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Abstract
Bioprinting has emerged as a powerful manufacturing platform for tissue engineering,
enabling the fabrication of 3D living structures by assembling living cells, biological
molecules and biomaterials into these structures. Among various biomaterials, hydrogels
have been increasingly used in developing bioinks suitable for 3D bioprinting for diverse
human body tissues and organs. In particular, hydrogel blends combining gelatin and gelatin
methacryloyl (GeIMA) (“GG hydrogels™) receive significant attention for 3D bioprinting
owing to their many advantages such as excellent biocompatibility, biodegradability, intrinsic
bioactive groups, and polymer networks that combine the thermo-responsive gelation feature
of gelatin and chemically crosslinkable attribute of GeIMA. However, GG hydrogels have
poor electroactive properties, which hinders their applications in neural tissue engineering
where electrical conductivity is required. To overcome this problem, in this study, a small
amount of highly electroactive graphene oxide (GO) was added in GG hydrogels to generate
electroactive hydrogels for 3D bioprinting in neural tissue engineering. The incorporation of
GO nanoparticles slightly improved mechanical properties and significantly increased
electrical conductivity of GG hydrogels. All GO/GG composite hydrogels exhibited shear
thinning behavior and sufficient viscosity and hence could be 3D printed into 3D porous
scaffolds with good shape fidelity. Furthermore, bioinks combining rat bone marrow-derived
mesenchymal stem cells (rBMSCs) with GO/GG composite hydrogels could be 3D
bioprinted into GO/GG constructs with high cell viability. GO nanoparticles in the constructs
provided UV shading effect and facilitated cell survival during UV exposure after bioprinting.
The GO/GG composite hydrogels appear promising for 3D bioprinting applications in

repairing damaged neural tissues.



1. Introduction

The concept of 3D bioprinting was officially unveiled at the first bioprinting international
conference in 2004,! in which biomaterials, biological molecules and living cells are laid
down together in a layer-by-layer manner to construct unique 3D living structures.>* Over the
past two decades, 3D bioprinting has made rapid progresses and has now become a powerful
biofabrication platform for different biomedical applications such as drug screening,>° tissue

and organ models,’? and tissue engineering.'0-14

Hydrogels of natural biopolymers are attractive biomaterials which are now commonly used
for 3D bioprinting due to their many and distinctive advantages. One such hydrogel is gelatin,
which is derived from collagen and possesses excellent biocompatibility with intrinsic Arg-
Gly-Asp (RGD) motifs and accessible active groups for promoting cell attachment and
growth. Gelatin exhibits a temperature-sensitive reversible gelation process: it is in the gel-
state at a low temperature (< 29 °C) and becomes a low-viscosity liquid at a temperature
higher 37 °C. Therefore, gelatin cannot maintain its structural integrity and will quickly lose
its mass when used in vivo, which severely limits its use in bioprinting applications. There are
several strategies to deal with the issue of unstable structures of gelatin. A common strategy
is chemical modification of gelatin with the methacryloyl (MA) group, thereby endowing
gelatin with the photo-crosslinking ability. After chemical crosslinking, gelatin methacryloyl
(GelMA) can maintain the shape of printed structures in the human physiological

environment.!>-17

The central nervous system (CNS) in human bodies is vitally important as it regulates
physiological functions and controls body activities.!® This regulation relies on electrical
signal transmission from the brain through CNS and peripheral nervous system (PNS) to

various parts of the body via a complex network of nerves and neural cells. The native neural



tissue exhibits a complex layered architecture with very soft mechanical properties having an
average modulus at the kPa level.!*20 Therefore, materials used for neural tissue engineering
should be very soft and ideally have certain degree of electrical conductivity. The mechanical
properties of GelMA hydrogels can be controlled by adjusting its concentration and
crosslinking degree. A low concentration of GelMA can provide a relatively soft mechanical
stiffness that is more suitable for repairing neural tissues. But it will face the problem of low
viscosity, which makes it very difficult to be printed into 3D structures with good shape
fidelity. The combination of gelatin and GelMA can form Gelain/GeIMA (GG) hydrogel
blends with good printability and soft mechanical properties. For a GG hydrogel blend,
gelatin provides high viscosity during the bioprinting process and can be removed from the
hydrogel blend during in vitro incubation at 37 °C, while GeIMA can maintain the printed
structures after photocrosslinking. It has been reported that GG hydrogels could be bioprinted
into cell-laden scaffolds with controlled architectures and geometry.?!?> However, GG
hydrogels lack the electrical conductivity required for successfully regenerating neural tissues.
One way to integrate electroactive properties into hydrogels is to add a small amount of
highly conductive nanomaterial, such as graphene oxide or carbon nanotubes, in the

