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Traditional bio-inks are mostly limited in application due to their low-mechanical strength or complex cross-linking curing methods. In this
study, a nanocomposite hydrogel bio-ink [gelatin—alginate-montmorillonite (GT-AT-MMT)] for 3D bioprinting is designed based on the
thermo-sensitive properties of GT, the advantages of ionic crosslinking of sodium AT, and the shear thinning and toughening mechanism
of nano-MMT. The 3D printing of the bio-ink with variable AT content is optimised, and the tensile, compressive, and creep properties of
the 3D printed structure are studied. Results show that GT-AT-MMT bio-ink has good printability, and its mechanical properties are
enhanced with increased AT content. The tensile modulus of the GT-4% AT-MMT sample can reach 0.533 MPa, which has a minimum
creep deformation of 0.311 mm under the same load condition. Therefore, GT-AT-MMT bio-ink provides a new possibility for the
development of 3D bioprinting, which will offer many opportunities in fields such as tissue engineering, drug delivery, and regeneration

medicine.

1. Introduction: The 3D bioprinting mainly uses bio-inks to build
complex 3D tissue structures, creating various implants and scaf-
folds for regenerative medicine and tissue engineering [1, 2]. A
3D scaffold must have controllable pore size, high porosity, and
good pore connectivity [3—5] because it needs to simulate the
tissue extracellular matrix [6, 7]; thus proper choice of bio-inks
[8] and parameter optimisation of printing [2, 9] are two focuses
of 3D bioprinting. In previous studies, natural polymers (collagen
[10], silk fibroin [11], and nanocellulose [12, 13]) and synthetic
polymers (polyvinyl alcohol [14] and polyethylene glycol [15])
hydrogel bio-inks were successfully applied to 3D bioprinting
and made some progress.

Gelatin (GT) is a fibrin obtained from the triple helix structure
of collagen and is characterised by degradability, good bio-
compatibility, low-antigenic characteristics, and high cell-adhesion
ability [16, 17]. More importantly, GT has sensitive thermal
property and can form a gel at low temperatures. Therefore, GT
is widely used as a bio-ink material for 3D printing. However,
pure GT bio-ink has low-mechanical strength and rapid degradation
rate; thus it is usually mixed with other natural biomaterials.

Sodium alginate (AT) is a natural anionic polysaccharide, which
has the advantages of being low priced, non-toxic, and easy to gel
under mild conditions. It is widely used in medicine, food,
chemistry, biology, and other fields [18]. However, AT has dis-
advantages such as few cell attachment sites, poor degradability,
and polymerisation shrinkage after crosslinking, which cannot
meet the expected performance requirements when used alone
[19]. In addition, it is not easy to extrude from the printing
nozzle because the viscosity of sodium AT bio-ink increases signifi-
cantly with the increase in its concentration. Therefore, some nano-
materials must be added to AT-based bio-inks to change the
shear-thinning ability [20-22].

Montmorillonite (MMT) is a layered nanosilicate composed
of disk-like nanoparticles with a positively charged edge and a
negatively charged surface. The uneven distribution of the whole
disk structure leads to the formation of a well-structured fluid due
to the electrostatic interaction between nanoparticles [23]; thus
MMT is widely used as a modifier and additive for rheology,
and recent studies showed that it can significantly affect the flow
behaviour and mechanical properties of a hydrogel matrix [24, 25].
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In this study, a mixture of GT, AT, and MMT was used as a nano-
composite bio-ink for 3D printing to explore the 3D printability of
GT-AT-MMT bio-ink and the parameter optimisation of the 3D
printing. In addition, the mechanical properties of the 3D printing
structure of GT-AT-MMT bio-ink with variable AT concentrations
were studied to provide a new possibility for the development
of 3D bioprinting in the field of cartilage tissue engineering and
regenerative medicine.

