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ARTICLE INFO ABSTRACT

Nerve conduits have been identified as one of the most promising treatments for peripheral nerve injuries, yet it
remains unsolved how to develop ideal nerve conduits with both appropriate biological and mechanical prop-
erties. Existing nerve conduits must make trade-offs between mechanical strength and biocompatibility. Here,
we propose a multi-nozzle additive-lathe 3D bioprinting technology to fabricate a bilayered nerve conduit. The
materials for printing consisted of gelatin methacrylate (GelMA)-based inner layer, which was cellularized with
bone marrow mesenchymal stem cells (BMSCs) and GelMA/poly(ethylene glycol) diacrylate (PEGDA)-based
outer layer. The high viability and extensive morphological spreading of BMSCs encapsulated in the inner layer
was achieved by adjusting the degree of methacryloyl substitution and the concentration of GelMA. Strong
mechanical performance of the outer layer was obtained by the addition of PEGDA. The performance of the
bilayered nerve conduits was assessed using in vitro culture of PC12 cells. The cell density of PC12 cells attached
to cellularized bilayered nerve conduits was more than 4 times of that on acellular bilayered nerve conduits. The
proliferation rate of PC12 cells attached to cellularized bilayered nerve conduits was over 9 times higher than
that on acellular bilayered nerve conduits. These results demonstrate the additive-lathe 3D bioprinting of BMSCs
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embedded bilayered nerve conduits holds great potential in facilitating peripheral nerve repair.

1. Introduction

Injuries to peripheral nerves are one of the most common forms of
trauma. These injuries affect the life quality of patients and lead to a
large number of disabilities. Peripheral nerves exhibit self-healing po-
tential after mild and moderate trauma. However, successful re-
innervation cannot always be achieved, especially in the scenario of
wide injury gap, e.g. > 5 mm [1,2]. Current clinical strategies, in-
cluding nerve coaptation and autografts, are restricted by donor site
morbidity, limited graft availability, and large gap length [3,4]. As an
alternative, nerve conduits, tubular scaffolds to fill the larger gap, ex-
hibit promising results for facilitating peripheral nerve defect repair
[5-7]. Nerve conduits maintain adequate mechanical support for the
regenerating nerves and create an optimal microenvironment for the
proliferation and maturation of Schwann cells and the regeneration of
axons [2]. Nerve conduits show promise for clinical application, since
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they are easy to fabricate and sterilize and simple to implant in the
body.

The ideal nerve conduit must satisfy several biological and physi-
cochemical requirements. First, the nerve conduits should have good
biocompatibility and have no toxic side effect on the surrounding tis-
sues during in vivo implantation [8]. These features allow the nerve
conduit to serve as a substrate that supports appropriate cellular be-
haviors of regenerating nerves. Second, the nerve conduit should be
sufficiently physically robust to resist in vivo physiological invasion,
avoid channel collapse, and mechanically match the nerve tissues [9].
Although, various natural and synthetic materials have been utilized to
develop the nerve conduits, the nerve injury repair efficiency of existing
nerve conduits is still unsatisfactory due to their inappropriate biolo-
gical and mechanical properties or lack of structural integration. For
example, chitosan conduits with a laminin-coated inner surface are
considered to have good biocompatibility, but the mechanical strength
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of chitosan conduits was too weak for clinical application [10]. In
contrast, polycaprolactone (PCL) fumarate-based conduits were found
to be sufficiently mechanically strong, but cell attachment on PCL
conduits was found to be inhibited [11]. Thus, single-layered nerve
conduits are subjected to trade-offs between mechanical strength and
biocompatibility. As a result, bilayer nerve conduits were developed to
improve both biocompatibility and mechanical properties. However,
previous studies showed the inner layer of bilayered nerve conduits
tended to detach from the outer layer, i.e. laminin-coated chitosan/si-
licone tube [10]. But, the soft inner laminin-coated chitosan layer easily
collapsed and blocked the conduit lumen, which severely impaired the
regeneration of neurons. Therefore, the fabrication of fully integrated
bilayered nerve conduits was explored to avoid potential risks of in-
sufficient nerve growth, discontinuities and structural weakness.

In the pursuit of an effective nerve conduit many biological strate-
gies, including stem cell therapy [12,13], have been employed during
fabrication. Bone marrow mesenchymal stem cells (BMSCs), multi-
potent cells with the ability to differentiate into many lineages in-
cluding neural-like lineages, were repeatedly found to support nerve
regeneration [10,14-16]. However, cell seeding protocols typically in-
volve either cell attachment in culture after fabrication, which poten-
tially results in cell detachment in vivo, or cell lumen injection, which is
susceptible to leakage [17]. Furthermore, these cell seeding methods do
not allow for precise control of cell number or cellular distribution
within the nerve conduits [18]. To overcome these challenges, 3D
bioprinting with cell-laden bioinks provides a promising method to
embed living cells into structures during fabrication. This technique
allows not only control of spatial distribution and cell density but also
customization with a specified diameter and complex architectures.

