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Abstract: Cancer is one of the most life-threatening diseases worldwide. Despite the huge efforts, the
failure rate of therapies remains high due to cells heterogeneity, so physiologically relevant models
are strictly necessary. Bioprinting is a technology able to form highly complex 3D tissue models
and enables the creation of large-scale constructs. In cancer research, Matrigel® is the most widely
used matrix, but it is hardly bioprinted pure, without the use of any other bioink as reinforcement.
Its complex rheological behavior makes the control with a standard bioprinting process nearly
impossible. In this work, we present a customized bioprinting strategy to produce pure Matrigel®

scaffolds with good shape fidelity. To this aim, we realized a custom-made volumetric dispensing
system and performed printability evaluations. To determine optimal printing parameters, we
analyzed fibers spreading ratio on simple serpentines. After identifying an optimal flow rate of
86.68 ± 5.77 µL/min and a printing speed of 10 mm/min, we moved forward to evaluate printing
accuracy, structural integrity and other key parameters on single and multi-layer grids. Results
demonstrated that Matrigel® was able to maintain its structure in both simple and complex designs,
as well as in single and multilayer structures, even if it does not possess high mechanical strength.
In conclusion, the use of volumetric dispensing allowed printing pure Matrigel® constructs with a
certain degree of shape fidelity on both single and multiple layers.

Keywords: 3D bioprinting; Matrigel®; volumetric dispensing

1. Introduction

Cancer is one of the most life-threatening disease worldwide, accounting for an
estimated 9.6 million deaths in 2018 [1]. Despite huge efforts, the failure rate of therapies
remains still high due to cells heterogeneity, which leads to the development of drug-
resistance mechanism [2,3]. Therefore, more complex and physiologically relevant models
are strictly necessary to obtain a deeper understanding of cancer evolution.

Moreover, 3D models, contrarily to 2D monolayer cell cultures, provide more accurate
representations of cancer tissues in terms of tumor microenvironment and biological
behavior by mimicking 3D complexity, which is crucial for developing early diagnosis
and treatment strategies for cancer [2]. Among all of them, organoids possess excellent
potential for studying development and disease mechanism. However, current 3D in vitro
models suffer from a number of significant limitations, such as oversimplified structures,
limited vascularization [4], and limited dimensions of tissue constructs [5].

To overcome these problems, bioprinting can be considered a potential solution, as it
is able to form highly controllable cancer tissue models thanks to the precise control of cell
distribution within 3D space. Moreover, it enables the creation of large-scale constructs
using either single-cells or organoids [2,4,5].
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In cancer research, Matrigel®, a natural hydrogel ECM purified from Engelbreth-Holm-
Swarm mouse sarcoma, is the most widely used matrix for culture of 3D organoids [5,6],
thanks to its biologically active nature. These cellular constructs, whose dimensions are
about hundreds of microns, usually grow inside small droplets generated using standard
pipetting systems and represent a good solution for short-term cultures. However, to study
drug-resistance mechanism and tumor evolution, biologists require novel 3D large-scale
cancer models. These structures would be preferably realized with Matrigel®, but its
complex rheological behavior and low mechanical properties impede to bioprint it pure.
For these reasons, it is often combined with other bioinks [5,7–9] as support materials, even
if they introduce additional biological variabilities, which make them a suboptimal choice
in the field of 3D culture of organoids.

Indeed, it is not possible to extrude Matrigel® with a standard pneumatic-driven
dispensing system as it is ejected out of the syringe with an uncontrollable behavior as
soon as pressure is applied. This phenomenon seems to be similar to the “spurt” effect
reported by polymeric melts, in which above a certain critical pressure value, flow rate
abruptly increases [10–12]. Instead, volumetric control allows uncoupling the extrusion
of Matrigel® from the pressure generated in the dispenser, which directly depends on the
rheological properties of the matrix, working conditions and nozzle geometry.

To the best of our knowledge, only J. E. Snyder et al. [13] successfully bioprinted pure
Matrigel®. They bioprinted Matrigel® containing liver cells into a PDMS microfluidic chip,
by using a temperature-controlled cell printing system that prevented gelation prior to
Matrigel® extrusion. In this way, the shape of the structures was given by the confinement
of the extruded matrix into a pre-defined cavity. Consequently, cell cultures could only be
performed inside the chip. Instead, 3D bioprinting of free-standing Matrigel® constructs
remained an open point.

In our work, we address it by presenting an alternative bioprinting strategy to produce
Matrigel® scaffolds. This method, contrarily to what is reported in the literature, allows
obtaining free-standing structures with good shape fidelity.