2. Experimental section

2.1. Experimental materials: GT (microbiology grade, bloom
strength ~250 g) was purchased from MACKLIN Reagent
Company. AT (viscosity 200+20 MPa's of pure AT), MMT
(white powder, nanometre particle size), and anhydrous calcium
chloride (white powder, non-toxic, and non-corrosive) were
obtained from Aladdin Reagent Company.

2.2. Preparation of GT-AT-MMT bio-inks: A certain amount
of GT, AT, and MMT (Fig. 1a) was weighed and poured into
beakers. A corresponding proportion of deionised water was
added (Table 1), then stirred with a glass rod, and covered with
plastic wrap at room temperature for 2 h. Subsequently, the
beakers were placed in a 50°C electronic water bath pot to stir
magnetically for 12 h. Finally, the homogeneous hydrogel pre-
cursors were injected into 3D printing cartridges, underwent
ultrasonic oscillation for 5 h to remove bubbles, and placed in a
4°C refrigerator for use.

2.3. Process optimisation of 3D printing GT-AT-MMT: The
control variable method was used in this experiment. For bio-inks
with different AT contents, the preheating temperature of the
cartridge was similarly set to 50°C, the inner diameter of the
nozzle was similarly set to 0.30 mm, and the uniform printing
speed of 3 mm/s was set to explore the optimum printing pressure
for GT-AT-MMT bio-inks with different AT contents. The extrud-
ing drop test and experiment of 3D printing checkerboard grid
structure (edge length 15 mmx 15 mm, filament spacing 1 mm)
were designed. The ratio (F,,,) between the actual pore area and
the theoretical pore area was calculated to determine optimum
pressure by observing the shape of extruded hydrogel filaments
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Fig. 1 Preparation of GT-AT-MMT bio-inks and 3D printed samples

a Raw materials of bio-ink

b GT-AT-MMT bio-ink cartridge for 3D printing

¢ 3D printing of GT-AT-MMT bio-ink

d;—d; 3D printed tension sample, compression sample, and creep sample
e SEM of 3D printed GT-AT-MMT

fXRD patterns of 3D printed GT-AT-MMT

g FTIR patterns of 3D printed GT-AT-MMT

Table 1 Composition of GT-AT-MMT composite hydrogel bio-inks

Number GT AT MMT Deionised
(W/v), % Wv), % (W/v), % water
(W/v), %
GT-2% AT-MMT 10 2 6 82
GT-3% AT-MMT 10 3 6 81
GT—4% AT-MMT 10 4 6 80

directly and observing the 3D printed structure with a high-speed
microscope camera

ma

A
F,, ==,
At
where A, is the actual pore area and 4, is the theoretical pore area.

2.4. Tension test: An electronic universal testing machine (model:
WDW-2) was used to examine the 3D printed GT-AT-MMT
samples (rectangular 50 mm X 5 mm x 2 mm), and the strain rate
was 2 mm/min. The samples were immersed in deionised water
to swell fully before the experiment.

2.5. Compression test: An electronic universal testing machine
(model: WDW-2) was used to examine the 3D printed GT-AT—
MMT samples (cylindrical, diameter 15 mm X height 10 mm), the
compression rate was 10 mm/min, and compression deformation
was 25% of sample height. The samples were immersed in
deionised water to swell fully before the experiment.
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2.6. Creep test: The creep behaviour of 3D printed GT-AT-MMT
samples (square 15 mmx15mmx2mm) was tested using a
UMT-II testing machine. The test adopted a cylindrical indenter
of @ 8 mm, a preloading force of 5N, a time of 5s, a formal
load of 10 N, and a duration of 1 h.

2.7. Microscopic characterisation: SEM (Quanta250, FEI, USA)
was used to observe the microstructure of the 3D printed
GT-AT-MMT samples. XRD (Bruker D8 ADVANCE,
Germany) and Fourier transform infrared spectroscopy (FTIR,
Bruker VTRTEX 80V, Germany) were adopted for phase analysis.

