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Abstract: Successful repair of long-distance peripheral
nerve injuries remains a challenge in the clinic. Rapid
axon growth is a key to accelerate nerve regeneration.
Herein, a pure silk fibroin (SF) hydrogel with a combina-
tion of high-strength and aligned microgrooved topo-
graphic structure is reported. The hydrogels exhibit
excellent mechanical properties with high strength. Good
bhiocompatibility also allows the hydrogels to support cell
survival. Significantly, the hydrogel with aligned micro-
grooved structures enables the aligned growth of Schwann
cells. Moreover, the hydrogel holds a strong capacity for
promoting axon growth and guiding neurite sprouting.
Thus, this micropatterned SF hydrogel would have great
potential for peripheral nerve regeneration.
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1 Introduction

Peripheral nerve injury is one of the most common ner-
vous system injuries. Due to trauma, disease, or surgery,
there are about 2 million new cases every year globally
[1-3]. In the past decade, the use of artificial nerve grafts
to repair damaged peripheral nerves has been widely
studied, and significant progress has been made in the
repair of short-distance nerve injury [4]. However, the
successful repair of long-distance peripheral nerve inju-
ries (>40 mm) still remains a challenge [5]. Rapid axon
growth is a key to accelerate long-distance peripheral
nerve regeneration [6]. The topographic structure as a
key physical factor of biomedical materials can effectively
regulate the microenvironment of nerve regeneration [7].
It has been reported that topographic structure can
regulate the growth of nerve cells [8]. However, either
the insufficient effect of topographic structures on axon
growth or poor biocompatibility limits the application of
these biomedical materials with topographic structures
for the repair of long-distance peripheral. Moreover, one
optimal dimension of aligned topographic structure on
nerve repair scaffolds for promoting both rapid axon
growth and Schwann cells growth has rarely been found.

Recently, micropatterned materials based on carbon
nanotubes can effectively promote nerve cell culture
growth [9]. Microstructures on materials created by the
electrospinning technique can also potentially mimic
extracellular matrix for promoting tissue regeneration
[10]. Importantly, it has been found that introducing
oriented microstructure into artificial nerve grafts can
induce the directional migration and growth of nerve
cells [11]. Oriented microstructures can also guide the
rapid growth of axons crossing the damaged area, which
promotes the repair and functional reconstruction of
nerve [12]. Previously, it was also found that anisotropic
bridge microstructure can regulate the morphology and
biological function of Schwann cells [13]. The synthetic
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matrix showed extraordinary physical properties to meet
microstructural demands [14]. Synthetic hydrogel-based
materials with the micro-groove structure on the surface
can also effectively regulate the migration and oriented
growth of Schwann cells [15]. However, poor biocompati-
bility usually limits the biomedical applications of these
synthetic materials with a topographic structure in vivo
[16]. Biocompatible materials, such as collagen [17], silk
[18], and chitosan [19], have great potential in biomedical
applications [20]. These natural biopolymers have signifi-
cant advantages, such as long-term safety [21], desirable
biocompatibility [22], and biodegradability [23]. However,
the weak mechanical strength of most biopolymer-based
scaffolds goes against the formation of artificial topo-
graphic structures [24]. Therefore, it is necessary to develop
biocompatible materials with a stable topographic struc-
ture to meet current biomedical demands.

Silk fibroin (SF) has attracted considerable interest in
tissue engineering [25]. SF as a natural biopolymer pos-
sesses excellent biocompatibility [26]. SF-based biomat-
erials hold non-immunogenic properties, which are very
important for implantation [27]. Biodegradability is one
of the important properties of biomaterials [28]. SF also
has suitable biodegradation kinetics and solid physical
strength with flexibility for biomedical applications
in vivo [29]. For tissue repair, SF has also been shown to
support cell attachment and cell survival to promote tissue
regeneration [30]. For peripheral nerve regeneration, it
has been reported that SF can promote the proliferation
of Schwann cells [31]. Meanwhile, SF-based hydrogel can
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also support neuron growth for central nerve repair [32].
Previously, it was found that the direction of neuronal
growth could be guided by aligned SF fibers [33]. Although
SF-based hydrogel has shown lots of advantages in the
field of tissue engineering, the poor mechanical properties
of SF hydrogel still tolerate its practical application [34].
The addition of crosslink agents or chemical components
can enhance the mechanical strength but most of these
agents show potentially toxic to cells [35]. Therefore,
generating SF hydrogels with the combination of high
strength and desirable biocompatibility remains a chal-
lenge. In this study, we developed tough micropatterned
pure-SF hydrogel with aligned microgrooved structures
with three different width dimensions of 10, 30, and
50 um, which possesses promising biocompatibility and
good mechanical strength. Importantly, micropatterned
pure-SF hydrogel with aligned microgrooved structures
with a width of 30 um holds strongest capacity to promote
both Schwann cells growth and guide neurite sprouting
for peripheral nerve regeneration (Scheme 1).