2. Materials and Methods
2.1. Bioprinting System

Bioprinting was performed using a commercial 3D Fused Deposition Modeling (FDM)
printer Prusa i3 (Prusa Research, Prague, Czech Republic), specially modified to achieve a
volumetric dispensing system. In particular, the printhead, initially designed to heat and
extrude a plastic filament, was modified with a custom-made syringe pumping system,
comprised of a linear actuator connected to a syringe housing (Figure 1), designed with
Solidworks 2020 and 3D printed in PLA. A stepper motor (17HS16-2004S, Quimat, Hong
Kong, China) was attached to the syringe adapter in order to push the plunger of a syringe
containing the bioink. To achieve a counterclockwise rotation—and therefore the proper
movement of the linear actuator—the four wires were reversed. Furthermore, to obtain a
functioning system, we also disabled the extruder and printing plate heating system, as
they were no more required. In Table 1, we report the starting and the ending gcode that
we used to bioprint our constructs.

2.2. Bioink Preparation

For these experiments, ThermoFisher Scientific Matrigel® (LOT 0202003, Corning,
NY, USA) was used. It was maintained at 4 ◦C to ensure liquid-state and proper loading
inside a 1 mL glass syringe (Gas Tight, Hamilton Company, Reno, NV, USA) minimizing
the presence of air bubbles. Then, it was placed into an incubator at 37 ◦C for 15 min to
obtain complete Matrigel® gelation. Finally, the syringe was mounted on Prusa i3 adapter
for bioprinting.
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Figure 1. Schematic representation of modified 3D printer Prusa I3. The main components include: 
(A) linear actuator designed to push syringe plunger; (B) syringe containing Matrigel; (C) syringe 
housing; (D) stepper motor; (E) ball screw; (F) syringe plunger holder connected to the ball screw 
to achieve movement; (G) syringe holder; (H) linear actuator structure; (I) adapter to connect the 
linear actuator to the 3D printer moving part; (L) M8 threaded rod with a 2 mm pitch. 

Table 1. Gcode used at the start and at the end of the print. Some gcode lines were modified or 
removed. 

Starting Gcode Ending Gcode 
G21; metric values  

G90; absolute positioning  
M82; set extruder to absolute mode G91; relative positioning 

M107; start with the fan off G1 Z25.0; move Z up 
G28 X0 Y0; move X/Y to min endstops G1 X0 Y0;  

G28 Z0; move Z to min endstops M84; steppers off 
G1 Z25.0 F9000; move the extruder up G90; absolute positioning 

* M302 S0; (always allow extrusion)  
* M92 E150;  
* G1 F9000;  

* Asterisks indicate modifications to the original gcode file. 
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Figure 1. Schematic representation of modified 3D printer Prusa I3. The main components include: (A) linear actuator
designed to push syringe plunger; (B) syringe containing Matrigel; (C) syringe housing; (D) stepper motor; (E) ball screw;
(F) syringe plunger holder connected to the ball screw to achieve movement; (G) syringe holder; (H) linear actuator structure;
(I) adapter to connect the linear actuator to the 3D printer moving part; (L) M8 threaded rod with a 2 mm pitch.

Table 1. Gcode used at the start and at the end of the print. Some gcode lines were modified or removed.

Starting Gcode Ending Gcode

G21; metric values
G90; absolute positioning

M82; set extruder to absolute mode G91; relative positioning
M107; start with the fan off G1 Z25.0; move Z up

G28 X0 Y0; move X/Y to min endstops G1 X0 Y0;
G28 Z0; move Z to min endstops M84; steppers off

G1 Z25.0 F9000; move the extruder up G90; absolute positioning
* M302 S0; (always allow extrusion)

* M92 E150;
* G1 F9000;

* Asterisks indicate modifications to the original gcode file.

2.3. Optimization of the Printing Process

For fiber bioprinting optimization, we performed two major steps: definition of
optimal flow rate and printing speed. Firstly, we printed serpentines with three different
flow rates (43.34 ± 5.77, 86.68 ± 5.77 and 116.69 ± 5.77 µL/min) corresponding to E100,
E150 and E200 in the gcode file. After defining optimal flow rate, four printing speeds (5,
10, 15 and 20 mm/s) were evaluated. All tests were performed at room temperature using a
25G (inner diameter 0.26 mm) plastic conical needle and glass microscope slides as printing
surface. CAD files were designed in Solidworks 2020 (Dassault Systèmes SOLIDWORKS
Corp., Waltham, MA, USA) and processed with Ultimaker Cura 4.7. Images of the fibers
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were acquired with an inverted microscope (Olympus IX73 SC180 CSD) at 4×magnification
and analyzed with ImageJ (NIH, Bethesda, MD, USA) software [14].