3. Results and analysis

3.1. 3D printing samples with GT-AT-MMT bio-inks: The
prepared GT-AT-MMT hydrogel bio-ink cartridge (Fig. 1b) was
loaded into the 3D printer, the temperature of the bio-ink
cartridge was set to 50°C, and the temperature of the printing plat-
form was set to 4°C. According to the pre-designed stereo-
lithography (STL) format models, a rectangular sample
(50 mm x 5 mm x 2 mm) was printed for the tensile test (Fig. 1d1)
with a 90° superposition between layers (Fig. 1c), a cylindrical
sample (diameter 15 mm x height 10 mm) was printed for the
compression test (Fig. 1d2), and a square sample
(15mmx15mmx=x2mm) was printed for the creep test
(Fig. 1d3). The printed samples were then placed at 4°C in a refrig-
erator for 5 h to achieve preliminary shaping of the printed structure
by low-temperature curing. Finally, the samples were immersed in
CaCl, solution of 3% (w/v) for cross-linking. After 12 h, the
samples were taken out and cleaned with deionised water for six
times (water was changed every 6 h) to remove excess CaCl,.
SEM (Fig. le) exhibits that the 3D printed GT-AT-MMT hydrogel
has a loose, porous network structure with interposed nanoparticles.
XRD (Fig. 1f) and FTIR patterns (Fig. 1g) show that the addition of

(a) 0.10 MPa

(b) 0.15 MPa {c) 0.20 MPa (d) 0.25 MPa (e} 0.30 MPa

Fig. 2 Dropping filament morphologies of GT-2% AT-MMT bio-ink under
variable pressure parameters of 0.10, 0.15, 0.20, 0.25, and 0.30 MPa

Fig. 3 Sample morphologies printed with GT-AT-MMT bio-inks of vari-
able concentrations under predetermined pressures
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Table 2 Optimised pressure range of 3D printing variable GT-AT-MMT bio-inks

Bio-inks GT-2% AT-MMT

GT-3% AT-MMT GT-4% AT-MMT

optimised pressure range 0.20-0.25 MPa

0.26-0.30 MPa 0.45-0.50 MPa

MMT promotes the crystallisation degree of GT-AT-MMT, and
a hydrogen bond interaction is formed between MMT, GT, and
AT, thus enhancing the intermolecular binding force and the
crosslinking degree of the 3D printed GT-AT-MMT hydrogel.

3.2. Pressure optimisation by the extruding drop test: The range of
the appropriate pressure can be approximately optimised by visually
observing the morphology of extruded filaments in 3D printing.
Taking GT-2% AT-MMT bio-ink as an example, Fig. 2 shows
the morphology of dropping filament under different pressure
parameters. The extrusion pressure of 0.10 MPa is very small,
resulting in a very slow extrusion rate of the bio-ink, and the
shear thinning effect is not evident. A small amount of bio-ink
slowly reaches the nozzle, and the viscosity of the bio-ink increases
significantly due to the temperature fall after extrusion, thus block-
ing the nozzle. The extrusion pressure of 0.15 MPa is also insuffi-
cient. Although the filament can be extruded, the bio-ink
agglomerates first at the nozzle due to the slow speed and then
drops with gravity. Extrusion pressures of 0.20 and 0.25 MPa
show an ideal situation with a moderate extrusion rate and a good
filament continuity, which can form a uniform filament. When
the pressure is 0.30 MPa, the extrusion rate is so high that the
bio-ink material is extruded in a manner similar to spraying,
presenting an uneven form of an upper fine and lower coarse.
The dripping behaviour of GT-3% AT-MMT and GT-4%
AT-MMT can also be analysed using the same method, and opti-
mised extrusion pressure ranges are shown in Table 2.