2 Materials and methods

2.1 Preparation of hydrogels

For TPSF hydrogels, 50 g of natural silk was boiled in 2 L of
0.2% w/v sodium carbonate solution for 30 min at 100°C,
and then washed with ultra-pure water. The degummed
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Scheme 1: Schematic illustration of Topo@TPSF hydrogel with aligned microgrooved structures for promoting cell growth and guiding

neurite sprouting.
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SF was dried in the air at room temperature. 20% w/v of SF
was dissolved in 9.3 M LiBr solution and stirred at 60°C for
3 hand then dialyzed in ultrapure water for 3 days. Finally,
the SF powder can be obtained by lyophilization, 0.45¢g
lyophilized SF powder was dissolved in 3 mL HFIP and
then 2.7 mL ultrapure water was slowly added into the
solution. The SF/HFIP/water solution was then trans-
ferred into a mold and incubated for 24 h in a sealed envir-
onment. After gelation, the hydrogels were washed in
ultra-pure water at 80°C to remove HFIP.

For Topo@TPSF hydrogels, the SF/HFIP/water solu-
tion was then transferred into a mold with a PDMS stamp
with surface ridge/groove microstructure and incubated
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for 24 h in a sealed environment. After gelation, the PDMS
stamp was peeled-off and the hydrogels were washed in
ultra-pure water at 80°C to remove HFIP.

2.2 Mechanical evaluation

The compressive-strength evaluation was investigated
by an electronic universal testing machine (UTM; TFW-
58; Shanghai Tuofeng Instrument Technology Co. Ltd,
Shanghai, China). Hydrogel samples were cut into the
shape of a solid cylinder with 20 mm diameter and 8 mm
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Figure 1: Characterization of TPSF hydrogel: (a) visual image of hydrogels with various 3D structures, (b) scale bar: 0.5 cm, (c) photographs
of the cutting, bending, and knotting shapes of hydrogels, (d) SEM image of TPSF hydrogel, and (e) FTIR spectra of TPSF hydrogel.
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thickness and tested at a displacement rate of 5mm min~".  droplet of water was dropped onto the hydrogel surface,
The stress at 25% strain of each sample was recorded and and the angle formed between the water and the surface
Young’s modulus was calculated from the slope of stress— of the hydrogel was measured.

strain curve.

2.4 Evaluation of porosity
2.3 Hydrophilic analysis

Freeze-dried hydrogels were immersed in anhydrous
The hydrophilicity of hydrogels was evaluated using a ethanol with a known volume (V;). Then, the mixture
contact angle instrument (JYPHa, Chengde, China). A was evacuated at 0.08 kPa and the volume of the ethanol
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Figure 2: Surface topology and mechanical property of hydrogels. (a) Microscopic image of aligned micro-grooved structures on the surface
of Topo@TPSF hydrogels. Scale Bar: 100 pm. (b) Compressive strengths of hydrogels. Data represent the mean + S.E.M., (n = 4). (c) Young’s
modulus of hydrogels. Data represent the mean + S.E.M., (n = 4). (d) Stability of microstructures. Data represent the mean + S.E.M., (n =7),
*%

p < 0.01.
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was recorded as V,, and after removal of the hydrogels,
the volume of the remaining ethanol was recorded as V.
Porosity was calculated, as follows:

= (Vi - Vy)/(Vs ~ V5) x 100%.

2.5 Schwann cells culture

The sterilized hydrogels were placed in a 24-well plate
and then Schwann cells from Sprague—-Dawley rat pups
(1 day old) with a density of 1 x 10° cells/mL in DMEM
were seeded onto the hydrogels and incubated at 37°C
for 3 days. A live/dead cytotoxicity kit (Molecular Probes,
USA) was utilized to visualize the cell behavior. The cyto-
toxicity of the hydrogels was assessed by the cell counting
kit-8 (CCK-8) (Beyotime Biotechnology, China).