hydrogels.?3-2°

Graphene oxide (GO) is a popular carbon nanomaterial that possesses many distinctive
physiochemical properties, including biocompatibility, carbon domains, hydrophilic
functional groups, excellent electron mobility, and high surface-to-volume ratio.?6-28 It was
reported that GO could induce the differentiation of stem cells towards many somatic cell
lineages, such as chondrogenic type,?” myogenic type?® and osteogenic type.3%-32 GO may be
highly dispersed in aqueous solutions, making it suitable for integration into hydrogels.?3-32-34

The addition of GO into GG hydrogels should yield composite hydrogels with good



electroactivity, printability, crosslinking ability, and appropriate softness for 3D bioprinting

for neural tissue engineering.

In this work, GG-based hydrogels were developed for 3D bioprinting in neural tissue
engineering by combining GO, gelatin, and GeIMA. GO/GG composite hydrogels with
different GO contents were made and then characterized in terms of their light transmission,
mechanical properties, swelling ratio and electrical conductivity. The printability of GO/GG
hydrogels with different GO concentrations were evaluated by studying rheological
properties of hydrogels and shape fidelity of 3D printed structures. Rheological properties
concerned shear viscosity and gravity-induced flow behavior, while shape fidelity was
evaluated using 3D printed single-layer and multilayer structures. Finally, rat bone marrow-
derived mesenchymal stem cells (rBMSCs) were added into GO/GG composite hydrogels to
formulate bioinks, which were subsequently processed into 3D cell-laden constructs using a
micro extrusion-based 3D bioprinting system. The cell-laden GO/GG constructs were

incubated in vitro and the effects of GO on cell behaviour were studied.

2. Materials and Methods

2.1. Materials and synthesis of GeIlMA

Graphene oxide (GO, consisting of 15-20 sheets and being 4-10% edge-oxidized) and gelatin
(type A, from porcine skin) were purchased from Sigma-Aldrich, USA. All other materials
were also Sigma-Aldrich products and were used without further purification. GeIMA was
synthesized according to the established protocol.?® Briefly, methacrylic anhydride (MA, 0.6
g of MA per 1 g of gelatin) was added to a gelatin solution (10% (w/v)) at 50 °C for reaction

for 1 h, followed by dialysis and freeze-drying to obtain dried GeIMA samples.

2.2. Fabrication and characterization of GO/GG composite hydrogels



2.2.1 Fabrication of GG composite hydrogels

A GG hydrogel blend containing 5% (w/v) gelatin and 5% (w/v) GelMA was firstly prepared
by dissolving specific quantities of gelatin and GelMA in DI water at 50°C. Afterwards, a
certain amount of GO and 0.25% (v/v) photoinitiator (2-Hydroxy-2-methylpropiophenone)
were added into the GG hydrogel and mixed magnetically to achieve a homogeneously

distribution of GO in the GO/GG composite hydrogel.

2.2.2 Light transmission

The light transmission of GO/GG composite hydrogels with GO concentrations ranging from
0~0.1 % (w/v) was analysed based on light transmittance spectra, which were obtained using
a Shimadzu spectrophotometer (UV2600, Shimadzu, Japan) in the wavelength range of 330—

1,000 nm.

2.2.3 Compressive properties

Samples for compressive tests of GO/GG composite hydrogels were prepared by casting
them into disks with an average diameter of 10 mm and a height of 4 mm. The actual initial
dimensions (diameter and thickness) of each sample were measured using a digital caliper.
The compressive tests were performed using a mechanical testing machine (Instron 5848, UK)
at room temperature (n=5 for each type of GO/GG hydrogels). The compressive modulus of

samples was calculated from the recorded stress-strain curves using the software Bluehill.

2.2.4 Swelling ratio

The swelling ratio of GO/GG hydrogels with different GO concentrations was calculated by
the ratio of the swollen weight and dried weight. Briefly, hydrogel samples (n=3 for each

type of samples), which were cast disks with a diameter of about 10 mm and a height of



about 4 mm, were firstly dried, and the dried weight (W,) was recorded. The dried samples
were then put into PBS for 24 hours to allow them to reach the equilibrium swelling state,
and the swollen weight (W;) was recorded. Finally, the swelling ratio of each sample was

calculated as Wy W,.

