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High-Resolution Novel Indirect Bioprinting of Low-Viscosity
Cell-Laden Hydrogels via Model-Support Bioink Interaction
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Abstract

Bioprinting of unmodified soft extracellular matrix into complex 3D structures has remained challenging to
fabricate. Herein, we established a novel process for the printing of low-viscosity hydrogel by using a unique
support technique to retain the structural integrity of the support structure. We demonstrated that this process of
printing could be used for different types of hydrogel, ranging from fast crosslinking gelatin methacrylate to
slow crosslinking collagen type I. In addition, we evaluated the biocompatibility of the process by observing the
effects of the cytotoxicity of L929 and the functionality of the human umbilical vein endothelium primary cells
after printing. The results show that the bioprinted construct provided excellent biocompatibility as well as
supported cell growth and differentiation. Thus, this is a novel technique that can be potentially used to enhance
the resolution of the extrusion-based bioprinter.
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Introduction

The ability to design and print cell-embedded hydrogels
that are high resolution is critical in biomedical research and
organotypic tissue formation.1,2 Cytocompatibility, the res-
olution of cell placement and structural complexity, and the
maturation of biologically active tissues are some of the
challenges that bioprinting needs to address before it can be
utilized as a tool for tissue culture.3 Bioprinted products such
as skin-mimicking lamellar constructs comprising layers
of keratinocytes and fibroblasts of <250 lm thickness have
been generated through the use of laser-assisted bioprinting.4

While numerous other direct methods and strategies exist to
print viable cell into a structure, such as the use of ink-jet,
extrusion, and laser-induced forward transfer, the ability to
print structures of good print resolution while obtaining good
cell viability is somewhat limited. The printing resolution of
hydrogel could often affect the long-term viability and me-
tabolism of the cells embedded in the hydrogel.5 In one study,
the effect of the spacing of the grooves affects the mass
transport of media into a stiff hydrogel. This, in turn, greatly
influenced the cellular metabolic and phenotypic activity of

the cells. In some cases, necrotic cores can be observed in
embedded hydrogels that are caused by transport limitation.6

One of the conventional bioprinting techniques is the
use of an extrusion-based printing technique. This form of
printing dispenses a liquid using either a pneumatic or me-
chanical pump to create a positive pressure in the syringe.
Extruding the solution in a controlled manner, this form of
printing has been well documented in many studies as the
process is simple and the machine is inexpensive.7 While the
use of this process has been successful in fabricating 3D
scaffolds and cell-embedded hydrogels, the live cell has to
undergo tremendous shearing during dispensing as the ma-
terial used has to be relatively viscous.8,9 As such, this pro-
cess of printing would result in either lower cell viability or
lower print resolution depending on the viscosity of the
material used. One method of overcoming this challenge is
the use of dual/multiple extrusion printing, in which two or
more heads are used to dispense either scaffold hydrogel
or cell-embedded hydrogel onto the platform.10 The use of
multiple print heads is mainly common in the field of bio-
printing as the gel stiffness is relatively weak and would
require additional support to enable the structure to be stable.
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One of the supporting materials that has been used commonly
is pluronic.11,12 Pluronic is a synthetic reverse thermores-
ponsive hydrogel. It has been widely used as a support ma-
terial because it can be easily removed when the scaffold is
immersed into cold liquid. Since pluronic is a physically
crosslinked hydrogel, it is susceptible to absorb water from
the surrounding, and when the concentration of pluronic in
the hydrogel is below the critical gelation concentration, the
hydrogel’s structure would be eroded.13 As such, the inter-
action time between the pluronic and hydrogel of interest is
usually instantaneous to prevent the gels from interacting.
However, this is not possible for some natural occurring
hydrogel that would need to be slowly cured over a period of
time, such as collagen14,15 and Matrigel.16

Herein, we have developed a novel approach to indirectly
print cell-embedded hydrogels using valve-based and dual-
extrusion printing. In this method, the interaction between
both the hydrogel of interest and pluronic is immobilized
through the formation of an interfacial wall during printing.
This interfacial wall would obstruct the solvent transport
across the hydrogel, thereby forming a barrier to reduce
diffusion of solutes across the interface during the curing
process. Because of the interfacial wall, this technique can be
applied to the low-viscosity hydrogel such as denaturalized
gelatin methacrylate (GelMA) and collagen. Moreover, this
interfacial barrier leads to better printing as well as provides
good cell viability.