For each serpentine printed, we analyzed their ability to maintain the desired shape
upon deposition by computing the spreading ratio Equation (1) [15]:

Spreading ratio =
Filament Diameter
Needle Diameter

(1)

Fifteen measures of the fibers were taken (Figure 2A) and then, the average spreading
ratio was evaluated. According to the results, we defined optimal parameters in order to
achieve continuous, homogeneous fiber deposition, and the lowest spreading ratio.
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Figure 2. Schematic representation of fiber diameter and pores evaluation. In panel (A) red circles indicate points in which
fibers were measured. In panel (B) an orange square shows an example of a printed area taken into consideration for
printing accuracy evaluation, while red circles indicates the main points used to estimate fiber diameters in grid structures.
Those analyses were performed for each pore.

2.4. Printing Accuracy

To evaluate the printability of complex structures, we performed a preliminary analy-
sis on single-layered squared grids with varied pores side ranging from 4 to 6 mm, and
layer height of 0.4 mm. For printing, we used optimal parameters defined as described in
paragraph 2.3. Images were obtained using an inverted Microscope (Olympus IX73 SC180
CSD, Olympus Corp., Tokyo, Japan) with a 4×magnification and analyzed using ImageJ
software. For each print, we performed morphological characterization of the pores in
order to assess the printing accuracy and shape fidelity. Specifically, we calculated printing
accuracy using the following Equation (2) [16]:

Printing Accuracy [%] =

[
1− |Ai−A|

A

]
× 100 (2)

For each grid, the printed area Ai of each pore was compared to the designed area A
(Figure 2B). The average printing accuracy was then estimated.

Instead, as regards printability index (Pr), we used Equation (3) [17]:

Pr =
L2

16A
(3)

where L is the average perimeter of the pore, while A is the average area of the pore.
Pores with perfect squared shape have a Pr index equal to 1. Instead, circular pores have
Pr < 1, while irregular shapes have Pr > 1. For each grid, each pore was considered in the
calculation. Then, the average printability index was determined.

In order to assess the capability of the bioink to retain their structure when printed
over multiple layers, we printed six layer grids with two different shapes: square and circle.
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In this case, we considered three main parameters in the evaluation: layer height, shape
fidelity [18] and structural integrity [19]. In particular, for the last two indexes, we used the
following Equations (4) and (5):

Shape fidelity [%] =
Printed pore area

Designed pore area
× 100 (4)

Structural integrity [%] =
Measured height
Desired height

× 100 (5)

For both single and multi-layer structures, we also evaluated the mean fiber diameter
of each pore (Figure 2B).

2.5. Rheological Characterization

The rheological behavior of the bioink was characterized using an Anton Paar MCR 502
rheometer (Anton Paar, Graz, Austria) with parallel-plate configuration (25 mm diameter,
0.45 mm gap). Temperature was controlled during the entire test using a Peltier plate and
hood. In order to obtain proper loading of the sample, a Matrigel® droplet of 600 µL was
pipetted on a Parafilm sheet four hours before the experiment and stored in a freezer at
−4 ◦C. At the beginning of the test, the sample was gently positioned between the pre-
cooled rheometer plates, at 2 ◦C, using a spatula. A wet paper was then placed inside the
test hood far from the sample, to prevent dehydration. In order to investigate the effect of
temperature on the rheological behavior of the bioink, the same thermal history as during
the bioprinting experiment was applied to the sample. An initial oscillatory test (1% strain,
1 rad/s angular frequency) was carried out while heating the sample up to 37 ◦C. After this
temperature was maintained for 15 min, a frequency sweep test was conducted from 0.1 to
10 rad/s (1% strain). Then, the sample was cooled down to 20 ◦C and a second frequency
sweep test was performed at this temperature (strain of 1%, 0.1–10 rad/s). Finally, steady
state shear-viscosity tests were conducted at 20 ◦C in the 0.1–500 s−1 shear rates range, first
scanning it from the lower to the higher value and then going back from the higher to the
lower. In this test, viscosity was measured at logarithmically spaced shear rate points.