2.2.5 Electrical conductivity

The electrical conductivity (o) of hydrogel samples (n=3 for each type of GO/GG hydrogels)

was calculated using the following equation:

o= (D)

where L, R, and A were the length, electrical resistance, and cross-sectional area, respectively,
of the sample. Briefly, GO/GG hydrogels with different GO contents were cast into disks
with an average diameter of 10 mm and a height of 3 mm. The electrical resistance (R) of
each sample was measured wusing a multimeter system (DAQ6510 Data
Acquisition/Multimeter System, Keithley, USA). The electrical conductivity of each sample

was then calculated using Eq. (1).

2.3. Printability of GO/GG composite hydrogels

2.3.1 Rheological properties

Two types of rheological tests were conducted for GO/GG hydrogels: (1) shear viscosity, and
(2) gravity-induced flow. The shear viscosity was measured at 20 °C (i.e., the 3D printing
temperature) in a shear rate range of 0.01-1000 1/s using a rotational rheometer (MCR302,
Anton Paar, Austria) with a 25 mm parallel plate and 0.55 mm measurement gap. The
gravity-induced flow behaviour was studied by inverting individual tubes containing different

GO/GG hydrogels for 10 minutes.



2.3.2 Shape fidelity of 3D printed grids

To examine the shape fidelity of 3D printed structures, each type of GO/GG composite
hydrogels was printed as single-layer grids and eight-layer grids using an extrusion-based 3D
bioprinter (3D Discovery™, regenHU Ltd, Swizerland). The 3D printed single-layer grids
were observed using an optical microscope (Leica DMi8, Germany), while the 3D printed
eight-layer grids were captured using a digital single lens mirrorless camera (Z6, Nikon,

Japan).

2.3.3 Structural morphology of 3D printed structures

The structural morphology of 3D printed GO/GG structures was observed using a field
emission scanning electron microscope (Hitachi S3400N VP SEM, Japan). Briefly, 3D
printed structures were frozen at -80 °C overnight, followed by freeze-drying for 3 days. The
freeze-dried samples were sputter-coated with a thin layer of gold before SEM observation.

SEM images were taken for each sample, capturing the top and side views of the sample.

2.4. 3D bioprinting of cell-laden constructs

2.4.1 Cell and cell culture

rBMSCs were used in the current study. They were firstly cultured in a culture medium
consisting of Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA), 10% fetal bovine
serum (FBS, Gibco, USA), and 100 U/ml penicillin-streptomycin (Gibco, USA). In vitro cell
culture was performed in a humidified incubator at 37 °C with 5% CO>. When cells reached
80%—-90% confluence, they were detached, counted, and subjected to making GO/GG bioinks

for the subsequent 3D bioprinting.

2.4.2 3D bioprinting



Fig. 1 illustrates the whole 3D bioprinting process using rBMSC/GO/GG bioinks. The first
step was to design tissue engineering scaffolds in the computer-aided design (CAD)
environment according to the application requirements. In this work, a grid structure was
designed using the BioCAD software of the 3D bioprinter (RegenHU, Swizerland). After
designing the bioprinting path, the next step was to prepare bioinks. Briefly, 0.2 g of gelatin
and 0.2 g of GelMA were dissolved in 2 ml of DI water at 50 °C to obtain GG hydrogel
blends. A certain amount of GO and photoinitiator were then added into GG hydrogel blends
to make GO/GG composite hydrogels. The uncrosslinked and acellular GO/GG hydrogels
were sterilized at room temperature by °Co y-irradiation for 20 min. Afterwards, the
sterilized 2 ml GO/GG hydrogel was heated to 37 °C for it to change to the liquid state and
then mixed with 2 ml of a cell suspension (at 2 x10% cell/ml). The hydrogel-cell suspension
mixture was mildly stirred for achieving a homogenous cell distribution in the mixture, i.e.,
the bioink. The prepared rBMSC/GO/GG bioinks with different GO concentrations were
loaded into syringes for subsequent bioprinting uses. When the printing path and bioinks
were ready, 3D bioprinting was performed using a piston-based extrusion 3D bioprinter (3D
Discovery™, regenHU Ltd, Swizerland). Regarding bioprinting parameters, the printing
speed was set at 8§ mm/s, the printing temperature was 20 °C, the piston speed was 0.02 to
0.03 mm/s, and the inner diameter of the printing head was 0.26 mm. Immediately after
bioprinting, cell-laden constructs were crosslinked using a 365 nm UV irradiation with a
power of 360 mW for 3 minutes. Finally, all bioprinted constructs were immersed in the cell

culture medium and cultured in an incubator for in vitro development.
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Figure I  Schematic diagram showing 3D bioprinting of cell-laden constructs with

controlled architectures using bioinks composed of GG, GO and rBMSCs.

