore motor functions.
Our results showed that the fibrin hydrogels could rapidly
induce endogenous cell invasion and proliferation into the
defects with promoted axon regrowth and remyelination in
comparison to the blank control group, which indicated the
crucial importance of biomaterials. Besides, the invaded cells
along the AFG fibers were organized in an oriented manner
instead of a random distribution in RFG, thus forming aligned
tissue cables to bridge the lesion site, which then guided
axon regrowth and facilitated axon myelination. Figure 8
schematically illustrates the proposed mechanism for the

B

Rostral

S AFG

Caudal

AFG implantation

Rostral

Caé;dal

| —— Regenerative axons

Aligned tissue cables support the
axons’ regeneration

Figure 8 Summarized schematic of regrowth process with AFG implantation in rat dorsal semi-section SCl model. For the T9 dorsal hemisection SCI (A), the AFG scaffold
was implanted into the injury site to bridge the gap (B). Then, the host cells migrated into the AFG scaffold to replace the aligned structure (C) which supports the axons’

regeneration (D).
Abbreviations: AFG, aligned fibrin hydrogel; SCI, spinal cord injury.
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axon regrowth with the involvement of the AFG scaffold.
As one of the proteins involved in wound healing and PNS
regeneration, the fibrin scaffold showed excellent integration
with the host tissue, which was beneficial for endogenous cell
invasion into the scaffold. At 2 weeks after implantation, the
AFG scaffold was almost replaced by the invaded host cells,
forming aligned tissue cables. Abundant blood vessels con-
structed concurrently within the scaffold to provide nutrition
and oxygen for the regenerating tissues. After that, the “alive”
aligned cables enable axon sprouting and support regrowth.
Briefly, the AFG built a beneficial microenvironment in the
lesion site that was greatly advantageous for further tissue
regrowth and locomotor function recovery.

Following the primary injury of CNS, reactive astrocytes
and an influx of inflammatory cells cause the expansion of
the lesion cavity and proteoglycan upregulation to form
the glial scar that presents a mechanical barrier to growing
axons, leading to the secondary injury. Therefore, fast cell
invasion into the lesion site to form a native parenchymal
tissue instead of scar tissue largely determines the success
of the following axonal regrowth and functional recovery.
In comparison to RFG and control groups, the AFG could
accelerate tissue invasion directionally in the early stage
of repair. As the aligned tissue cables rapidly formed to
replace the scaffold in the lesion site, the axons regrew
with higher density and better myelination (confirmed by
the histological examinations and DTI tracking), which
contributed to the quicker motor functional recovery.
Although the motor function of rats in the control groups
partly recovered 8 weeks later, that should probably be
attributed to the stronger regrowth capacity of rat CNS and
the compensation of ventral nervous function. In our previ-
ously published work, the AFG also could promote axon
regrowth and hindlimb motor function recovery in canine
hemisected SCI model.*

Conclusion

An aligned fibrin scaffold with low elasticity and hierarchi-
cally oriented structure was fabricated and implanted into a
T9 dorsal hemisected injury to promote axon regrowth. The
results showed that the AFG scaffold induced the alignment,
migration, and proliferation of host cells in the implanted
hydrogel to replace the structure of the AFG scaffold. Aligned
tissue cables then formed at the lesion site to bridge the injury
stumps from the rostral to caudal sites. These aligned cables
provided physical and chemical cues for aligned axonal
growth and accelerating the recovery of locomotor function in
the early stages. Furthermore, the myelination of the regrowth

axons was obviously improved in the AFG group with larger
density of regrowth axons and the thickness of myelin sheath.
This work demonstrated the remarkable potential of the
hierarchically organized AFG for axon regrowth and motor
functional recovery following SCI.
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