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Abstract
Different bioprinting techniques have been used to produce cell-laden alginate hydrogel structures,
however these approaches have been limited to 2D or simple three-dimension (3D) structures. In this
study, a new extrusion based bioprinting technique was developed to produce more complex alginate
hydrogel structures. This was achieved by dividing the alginate hydrogel cross-linking process into
three stages: primary calcium ion cross-linking for printability of the gel, secondary calcium crosslinking for rigidity of the alginate hydrogel immediately after printing and tertiary barium ion crosslinking for long-term stability of the alginate hydrogel in culture medium. Simple 3D structures
including tubes were ﬁrst printed to ensure the feasibility of the bioprinting technique and then
complex 3D structures such as branched vascular structures were successfully printed. The static
stiffness of the alginate hydrogel after printing was 20.18±1.62 KPa which was rigid enough to
sustain the integrity of the complex 3D alginate hydrogel structure during the printing. The addition
of 60 mM barium chloride was found to signiﬁcantly extend the stability of the cross-linked alginate
hydrogel from 3 d to beyond 11 d without compromising the cellular viability. The results based on
cell bioprinting suggested that viability of U87-MG cells was 93±0.9% immediately after bioprinting
and cell viability maintained above 88%±4.3% in the alginate hydrogel over the period of 11 d.

1. Introduction
In the past decade, three-dimension (3D) bioprinting
as an emerging new technology for tissue engineering
has made signiﬁcant progress towards the regeneration of transplantable tissues [1–3] and even organs
such as human ear, bones, skins, nose [4–7] for
restoring or repairing the damaged body functions.
Different biofabrication techniques including inkjet
printing [8–13] bioextrusion [14–16] valvejet printing
[17–20], laser based printing [21–25] and photopolymerization [26, 27] have been developed for the 3D
printing of live cells and bioscaffolds. However,
although the fabrication of clinically scaled hard
tissues such as bones have already been successfully
demonstrated [6], the bioprinted scaffolds for soft
tissues are currently limited to clinically small scale
structures with limited complexity.

© 2015 IOP Publishing Ltd

The key challenge has been the difﬁculty of striking
a good balance between the conditions for printing
highly viable cells and producing sufﬁciently strong
scaffold to support clinical scale cell-laden structures
at the same time. Take bioextrusion of hydrogels for
example, small-diameter nozzles and highly viscous
hydrogel materials are desirable to achieve a good
printing resolution with sufﬁcient mechanical rigidity
for building 3D hydrogel structures. But the higher
extrusion forces needed to print highly viscous materials from a small nozzle will lead to higher shear stresses
and hence reduced cell viability during the printing
process. To overcome this key challenge, different bioprinting approaches have been developed. Butcher
and co-workers [28] developed a novel ultraviolet
(UV) bioextrusion printing technique for complex 3D
structures. Living cells in an UV curable, low-viscosity
PEG hydrogel solution are printed with in situ UV
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radiation to solidify the printed hydrogel constructs
layer by layer. As the hydrogel is cross-linked after the
cells are extruded from the printing nozzle, this technique is able to signiﬁcantly reduce the shear stress
associated with printing high-viscosity hydrogels and
produce sufﬁciently strong UV cross-linked structures
for the regeneration of a clinical-scale human heart
valve. The requirement of this approach, though, is the
need for photosensitive hydrogel materials and the
exposure of live cells to potentially harmful UV radiation and toxic photo-initiators. On the other hand,
more rigid poly (ε-caprolactone) PCL as a biodegradable scaffold [29] or high dense ﬂuid oil [30] was used
to support soft cell laden hydrogels. The use of such
hybrid plastic and hydrogel scaffolds enables bioprinting of organ size structures like a human ear [29].
However the need for high temperature printing and
acid producing degradation of PCL may limit their
application for tissue regeneration. Alternatively, lowering the temperature of hydrogels in printing enhances mechanical rigidity before the gels are cross-linked,
leading to alginate-gelatin constructs that have shown
the ability to support tumour growth [31, 32] and the
formation of highly uniform embryonic stem cell culture in 3D [33].
In this study, we present a new bioprinting technique for complex 3D alginate hydrogel structures with
living tumour cells in vitro. Alginate hydrogels are chosen as they are probably the most widely used biomaterials in 3D bioprinting because of its
biocompatibility, reversible control over stiffness and
capability to form highly porous structures for cell
regeneration. To validate the new 3D bioprinting technology, we chose U87-MG cell line which is an established human brain tumour cell line for cancer disease
models with fully genetic characterisation [34–37]. 3D
bioprinting of cell-laden alginate hydrogels will be
demonstrated for complex structures such as clinically
sized branched vascular structures. The mechanical
properties as well as the degradation time of the printed alginate hydrogel structures are also assessed
before and after printing. In addition, post-printing
cell viability was assessed over 11 d period.