Materials and Methods

Fabrication of GelMA

GelMA was fabricated by the reaction between methac-
rylate anhydride and gelatin at 50�C in phosphate-buffered
saline (PBS; Sigma-Aldrich) similar to the method that was
previously described by Kazemzadeh-Narbat et al.17 The
reaction was run for 2–3 h under a constant stirring condition
in the dark. After which the reaction was terminated by di-
luting the solution fivefold with PBS. The diluted solution
was further dialyzed with deionized water by using 12–14
kDA molecular-weight cutoff dialysis tubes (Sigma-Aldrich)
for 1 week to remove excess methacrylate anhydride. Next,

the GelMA was frozen overnight at -90�C, lyophilized for
5–7 days until thoroughly dried, and stored at -30�C before
further use.

Fabrication of support material and scaffold hydrogel

Support structure hydrogel was composed of 24.5%
pluronic F127 (Sigma-Aldrich) and 2% alginate (Sigma-
Aldrich) dissolved in deionized water. GelMA hydrogel was
composed of 5% freeze-dried GelMA and 0.1 M of calcium
chloride (CaCl2) dissolved in deionized water, and pH of
the solution is subsequently tuned to neutral (pH &7.0–8.0)
by using 1 M NaOH, which was added in a dropwise manner.
Collagen hydrogel was composed of 2 mg/mL of high-
concentration type I collagen (354249; Corning), and 0.1 M
CaCl2 was subsequently added to the solution.

Evaluation of surface interaction of calcium ions
on pluronic structure

A square structure of lengths 1 · 1 cm2, height (thickness)
of 2 mm, and a z layer resolution of 0.2 mm was designed in
BioCAD�, which is the software that integrated with Bio-
Factory bioprinting (Regenhu, Villaz-St-Pierre, Switzerland).
The structure was printed by using a pneumatic extrusion-
based bioprinter. Subsequently, 100 lL of the GelMA so-
lution with CaCl2 was added to simulate the interaction
between the Ca2+ cation and the alginate in the pluronic
structure. To ensure that the thickness of the material is
consistent and the test to be unbiased, a fixed concentration of
alginate and pluronic was used while varying the calcium
concentration.

Printability test and printing of 3D complex structure

A grid CAD file was designed using BioCAD, which at-
tached to the pneumatic extrusion-based bioprinter. .The
model hydrogel and the support hydrogel were loaded in
5 mL syringe before printing. The printing condition of all
concentrations was at stage moving speed of 500 mm/min,
pressure of 5 bar, and temperature at 27�C – 2�C (room
temperature). Twenty-seven-gauge (210 lm inner diameter)
nozzle was used for printing. As shown in Figure 1, after

FIG. 1. Schematic of the fabrication process for 3D hydrogel scaffolds. (A) Printing of sacrificial alginate/pluronic mold.
(B) Dispensing of collagen/GelMA solution into the mold structure. (C) Interfacial reaction between the sacrificial hydrogel
and collagen/GelMA solution. (D) Curing of hydrogel either via UV crosslinking for GelMA or thermal incubation for
collagen. (E) Removal of support by soaking the printed structure in cold PBS solution. GelMA, gelatin methacrylate; PBS,
phosphate-buffered saline. Color images are available online.
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printing, the GelMA hydrogel samples were cured by using
the UV flood curing system (Techno Digm, Singapore) for
120 s and soaked in cold PBS for 15 min before further
experimentation. For the collagen structure, the samples
were cured in an incubator at 37�C for 30 min before being
soaked in cold PBS to remove the pluronic/alginate support
structure.