2.6. Cell Viability

Murine prostate cancer cells (Pten-/-P53-/-) were expanded in monolayer cultures,
containing complete Dulbecco modified Eagle’s medium (DMEM, GibcoTM, ThermoFisher
Scientific, Waltham, MA, USA) culture medium, supplemented with 10% FBS, Penicillin-
Streptomycin and L-Glutammine. They were maintained at 37 ◦C and 5% CO2. At 90%
confluence, they were washed with PBS (MicroGem, TL1006-500ML, VWR, Radnor, OH,
USA), trypsinized and resuspended in Matrigel® solution at a cell density of 106 cells/mL.
Then, it was loaded into a 1 mL glass syringe (Gas Tight, Hamilton Company, Reno, NV,
USA) minimizing the presence of air bubbles. To avoid Matrigel® gelation, all materials
were kept at 4 ◦C. At the end of the preparation, the syringe was placed into an incubator
at 37 ◦C for 15 min to obtain complete Matrigel® gelation. Finally, it was mounted on Prusa
i3 adapter for bioprinting and three circular six-layer grids (1.5 cm diameter) were printed
into a 6 well plate, using a flow rate of 86.68 µL/min, a printing speed of 10 mm/s and a
25G conical plastic needle. Three drops of 100 µL were manually deposited into a separate
6-well plates as controls. Afterwards, 2 mL of DMEM were added to each well and plates
were placed into the incubator at 37 ◦C and 5% CO2.

Cells images were acquired with an inverted microscope (Olympus IX73 SC180 CSD,
Olympus Corp., Tokyo, Japan) at 10× and 20× magnification 4 h after the extrusion
process. To evaluate cell viability, alive and dead cells were counted. Each construct was
mechanically disrupted by pipetting 2 mL of ice-cold PBS solution in each well and then,
centrifuged for 5 min. After, 10 µL of the final suspension were mixed with an equal
amount of trypan blue for live-dead cell counting by using the Bürker counting chamber.
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2.7. Statistical Analysis

Data were expressed as mean ± standard deviation. Statistical analyses were per-
formed using GraphPad Prism 7.00 and differences were evaluated by a non-parametric
t-test. A value of p < 0.05 was considered as statistically significant.

3. Results and Discussion

Matrigel® is an ECM mixture primarily constituted by collagen type IV, laminin,
entactin and perlecan. Thanks to its composition, it resembles complex basement membrane
environments that could be found in many normal tissues [20]. Moreover, even if its exact
composition is not well defined as it is derived from mouse tumor cells, researchers
continue to use it for cell cultures owing to its availability, ease of use and versatility for
culturing different types of cells [21]. Moreover, it is able to facilitate cells self-organization
into structures that closely mimic the features of in vivo tissue [6], which makes it the most
widely used matrix for 3D organoids cultures. It is also used in 3D bioprinting applications.
However, it is commonly used in combination with other bioinks, because it possesses a
complex rheological behavior that makes it hardly bioprintable with common bioprinting
strategies. It is used to improve biocompatibility, as many hydrogels lack essential protein
components, compromising performances. Therefore, we proposed a modified strategy
to bioprint pure Matrigel®, analyzing the impact of volumetric dispensing. In particular,
in order to obtain 3D structures, we first assessed printability and shape fidelity, as key
aspects in the development of a bioink.

3.1. Optimization of the Printing Process

The first step was to define the optimal printing parameters in order to obtain a
continuous and homogenous filament with good shape fidelity. To reach this main goal,
serpentines were printed with different feeding rates and the width of the printed fibers
were measured using ImageJ.

Figure 3 shows that the spreading ratio progressively increased accordingly to the
feed rate, but fibers became more homogeneous even if the filaments presented some
discontinuities. In selecting the best parameter, the lowest spreading ratio (Equation (1)) is
desirable as it allows creating cell laden hydrogel structures with high precision. However,
standard deviation must be considered because fibers must be also homogenous. The
lowest spreading ratio was reported with a flow rate of 43.34± 5.77 µL/min, corresponding
to gcode E100, but it possessed the highest standard deviation. Instead, fibers achieved
with flow rates of 86.68 ± 5.77 µL/min (E150) and 116.69 ± 5.77 µL/min (E200) were more
homogeneous with standard deviation equal to 1.89. Despite the variations, all values
remained comparable with those reported in the literature for common bioinks, such as
Low MW Alginate crosslinked with Calcium Chloride [22]. Considering all these aspects,
fibers obtained with 86.68± 5.77 µL/min (E150), which had a spreading ratio of 8.48± 1.82
(mean fiber diameter of 2.21 ± 0.47 mm), were considered as the best results in terms of
both spreading ratio and homogeneity. This feed rate was used for the following analyses.