Here we developed a multi-nozzle additive-lathe 3D bioprinting
method to manufacture fully integrated bilayered nerve conduit in-
corporating BMSCs. The nerve conduit consisted of a gelatin metha-
crylate (GelMA)-based inner layer and a GelMA/poly(ethylene glycol)
diacrylate (PEGDA)-based outer layer. While the inner layer was greatly
biocompatible to provide an appropriate microenvironment for nerve
regeneration, the mechanical properties of the outer layer were strong
enough for structural support. The biocompatibility and mechanical
properties of GelMA with/without PEGDA hydrogels were character-
ized through in vitro cellular and mechanical tests, respectively. Prior to
3D bioprinting of bilayered nerve conduits, the influence of the degree
of methacryloyl substitution (DMS) and the concentration of GelMA on
the viability and morphology of embedded BMSCs were carefully
characterized for inner layer material selection. Subsequently, the mi-
crostructure and mechanical strength of the resulting nerve conduits
were examined by scanning electron microscopy (SEM) and compres-
sion tests, respectively. Finally, the morphology and proliferation of
neuron-like PC12 cells seeded on the printed nerve conduits were
analyzed by immunofluorescent staining and CCK-8 tests for the po-
tential applications of the nerve conduit in nerve tissue regeneration.
This study provided a promising method for the manufacturing of bi-
layered nerve conduits with supportive cells for peripheral nerve re-
generation.

2. Materials and methods
2.1. Materials

Gelatin obtained from porcine skin tissue (250 bloom, Type B) and
methacrylic anhydride (MA) were purchased from Aladdin Industrial
(China). PEGDA (Mn = 700) was purchased from Sigma-Aldrich (USA).
The photoinitiator, lithium phenyl-2,4,6-trimenthylbenzoyphosphinate
(LAP), was synthesized as previously described [19]. Dulbecco's Mod-
ified Eagle Medium (DMEM) was purchased from HyClone Laboratories
Inc. (Canada). The Live/Dead Viability Assay Kit and Cell Counting Kit-
8 (CCK-8) were bought from Beyotime Biotechnology (China).
4’,6-diamidino-2-phenylindole (DAPI) and phalloidin-FITC were
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obtained from Beijing Solarbio Science & Technology Co., Ltd (China).
PC12 cells and murine BMSCs were obtained from the Chinese
Academy of Sciences (Shanghai, China).

2.2. Synthesis of GelMA and proton nuclear magnetic resonance
characterization

Gelatin methacrylate (GelMA) was synthesized as previously de-
scribed [20,21]. Briefly, gelatin was dissolved in carbonate-bicarbonate
buffer at 50 °C under continuous stirring and MA was added. Different
volumes of MA were added into gelatin solution (MA/gelatin feed ratio:
0.0125/1, 0.025/1, 0.05/1, and 0.1/1 mL/g) for the synthesis of GelMA
with various DMS. After reaction in dark for 3 h, the products were
diluted with 5-fold phosphate buffer saline (PBS) and then dialyzed
against distilled water for 7 days at 40 °C. The products were then fil-
tered with 0.22 pum paper filter and lyophilized, leading to a white
porous foam, before being stored at —20 °C for further use.

The DMS, the percentage of e-amino groups in gelatin replaced by
methacryloyl groups, of GelMA was quantified by the proton nuclear
magnetic resonance (*HNMR, Bruker Avance 400, Switzerland) ac-
cording to previously reported methods [22,23]. GelMA/gelatin was
dissolved in deuterium oxide at 40 mg/mL at 40 °C, and the spectra
were obtained at 40 °C. The peak area of aromatic acids (6.9-7.5 ppm)
in the GelMA or gelatin samples was used as a reference in each spec-
trum. The peak area of lysine methylene (2.8-2.95 ppm) was used for
the calculation of the DMS as:

) X 100

2.3. Preparation of GelMA/PEGDA precursor solutions

_ Area of lysine methylene in GelMA

DMS (%) = |1 ' : -
Area of lysine methylene in gelatin

@

GelMA precursor solutions with different values of GelMA con-
centration (5%, 10%, 15%, 20%, and 30%, w/v) and DMS (MA/gelatin:
0.0125/1, 0.025/1, 0.05/1, and 0.1/1 mL/g) were prepared by dissol-
ving freeze-dried GelMA in PBS carrying 0.5% (w/v) LAP at 50 °C. As
for GeIMA/PEGDA precursor solutions, different volumes of PEGDA
were added into the abovementioned GelMA precursor solutions
(PEGDA:GelMA = 1:9, 3:17, 1:4, and 1:3 v/v). The concentration of
photoinitiator (LAP) was also 0.5% (w/v) for GeIMA/PEGDA precursor
solutions.