2.6 Dorsal root ganglion (DRG) culture

The sterilized hydrogels were placed in a 24-well plate,
and DRG obtained from the spinal cord of 1-day-old rats
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was cultured on the SF hydrogels directly without diges-
tion for 3 days. A live/dead cytotoxicity kit was utilized to
visualize the cell behavior.

3 Results and discussion

3.1 Characterization of hydrogel

Tough pure-silk fibroin hydrogel (TPSF) was prepared by
binary-solvent-induced conformation transition strategy
[34]. Figure 1a shows that TPSF hydrogel can uniformly fit
various shapes after curing. Fine mechanical properties
are important for scaffolds to adapt to dynamic movement
in vivo [36]. Then, the flexible mechanical properties
of TPSF hydrogel in various shapes, even after cutting,
bending, and knotting are demonstrated in Figure 1b
andc. The SEM image in Figure 1d shows that the TPSF
hydrogel exhibits a porous structure, which is critical for
hydrogel use as biomaterials [37]. Then, the chemical
structures of TPSF hydrogel were confirmed by Fourier
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Figure 3: Contact angle and porosity of hydrogels: (a) and (b) contact angle of hydrogels and (c) porosity of hydrogels. Data represent the
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transform infrared spectroscopy (FTIR) analysis, charac-
teristic peak of SF was observed at 1,624 cm™', which
represented the B-sheet in amide I region [38].

3.2 Mechanical property and surface
topology

Grooved structures are considered very effective in pro-
moting axonal guidance, as they can provide more sen-
sing targets and appropriate contact areas for the growth
cones of neuritis [46]. Micropatterned pure-SF hydrogels
(Topo@TPSF) were successfully fabricated by in situ
micromolding with PDMS stamps. Topo@TPSF hydrogels
demonstrated regular aligned microgrooved structures
with a width of 10, 30, and 50 um, which all had clear

b
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edges as shown in Figure 2a and Figure S1. To further inves-
tigate the stability of aligned micro-grooved structure on
Topo@TPSF hydrogel, the hydrogels were immersed in
PBS at 37°C for 24 h. As shown in Figure 2d, micropatterns
maintained in good shape with clear edges, indicating that
the Topo@TPSF hydrogel had good stability. Appropriate
mechanical properties of hydrogels are important for
implants used for nerve regeneration [39]. Therefore, the
compressive strength was evaluated. The representative
stress—strain curves of compressive strength are plotted in
Figure S8. As shown in Figure 2b and c, the compressive
strength of hydrogels was in the range from 0.15 to 0.2 MPa
and the Young’s modulus of TPSF and Topo@TPSF was
2.7 +0.7 and 2.4 + 0.3 MPa, respectively. These results illus-
trate that these hydrogels hold desirable mechanical pro-
perties for potential in vivo applications within the range of
Young’s modulus of human tissues (1-100 kPa) [40].
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Figure 4: Schwann cell behavior on hydrogels and in vitro cytotoxicity. (a) Fluorescence images of Schwann cells cultured on hydrogels after
24 h of incubation. (b) Orientation angle of Schwann cells. Data represent the mean + S.E.M., (n =5). ***p < 0.001. (c) Viability of Schwann
cells cultured on hydrogels for 3 days. Data represent the mean + S.E.M., (n = 3).
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3.3 Wettablity and porosity

Surface wettability reveals the hydrophilicity of bioma-
terials, which affects their biocompatibility [41]. Then,
the wettability of the hydrogels was evaluated by mea-
suring the contact angle (6) of water droplets on the sur-
face of hydrogels. It was found that the contact angles
were all <90°, indicating that the hydrogels exhibited
good hydrophilicity (see Figure 3a and b). The contact
angles of water droplets on the surface of Topo@TPSF
hydrogel with a groove width of 10, 30, and 50 pm were
further measured. It was found that there is no significant
difference between hydrogels with three different dimen-
sions, due to the wettability of hydrogels which may
mainly depend on the good hydrophilicity of SF (Figure
S7). The porosity of a hydrogel also plays a major role in
tissue regeneration [42]. As shown in Figure 3c, both
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TPSF and Topo@TPSF hydrogels held high porosity,
which allows the exchange of nutrition and metabolism
during tissue growth.