2.4.3 Cell behaviour

The viability of rBMSCs incorporated in bioprinted GO/GG structures was examined using
Live/Dead assay. In live/dead cell staining, live cells were stained with calcein AM and
would show green fluorescence under the microscope, whereas dead cells were stained with
ethidium homodimer EthD-1 and would show red fluorescence. At specific culture time
points, bioprinted cell-laden constructs were taken out and washed three times using
sterilized PBS, followed by adding Live/Dead staining solution and then incubation at room
temperature for 30 minutes. Afterwards, the stained cell-laden constructs were observed
under a fluorescence microscope (Leica DMi8, Germany) and at the same time, fluorescence

images were taken for each cell-laden sample.

2.5. Statistical analysis
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All numerical data was presented as mean =+ standard deviation (S.D.). Statistical analysis
was performed via one-way ANOVA using a post-hoc analysis of least significant difference
(LSD), with a single asterisk (*) representing a significant difference (p < 0.05) between

experimental groups.

3. Results and Discussion

3.1. Characteristics of GG-based hydrogels

GG-based hydrogels with different GO concentrations were characterized in terms of their
light transmission, compressive properties, swelling ratio, and electrical conductivity. Fig. 2a
displays the light absorbance curves of different GG-based hydrogels under UV light in the
wavelength range of 330-1000 nm. The addition of GO was found to reduce the transparency
of GG hydrogels and increase light absorbance. It could be seen that the more the GO
addition, the more the light absorbance. Fig. 2b shows compressive modulus of GO/GG
composite hydrogels. It was reported in previous work by others that GG hydrogels possessed
a mechanical strength in the magnitude of 10 kPa or higher.3%37 Although the addition of GO
improved the mechanical properties, the current study showed that the compressive modulus
of GG-based hydrogels remained in the kPa range, indicating these composite hydrogels were
relatively soft materials. Fig. 2¢ presents swelling ratio of GG-based hydrogels, showing that
the inclusion of GO slightly decreased the swelling ratio of GG hydrogels and that the higher
the GO content, the smaller the swelling ratio. This may be attributed to that GO
nanoparticles had entered the polymer networks and occupied the space in GG hydrogels,
resulting in the decreased swelling ratio. Fig. 2d demonstrates that the electrical conductivity
increased with an increase in GO amount for GO/GG hydrogels. It was also revealed that

even a small amount of GO nanoparticles could significantly improve the electrical
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conductivity of GG-based hydrogels, which is attributed to the superior electron mobility of
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Figure 2 Characteristics of GO/GG composite hydrogels with different GO contents: (a)

light absorption; (b) compressive modulus; (c) swelling ratio; (d) electrical conductivity.

3.2. Printability of GG-based hydrogels

The printability of GG-based hydrogels was investigated in terms of shear viscosity and
gravity-induced flow of these hydrogels, and shape fidelity and structural morphology of 3D
printed structures. The shear viscosity of GG-based hydrogels with different GO contents is
shown as Fig. 3a. All tested hydrogels exhibited a decrease in viscosity with an increase in

shear rate, indicating a shear-thinning behavior which is crucially required for the successful
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extrusion of a hydrogel by a 3D printer. This property enabled GO/GG hydrogels to maintain
high viscosity and stability before shear stress was applied and to greatly reduce the viscosity
for the ink to behave as a liquid under a high stress when going through the printing head,
leading to smooth extrusion of the hydrogel. Additionally, the inclusion of GO slightly
increased the viscosity of GG-based hydrogels, which was beneficial for extrusion-based 3D
bioprinting. Fig. 3b reveals gravity-induced hydrogel flow behavior when the test tubes
containing different GO/GG hydrogels were inverted. It can be seen that all hydrogels could
stay stable in inverted test tubes without downward flow, indicating that these hydrogels had
sufficient viscosity to remain static before a high shear rate was applied. Also, it was apparent
that the color of GO/GG composite hydrogels became increasingly darker when the GO

content increased (from (i) to (v) in Fig. 3b).
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Figure 3 Rheological properties of GO/GG composite hydrogels: (a) shear viscosity, and (b)
gravity-induced flow behaviour of composite hydrogels with (i) 0%, (ii) 0.005%, (iii) 0.01%,
(iv) 0.05%, and (v) 0.1% of GO (Bottom row: inverted test tubes containing composite

hydrogels.).