To establish the optimal printing speed, we investigated four different velocities
ranging from 5 to 20 mm/s, using the selected feed rate. In this case, results reported only
slight variations among the different values. Indeed, the lowest spreading ratio, obtained
with 5 mm/s, was 7.54 ± 1.66 (mean fiber diameter of 1.96 ± 0.43 mm), which differed
from the values obtained for 10 mm/s and 20 mm/s only for 2.5% and 8.6% respectively
(Figure 4). However, as stated for feed rate evaluation, lower standard deviations were
recorded for 10 and 20 mm/s. Therefore, in order to determine the optimal printing speed,
we selected the lowest spreading ratio with the lowest standard deviation (9.24 ± 1.84),
corresponding to a mean fiber diameter of 2.40 ± 0.48 mm, which was achieved with
10 mm/s.
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Figure 4. Printability evaluation in terms of printing speed. Graph shows the spreading ratio of
Matrigel fibers. Representative images are reported for 5 mm/s (A), 10 mm/s (B), 15 mm/s (C) and
20 mm/s (D) speeds. Scale bar: 1 cm.

3.2. Printing Accuracy on Single Layer Constructs

In order to evaluate the capability of Matrigel® to be used for complex structures, we
evaluated printing accuracy (Equation (2)) in terms of difference between the printed and
theoretical area. By estimating this index, we evaluated the capability of the system to
maintain an open area compared to the designed one. For this purpose, we analyzed single
layer squared grids with side square pore ranging from 4 to 6 mm.

D shows that larger pores corresponded to better printing accuracy. Indeed, square
pores of 6 mm side accounted for 78.19% ± 18.41%, while square pores of 4 mm side
reached 34.30% ± 15.99%, showing less precision and shape fidelity with respect to the
CAD model.

Together with printing accuracy, we also evaluated printability index (Pr) (Equation (3)),
which is related to the capability of the structure to retain a squared pore. Results reported
in Figure 5E shows, for square pores of 6 mm side, a Pr close to 1, indicating that the
squareness of the pore is preserved even if smaller than the designed one. Reduction in the
pore dimension induces a Pr decrease. However, it still remains over 0.8, which indicates
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a good capability of the constructs to retain their structures compared to CAD models.
Printability index is a semiquantitative evaluation, based on the circularity of the printed
fibers and shape fidelity of the pore. It gives an indication of the ink stabilization after
dispensing and can provide an estimation of the shape fidelity in the x–y plane [23].
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3.3. Printing Accuracy on Multi-Layer Scaffolds

Once achieved the proper deposition of single layer structures, it is important to
evaluate printability on multi-layer constructs. In this case three key parameters must
be evaluated: the geometric accuracy, in terms of shape fidelity (Equation (4)), layer
stacking and structural integrity (Equation (5)) [23]. By comparing the printed structures
with CAD models (Figure 6) and with the results achieved with single layer constructs,
we were able to determine the capability of the fibers to maintain their shape in case of
multi-layer printing. Indeed, the mean fiber diameter obtained for squared and circular
structures (2.71 ± 0.41 mm and 3.4 ± 0.74 mm) was comparable with the one obtained in
the previous analyses, demonstrating consistency in the bioprinting process also in the
case of multi-layer structures and with different geometries.

Moreover, shape fidelity was about 30% for both structures. This percentage was also
associated with a high standard deviation, which might be due to undesired movements of
the custom-made extruder. This possible layer misalignment during bioink deposition may
be solved by further stabilizing the extruder. This phenomenon could be an explanation
of the rapid decrease in shape fidelity for squared grids printed on six layers compared
to the single layer one. Hence, filaments tended to collapse and to merge with each
other. However, filaments were still capable of maintaining the pore shape, although
becoming smaller and rounder. As regards, instead, structural integrity, it reached at least
50% (Table 2), which was in accordance with the expectations, considering Matrigel low
mechanical properties. However, results were higher than those reported in literature,
in which the structure totally collapsed. In the literature, for example, the three layer
Matrigel® grid realized by Schmidt et al. [24] was unable to retain the desired shape,
flattened onto the substate, and occluded the pores of the grid.
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Table 2. Indexes used to evaluate printability for multi-layered structures.

3D Printed
Structure

Shape Fidelity
[%]

Layer Height
[mm]

Structural
Integrity [%]

Mean Fiber
Diameter [mm]

Square 33.83 ± 8.98 1.41 ± 0.43 58.69 2.71 ± 0.41
Circle 27.58 ± 9.08 1.45 ± 0.43 60.34 3.40 ± 0.74

Furthermore, our bioprinted structures have also dimensions comparable with those
reported in the literature [13,15], so we are confident that they would be suitable to produce
long-term large scale 3D in vitro cancer models.