3.3. Pressure optimisation by 3D printing checkerboard grid
structure: Morphologies of 3D printed checkerboard grids with
GT-AT-MMT bio-inks under predetermined pressure parameters
are shown in Fig. 3. At lower printing pressures, the diameter of
the extruded filament is very thin, and dragging deformation or
intermittent connection occurs, which eventually leads to needle
clogging and printing failure. At higher print pressures, the actual
diameter of the extruded filament is much larger than the theoretical
value, resulting in narrowing or merging filament spacing,
especially in multi-layer printing, where a more evident material ac-
cumulation phenomenon occurs and ultimately leads to poor shape
fidelity of the printing structure.

A needle with a diameter of 0.3 mm was used in the experiment.
Thus, the theoretical diameter of the extruded filament was
0.30 mm. However, when the extruded cylindrical filament was
deposited on the substrate, a certain degree of collapse would
occur under the action of gravity because hydrogel is not a rigid
material (Fig. 4a). Based on the printing experience parameters,
the filament width is generally 1.25 times the theoretical diameter,
which was 0.375 mm in this experiment. According to this width,
the theoretical pore area can be obtained as 4,=0.39 mm?>. Then,
for each 3D printed sample at a predetermined pressure, more
than ten pores were selected and observed using a high-speed
microscope camera, and the average pore area was taken as the
actual pore area 4. (Fig. 4b). Finally, F,,,, was calculated according
to the formula and the statistical results are shown in Fig. 4c. The
optimum printing pressure was obtained by combining the Fy,,
data results with the macro-printing effect analysis, as shown in
Table 3. As the content of AT increases, the optimum pressure
value increases possibly because AT increases the overall viscosity
of the mixed bio-ink, which also corresponds to the characterisation
results of subsequent mechanical properties.
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Fig. 4 3D printing checkerboard grid model using variable concentrations
of GT-AT-MMT bio-inks

a Schematic diagram of theoretical filament morphology and actual filament
morphology of 3D printing

b Schematic diagram of theoretical pore area 4, and actual pore area 4. of 3D
printed checkerboard grid model

¢ Statistical results of F,,, measurement of GT-AT-MMT bio-inks at
predetermined pressures

3.4. Tension test results and analysis: Fig. 5a shows the stress—
strain curves of 3D printed GT-AT-MMT samples at various AT
concentrations. Tensile strength and fracture strain of 3D printed
samples increased with the increase of AT content, and the
maximum tensile strength (0.467 MPa) of GT-4% AT-MMT
sample was about eight times that of the GT-2% AT-MMT
sample (0.058 MPa). The tension modulus (Fig. 5b) of 3D
printed GT-AT-MMT samples was obtained from the linear
region of the tensile stress—strain curves by the Origin software.
The results reveal that the tension modulus of GT-AT-MMT is
positively correlated with the crosslinking degree of the long
chains in the hydrogel molecules. Under the immersion of sufficient
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Table 3 Optimal pressure for 3D printing variable GT-AT-MMT bio-inks

Bio-inks GT-2% AT-MMT

GT-3% AT-MMT GT—4% AT-MMT

optimal pressure 0.22 MPa

0.28 MPa 0.48 MPa
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Fig. 5 Characterisation of mechanical properties of 3D printed GT-AT-
MMT samples

a Tensile stress—strain curves

b Tension modulus of tensile test

¢ Compression stress—strain curves

d Compressive modulus of a compression test

e Creep deformation curves

f Comparison of compression modulus of 3D printed GT/AT-based
hydrogels (**P<0.01)

CaCl, solution, AT molecules in samples can be fully cross-linked,
replacement reaction occurs between Ca?* and Na' in the AT
molecular chains, and a Ca?" connects two carboxyl groups
(-COOH) to produce the connection effect, finally forming a
network-like structure. The long-chain density in hydrogel
increases and the number of cross-linked nodes increases signifi-
cantly with the increase of AT content. Therefore, macroscopically,
tensile strength and elastic modulus of hydrogel samples increase
with the increase of AT concentration in GT-AT-MMT bio-inks.