2.4. Culture of BMSCs in GelMA hydrogels

BMSCs were embedded in nerve conduits as supportive cells. BMSCs
were cultured in DMEM supplemented with 10% (v/v) fetal bovine
serum (FBS, Beyotime Biotechnology Co., Ltd, China) and 1% (v/v)
penicillin-streptomycin (PS, Shanghai Macklin Biochemical Co., Ltd,
China). The culture was maintained in a humidified incubator (Thermo
Fisher Scientific, USA) at 37 °C with 5% CO,. At 80% confluence,
BMSCs were dissociated using 0.25% trypsin and then incorporated into
the GelMA precursor solutions to obtain cell suspensions with a cell
density of 1 x 10° cells/mL.

To investigate BMSC viability and cell circularity in GelMA hydro-
gels, 300 pL aliquots of cell suspension were transferred into polylactic
acid molds (inner diameter: 10 mm). The cell suspension was then
photocrosslinked under UV light (365 nm, 2W/cm?) at a distance of
1 cm for 2 min, forming a GeIMA hydrogel cylinder (diameter: 10 mm,
height: 3.8 mm) with embedded BMSCs. The hydrogel cylinders were
transferred into tissue culture dishes and DMEM [10% (v/v) FBS, 1%
(v/v) PS] was added and maintained under humid conditions at 37 °C
with 5% CO,. After 24, 72, and 120 h of cell culture, the viability and
circularity of BMSCs incorporated into the GelMA cylinder were as-
sessed by a live/dead assay. Live cells were stained with calcein-AM and
dead cells with propidium iodide (PI). The stained hydrogel samples
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Fig. 1. (a) Schematic of the additive-lathe 3D bioprinting setup used to fabricate bilayered nerve conduits. (b) Synchronization of nozzle speed, bioink flow speed,

and rotating rod speed.

were imaged using an inverted phase-contrast fluorescence microscope
(Nikon Ti-U, Japan). The obtained images were analyzed using the
ImageJ software (Version 1.52a, National Institutes of Health).

To investigate the morphology of BMSCs encapsulated in GelMA
hydrogels, BMSCs were immunofluorescently stained after 0, 5, 14, and
21 days of culture. BMSCs embedded in GeMA hydrogel cylinders were
fixed in 4% paraformaldehyde (Shanghai Macklin Biochemical Co., Ltd,
China), and permeabilized with Triton X-100 (Shanghai Macklin
Biochemical Co., Ltd, China). Then, the phalloidin-FITC stain was
added to the GelMA hydrogel cylinders at room temperature in dark-
ness. Next, cell nuclei were stained using DAPI dye. Finally, the stained
samples were washed three times with PBS and imaged using confocal
microscopy (Olympus FV1000 BX61, Japan).

2.5. Mechanical testing of GelMA/PEGDA hydrogels

A commercial testing machine, ElectroForce (TA Instruments, USA),
was utilized to determine the mechanical properties of GelMA/PEGDA
hydrogels. For unconfined compression tests, 300 uL GelMA or GelMA/
PEGDA precursor solution was filled into plastic molds (inner diameter:
10 mm) and exposed to UV light (365 nm, 2 W/cm?) at a distance of
1 cm for 2 min. Each hydrogel sample was compressed at a displace-
ment rate of 1 mm/min. Stripes of GelMA/PEGDA hydrogels
(4 mm X 4 mm X 28 mm) were stretched at a displacement rate of
1 mm/min to explore the tensile properties. The compressive and
Young's modulus were determined based on the slope of the linear re-
gion in the 0%-10% strain range of the stress-strain curves.

2.6. Enzymatic degradation and water content of GelMA/PEGDA hydrogels

A collagenase degradation assay was carried out to evaluate the
degradation of GelMA hydrogels with different DMS and concentrations
as described before [24]. Briefly, GeIMA hydrogel samples with a dia-
meter of 10 mm and thickness of 2 mm were fabricated. After being
placed in PBS for 24 h to reach the equilibrium swelling, GelMA hy-
drogel samples were incubated into the enzyme solution containing 2.5
U/mL collagenase and 0.5 mM CacCl2 at 37 °C [25]. The biodegradation
of GelMA hydrogels was indicated by the percentage of remaining
weight of the samples after degradation as [21]:

W,
Qu = == x 100%
Wi 2)

where W; denotes the swollen weight of samples and Wr the remaining
weight, respectively.

The water content of GelMA/PEGDA hydrogels was determined by
measuring the weight change upon water absorption. GelMA/PEGDA
hydrogels were immersed in PBS and maintained at 37 °C under mag-
netic stirring overnight. The samples were weighed after removing
excess water using filter paper. Water content was determined as:

We-Wa
L/ 3

where W; and W, represent the swelling weight and dry weight of
hydrogel samples, respectively.

‘Water content =

2.7. Rheological testing of GelMA/PEGDA hydrogels

The rheological behaviors of nerve conduit materials were analyzed
using an MCR 102 rheometer (Anton Paar, Austria). A plate-plate
geometry with a diameter of 25 mm was used in all measurements. The
rotational shear-viscosity measurements were performed in flow mode
with shear rates between 0.05 and 500 s~ ! at 25 °C. The linear vis-
coelastic region (LVER) was measured at a controlled shear strain in-
creasing from 1 to 100% with amplitude sweeps at 10 rad/s. The dy-
namic frequency sweep tests at 1-100 rad/s were performed with a
constant shear strain of 10% to determine the storage (G’) and loss (G”)
moduli of nerve conduit materials within the LVER. Subsequently, the
influence of temperature (10-40 °C) on G’ and G” were measured at a
constant angular frequency of 10 rad/s and a constant strain of 1%. To
assess the kinetics of the photocrosslinking reaction of GelMA/PEGDA
(irradiated with 365 nm UV), time sweeps were performed with the
same angular frequency and strain setting as temperature sweeps [26].