60 mM BaCl2 were used respectively as primary,
secondary and tertiary cross-linking agents for 8%
w/v sodium alginate.
2.2. Partially cross-linked alginate hydrogel
preparation
Sodium alginate 8% w/v was sterilised by Gamma
radiation (IBL-637 CIS-BioINternational gamma irradiator, France) for 10 Gy at the rate of 1 Gy min−1.
80 mM CaCl2 stocks were autoclaved at 121 °C for
15 min. The two solutions consisting of 8% w/v
sodium alginate and 80 mM CaCl2 were mixed with a
volume ratio of 1:1 to result a partially cross-linked
hydrogel in a 50 ml conical tube (Centrifuge tube,
Fisher Scientiﬁc Ltd, Loughborough, UK). The hydrogel solution was further mixed using a vortex mixer at
room temperature at 1500 rpm for 30 s in order to get
the homogeneously partially cross-linked alginate
hydrogel.
2.3. Cell culture and transduction
Human glioma U87-MG cells, originally purchased
from European Collection of Cell Cultures (Public
Health England, UK), were seeded at the density of
0.5×106 ml−1 in six-well plates and were allowed to
attach and acquire normal morphology. Then the cells
were transduced using a lentiviral vector which
expresses enhanced green ﬂuorescent protein under
control of the SFFV promoter. After transduction,
cells were seeded in 96-well plates at a cell density of
0.7 cells per well, allowing the selection of a single
transduced cell population which were replicated
for 2 weeks until a stable clone EGFP1-U87-MG
(U87-MG) line was generated. U87-MG cells were
cultured in minimum essential medium supplemented with 10% (v/v) foetal bovine serum, L-Glutamine,
non-essential amino acids, and sodium pyruvate.
All culture medium components were from Life
Technologies. During experimental procedures, medium was supplemented with penicillin/streptomycin
(100 UI ml−1 and 100 μg ml−1). After printing, cells
were maintained at 37 °C and with 5% CO2 in 10 cm
petri dishes (Fisher Scientiﬁc, UK). The culture media
were changed every 2 d.

2. Materials and methods
2.1. Materials and reagents
In this study, sodium alginate 8% w/v (Product
number W201502, Sodium Alginate, Sigma-Aldrich,
Gillingham, UK), CaCl2 solution (Product number
223506 CaCl2 dehydrate, Sigma-Aldrich, Gillingham,
UK) and BaCl2 Solution (Product number
1001253915 BaCl2 trace metals basis, Sigma-Aldrich,
Gillingham, UK) were prepared in deionised water at
room temperature. In addition an ultra-sonic bath set
at 60 °C was used to reduce the mixing time of sodium
alginate with deionised water to produce homogenous
solution overnight. 80 mM CaCl2, 100 mM CaCl2 and
2

2.4. Development of bioprinting platform
A modiﬁed version of an open source Fab@Home
model dual syringe extrusion-based 3D printer was
used as the main printing platform for the alginate
hydrogel. It consists of an automated X–Y–Z stage
where the positioning precision is 100 mm. With its
dual switchable dispensing system, it is capable of
printing with precision down to 100 mm in X–Y plane
as well as printing with a precision of 100 mm in Z
plane. Fab@Home models have previously been used
to print alginate hydrogel and other biomaterials such
as gelatine [38, 39]. A modiﬁed new z axis carriage
ﬁgure 1(a) was designed and put in place to enable
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Figure 1. Schematic drawing of the alginate hydrogel 3D printing setup. (a) First few layers of partially cross-linked alginate hydrogel
were initially printed on the porous membrane where at this stage the structure was able to support its shape. (b) Further cross-linking
of the hydrogel once the Z axis was lowered down and the printed partially cross-linked alginate hydrogel were submerged into the
CaCl2 bath which creates a better support for the upcoming layers. (c) The interface layers: upward diffusion of Ca+2 ions into the
interface layers which are partially cross-linked above the CaCl2 solution.