3.5. Compression test results and analysis: The compressive stress—
strain curves (Fig. 5¢) of 3D printed GT-AT-MMT samples show
that with the increase of AT content in the bio-inks, the additional
stress is required for the sample to reach the same strain increases
correspondingly. Taking the strain degree of 20% as an example,
corresponding stresses of bio-inks with AT content of 2, 3, and
4% are 0.076, 0.092, and 0.126 MPa, respectively, which evidently
increase with the increase of AT content. The compressive modulus
(Fig. 5d) of 3D printed GT-AT-MMT samples was also obtained
from the linear region of the tensile stress—strain curves by the
Origin software. Fig. 5d shows that the compression modulus of
the GT-4% AT-MMT sample is significantly higher than that of
the GT2% AT-MMT and GT-3% AT-MMT samples. This is
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mainly because the crosslinking density increases with the
increase of AT content in hydrogel, and the cross-linked polymer
network becomes tighter with the increase of strain. Therefore,
the deformation resistance of hydrogel samples is significantly
enhanced.

In this work, the compressive modulus of the GT-4% AT-MMT
sample is as high as 0.443 MPa, which is clearly improved com-
pared with previous research on mechanical properties of 3D
printed samples using GT—-AT as bio-inks (Fig. 5f). Di Giuseppe
et al. [26] studied the print capability, print accuracy, and compres-
sive behaviour of nine GT-AT components as 3D printing bio-inks.
Uniaxial compression tests showed that the best component bio-ink
(8% GT-7% AT) has a compressive modulus of 48.0 kPa. Shi et al.
[27] used GT-AT as 3D printing bio-inks to prepare scaffolds for
skin tissue engineering, and the uniaxial compression tests
showed that Young’s modulus of 10% GT-10% AT could reach
175.1 kPa. The comparison shows that the mechanical properties
of GT-AT-MMT bio-ink in this work are significantly improved
by adding MMT nanoparticles because the addition of MMT
promotes the formation of hydrogen bonding force between
GT-AT-MMT molecules. Thus the degree of crosslinking is
improved, which is consistent with the above XRD and FTIR test
results.

3.6. Creep test results and analysis: The creep curves (Fig. 5e) of
3D printed GT-AT-MMT samples show that the deformation
degree in the initial stage increases rapidly. As the test progresses,
the deformation rate gradually slows down, showing the trend of the
second-stage creep characteristic curve mainly due to the existence
of macroscopic grid structures and microscopic pore structures in
the 3D printed GT-AT-MMT samples. In the early stage of the
creep process, deformation resistance is very small such that the
deformation rate is very large. The pores and macro grids inside
the hydrogel are gradually filled, and resistance against deformation
gradually increases with the increase of time such that the
deformation rate decreases. When the same load (10 N) was
applied, the minimum deformation (0.311 mm) occurred in the
GT-4% AT-MMT sample with the highest AT content. This
result is also attributed to the increase of the cross-linking degree
caused by the increase of AT content, which makes the molecular
network structure denser and enhances the creep deformation resist-
ance of hydrogels.

4. Conclusions: In this study, a nanocomposite bio-ink for 3D
printing was developed using a mixture of GT, AT, and
nano-MMT. The 3D printing pressure of GT-AT-MMT bio-inks
with variable AT contents was optimised by the extruding drop
test and the experiment of 3D printing checkerboard grid structures.
In addition, the mechanical properties of 3D printed GT-AT-MMT
samples were studied by tensile, compression, and creep tests. The
results showed that tensile strength and compressive strength
increase, and creep deformation resistance enhances with the in-
crease of AT content. In summary, the GT-AT-MMT nano-
composite hydrogel with good printing capability and excellent
mechanical strength is expected to become an ideal 3D printing
bio-ink for cartilage tissue engineering and regenerative medicine.
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