2.8. Bioprinting of bilayered nerve conduits

Bilayered nerve conduits were printed using the additive-lathe 3D
bioprinting technology, as has been described previously [27]. All
nerve conduits were fabricated using a multi-nozzle 3D pneumatic
dispensing system comprised of a computer-controlled three-axis posi-
tioning stage, controllable pneumatic extruder, temperature controller,
UV light source, and a rotary device (Fig. 1a). First, the inner layer of
the nerve conduit was formed by the extrusion of GelMA with/without
BMSCs, and the resulting filament was reeled over a rotating rod. Then,
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Table 1
Groups of printed nerve conduits.
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Nerve conduit group Materials

Inner layer

Outer layer

Stiff single-layered nerve conduit
Soft single-layered nerve conduit
Acellular bilayered nerve conduit
Cellularized bilayered nerve conduit

Same as outer layer

5% (w/v) GelMA (MA/gelatin: 0.05/1 mL/g)
5% (w/v) GelMA (MA/gelatin: 0.05/1 mL/g)
BMSCs embedded, 5% (w/v) GelMA (MA/gelatin: 0.05/1 mL/g)

30% (w/v) GelMA (MA/gelatin: 0.1/1 mL/g), 20% (v/v) PEGDA
Same as inner layer

30% (w/v) GelMA (MA/gelatin: 0.1/1 mL/g), 20% (v/v) PEGDA
30% (w/v) GelMA (MA/gelatin: 0.1/1 mL/g), 20% (v/v) PEGDA

the GelMA/PEGDA was deposited onto the inner layer generating a
bilayered spiral nerve conduit. A Live/Dead assay was used to assess the
cell viability of BMSCs in nerve conduits immediately after printing.
Throughout the printing process, the nozzle was constrained to the
horizontal movement and the rod was maintained at rotational move-
ments to control filament deposition at precisely defined locations al-
lowing the fusion of adjacent filaments. A two-step crosslinking strategy
was implemented during printing to ensure sufficient interfacial
strength between the two layers of the nerve conduit [20]. In the first
step, GelMA/PEGDA precursor solutions underwent thermo-cross-
linking by adjusting the syringe temperature controller between 14 and
26 °C to form stable filaments. Meanwhile, the deposited filaments were
exposed under UV light (365 nm, 0.5 W/cm?) at a distance of 1 cm
allowing photocrosslinking of GelMA/PEGDA. In the second step, the
printed bilayered nerve conduits were exposed to UV light (365 nm,
2 W/cm?) at a distance of 1 cm for an additional minute to ensure
permanent structural integrity. The soft and stiff single-layered nerve
conduits were manufactured through the same method. All the groups
of printed nerve conduits are listed in Table 1.

To avoid the dispersion or accumulation of printed filaments, the
synchronization was conducted as (Fig. 1b):

— — -
Vi= Vu+ V., 4)
and it can be geometrically obtained that [28]:
— d - Jd? + 72(D + d)?
W= —wand V; = @,
2 2 5)

where 7,:, I_/,-), and I_/: = wD7 denote nozzle speed, bioink flow speed,
and rotating rod speed, respectively. D, d and w are rod diameter,
nozzle outlet diameter and angular speed of rotating rod, respectively.
The operation parameters of the additive-lathe 3D bioprinting are listed
in Table 2.

2.9. Mechanical tests of nerve conduits

The mechanical properties of nerve conduits (both single-layered
and bilayered) were measured by an ElectroForce (TA Instruments,
USA) at room temperature. The compressive modulus of nerve conduits
was measured by lateral compression at a rate of 1 mm/min [9,29]. The
compressive modulus was defined as:

F
Ay = lim—,
e—0¢& (6)
Table 2
Parameters of additive-lathe 3D bioprinting.
Parameters Value
Nozzle temperature of inner layer material 14°C
Extrusion pressure of inner layer material 0.08-0.12 MPa
Nozzle temperature of outer layer material 26 °C
Extrusion pressure of outer layer material 0.18-0.22 MPa
Rod rotating angular velocity 1-5 rad/s
Velocity of the printing nozzle 0.1-4 mm/s
Outlet diameter of printing nozzle 0.5 mm
Diameter of the rotating rod 1.6 mm

222

where F was the compressive force per unit length and ¢
(OD — OD’)/0D is the compressive strain. Here, OD and OD’ represent
the outer diameter before and after compression, respectively.