3.4. Rheological Characterization

To obtain optimal use of Matrigel® in bioprinting applications, understanding and
characterizing rheological properties is necessary. Considering the effect of temperature
on Matrigel® crosslinking, the first step was the investigation of the effects of the thermal
history the material undergoes before bioprinting. By increasing temperature from 2 to
37 ◦C at 5 ◦C/min, we identified the gelation point, as point of crossover between the
conservative (G′) and dissipative (G′ ′) components of the complex shear modulus around
6 ◦C, which is in line with the work of Kane et al. [25]. Below this value, Matrigel® is in
liquid-state, while above it, it starts exhibiting a solid-like behaviour. However, as reported
in Figure 7A, the difference between storage (G′) and loss (G′ ′) modulus remained small,
making it difficult to manipulate the material without an accurate temperature control
system. At temperature higher than around 17 ◦C, instead, the two curves started to diverge
suggesting the formation of a consistent gel. Since Matrigel was gelled in the incubator at
37 ◦C, and then extruded at room temperature, we compared mechanical properties at both
temperatures. Looking at the Figure 7B, the ratio between G′ and G′ ′ at 20 and 37 ◦C is
approximately equal. However, mechanical properties are higher at 20 ◦C than 37 ◦C. With
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the initial gel properties defined, to assess bioink printability, we needed to understand the
response of the material during the extrusion stage. For this purpose, we analyzed viscosity
dependency from the shear rate by recording the flow curves (Figure 7C). Increasing the
shear rate from 0.1 to 500 s−1, viscosity rapidly dropped from 46.6 to 0.25 Pa·s. The material
viscosity trend was similar on both increasing and decreasing shear rates, suggesting that
no permanent structural variations occur during shearing.
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Figure 7. Matrigel® rheological characterization during preparation and extrusion phase. (A) Evalu-
ation of G′ and G′ ′ value over time at 1 rad/s for thermal history investigation. (B) Frequency sweep
test at 20 ◦C (grey) and 37 ◦C (black). (C) Steady state viscosity measurements ranging from 0.1 to
500 s−1 (filled symbols) and from 500 to 0.1 s−1 (open symbols).

3.5. Cell Viability

Shear stress is a key parameter in cell biology, as it influences both cell viability, but
also cell signaling and protein expression. Indeed, excessive shear stresses can disrupt cells
membrane and induce cell death. Shear stress is strictly related to multiple parameters,
such as flow rate, nozzle shape and diameter and bioink viscosity. Common bioprinting
methods use air pressure to extrude a filament, but this method is unable to accurately
control shear inside the cartridge. The same problem is also present with manual pipetting,
where biologists do not have control of shear stresses applied to cells. On the contrary, the
use of a volumetric dispensing system allows a better control of the extrusion process and
the shear stress levels. Indeed, in our test we compared manual deposition, considered as
control, with the volumetric-controlled bioprinting process, while maintaining the same
thermal history on both biological samples. Figure 8 reports good cell viability after 4 h
of culture, with a percentage of alive cells higher than 80%. This value is comparable to
the one reported by the control. Therefore, the bioprinting process allowed us to bioprint
more complex and bigger constructs without impairing cell viability. Moreover, the results
obtained suggested that this strategy is also compatible with the bioprinting of organoids.
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4. Conclusions

In conclusion, Matrigel® is the most used material in cancer research, thanks to its
biologically active nature. However, its use in large-scale constructs is still limited due to
its complex rheological behavior and low mechanical properties. Indeed, it is not possible
to extrude Matrigel® with a standard pneumatic-driven dispensing system as it is abruptly
ejected out of the syringe as soon as pressure is applied. In particular, this uncontrollable
behavior prevents its use in bioprinting as pure bioink. However, Matrigel® possesses
peculiar biological characteristics, which presents biologists with the requirement of novel
systems to produce free-standing, large-scale constructs with pure Matrigel®. Therefore,
we modified a commercially available 3D FDM printer, in order to substitute the original
extruder with a volumetric dispensing system for bioink extrusion. It was demonstrated
to be an effective method to bioprint pure Matrigel® constructs and to maintain a certain
degree of shape fidelity, even when printing on multiple layers. The modifications to the
3D printer allowed us to accurately control the flow rate of the bioink during the printing
process, maintaining a good level of cell viability.