The shape fidelity of 3D printed single-layer and multilayer hydrogel grids was examined at

different levels: macroscopic and microscopic. Fig. 4a provides optical microscope (OM)
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images of 3D printed single-layer grids (18x18 mm? in size) using different GO/GG
composite hydrogels. From low magnification (x4) OM images, it can be seen that these
hydrogels could be printed into 2D grids with regular macropores. From zoomed view of
these OM images, black GO nanoparticles were seen to be homogeneously distributed within
the GG hydrogel matrix. Fig. 4b are photos of 3D printed eight-layer grids (18x10x3.2 mm?
in size) from different GO/GG composite hydrogels, showing the top, oblique and side views
of these grids. It could be said that GO/GG hydrogels after 3D printing could maintain good
shape fidelity with delicate internal structures, indicating good printability and stackbility of
GO/GG hydrogels. These 3D printed eight-layer GO/GG hydrogel grids were also studied
under SEM. With the top view (Fig. 5a), 3D printed grids exhibited precise and regular
macro-pores, while looking from the side (Fig. 5b), 3D printed grids exhibited less porous
structures. Overall, these GO/GG hydrogels had adequate viscosity for 3D printing into 3D
porous objects with good internal structures, suggesting good printability of GO/GG

hydrogels for extrusion-based 3D bioprinting.
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Figure 4 Shape fidelity of 3D printed porous structures using GO/GG composite hydrogels
with different GO contents: (a) optical microscope images of 3D printed single-

layer grids, (b) photographs of 3D printed eight-layer grids (scale bar: 5 mm).
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Figure 5 SEM images of 3D printed porous GO/GG structures using GO/GG composite
hydrogels with different GO contents: (a) top view, and (b) side view, at a low

magnification (top row) and at a high magnification (bottom row).

3.3 Cells in 3D bioprinted cell-laden constructs

rBMSC-containing GG hydrogels without GO or with 0.01% (w/v) or 0.1% (w/v) GO were
processed into cell-laden constructs via micro extrusion-based 3D bioprinting. These cell-
laden hydrogel constructs were 3D grids (20%15x0.4 mm?3 in size), which were subjected to
UV crosslinking for stabilizing the printed structures. The viability of rBMSCs in 3D
bioprinted cell-laden constructs was evaluated at day 1 and day 7 of culture using Live/Dead
assay, and the results are shown in Fig. 6. In the Live/Dead fluorescence images, living cells
were in green colour and dead cells were in red colour. The Live/Dead cells was counted
using the Image] software for subsequent calculations to quantify cell viability (n=3 for each
type of cell-laden structures). At day 1, the composite hydrogel with 0.1 % (w/v) of GO

showed the highest cell viability (> 90%), followed by the composite hydrogel with 0.01 %
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(w/v) of GO, with both hydrogels rendering higher cell viability than pure GG hydrogel.
Interestingly, at day 7, the cell viability for all GG-based hydrogel scaffolds increased to a
similar level, while the cell viability for pure GG hydrogel showed the largest increase from
about 60% to about 90%, suggesting that GO/GG composite hydrogels provided good
support for cell survival and growth. For micro-extrusion-based 3D bioprinting, cell viability
in GG-based hydrogels could be significantly influenced by the high shear stress imposed on
hydrogels when they passed through the narrow passage in the printing head and also by the
detrimental impact of UV irradiation during chemical crosslinking of GeIMA 34! As a result,
at day 1, the viability of rBMSCs within GO/GG hydrogels was relatively low compared to
that at day 7. Moreover, it could be seen that the inclusion of GO in GG hydrogels improved
cell survival during the 3D bioprinting process and maintained significantly higher cell
viability than GG hydrogel without GO addition. These findings demonstrated the benefits of
GO inclusion in hydrogels for promoting cell survival and growth during and after 3D

bioprinting.
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Figure 6 Live/Dead fluorescence images of 3D bioprinted cell-laden constructs made from
(a) GG hydrogel, (b) GO/GG composite hydrogel with 0.01% (w/v) of GO, (¢) GO/GG
composite hydrogel with 0.1% (w/v) of GO (scale bar: 500 um for 4% and 200 pm for 10x%),

and (d) quantitative cell viability.