2.10. PC12 cells cultured on nerve conduits

Since the culture of PC12 cells has been reported as suitable models
for the study of the biomedical and functional properties of neuronal
cells in vitro [7], PC12 cells were adopted to characterize the neuron
regeneration on nerve conduits. Here, PC12 cells were cultured in
DMEM supplemented with 5% FBS and 1% PS. When the cells reached a
confluence of 90% PC12 cells were seeded onto the inner surface of four
nerve conduits (Table 1) with a density of 1.5 X 10° cells per nerve
conduit. The nerve conduits seeded with PC12 cells were then placed
inside an incubator at 37 °C in 5% CO,. After 1 and 3 days of culture,
PC12 cells were stained with DAPI and phalloidin-FITC and observed
using a confocal microscope. These fluorescence images were analyzed
using FV-1000 software for cell morphology and ImageJ software for
counting numbers of PC12 cells adhered to nerve conduits.

The proliferation of PC12 cells was evaluated based on a CCK-8 cell
counting assay according to the manufacturer's instructions. PC12 cells
were seeded onto nerve conduits (with/without BMSCs) with a density
of 5 x 10° cells per nerve conduit. The nerve conduits were then placed
in 96-well plates. After 1 and 3 days of incubation, CCK-8 solution was
added into the culture medium of each well at a volume ratio of 1:10 of
CCK-8 solution to medium. Then, cell cultures were returned to the
incubator for 2 h. Subsequently, the absorbance of the culture medium
of PC12 cells on nerve conduits was measured by a microplate reader
(BioTex, USA) at 450 nm.

2.11. Scanning electron microscope observation

SEM (TM-100; HITACHI, Japan) was used to analyze the structural
characteristics of the generated bilayered nerve conduits without
BMSCs. Before scanning, samples were frozen and dried in a vacuum
freeze-drying machine (DYYB-10; Shanghai Deyangyibang Instruments
Co., Ltd., China) for 24 h and sputter-coated with gold for 10 min. The
porosity and pore size of the bilayered nerve conduit were determined
using ImageJ software [30].

2.12. Statistics

Unless otherwise stated, all characterizations were performed using
data analysis software OriginPro 2017 (OriginLab). Mean values and
standard deviation values were calculated for all quantitative measures.
The statistical significance of experimental data was calculated using
the one-way analysis of variance, and significance was determined at
p < 0.05.

3. Results
3.1. DMS of GelMA hydrogels

In this work, the DMS of GelMA was regulated by changing MA/
gelatin feed ratio during GelMA synthesis. As shown in Fig. 2, four
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Fig. 2. (a) "HNMR spectra of unmodified gelatin and GelMA with different DMS. The left and right boxes represent the signals of aromatic amino acid and lysine
amino acid, respectively. (b) The relationship between DMS of GelMA and MA/gelatin feed ratio.

different MA (mL)/gelatin (g) feed ratios (0.1/1, 0.05/1, 0.025/1, and
0.0125/1) were utilized for GelMA synthesis. The decreased signal at
8§ = 2.9 ppm confirmed the increase of DMS with the feed ratio of MA
to gelatin (Fig. 2a). As defined in Eq. (1), the DMS is found to be ap-
proximately proportional to MA/gelatin feed ratio. At a MA/gelatin
feed ratio of 0.1/1 (mL/g) the reaction reached almost complete me-
thacryloylation of e-amino groups, where DMS was 99.2 * 0.42.
(Fig. 2b). The DMS values of GelMA with MA/gelatin feed ratio of 0.05/
1, 0.025/1, and 0.0125/1 were 52.86 * 1.01, 22.5 *= 0.51, and
7.14 * 1.02, respectively (Fig. 2b).

3.2. Mechanical and degradative properties of GelMA/PEGDA hydrogels

Higher DMS and concentration of GelMA lead to a significant in-
crease in GelMA hydrogels' Young's and compressive modulus (Fig. 3a
and b). The 0.1/1 30% (w/v) GelMA hydrogel had the highest Young's
modulus (318.46 + 29.26 KPa) and compressive modulus
(304.15 *= 44.88 KPa), which was almost 300 times higher than those
of 0.025/1 10% (w/v) GelMA (Young's modulus: 1.27 =+ 0.22 KPa;
compressive modulus: 2.18 + 1.14 KPa). Thus, the mechanical prop-
erties of GelMA hydrogel can be effectively regulated by adjusting the
DMS and concentration of GelMA.

The addition of PEGDA significantly enhanced the mechanical
properties of GelMA hydrogels for further clinical application. PEGDA
was mixed into GelMA to form GelMA/PEGDA composite hydrogel.
When PEGDA concentration increased from 0 to 25% (v/v) in 0.1/1
30% (w/v) GelMA hydrogel, Young's modulus and compressive mod-
ulus of GelMA/PEGDA hydrogels increased from 0.3 to 2.9 MPa and
from 0.3 to 3.4 MPa, respectively (Fig. 3c and d). It demonstrated that
the addition of PEGDA significantly enhanced the mechanical proper-
ties of GelMA hydrogels.