Cell viability and cell proliferation test

L929 mouse fibroblast cells were embedded in the hydrogel
with a cell density of 2 · 106 cells/mL before printing. A total
of 12 bioprinted samples were plated on a 24-well plate. Cells
were cultivated in high-glucose Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 10% (v/v) fetal
bovine serum (PAA Laboratories, Inc.; GE Healthcare) and
1% (v/v) antibiotic/antimycotic solution (PAA; GE Health-
care). Culture medium was replaced every 2–3 days and cells
were grown at 37�C in the presence of 5% CO2. The experi-
ment was sampled at days 1, 3, and 7 for live/dead staining
and PrestoBlue� test. For live/dead staining, the cell culture
medium was removed from the sample, followed by washing
the samples with PBS for two to three times. The Live/Dead
Cell Double Staining Kit (Sigma-Aldrich, USA) was used to
validate cell compatibility of the hydrogels. Solution A (cal-
cein AM solution) and solution B (propidium iodide solution)
were added into each sample at the ratio of 2:1 in PBS solution
to form the assay solution. One hundred microliters of assay
solution were added into each well, and the well was incu-
bated at 37�C for 15 min. Then, cell viability was detected
under fluorescence light using a fluorescence microscope with
490 nm excitation for live cells, and at 545 nm excitation, only
dead cells can be observed. For the PrestoBlue test, the cell
culture experiment was stopped by adding PrestoBlue solu-
tion (Invitrogen; Life Technologies, USA) into cell culture
medium using a ratio of 1:9 by volume and the well was
incubated at 37�C for 2 h. Then, the cell number was detected
by using a microplate reader (SPARK 10M; Tecan) with
560 nm excitation and at 590 nm emission.

Scanning electron microscope analysis

Before scanning electron microscope (SEM) analysis, the
samples were required to undergo two steps of fixation. For
primary fixation, 2.5% v/v glutaraldehyde solution (Sigma-
Aldrich, USA) was used. All samples were soaked in 2.5%
v/v glutaraldehyde solution for 1 h at 25�C. After that, sam-
ples were washed with distilled water several times to remove
excess glutaraldehyde. Next, ethanol was used to dehydrate
the cells by a series of concentrations (v/v): 25%, 50%, 70%,
95%, 100%, and 100%. Samples were soaked in each ethanol
concentration for 10 min. After which, samples were washed
with distilled water and dried in a desiccator for 1 day. Next,
the hydrogel samples were coated with gold at 10 mA for 20 s
before the SEM inspection.

DAPI/F-actin staining

Human umbilical vein endothelium primary cells (HUVEC;
Lonza) with a passage number of 5–6 were cultivated in the
Endothelial Growth BulletKit (EGM-2; Lonza) supple-
mented with 1% antibiotic/antimycotic solution (PAA; GE
Healthcare). Culture medium was replaced every 2–3 days

and cells were grown at 37�C in the presence of 5% CO2.
After the cells reached more than 80% confluence, they were
subcultured by using Trypsin/EDTA (CC-5012; Lonza) and
mixed with the 2 mg/mL collagen at a cell density of 3 · 106

cells/mL. The bioprinted samples were plated on a 24-well
plate and soaked in a cell culture medium for 30 min to re-
move the sacrificial materials. After that, they were stained
by ActinGreen� 488 ReadyProbes� (Life Technologies;
Thermo Fisher) and NucBlue� Live ReadyProbes (Life
Technologies; Thermo Fisher) reagents and observed under
an inverted microscope (Axio Vert.A1; Carl Zeiss).

Immunofluorescence

HUVECs were cultivated as described above. For immu-
nofluorescence, the cell-laden hydrogel samples were plated
into 24-well plates up until day 7. To investigate the cell
differentiation of HUVECs, CD31 and von Willebrand factor
(vWF) expression was selected. The samples were rinsed in
Dulbecco’s phosphate-buffered saline (DPBS) a few times
and fixed in 4% formaldehyde solution (Sigma-Aldrich,
USA) in DPBS (HyClone; GE Life Sciences) for 30 min.
After that, the samples were soaked in blocking solution (5 wt
% BSA, 0.5 wt % Tween 20 in DPBS) for 2 h at room tem-
perature. Subsequently, the cell membranes were permeabi-
lized in 0.25% (v/v) Triton X-100 (Bio-Rad, USA) in
blocking solution for 20 min and washed with DPBS three
times. The samples were soaked in the primary antibody
staining with 1/100 dilution of mouse monoclonal anti-CD31
antibody (Life Technologies; Thermo Fisher) and 3 lg/mL
of vWF mouse monoclonal antibody (Life Technologies;
Thermo Fisher) in DPBS overnight at 4�C. The samples were
washed with blocking solution three times with 5-min in-
tervals between the washing steps. After primary antibody
staining, the samples were added with 1/500 dilution of Alexa
Fluor-555-conjugated goat anti-mouse secondary antibodies
(Life Technologies; Thermo Fisher) in DPBS for 2.5 h at
ambient condition. Subsequently, the samples were washed
in blocking solution three times with 15-min intervals be-
tween the washing steps, followed by a drop of NucBlue (Life
Technologies; Thermo Fisher) staining for 20 min. After
rinsing, fluorescent images were taken by using a fluorescent
microscope (Axio Vert.A1; Carl Zeiss).