GG hydrogels are highly appealing biomaterials for 3D bioprinting owing to their distinctive
advantages such as excellent biocompatibility, biodegradability, and intrinsic RGD motifs.
Furthermore, GG hydrogels can possess good extrudability, printability, and structural

stability, which are required for successful micro extrusion-based 3D bioprinting, because of
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the complementary polymer networks of gelatin and GelMA. The thermo-responsive gelatin
network provides good viscosity and extrudability for 3D bioprinting, while the
photocrosslinkable GeIMA network allows bioprinted constructs to be stabilized via chemical
crosslinking. However, GG hydrogels are non-conductive, which hinders their application in
neural tissue engineering where electroactivity is required or preferred. To overcome this
problem, in the current study, highly electroactive GO was added to GG hydrogels to provide
and improve their electrical conductivity. The effects of GO on properties of GG hydrogels
were systematically investigated regarding their rheological properties, printability, electrical
conductivity, swelling ratio, mechanical properties, and biological properties. The
experimental results have shown that the incorporation of GO significantly enhanced the
electrical conductivity of GG hydrogels, while slightly decreasing the swelling ratio as the
GO nanoparticles had occupied some space existing in the GG hydrogel networks. The
addition of GO also improved the compressive modulus of GG hydrogels but the modulus
still remained at the kPa level. Furthermore, the presence of black GO nanoparticles caused
GG hydrogels to get darken, resulting in reduced light transmission. While it is important to
have adequate amount of GO in GG hydrogels to obtain sufficient conductivity for applying
GO/GG composite hydrogels in neural tissue engineering, an increase in GO amount in
hydrogels reduces UV light transmission, causing difficulties in crosslinking GeIMA in GG
hydrogels. Therefore, a balance has to be made with regard to the GO amount in GG
hydrogels. In the current study, it appeared that 0.1% of GO could be added in GG hydrogels,
which helped to increase electrical conductivity of composite hydrogels while not adversely
affecting the crosslinking efficiency and degree of GelMA. This amount of GO for the
composite hydrogel had produced the attributes of hydrogels that are required for 3D

bioprinting of GG-based hydrogels in neural tissue engineering.
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GO/GG composite hydrogels displayed favourable rheological properties for 3D bioprinting,
including shear thinning behaviour and adequate viscosity, making them suitable for the 3D
bioprinting technology used in the current study. With our state-of-the-art 3D bioprinter,
GO/GG hydrogels were printed into single-layer and multilayer 3D grids with good shape
fidelity. These 3D printed GO/GG grids showed delicate porous structures without collapsing
during and after printing, demonstrating good printability of GO/GG hydrogels that the

current study aimed to achieve.

rBMSCs were incorporated in GO/GG composite hydrogels to produce rBMSCs/GO/GG
bioinks, which could be bioprinted successfully into cell-laden scaffolds with high cell
viability. The viability of living cells within a bioprinted construct is a critical issue for micro
extrusion-based 3D bioprinting or any other bioprinting technology. In extrusion-based
bioprinting, cell viability is affected by several bioprinting parameters, such as pneumatic
pressure, nozzle size (i.e., nozzle inner diameter), shear stress and UV crosslinking
dosage.30-394243 Furthermore, a few other factors such as hydrogel type (alginate, hyaluronic
acid, gelatin, etc.) can also influence cell viability. For example, the viability of cells within
Matrigel (which consists of four major basement membrane ECM proteins: laminin (~60%),
collagen IV (~30%), entactin (~8%) and the heparin sulfate proteoglycan perlecan (~2—-3%))),
alginate (2%), agarose (1%), and Pluronic® F-127 (25%) was compared over culture time
during in vitro culture experimemts.** After five-hour in vitro incubation, there was no
significant difference for cells among these hydrogels. However, after seven days of culture,
cells in Matrigel and alginate stayed at about 90% cell viability, while the cell viability for
agarose decreased to about 70% and no cell survived in Pluronic® F-127. GG hydrogel were
shown in previous reports by others to be appropriate for supporting cell growth in vitro and
in vivo in the long term.!3-22:36.37 However, in this study, it was observed that cell viability for