Fig. 3e shows the degradation rate was highly dependent on the
DMS and concentration of GelMA hydrogels, and the higher DMS and
concentration of GelMA hydrogels lead to a slower degradation rate.
Although, 0.05/1 5% (w/v) GelMA fully degraded within 35 h in the
enzyme solution, the in vivo degradation rate of GelMA hydrogel is
much slower than that in the enzyme solution [31,32]. Thus, the bi-
layered nerve conduits are appropriate for the in vivo application.
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3.3. BMSCs culture encapsulated in GelMA hydrogels

To understand the influence of GelMA's DMS and concentration on
encapsulated cells, the viability, circularity, and morphology of BMSCs
were characterized by Live/Dead Viability Assay and DAPI/phalloidin-
FITC staining. Live/dead cell staining after 1, 3, and 5 days of culturing
indicated that BMSCs viability decreased with the DMS and con-
centration of GelMA hydrogels (Fig. 4a). DAPI/phalloidin-FITC staining
revealed that BMSCs encapsulated inside 0.05/1 5% (w/v) GelMA hy-
drogel had more extensive morphology than in other GelMA hydrogels
(Fig. 4b). Statistical cell viability analysis exhibited the same trend that
BMSCs had the highest cell viability (> 95%) when they were em-
bedded in 0.05/1 5% (w/v) GelMA hydrogel (Fig. 4c) during 5 days of
culture. BMSCs cultured in 0.05/1 5% (w/v) GelMA hydrogel have the
lowest circularity at 0.63 =+ 0.14, while those in other groups have the
circularity of large than 0.9 after 5 days of culture, indicating 0.05/1
5% (w/v) GelMA hydrogel has the best biocompatibility for BMSC
culture (Fig. 4d).

The morphology of BMSCs embedded in 0.05/1 5% (w/v) GelMA
hydrogel during a long term in vitro culture is shown in Fig. 5. It can be
found that F-actin in BMSCs stretched after cell culture of 5 days, and
BMSCs extensively spread with abundant F-actin filaments and formed
a network after cell culture of 21 days. Therefore, 0.05/1 5% (w/v)
GelMA hydrogel was demonstrated to have excellent biocompatibility
for BMSCs culture.

3.4. Material selection for bilayered nerve conduits

Based on the mechanical properties of GelMA/PEGDA hydrogels
(Fig. 3c and d), 0.1/1 30% (w/v) GelMA/20% (v/v) PEGDA was suf-
ficiently mechanically strong for clinical operation [33,34]; thus, 0.1/1
30% (w/v) GelMA/20% (v/v) PEGDA was selected as the outer layer
material of nerve conduits. It is noted that 0.1/1 30% (w/v) GelMA/
25% (v/v) PEGDA had poor processability because GelMA extrusion
with more than 20% (v/v) PEGDA leads to uneven filaments. In light of
the results of BMSCs culture encapsulated in GelMA hydrogels (Figs. 4
and 5), 0.05/1 5% (w/v) GelMA was chosen as inner layer material of
nerve conduit, due to its high cell viability and best cell morphology.

To fabricate the bilayered nerve conduits by additive-lathe 3D
bioprinting (Fig. 1), the printability of the inner (0.05/1 5% (w/v)
GelMA) and outer (0.1/1 30% (w/v) GelMA/20% (v/v) PEGDA) layer
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of 0.1/1 30% (w/v) GelMA with PEGDA of different concentrations. (e) Enzymatic degradation profiles of GelMA hydrogels with different DMS and concentrations.

materials was assessed through rheological tests. As shown in Fig. 6a,
both inner and outer layer hydrogels (Table 1) exhibited a shear-thin-
ning behavior which is critical for extrusion-based printing. Ad-
ditionally, the viscosity of outer layer hydrogel was much greater than
that of the inner layer hydrogel. The results of oscillatory shear tests
demonstrated that the inner layer hydrogel exhibited liquid-like beha-
vior (G” > G’) across all frequencies, while the outer layer hydrogel
showed solid-like behavior (G > G”) in the oscillation frequency
sweep (Fig. 6b). The hydrogels' shear moduli (G’ and G”) are tem-
perature-dependent (Fig. 6¢). Prior to gelation, both pure GelMA and
GelMA/PEGDA hydrogels showed a typical fluid-like behavior
(G” > @). The storage modulus (G’) of both hydrogels increased ra-
pidly and eventually crossed over loss modulus (G”) during cooling
showing a gel-like characteristic. The gelation temperature (G’ = G”)
for 0.1/1 30% (w/v) GelMA/20% PEGDA was around 26 °C, while
0.05/1 5% GelMA exhibited a lower gelation temperature around 14 °C.
Also, the rheological properties of GelMA/PEGDA hydrogels were
monitored during the UV-curing process to assess the kinetic of the
photocrosslinking reaction. Fig. 6d shows that both inner and outer
layer hydrogels became stiffer as UV curing time increased, and finally
reached their gelation points (G’ = G”). The gelation time (when
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G = G”) of 0.1/1 30% (w/v) GelMA/20% PEGDA (2 s) was much
shorter than that of 0.05/1 5% GelMA (54 s).