Hematoxylin and eosin staining

The samples were fixed with formaldehyde (10% v/v)
overnight followed by dehydration with ethanol in a series
of concentrations (v/v): 70%, 80%, 95% (twice), and 100%
(three times). Samples were soaked in each ethanol concen-
tration for 45 min. Later, samples were immersed in xylene
for three times with a 45-min interval each time. Subse-
quently, the samples were embedded in paraffin, and 7 lm
sections were cut by using a microtome (Leica, Germany).
The sections were immersed in a water bath at 37�C and
mounted on Polysine� adhesive-coated glass slides for better
adhesion. The slides were left to dry overnight at 37�C. The
sections were rehydrated in xylene and then a decreasing
series of alcohol concentrations, 100%, 95%, and 70%, fol-
lowed by immersing in water. Conventional hematoxylin and
eosin (H&E; Sigma, USA) staining was performed, and the
samples were dried for a few hours. Slides were examined
under light microscopy.
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Statistical analysis

The statistical significance was determined by a Student’s
t-test study for two groups of data or analysis of variance.
p-Values were presented as statistically significant and highly
significant at 95% level of confidence as *p < 0.05, **p < 0.05
is for significantly different from the rest.

Results and Discussion

Evaluation of surface interaction of calcium ions
in an alginate/pluronic support structure

The stability of the support material after interaction with
calcium was evaluated to confirm and optimize the compe-
tency of using alginate/pluronic as a support structure. As
shown in Figure 2, there was minimal change in the dimen-
sion to the dimension when the calcium concentration is
between 50 and 100 mM for more than 2.5 min. The calcium
ions resulted in slight swelling due to the formation of cal-
cium/alginate interaction in the pluronic hydrogel.18 If an
excessive amount of calcium ions were used, the structure
would expand uncontrollably. This is possibly due to the
calcium ions displacing the stable micelle structure and re-
ducing the interaction between the pluronic chains, thus
causing a destabilization of the pluronic structure. If pure

pluronic was used in the reaction, the solvent (water) would
interact and lower the concentration of pluronic on the sur-
face of the hydrogel/solvent interface, resulting in an ero-
sion of the pluronic structure. From this result, it can be
concluded that the use of an alginate/pluronic structure with
an optimized calcium concentration would result in a struc-
turally stable support structure that could withstand solvent
interaction.

Solvation of pluronic support structure

Electrostatic interaction plays a vital role in the structural
properties of hydrogels. Slight changes in the pH, solute
concentrations, and their temperature could result in changes
in their physical properties. This is due to the interaction
of the polar and ionic molecules interacting with the polar
solvent (water). The hydrogel’s range of deformation is de-
pendent on the presence of the interacting groups and their
distribution on the molecule.