merging the Z platform into a 100 mM CaCl2 solution
bath as the secondary cross-linking reagent to further
cross-link the printed partially cross-linked alginate
hydrogel. Initially the ﬁrst few layers of partially crosslinked alginate hydrogel will be printed above the
CaCl2 solution on a porous nitrocellulose membrane.
The membrane assures the appropriate adhesion of
the partially cross-linked hydrogel to the surface for
better support while allowing CaCl2 solution diffusing
into the structure for cross-linking. The porous
membrane is connected to a thin Poly methyl methacrylate sheet with pore sizes of 0.8 mm to allow CaCl2
to enter the inner sections of the printed structures.
The z-axis will be lowered down leading to the ﬁrst
printed layers submerging into the CaCl2 solution for
further cross-linking shown in ﬁgure 1(b), the subsequent printing of the alginate hydrogel was supported by the partially cross-linked hydrogel
structures above the solution. Diffusion would also
enable CaCl2 solution to penetrate inside the hallow
sections of the printed layers as well as the layers that
are being printed above the CaCl2 solution, forming
an interface layer where rigidity of the hydrogel layers
was sufﬁcient enough to support a few layers of printed
hydrogel structures. By repeating this sequential printing process, a complete 3D structure can be generated.
Once the printing process was complete, the structure
was exposed to 60 mM of BaCl2 as the tertiary crosslinking procedure for 2 min.
2.5. Design and 3D printing of alginate hydrogel
structures
3D printed structures were designed using the CAD
programme Solid Edge V20. Vascular structure design
was extracted from an online open source GrabCAD
3D CAD library. The CAD ﬁles were then converted to
3