The water contents (Eq. (3)) of inner and outer layer hydrogels were
measured as 17.61 = 1.03 and 2.51 = 0.36, respectively. The GelMA
inner layer had a much higher water content than outer layer hydrogel.
Since a higher water content facilitates the transportation of necessary
nutrition for cell outgrowth within the hydrogel, BMSCs culture en-
capsulated in GelMA inner layer was promoted.

3.5. 3D bioprinting of bilayered nerve conduits

A bilayered nerve conduit with an inner diameter of 1.6 mm and
length of 15 mm was fabricated (Fig. 7) through additive-lathe 3D
bioprinting (Fig. 1). The morphology and geometry of bilayered nerve
conduit was observed by SEM. The inner diameter of the fabricated
nerve conduits matched with the size of the rotary rod, while the wall
thickness of both inner and outer layers was approximately equivalent
to the printing nozzle diameter (around 500 pm, Fig. 7c and d).
Therefore, the bilayered nerve conduits showed an excellent shape fi-
delity by optimizing 3D printing conditions (Table 2). The porous
morphology of both inner and outer layers was also observed in Fig. 7a
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Fig. 4. Cell viability, circularity, and morphology of BMSCs encapsulated in GelMA hydrogels with different DMS and concentrations. (a) Live/Dead assay by calcein-
AM and PI staining on days 1, 3, and 5. Living cells are depicted in green and dead cells are in red. (Scale bar: 200 pm) (b) Immunofluorescent staining of BMSCs
embedded in GelMA after 5 days of culture. (c) Statistical cell viability. (d) Statistical results of cell circularity.
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deposition of inner and outer layer hydrogels was precisely controlled
by synchronization equation (Eq. (5)), and the deposited filaments were
further fused with adjacent filaments. The inner layer of printed nerve
conduit had the intact lumen, and uniform diameter (Fig. 7h), creating
an appropriate microenviorment for peripheral nerve regeneration.
Besides, inner and outer layers were found to be seamlessly integrated,
which is of great importance to improve the mechanical strength of
nerve conduits. Live/Dead staining showed significantly high cell via-
bility in the inner layer of the nerve conduit, indicating that the ad-
ditive-lathe 3D bioprinting was friendly for living BMSCs during
printing, which is the prerequisite for achieving cell function (Fig. 7g
and h).

Compression tests were performed to characterize the mechanical
properties for both single-layered and bilayered nerve conduits, and it is
found that the compressive modulus of both stiff single-layered nerve
conduit (2.3 * 0.38 N/mm) and bilayered nerve conduit
(1.61 * 0.50 N/mm) was significantly higher than that of soft single-
layered nerve conduit (0.014 * 0.005 N/mm). Obviously, the me-
chanical properties of soft single-layered nerve conduits are enhanced
by inducing a 0.1/1 30% (w/v) GelMA/PEGDA hydrogel layer, which is
a feasible way to improve the mechanical performance of nerve con-
duits while keeping good biocompatibility of inner layer. The similar
tendency could be observed in cyclic compression and three-point
Fig. 5. Confocal laser microscopy images of BMSCs stained with F-actin (green) bending tests (Fig. S1).
and cell nuclei (blue) after being cultured in 0.05/1 5% (w/v) GelMA hydrogels
for 0 day (a), 5 days (b), 14 days (c) and 21 days (d). (Scale bar: 100 pm).

3.6. PC12 cells seeded on nerve conduits

and (b). The inner layer has a higher porosity (53.31 + 11.51%) and a To evaluate the effects of BMSCs on PC12 cell differentiation and
larger average pore size (41.27 + 8.08 pm) than that of the outer layer

(29.78 * 3.94% and 14.94 =+ 2.84 um, respectively), which led to
larger water content and better cell viability of the inner layer. The

proliferation, PC12 cells were cultured on the inner surface of four
nerve conduits (Table 1). Before bioprinting of nerve conduits, different
cell trackers were used to fluorescently label BMSCs and PC12 cells for
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500 pm

Fig. 7. SEM micrographs of printed nerve conduits and live/dead staining of
BMSCs in the nerve conduits. The microstructure of outer layer materials (a)
and inner layer materials (b) of nerve conduit. High-magnification (c) and low-
magnification (d) images of nerve conduit cross-section. (e) Side view of nerve
conduit outer surface. (f) Schematic of nerve conduit. Live/Dead staining for
BMSCs encapsulated in nerve conduit: (g) transverse section and (h) long-
itudinal section.

simultaneously visualization during cells co-culture [35] (Fig. S2). The
immunofluorescence staining of the PC12 cells was shown in Fig. 8a,
and neurite length of PC12 cells cultured on four nerve conduits was
found to increase with culture time, confirming that all groups were not
cytotoxic (Fig. 8a). Compared to other groups, the neurites of PC12 cells
on the nerve conduits with BMSCs were much longer after 1 day of
culture (Fig. 8a). The density of PC12 cells adhered to the bilayered
nerve conduits with BMSCs was much larger than on the other groups
(Fig. 8b). Biocompatibility of the acellular bilayered nerve conduit was
found to be comparable with single-layered 0.05/1 5% (w/v) GelMA-
based nerve conduit, which was better than 0.1/1 30% (w/v) GelMA/
20% (v/v) PEGDA-based nerve conduit. The proliferation rate of
PC12 cells observed on the nerve conduits with BMSCs was also