The interaction between pluronic and water is illustrated in
Figure 3B. Initially, pluronic gel acts as its own a membrane
against the solvent. Hydrostatic pressure will exist between
the interior of the gel and the water phase. Thus, a pressure
gradient exists through the interface. This presence of hy-
drostatic pressure is influenced by the swelling pressure that

FIG. 2. (A) Comparison of the effects of the type and concentration of support structure changes over time and (B) mi-
croscopy evidence on the effect of using pluronic as support compared with pluronic/alginate, using calcium-GelMA
printing material. Scale bar: 500 lm. Color images are available online.
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is exerting on the gel to prevent it from swelling. This rise in
hydrostatic pressure increases the chemical potential of the
water in the hydrogel to match that of the solvent outside the
membrane. However, for pure pluronic, this rise of the sol-
vent concentration in the hydrogel causes a nonvolume pre-
serving deformation on the gel. Due to the weaker H-bond
interaction between pluronic molecules, the increase in water
molecules competes and displaces the pluronic molecules.
This disrupts the micelle structure and reduces the pluronic
hydrogel back to its solution state. This interaction will hap-
pen until the solvent has almost similar pluronic concentra-
tion as the pluronic critical micelle concentration.

The addition of alginate, as illustrated in Figure 3A, pro-
vides a better approach to produce a support structure. In this
system, calcium ions are adsorbed onto the surface of the
alginate/pluronic hydrogel. The calcium displaces the so-

dium ions on the alginate chains, thereby forming an ionic
crosslink within the hydrogel. Over time, as more of the al-
ginate interacted, the gel interaction would be increasingly
stabilized and produces a robust membrane in the hydrogel.
The formation of calcium/alginate helps to facilitate a re-
duction in the pluronic/solvent interaction by forming a
stronger ionic interaction with the neighboring alginate and
reducing the erosion of pluronic into the solvent. This is
significant as this would reduce the pluronic-based hydrogel
material.

In vitro evaluation of hydrogel process

L929 fibroblast cells have been frequently used for the
preliminary biocompatibility test.19 To enable the optimal
survivability of cells embedded in the hydrogel, the pH of the

FIG. 3. Comparison of interaction interface of solvent on (A) pluronic/alginate support and (B) pluronic hydrogel in
divalent calcium ion water.
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FIG. 4. (A) Comparison of Live/Dead Assay on L929 over 7 days (magnification: · 5). (B) F-actin staining of L929 after
14 days (magnification: · 40) and (C) metabolic activity of L929s in GelMA from day 2 to 6 (n = 3), scale of (A): 200 lm
and scale of (B): 20 lm.

FIG. 5. SEM images of L929 (day 14) on GelMA, at different magnifications: (A) · 100, (B) · 500, (C) · 500, and
(D) · 2000. SEM, scanning electron microscope.
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printing solution was tuned to *7 and the osmolarity of
the solution to be between 200 and 300 mmol, which is the
physiological comparison. In this experiment, L929 was
mixed with 5% Ca-GelMA solution. As shown in the live/
dead results in Figure 4A and the PrestoBlue result in
Figure 4C, it can be concluded that the alginate/pluronic
support structure does not have any effect on affecting the cell
viability of the cells in the hydrogel. The increasing
trend from the cell viability assay demonstrated that the cells
are proliferating at an accumulative rate, similar to the re-
sults from the tissue culture plate culture. The initial cell death
could have resulted from the use of a photoinitiator in the
hydrogel.20 The actin staining in Figure 4B and SEM images
in Figure 5 show that the cells have migrated to the surface,
which they adhered and spread throughout the scaffold. This
provides evidence that the pluronic in this system has low to
none effect on cell adhesion and cell proliferation.

To evaluate if this process can be used for angiogenesis
study, HUVECs were used to evaluate this property in the
experiment. As HUVECs are much more sensitive to the
environment compared with L929 cells, the base solution
was altered to a collagen-based solution instead. In addition,
the use of a collagen-based solution further helps evaluate
the stability of the structure over long periods (30 min). The

use of HUVECs would help to determine if the support ma-
terial would affect cell differentiation and other cellular
functions. On the 10th day, as shown in Figure 6D and E,
HUVECs were alive and expressing cell markers CD31 and
vWF. This indicates that the HUVECs still have the function
of endothelial cells.21–23 The HUVECs did indicate signs of
fusion as their metabolic activity was lowered continuously
since the second day, as shown in Figure 7. Another possible

FIG. 6. (A) F-actin on day 4 indicating initial phase of differentiation, scale: · 20. (B) F-actin on day 12 indicating mature
stage of differentiation, scale: · 20 (scale bar: 50 lm). (C) Hematoxylin and eosin (day 12) staining to indicate size and cell
distribution within the hydrogel, scale: · 20. (D) Von Willebrand factor to determine platelet adhesion functionality,
scale: · 20. (E) CD31 to determine cell adhesion functionality of HUVECs, scale: · 20. (F) Collagen scaffold seeded with
HUVECs after day 12, scale: 5 mm. HUVEC, human umbilical vein endothelium primary cell.