Polymers 2021, 13, 2026 12 of 13

Author Contributions: Conceptualization, P.D.S., F.B.-V., A.F.P., and E.B.; methodology, P.D.S.,
F.B.-V., E.B., A.H.d.H., and P.C.; validation, P.D.S., A.H.d.H., and P.C.; formal analysis, P.D.S., F.B.-
V., A.H.d.H., and P.C.; investigation, P.D.S. and F.B.-V.; resources, A.F.P.; writing—original draft
preparation, P.D.S.; writing—review and editing, P.D.S. and E.B.; supervision, E.B. and G.D.; project
administration, G.D.; funding acquisition, G.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This work is part of the Accelerator Award n◦ A26815 entitled: “Single-cell cancer evolution in
the clinic” funded through a partnership between Cancer Research UK and Fondazione AIRC (n◦ 22790).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Knowlton, S.; Onal, S.; Yu, C.H.; Zhao, J.J.; Tasoglu, S. Bioprinting for cancer research. Trends Biotechnol. 2015, 33, 504–513.

[CrossRef] [PubMed]
3. McGranahan, N.; Swanton, C. Biological and therapeutic impact of intratumor heterogeneity in cancer evolution. Cancer Cell

2015, 27, 15–26. [CrossRef]
4. Shrike Zhang, Y.; Duchamp, M.; Oklu, R.; Ellisen, L.W.; Langer, R.; Khademhosseini, A. Bioprinting the Cancer Microenvironment

HHS Public Access. October 2016, 10, 1710–1721. [CrossRef]
5. Rawal, P.; Tripathi, D.M.; Ramakrishna, S.; Kaur, S. Prospects for 3D bioprinting of organoids. Bio-Design Manuf. 2021. [CrossRef]
6. Hou, S.; Tiriac, H.; Sridharan, B.P.; Scampavia, L.; Madoux, F.; Seldin, J.; Souza, G.R.; Watson, D.; Tuveson, D.; Spicer, T.P.

Advanced Development of Primary Pancreatic Organoid Tumor Models for High-Throughput Phenotypic Drug Screening. SLAS
Discov. Adv. Sci. Drug Discov. 2018, 23, 574–584. [CrossRef] [PubMed]

7. Valot, L.; Martinez, J.; Mehdi, A.; Subra, G. Chemical insights into bioinks for 3D printing. Chem. Soc. Rev. 2019, 48, 4049–4086.
[CrossRef]

8. Sundaramurthi, D.; Rauf, S.; Hauser, C. 3D bioprinting technology for regenerative medicine applications. Int. J. Bioprinting
2016, 2. [CrossRef]

9. Maloney, E.; Clark, C.; Sivakumar, H.; Yoo, K.; Aleman, J.; Rajan, S.A.P.; Forsythe, S.; Mazzocchi, A.; Laxton, A.W.; Tatter, S.B.; et al.
Immersion bioprinting of tumor organoids in multi-well plates for increasing chemotherapy screening throughput. Micromachines
2020, 11, 208. [CrossRef]

10. Hatzikiriakos, S.G.; Dealy, J.M. Role of slip and fracture in the oscillating flow of HDPE in a capillary. J. Rheol. (N. Y.) 1992, 36,
845–884. [CrossRef]

11. Kalika, D.S.; Denn, M.M. Wall Slip and Extrudate Distortion in Linear Low-Density Polyethylene. J. Rheol. (N. Y.) 1987, 31,
815–834. [CrossRef]

12. Molenaar, J.; Koopmans, R.J. Modeling polymer melt-flow instabilities. J. Rheol. (N. Y.) 1994, 38, 99–109. [CrossRef]
13. Snyder, J.E.; Hamid, Q.; Wang, C.; Chang, R.; Emami, K.; Wu, H.; Sun, W. Bioprinting cell-laden matrigel for radioprotection

study of liver by pro-drug conversion in a dual-tissue microfluidic chip. Biofabrication 2011, 3, 034112. [CrossRef]
14. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.

[CrossRef]
15. Daly, A.C.; Critchley, S.E.; Rencsok, E.M.; Kelly, D.J. A comparison of different bioinks for 3D bioprinting of fibrocartilage and

hyaline cartilage. Biofabrication 2016, 8, 045002. [CrossRef]
16. Di Giuseppe, M.; Law, N.; Webb, B.; Macrae, R.A.; Liew, L.J.; Sercombe, T.B.; Dilley, R.J.; Doyle, B.J. Mechanical behaviour of

alginate-gelatin hydrogels for 3D bioprinting. J. Mech. Behav. Biomed. Mater. 2018, 79, 150–157. [CrossRef]
17. Ouyang, L.; Yao, R.; Zhao, Y.; Sun, W. Effect of bioink properties on printability and cell viability for 3D bioplotting of embryonic