Bioactive Materials 6 (2021) 219-229

significantly higher than on the nerve conduits without BMSCs
(Fig. 8c). Therefore, the culture of PC12 cells revealed that the addition
of BMSCs into the inner layer of nerve conduits enhanced the outgrowth
of PC12 cells and stimulate the PC12 cell proliferation, which indicates
the co-culture of BMSCs in nerve conduits is a promising way to ac-
celerate the regeneration of peripheral nerve.

4. Discussion

Biofabrication of nerve conduits has two basic biomaterial property
requirements: (1) mechanical strength to resist in vivo physiological
loads as well as facilitating the surgical operation, and (2) biocompat-
ibility that supports appropriate behaviors of neural cells, such as cell
attachment, spreading, proliferation, and differentiation. Natural ma-
terial-based single-layered nerve conduits, i.e. collagen [36], chitosan
[371, have excellent biocompatibility, but their weak mechanical
properties limit clinical application [33]. Synthetic material-based
single-layered nerve conduits, i.e. polyurethane (PU) [9,29], poly-
acrylonitrile (PAN) [6], poly (p, ,-lactide-co-glycolide) (PLGA) [38]
have optimized and tunable mechanical performance, but they have
poor biocompatibility and biodegradability. Therefore, our strategy to
fulfill two contradictory needs was to fabricate a bilayered nerve con-
duit with a mechanically strong outer layer and biological inner layer.
Here, a multi-nozzle additive-lathe 3D bioprinting provided a reliable
method to form integrated GelMA/PEGDA bilayered nerve conduits.
SEM images demonstrated the inner and outer layers were seamlessly
integrated (Fig. 7), which effectually eliminated inner layer collapse
and blockage of the nerve conduit lumen.

Recently, cell-based therapy has shown great promise for conduit-
mediated nerve regeneration. This therapy introduces supportive cells,
a biological cue, to nerve conduits, providing an appropriate micro-
environment for the regenerating nerves [2]. Current cell-based pro-
tocols typically involve either cell seeding or injection into the lumen of
the fabricated nerve conduits [17]. These methods generally result in
cell detachment or leakage after the implantation of nerve conduits.
Here, BMSCs were incorporated into the inner layer of bilayered nerve
conduits through a multi-nozzle additive-lathe 3D bioprinting. This
biomanufacturing technique not only avoids cell detachment or
leakage, but also enables the control of cellular spatial distribution and
density. Based on the results of immunofluorescent staining and CCK-8
tests of PC12 outgrowth (Fig. 8), BMSCs embedded in nerve conduits
significantly enhanced the outgrowth of PC12 cell neurites and stimu-
lated the PC12 cells proliferation. These results indicate that of BMSCs
embedded nerve conduits can potentially accelerate nerve regenera-
tion.

GelMA was utilized as the inner layer material for cell encapsulation
due to its superior biological properties [2,39]. Since the biological
properties of GelMA were broadly tunable depending on DMS, as such,
the optimized DMS of GelMA for cell proliferation must be determined
before fabrication. The cell viability and morphology spreading of
BMSCs encapsulated in GelMA hydrogels were found to be significantly
improved when DMS of GelMA is reduced (Figs. 4 and 5), since the
denser crosslinked network formed in GelMA hydrogels with higher
DMS would heavily hamper the transportation of nutrients necessitated
by cell culture and metabolites [40]. Previously, the application of low
DMS GelMA required a trade-off between biological and mechanical
properties, here we solved this dilemma by printing two-layer nerve
conduits. The addition of PEGDA into GelMA induced a strong outer
layer for mechanical support (Fig. 3).

5. Conclusions

In summary, a bilayered cell-encapsulated nerve conduit was con-
structed using additive-lathe 3D bioprinting. By optimizing bioprinting
parameters, a seamlessly integrated bilayered nerve conduit was ob-
tained, and BSMCs within the printed nerve conduits showed
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Fig. 8. (a) Immunofluorescence images of PC12 cells cultured on four different nerve conduits. Cell nuclei were stained by DAPI (in blue), cytoskeleton was by
phalloidin-FITC (in green). (Scale bar: 50 pm) (b) The quantitative analysis of the density of PC12 cells adhered to per square millimeter of nerve conduits. (c)
PC12 cell proliferation assay on acellular and cellularized bilayered nerve conduits with CCK-8 test.

exceptionally good cell viability and extended morphology. More im-
portantly, proliferation and neurite outgrowth of PC12 cells seeded on
bilayered BMSCs encapsulated nerve conduits was significantly im-
proved compared to single-layered or acellular bilayered nerve con-
duits. The bilayered nerve conduit developed in this paper is a pro-
mising candidate for the repair of peripheral nerve injury.
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