the GG hydrogel was considerably reduced after 3 minutes of UV exposure, going down to
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the 60% level of cell viability at day 1 of culture; whereas cell viability for GO/GG hydrogels
was much higher than that of GG hydrogels. High shear stress could decrease cell viability
for extrusion-based 3D bioprinting. However, as the added small amount of GO slightly
increased the viscosity of GG hydrogels, they should not lower down shear stress exerted on
the cells and hence would not cause such a big difference in cell viability. Considering this,
such significantly reduced cell viability for GG hydrogels possibly had primarily resulted
from the detrimental effect of UV irradiation.4%43 Colosi et al. reported that an increased UV
exposure time decreased cell viability.® In another study, Billiet ez al. increased irradiation
dose of UV (365 nm) from 1350 mJ cm™ to 5400 mJ cm for extruded GelMA constructs,
which significantly reduced the viability of Hep-G2 cells from 90% to 56%.4¢ If the UV
exposure dose had exceeded a threshold, UV light would have caused significant cell death in
the current bioprinting process. This problem may be dealt with by reducing the UV exposure
time.#” However, a reduction in UV irradiation dose could result in incomplete crosslinking
of GelMA, leading to instability and rapid biodegradation of bioprinted GelMA structure, as
was evident in our previous study.3¢ Possible ways to minimize UV-induced damage of cells
include changing the type and concentration of photoinitiator or utilizing a more benign
wavelength of light instead of UV light. Interestingly, in this study, it was found that even a
small amount of GO could greatly improve the ability of living cells in GO/GG hydrogels to
survive the UV exposure. After 1-day incubation, the cell viability was above 90% for
0.1GO/GG hydrogel, about 80% for 0.01GO/GG hydrogel, and at 60% for GG hydrogel. The
greatly improved cell viability in GO/GG hydrogels is mainly attributed to that the UV
shading effect (i.e., UV absorption) of GO had reduced the direct exposure of UV on living
cells in the hydrogels, leading to less damage to cells by UV irradiation, which was also
demonstrated in a previous study for GO/GelMA hydrogels containing fibroblasts.*! Neural

cells, such as astrocytes and PC12 cells, have shown good viability and growth in GeIMA-
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based hydrogels.?337 With the benefits of added GO, GO/GG hydrogels are expected to
facilitate the survival, growth and functionality of neural cells during bioprinting and also
post-bioprinting incubation. Overall, the GO/GG composite hydrogels possessed enhanced
printability, mechanical properties, and electrical conductivity, as well as providing good
support for cell survival and growth during and after 3D bioprinting, which suggests their

high application potential for 3D bioprinting in neural tissue engineering.

4D printing, with which 3D printed objects change their shapes over time during application,
was introduced in 2013 by Tibbits of the Self-Assembly Lab at the Massachusetts Institute of
Technology (MIT)*4% and is now increasingly applied in TE.*-5% Considering the final
devices for peripheral nerve regeneration are tubular scaffolds (the so-called “nerve conduits™)
which bridge severed nerve ends, 4D bioprinting of shape-morphing and electrically
conductive cell-scaffold constructs for PNS applications should be explored. As shown in our
previous studies,>>% 4D printed scaffolds could fold automatically within minutes in an
aqueous environment at 37°C from original flat scaffolds into the tubular shape. Furthermore,
new shape-morphing mechanisms are developed and employed for 4D printed scaffolds,>’
which may be extended to 4D bioprinted cell-laden constructs. It will be highly interesting

and can also be challenging to apply 4D bioprinting in neural tissue engineering.

4. Conclusions

In this work, conducive hydrogels based on natural biopolymers were developed by utilizing
gelatin, GeIMA, and GO. With the addition of GO, GG hydrogels exhibited improved
performance in terms of printability and mechanical properties. Furthermore, the inclusion of
even a small amount of GO could endow non-conductive GG hydrogels with good
electroactivity. With adequate shear viscosity, GO/GG hydrogels could be 3D printed into 3D

tissue engineering scaffolds with delicate internal structures and good shape fidelity. rBMSCs
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could be incorporated in GO/GG hydrogels to form bioinks, and the new bioinks could be 3D
bioprinted into cell-laden constructs with high cell viability. The added GO improved the
viability and growth of rBMSCs in GO/GG composite hydrogels during post-bioprinting
incubation. Overall, the GO-incorporated gelatin/GelMA hydrogels with excellent
biocompatibility and electroactivity show their high potential for 3D bioprinting in neural

tissue engineering.
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