stl ﬁles and transferred to the relative software to
generate printing paths. The partially cross-linked
alginate hydrogel was loaded into the extrusion
syringes and then nozzles with 0.33 mm ID or
0.51 mm ID (TE series Nozzles, OK International,
Hampshire, UK) ﬁtted to the end of syringes. The
printing path width was 0.35 mm and 0.55 mm
respectively as well as printing height of 0.3 and
0.475 mm. The printing speed was 6 mm s−1 which
was ideal for both set of nozzles. Extrusion speed was
to be set as 0.45 ml min−1 and 0.65 ml min−1
respectively.
2.6. Viscosity measurements of partially crosslinked alginate hydrogels and their printibility.
Sodium alginates at concentrations of 1%, 2%, 3%,
4%, 5%, 6%, 7%, 8%, 9%, 10%, 11% and 12% (w/v)
were mixed with CaCl2 Solutions at concentrations of
10 mM, 20 mM, 30 mM, 40 mM, 50 mM, 60 mM,
70 mM, 80 mM, 90 mM, 100 mM, 110 mM and
120 mM respectively at volume ratio of 1:1 to partially
cross-link the sodium alginate. Different range of
partially cross-linked alginate hydrogels were printed
into 20 mm×20 mm×2 mm structures to ﬁnd the
optimum hydrogel concentration with self-support
ability. The viscosity proﬁle measurement of each
partially cross-linked alginate hydrogel was carried out
by Bohlin Gemini rheometer (Malvern Instruments).
2.7. Mechanical testing
The partially cross-linked alginate hydrogel was
printed by exposure to 50 mM, 100 mM, 200 mM and
300 mM CaCl2 solutions respectively to generate cubic
structures with dimensions of 20 mm×20 mm×
8 mm. They were kept in the solution for 10 min
followed by the exposure to 60 mM BaCl2 solution for
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2 min. Mach-1™ mechanical indenter (Biomomentum, Canada) was used to measure the static stiffness.
The partially cross-linked alginate hydrogel was also
mechanically tested before printing to understand the
signiﬁcant effect of CaCl2 in order to enhance the
mechanical properties of the gel.
2.8. Cell laden alginate hydrogel solution for
printing
2 ml of 8% w/v sodium alginate initially was loaded
with 1 ml of U87-MG cell suspension at a concentration of 21×106 ml−1 in the extrusion syringe. The
solution was then mixed with 1 ml of 160 mM CaCl2
to partially cross-link the hydrogel using a vortex
mixer at 1200 rpm for 30 s at room temperature. The
cell laden alginate solution had ﬁnal concentrations of
4% w/v alginate and 5.25×106 ml−1 cells.
2.9. Live and dead cell assay
For the visualisation of dead cells in the hydrogel,
propidium iodide (PI, Sigma Aldrich UK) was added
directly to the media in the 10 cm Petri dishes (Fisher
Scientiﬁc, UK) containing the constructs at a ﬁnal
concentration of 2.5 μM. After 30 min incubation in
the dark at 37 °C, the culture media was removed and
the coverslips (Cover Glass, 631-0152, VWR International USA) containing the hydrogel were mounted in
microscope slides to proceed for imaging.
2.10. MTT assay
Cell number was assessed using (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
U87-MG cells were seeded in a 96 well plate at
7.5×104 cells ml−1 and incubated overnight. Cells
were then exposed to different conditions during this
time and number of metabolically active cells was
estimated after 24 h by measuring absorbance at
570 nm. Each condition was determined using
triplicates.
2.11. 3D Cell imaging and viability test
Confocal laser scanning microscopy (Leica SP5 SMD;
Leica microsystems) was used for image acquisition.
Images were taken using a dry 20X objective. CLSM
images were analysed using Imaris software to investigate the viability of the bioprinted cells over 11 d. Cell
viability of the bioprinted structures at 2%, 3%, 4%,
5% and 6% of the partially cross-linked alginate
concentrations (w/v) was assessed after bioprinting.

3. Results and discussions
3.1. Development to partially cross-link alginate
hydrogel and its printibility
The key working principle of the new bioprinting
method is the ability to print alginate hydrogels with
sufﬁciently high viscosity so that the printed structure
can self-support and form an interface layer. In this
4

way, new layers of fresh partially cross-linked alginate
hydrogel can be printed onto a relatively solid
substrate or the interface layer above the cross-linking
reagent bath to build the structure layer-by-layer.
However, fully cross-linked hydrogel for extrusion
would not be suitable because it would require
enhanced shear stress for printing with an adverse
effect on cell viability, in addition to the poor adhesion
between the printed layers. In order to achieve this
balance, we developed here the speciﬁed concentrations of the alginate and CaCl2 solutions to form
partially cross-linked alginate hydrogel designed to
achieve suitable mechanical rigidity with sufﬁciently
low viscosity to avoid high printing shear stresses. A
range of alginate concentrations (i.e. 1% w/v to 8%
w/v) and CaCl2 concentrations (i.e. 10–800 mM)
combinations were made to produce the partially
cross-linked hydrogel mixture for testing the best
printing quality. The composition of 4% alginate and
40 mM CaCl2 was found to be the minimum concentration needed to create the interface layers. However,
the suitable ratio to partially cross-linked alginate
hydrogel was 10:1 (w/w) of alginate to CaCl2 at 1:1
volume ratio where lower ratios would result in fully
cross-linking the alginate and turning into an inhomogeneous gel which is not suitable for bioprinting. In
the other hand, higher alginate to CaCl2 ratios might
lead to homogenous gel but would decrease the rigidity
of the gel due to lower presence of CaCl2 in the gel.
Therefore, 10:1 (w/w) of alginate to CaCl2 was ﬁxed
for partially cross-linked alginate hydrogels.
In order to ﬁne-tune the optimal conidtions to 3D
print partially cross-linked alginate hydrogel, a wide
range of alginate hydrogel with relavant cross-linking
conditions were prepared and printed as shown in
ﬁgure 2. Partially cross-linked alginate concentrations
from 0.5% up to 2.5% did not exhibit sufﬁcient mechnical strength to self-support the printed structures.
Higher concentrations of alginate at 3% and 3.5%
could preserve the structure’s shape, however the
printed structures were too soft to maintain good
structural integrity. The minimum alginate concentration which could self-support its structure for
good structural integrity was found to be 4% (w/v)
with ﬁnal CaCl2 concentrartion of 40 mM.
3.2. The effect of CaCl2 and BaCl2 cross-linking bath
on the mechanical properties of printed hydrogels
The mechanical testing suggested that after the partially cross-linked alginate hydrogel was further crosslinked it will have good elastic behaviour. The elastic
modulus was 5.2±0.12 KPa, 20.18±1.62 KPa,
20.87±1.78 KPa and 28.24±0.91 KPa respectively
with exposure to 50 mM, 100 mM, 200 mM and
300 mM CaCl2 and followed by exposure to 60 mM
BaCl2. The partially cross-linked alginate hydrogel
showed an elastic behaviour with elastic modulus of
1.55±0.027 KPa through strain of 1±0.05 mm.
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Figure 2. 3D printed structures (20 mm×20 mm×2 mm) with different concentrations of partially cross-linked alginate hydrogel
with their relevant pre cross-linking reagents.