FIG. 7. Metabolic activity of HUVECs in collagen from
day 2 to 6 (n = 3).
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reason is due to the shrinkage of the collagen sample, thus
causing the fluorescence signal to overlap. However, as
shown in Figure 6B, a 12-day study showed that the cells are
uniformly distributed on the surface of the collagen scaffold
with no evidence of clumping. This can also be seen from the
H&E staining (Fig. 6C). Signs of collagen remodeling can be
observed as after 12 days the collagen hydrogel shrunk and
turned opaque24 (Fig. 6F).

Evaluation on resolution and accuracy
of printed construct

The resolution and accuracy of the printed construct dem-
onstrate the effectiveness of this process of bioprinting.25 For
both the GelMA and collagen constructs, the overall fea-
tures of the hydrogels are still similar to the initially printed
products even after 7 days of culture. Due to the difference in
stiffness and concentration difference between GelMA and
collagen, shrinkage in collagen can be expected to be higher.
In both materials, a resolution of *100 lm can be obtained,

as shown in Figures 5 and 8, but it might not be representative
throughout the entire structure. Depending on the depth, the
density of the hydrogel, and the interaction between the
support materials, the resolution of the struts would vary. To
mitigate these differences in print accuracy, the base hydro-
gel could be printed on every layer to reduce the differences
caused by this form in indirect printing.

Moreover, from FRESH V2.0 3D printing work, as given
in Lee et al., 26 our technique is similar to them, both methods
use the principle of the model and support material interac-
tion, but our method can perform on the solid platform di-
rectly. Thus, this technique will save time on the preparation
of the material, especially on the slurry part, and by using a
jetting bioprinting technique, the samples can be fabricated
within a few minutes. Nonetheless, the advantage of FRESH
V2.0 technique is that it can print curvature feature easily. By
using high concentration similar to FRESH V2.0 work, we
might be able to obtain higher resolution due to the shrinkage
of collagen. Another advantage is that we can use multi-
materials with different printheads. This is because alginate

FIG. 8. SEM image of HUVECs embedded in collagen type I at different magnifications: (A) · 250, (B) · 400, (C) · 1000,
and (D) · 2000.

FIG. 9. Multimaterial hollow structure fabricated by the interaction between pluronic/alginate and bioink-CaCl2. CaCl2,
calcium chloride. Color images are available online.
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and CaCl2 were used as blocking barrier. Thus, one side can
be one material, and another side can be another bioink, as
shown in Figure 9. This technique opens another potential of
high-resolution scaffold with a vascularized hollow feature.

Conclusion

In this research, an indirect method of bioprinting has been
successfully developed. By using an alginate/pluronic sup-
port structure, low-viscosity cell-laden hydrogels can be fab-
ricated. The interaction between Ca2+ and alginate helps to
prevent osmosis interaction between the two hydrogels
(model and support structure). The long-term stability of
the support material helps to enable sufficient mechanical
strength for any form of low-viscosity hydrogel, including
GelMA and collagen hydrogels. From the in vitro evaluation,
both L929 and HUVECs survived over 7 days in all the
samples. The cells were able to migrate, proliferate, and
show the sign of functionality. Both cells can attach and pack
together. The presence of actin showed that the cells are
fusing, while the presence of CD31 and vWF showed the
endothelium cells’ functionality as well as the efficiency of
vascularization. This provided that indirect bioprinting and
support material support cell growth and cell differentiation.
This process of printing helps to enable the printing of more
desirable hydrogel without the need to be concerned about
the printability of the cell-laden hydrogels. Therefore, this
work offers an excellent potential for future bioprinting hy-
drogels and does not limit the type of hydrogels for tissue
engineering and biomedical applications. With the advent
of the use of microvalve technology, the resolution of the
printed structure could be further enhanced to cater for
smaller features if required.
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