3.4 Schwann cell behavior and cytotoxicity

Silk-based materials have shown a promising capability
to sustain Schwann cell growth for nerve repair [43]. Pre-
viously, it was also found that polyacrylamide hydrogel
with a stable and clear surface groove structure of 30 um
pave the way for effectively guiding the cell growth of
Schwann cells [22]. Therefore, the behavior of Schwann
cells on both TPSF hydrogel and Topo@TPSF hydrogel
with a groove width of 30 pm was investigated. As shown
in Figure 4a and b, Schwann cells were well attached and
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Figure 5: Neurite sprouting on hydrogels: (a) fluorescence images of DRG cultured on hydrogels after 3 days of incubation, (b) orientation
angle of neurites, and (c) axon growth of DRG cultured on hydrogels. Data represent the mean + S.E.M., (n = 5). ***p < 0.001.
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exhibited spindle shape morphology on the surface of the
hydrogels after 24 h of incubation. Importantly, Schwann
cells on Topo@TPSF hydrogel showed alignment growth
with a much smaller orientation angle (7.2 + 2.6°), while
those cells on TPSF without micropatterns spread in a
random orientation. Additionally, the Schwann cells on
Topo@TPSF showed a much larger L/W ratio than those
on TPSF, as shown in Figure S2. These results indicate
that Topo@TPSF hydrogel possesses a promising capa-
city to guide the growth of Schwann cells. The ability of
biomaterials to allow cells to survive and grow is funda-
mental to tissue repair and regeneration [44]. To evaluate
the biocompatibility of hydrogels with Schwann cell,
cck8 assays were performed to evaluate the cell viability.
The results showed that both the hydrogels were biocom-
patible (cell viability: >95%) (Figure 4c). To further con-
firm the biocompatibility of hydrogels, L929 cells were
incubated with hydrogel for 3 days and stained with a
live/dead cytotoxicity kit. As shown in Figure S3, very few
dead cells were found on hydrogels, indicating the good
biocompatibility of these hydrogels.

3.5 DRG behavior

Rapid regeneration of axons along the orientation of scaf-
folds is key for repairing long-distance nerve defects [45].
To assess the guidance potential of Topo@TPSF hydrogel
with a groove width of 10, 30, and 50 pm, DRG neurons
were cultured on hydrogels and the neurite extension
in vitro on these hydrogels was evaluated. As shown in
Figure 5a and Figure S4, neurons adhered to Topo@TPSF
hydrogels with a groove width of 10, 30, and 50 pm all
exhibit extensive and aligned neurite sprouting along
the direction of microgrooves. Especially, the average
axon length of neurons on Topo@TPSF hydrogels with
a groove width of 30 pm was much longer than those on
hydrogels of the other dimensions (Figure S5). Mean-
while, Topo@TPSF hydrogels with a groove width of
30 um showed the most effective capacity on guiding
neurite sprouting with lowest neurites orientation angle
(<10°) (Figure S6). In contrast, neurons that adhere to the
TPSF hydrogel without micropatterns extend neurite in
all directions. In Figure 5b, the orientation angle of
aligned neurite on Topo@TPSF was 4.1 + 1.0°, whereas,
neurons cultured on TPSF hydrogels show a much larger
neurite orientation angle of 47.0 + 8.0° with the extre-
mely random state. The average length of axon on the
Topo@TPSF hydrogels was much higher than those on
the TPSF hydrogel without micropatterns (Figure 5c). As
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rapid axon growth is a key to accelerate nerve regenera-
tion for the successful repair of long-distance peripheral
nerve injuries (>40 mm), the average length of axon
Topo@TPSF hydrogel with a groove width of 30 pm was
about four-fold longer than that on TPSF hydrogel.
These results demonstrate that Topo@TPSF hydrogels
hold strong capacity of promoting axon growth and
guiding neurite sprouting for potentially applying on
repairing long-distance peripheral nerve injuries.

4 Conclusion

In summary, a high-strength micropatterned SF hydrogel
without a chemical crosslink agent was developed. The
hydrogels exhibit excellent mechanical properties of good
flexibility and high strength. It terms of biocompatihility,
the hydrogels possess good hydrophilicity and support cell
attachment and cell survival. Significantly, the hydrogel
with aligned microgrooved structures can successfully reg-
ulate the growth of Schwann cells, promote axon growth,
and guide neurite sprouting. Therefore, the authors believe
that this novel SF hydrogel would provide a promising tool
for peripheral nerve regeneration.
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