Therefore the secondary cross-linking process (CaCl2)
had a signiﬁcant effect on boosting the mechanical
properties of the alginate hydrogel to create suitable
rigidity and strength for the structure to withstand its
shape during the bioprinting process. The results
shown in ﬁgure 3 reveal 50 mM CaCl2 as the secondary
cross-linking agent does not have a suitable effect on
mechanical properties of the alginate hydrogel suggesting that it will still have similar mechanical properties to the partially cross-linked alginate hydrogel.
However 100 mM of CaCl2 resulted in a noticeable
change in partially cross-linked alginate hydrogel
mechanical properties giving it a suitable rigidity and
strengths. The secondary cross-linking agent was kept
at 100 mM to prevent exposure of cells to higher
concentrations of CaCl2 which possibly could be
harmful and affect the cell viability and function.
Exposure to 60 mM BaCl2 did not have a signiﬁcant
effect on the mechanical properties of the hydrogel in
general (as shown in ﬁgure 3). The change in
5

mechanical stiffness upon BaCl2 treatment appeared
less obvious when the hydrogel is cross-linked with
higher CaCl2 concentration.
3.3. 3D printed alginate structures
Figure 4(a) shows the simple 3D printed alginate
hydrogel tubular structures with descending diameters
of 20 mm, 15 mm, 10 mm, and 7.50 mm. The tubular
structures were printed by 0.33 mm ID nozzle. They
were made of eight printed layers with 2.5 mm in
height. All tubes had wall thickness of
1.25±0.05 mm as measured by a calliper. Figure 4(b)
shows 10 mm diameter 3D printed alginate hydrogel
tubular structures with 32, 24, 16, 8 printed layers
respectively. The height of these printed structures was
found to be 10.20, 7.40, 5.30 and 2.65. This gave the
average printing height of 322±11 μm/layer.
Furthermore complex 3D structures such as branched
vascular structures shown in ﬁgures 4(d) and (e) were
printed successfully by 0.51 and 0.33 mm ID tips.
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Figure 3. Elastic modulus of partially cross-linked alginate hydrogel exposed to different CaCl2 concentrations for 10 min followed
with or without exposure to BaCl2.