stem cells. Biofabrication 2016, 8, 1–12. [CrossRef] [PubMed]
18. Kim, M.K.; Jeong, W.; Lee, S.M.; Kim, J.B.; Jin, S.; Kang, H.W. Decellularized extracellular matrix-based bio-ink with enhanced 3D

printability and mechanical properties. Biofabrication 2020, 12. [CrossRef]
19. Gao, T.; Gillispie, G.J.; Copus, J.S.; Kumar, A.P.R.; Seol, Y.J.; Atala, A.; Yoo, J.J.; Lee, S.J. Optimization of gelatin-alginate composite

bioink printability using rheological parameters: A systematic approach. Biofabrication 2018, 10. [CrossRef]
20. Gomillion, C.T.; Burg, K.J.L. 6.22 Adipose Tissue Engineering. In Comprehensive Biomaterials II; Elsevier: Amsterdam,

The Netherlands, 2017; pp. 403–415.
21. Aisenbrey, E.A.; Murphy, W.L. Synthetic alternatives to Matrigel. Nat. Rev. Mater. 2020, 5, 539–551. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1016/j.tibtech.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26216543
http://doi.org/10.1016/j.ccell.2014.12.001
http://doi.org/10.1021/acsbiomaterials.6b00246
http://doi.org/10.1007/s42242-020-00124-1
http://doi.org/10.1177/2472555218766842
http://www.ncbi.nlm.nih.gov/pubmed/29673279
http://doi.org/10.1039/C7CS00718C
http://doi.org/10.18063/IJB.2016.02.010
http://doi.org/10.3390/mi11020208
http://doi.org/10.1122/1.550320
http://doi.org/10.1122/1.549942
http://doi.org/10.1122/1.550603
http://doi.org/10.1088/1758-5082/3/3/034112
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1088/1758-5090/8/4/045002
http://doi.org/10.1016/j.jmbbm.2017.12.018
http://doi.org/10.1088/1758-5090/8/3/035020
http://www.ncbi.nlm.nih.gov/pubmed/27634915
http://doi.org/10.1088/1758-5090/ab5d80
http://doi.org/10.1088/1758-5090/aacdc7
http://doi.org/10.1038/s41578-020-0199-8


Polymers 2021, 13, 2026 13 of 13

22. Freeman, F.E.; Kelly, D.J. Tuning alginate bioink stiffness and composition for controlled growth factor delivery and to spatially
direct MSC Fate within bioprinted tissues. Sci. Rep. 2017, 7, 17042. [CrossRef] [PubMed]

23. Schwab, A.; Levato, R.; D’Este, M.; Piluso, S.; Eglin, D.; Malda, J. Printability and Shape Fidelity of Bioinks in 3D Bioprinting.
Chem. Rev. 2020, 120, 11028–11055. [CrossRef] [PubMed]

24. Schmidt, S.K.; Schmid, R.; Arkudas, A.; Kengelbach-Weigand, A.; Bosserhoff, A.K. Tumor Cells Develop Defined Cellular
Phenotypes After 3D-Bioprinting in Different Bioinks. Cells 2019, 8, 1295. [CrossRef] [PubMed]

25. Kane, K.I.W.; Lucumi Moreno, E.; Lehr, C.M.; Hachi, S.; Dannert, R.; Sanctuary, R.; Wagner, C.; Fleming, R.M.T.; Baller, J.
Determination of the rheological properties of Matrigel for optimum seeding conditions in microfluidic cell cultures. AIP Adv.
2018, 8. [CrossRef]

http://doi.org/10.1038/s41598-017-17286-1
http://www.ncbi.nlm.nih.gov/pubmed/29213126
http://doi.org/10.1021/acs.chemrev.0c00084
http://www.ncbi.nlm.nih.gov/pubmed/32856892
http://doi.org/10.3390/cells8101295
http://www.ncbi.nlm.nih.gov/pubmed/31652536
http://doi.org/10.1063/1.5067382

	Introduction 
	Materials and Methods 
	Bioprinting System 
	Bioink Preparation 
	Optimization of the Printing Process 
	Printing Accuracy 
	Rheological Characterization 
	Cell Viability 
	Statistical Analysis 

	Results and Discussion 
	Optimization of the Printing Process 
	Printing Accuracy on Single Layer Constructs 
	Printing Accuracy on Multi-Layer Scaffolds 
	Rheological Characterization 
	Cell Viability 

	Conclusions 
	References