Depending upon the complexity of the printed
structures the height of the interface layers can be
adjusted to ensure the best printing quality. For
example for simple 3D structures such as hollow tubes
in which the same printing pattern was repeated, the
maximum allowable distance of the interface layer
from the nozzle tip to CaCl2 bath was found to be
2 mm or four layers for 0.51 mm ID tip and seven
layers for 0.33 mm ID tip. Where for complex 3D
structures with angular structures it was 0.5 mm or
one layer for 0.51 mm ID tip and two layers for
0.33 mm ID tip. The logic behind the shorter distance
between the nozzle tip and CaCl2 solution interface for
bioprinting complex 3D structures was the lack of
suitable mechanical properties of the partially crosslinked alginate hydrogel to support itself when it was
printed in an angle. It was noticed that when the nozzle
tip was too close to the CaCl2 solution, there were
boundaries formed between the printed layers because
Ca2+ ions could easily diffuse into the printed layers
above the CaCl2 bath. However if the nozzle tip is far
enough from the CaCl2 bath interface, the printed
layers above the CaCl2 solution can merge together
more effective and form a more uniform and continuous construct. This new feature provides improved
mechanical properties of the alginate hydrogel structures as well as the possibility to bioprint complex
structures, which is consistent with the recent ﬁnding
on continuous 3D printing enabled by Continuous
Liquid Interface Production technique [40].
3.4. Degradation of hydrogel and the optimisation
of cross-linking conditions
This study was carried out to control and enhance the
degradation time of the alginate hydrogel by further
cross-linking it with other reagents [41]. BaCl2 solutions at different concentrations were used in order to
achieve a suitable degradation time of the alginate
hydrogel. The printed grid structures which were
exposed to 100 mM of CaCl2 for 10 min and were kept
in culture medium (DMEM, 1.8 mM CaCl2) for 7 d
6

shown in ﬁgure 5(a). The alginate structure started to
break down by the second day and slowly degraded
completely after 7 d as expected. By exposure of the
alginate hydrogel to 10, 20 and 40 mM of BaCl2 for
2 min after initially being exposed to 100 mM of CaCl2
for 10 min, structural degradation was prevented in
accordance with the BaCl2 concentration. However
exposure to 10 mM of BaCl2 as shown in ﬁgure 5(b)
was not enough to keep the printed structure in place
over 7 d where the printed grid structure started
breaking down day by day but not completely
dissolved by day 7. Exposure to 20 mM of BaCl2 as
shown in ﬁgure 5(c) improved the degradation time of
the alginate hydrogel but once again the structure
started to crack slowly where presence of any external
forces could easily break the grid structure which can
cause the cells to escape the alginate structures.
However 40 mM BaCl2 as shown in ﬁgure 4(d) was
able to keep the structure in place over 7 d without the
appearance of visible cracks within the grid structure.
Based on the alginate hydrogel degradation results, at
this stage 40 mM BaCl2 was the minimum concentration needed to be used as tertiary cross-linking agent,
however the cell viability needed to be examined to
investigate whether the secondary and tertiary crosslinking process had any negative effect.
3.5. The effect of Calcium and Barium concentration
on U87-MG Cells
This study was carried out to examine the effects on
U87-MG cells from the 100 mM CaCl2 secondary
cross-linking reagent and the tertiary cross-linking
reagent which was 40 mM BaCl2. U87-MG cells were
ﬁrst treated with 100 mM CaCl2 for 10 min and then
exposed to 10 mM, 20 mM, 40 mM, 60 mM and
100 mM BaCl2 respectively for 2 min similar to the
printing conditions and then cultured for 24 h. The
MTT assay data as shown in ﬁgure 6 shows that after
24 h of culture not only are U87-MG cells not affected
negatively by exposure to BaCl2 but also the cell
growth was seen to be reproducibly improved within
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Figure 4. (a) Printed tube structures with descending diameters (b) and descending height. (c) CAD ﬁle of the vascular structure in
Solid Edge version V20 (d) vascular structures printed by 0.51 mm diameter tip (e) vascular structure printed by 0.33 mm diameter
tip.

Figure 5. (a) Bioprinted grid structure exposed to 100 mM CaCl2 for 10 min and (b) 10 mM (c) 20 mM (d) 40 mM BaCl2 for 2 min.
The structures were then kept in culture medium over 7 d.

24 h using BaCl2 concentrations of 60 and 100 mM.
Therefore based on the degradation results and
MTT assay data, 60 mM of BaCl2 was chosen as the
tertiary cross-linking agent rather than 40 mM of
7

BaCl2 which could further enhance the alginate
hydrogel stability and support cell growth within the
alginate structure for at least 7 d or more as previously
discovered.
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Figure 6. MTT Assay of U87-MG cells after 24 h of culture after being exposed 100 mM of CaCl2 for 10 min and then exposed to
different BaCl2 concentrations.

Figure 7. (a) Prepared partially cross-linked alginate hydrogels with their relevant cross-linking reagents in ascending order form left
to right. (b) Partially cross-linked alginate hydrogel viscosity measurements.

3.6. The inﬂuence of the alginate viscosity on cell
viability
The prepared partially cross-linked alginate hydrogels
as shown in ﬁgure 7(a) had viscosity range from
0.13±0.12 Pa.S at 0.5% to 958±69 Pa.S at 6%. The
viscosity increased exponentially in alginate hydrogel
concentration as shown in ﬁgure 7(b). The hydrogel
used in bioprinting which had a ﬁnal alginate concentration of 4% (w/v) and CaCl2 concentration of
40 mM had a viscosity of 117±2.5 Pa.s. There appear
to be a turning point in the viscosity change, which is
8

around 4.0%. Additionally, the visual inspection of
alginate in centrifuge tubes shows 4% is also the
transitional point of alginate concentration where
more solid hydrogel is formed.
Cell viability of bioprinted U87-MG cells shown in
ﬁgure 8 indicates that, 2%, 3%, and 4% (w/v) partially
cross-linked alginates with their relevant cross-linking
reagents were maintained above 90% immediately
after bioprinting. However cell viability of U87-MG
cells dropped to 83.8%±1.2% due to a higher viscosity of the bio-ink when the concentration of partially
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Figure 8. Cell viability of the bioprinted cell-laden partially cross-linked alginate hydrogel immediately after bioprinting at different
concentrations.

Figure 9. Confocal images of biopinted U87-MG cells throughout 11 d. The grid boxes are 50 μm, scale bar: 100 μm.

9
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Figure 10. U87-MG Cell viability within 3D alginate hydrogel structures over the period of 11 d. Viability was assessed by choosing
three random ﬁelds of the same construct.

cross-linked hydrogel was 5% compared to the lower
concentrations. The cell viability in 6% partially crosslinked alginate hydrogel was 61.5%±9.8%, which
was a dramatic change due to signiﬁcant increase in
viscosity of the hydrogel which was almost eight times
higher than the normal printing condition of 4% partially cross-linked alginate hydrogel.
3.7. 3D printing of U87-MG cells in alginate
hydrogel and its effect on cell Viability
U87-MG cells were bioprinted with partially crosslinked alginate hydrogel and then cross-linked with
100 mM CaCl2 for 10 min followed by matrix stabilisation with 60 mM BaCl2 for 2 min. Cell viability in
the 3D constructs was monitored for 11 d postprinting as shown in confocal images in ﬁgure 9.
Figure 10 summarised the 3D cell viability throughout
the 11 d period. The printed cells had a viability of
92.9%±0.9% immediately after printing at day 0.
Viability then remained steadily high, staying over
88%±4.3%. The cross-linked alginate hydrogel
maintained its structure over 11 d while keeping the
embedded cell viability over 88%±4.3% throughout
which indicates a suitable permeability of the alginate
hydrogel to allow efﬁcient diffusion of nutrient,
oxygen and waste removal within the alginate hydrogel. And as seen in ﬁgure 6 the U87-MG cells appear as
individual cells immediately after printing, however
within days of culture, proliferation through to the gel
allows intercellular interaction implying a good porosity of the alginate hydrogel.

4. Conclusions
In this paper we developed a new bioprinting
technique for 3D printing of alginate based hydrogel
structures and evaluated its applicability for 3D
bioprinting of tumour cells. Using this new free-form
fabrication technique, partially cross-linked alginate
hydrogels were formulated with tuneable mechanical
properties to create tubular and more complex, and
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continuous 3D hydrogel structures. Degradation time
of alginate hydrogel in cell culture media was investigated and the stability of the alginate hydrogel can be
enhanced by post-printing treatment of BaCl2. The
proposed technique enables the possibility of bioprinting live human cells with high cell survival rate after
bioprinting. This is a promising bioprinting technique
that can be applied to fabricate clinically sized soft
tissues with more complex and multi-cellular
structures.
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