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Abstract

Treatments for lesions in central nervous system (CNS) are always faced with challenges due to the anatomical and physi-
ological particularity of the CNS despite the fact that several achievements have been made in early diagnosis and precision
medicine to improve the survival and quality of life of patients with brain tumors in recent years. Understanding the com-
plexity as well as role of the microenvironment of brain tumors may suggest a better revealing of the molecular mechanism
of brain tumors and new therapeutic directions, which requires an accurate recapitulation of the complex microenvironment
of human brain in vitro. Here, a 3D bioprinted in vitro brain matrix-mimetic microenvironment model with hyaluronic acid
(HA) and normal glial cells (HEBs) is developed which simulates both mechanical and biological properties of human brain
microenvironment in vivo through the investigation of the formulation of bioinks and optimization of printing process and
parameters to study the effects of different concentration of gelatin (GA) within the bioink and different printing structures
of the scaffold on the performance of the brain matrix-mimetic microenvironment models. The study provides experimental
models for the exploration of the multiple factors in the brain microenvironment and scaffolds for GBM invasion study.
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Introduction

Understanding the extremely complex human brain microen-
vironment is crucial for brain tumor study as well as devel-
opment of therapeutic drugs because of the huge threat of
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brain tumors to people’s health worldwide. To be specific,
malignant gliomas remain deadly and glioblastoma mul-
tiforme (GBM), the most malignant type, frequently kills
patients within a year of diagnosis. Even with modern medi-
cal treatment such as neuro-surgery or radiation therapy, the
S5-year survival rate is still miserable and lower than 5% [1].
The invasive growth feature of GBM is the main cause that
is responsible for the high recurrence rate, high mortality
and poor clinical efficacy [2]. Recently, investigations have
found out the tumor microenvironment; especially ECMs
play a key role in the GBM progression and invasion [3, 4];
however, the underlying molecular mechanism is still not
clear. Thus, creating tumor in vitro models can be a possible
way to study the interactions between the tumor-related cells
and surrounding ECM molecules, which requires simula-
tions of brain microenvironment in the form of hydrogel
scaffolds laden with normal brain cells in the first place.
Besides the applications of in vitro brain microenviron-
ment in brain tumor study, there are also prominent demands
for in vitro tumor microenvironment constructions to inves-
tigate the biological features as well as effective therapeutic
treatments of multiple types of tumor. In recent decades,
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in vitro tumor models [5] were proved to be powerful tools
for fundamental biological studies [6, 7] to explore the cross-
talk between the tumor and ECM [8] or cell—cell interactions
[9] and further as platforms for anticancer drug screening
[10]. Conventional tissue engineering has been used to build
multiple tumor models [11] and organs-on-chips [12] in the
past decades; the shortcomings of these methods have been
gradually revealed including the lack of controllable spatial
distribution of different cell types and extracellular com-
ponents, which makes it difficult for those models in vitro
to precisely mimic the progression and development of the
organs and tumors involved. In addition, methods from tis-
sue engineering always fail to build models with relatively
large scale and complex structures [13]. Until recently, 3D
bioprinting has been introduced to create tumor in vitro
models with its advantages which can precisely control the
cell’s spatial distribution and able to realize the heterogene-
ous feature of tumors [14]. With the excellent ability to dis-
tribute multiple components of the environment with defined
location and structure, 3D bioprinting has been extensively
used in the past decade to model multiple tissues/organs
and diseases [15]. This emerging biofabrication technique
enables the construction of in vitro 3D tumor models [16]
with high resolution and throughput [17]. The most impor-
tant advantage of 3D bioprinting is the ability to construct
models with extremely complex and elaborate structures and
biological components. Also, different 3D bioprinting strate-
gies such as inkjet, extrusion, laser-based and photocuring
bioprinting are available for different bioinks and demands
[18]. More recently, this versatile technique has further
found its application in studying cancer genesis, progres-
sion, metastasis [19] and drug responses [20] through the
creation of accurate models that reproduce the complexity
of the cancer microenvironment [21, 22].

When it comes to 3D bioprinted brain tissues, most of the
efforts up to now are about glioma in vitro models focused
on investigation of the molecular mechanism of the tumor
and some of them could be used for therapeutic research
and drug screening. Heinrich and other coworkers printed
mini-brain consisting of glioblastoma cells and macrophages
which was presented as a useful tool to study the interactions
between these two cell types and to test therapeutics that tar-
get this interaction [23]. Dai et al. [24] conducted a research
on a 3D bioprinted glioma stem cell model with high via-
bility and inherent characteristics of the cells to mimic the
microenvironment of brain tumor and found out that glioma
stem cells expressed several biomarkers and showed poten-
tial functions and more resistance to chemotherapeutics
(TMZ) compared with 2D condition. Later, the research
team fabricated self-assembled multicellular heterogene-
ous brain tumor fibers with a coaxial extrusion 3D bioprint-
ing system to study the interaction between tumor cells and
stromal cells and provided an optimized platform to research

tumor microenvironment in vitro [25]. The same technique
has been used by Wang et al. to build hydrogel microfib-
ers with glioma stem cell GSC23 in the shell and glioma
cell line U118 in the core [26]. They arranged a series of
drug resistance experiments on different microfibers and
confirmed that the microfiber could also be a valuable tool
for drug development and screening. Also, a patient-specific
glioblastoma-on-a-chip with centric hypoxia was built by Yi
et al. [27] to reproduce clinically observed patient-specific
resistances to treatment with concurrent chemoradiation and
temozolomide and the model could be used to determine
drug combinations associated with superior tumor killing.
Different from brain tumor bioprinting, Han and Hsu [28]
put forward a potential strategy using bioinks mixed with
neural—vascular spheroids to generate mini-brain constructs
as research tools and neural grafts. All these models men-
tioned above are capable of the investigation of interactions
of different cell types and environmental factors, and they
could be used for clinical research to find more effective
treatments for diverse tumors and diseases. However, most
of these models mainly focus on the tumor cells themselves
and not pay too much attention to their ECM microenviron-
ments, so they cannot faithfully reproduce the disease model
in vivo. Thus, it is a primary task to fabricate in vitro brain
microenvironment model by 3D bioprinting techniques for
brain tumor study. It is well established that the dominant
component of the human brain is glial cells accounting for
72% of the tissue volume and 90% of the cell volume in the
brain. And normal brain contains 20% of the ECM and the
dominant composition is Hyaluronic acid (HA).

In this study, we adapted a pneumatic extrusion 3D bio-
printing system to build available structures of the matrices
to construct the brain matrix-mimetic microenvironment
model with human glial cells mixed within the HA-based
bioinks (Fig. 1). We investigated the formulation of bioinks
and the impacts of gelatin (GA) on the mechanical and bio-
logical properties of the brain matrix-mimetic microenvi-
ronment models with different scaffolds. We verified the
differences of the performances of models with multiple
experiments and proved that the bioprinted brain matrix-
mimetic microenvironment model could mimic the in vivo
GBM stroma environment to a certain degree and could be
used as a reliable platform to co-culture diverse cell types
and study the biological behaviors of GBM in the future.

Materials and methods
Bioink formulation
The hyaluronic acid powder (XIYA Reagent, Shandong,

China), sodium alginate powder (Sinopharm Chemi-
cal Reagent Co., Ltd., Shanghai, China), gelatin powder
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Fig. 1 Schematic of the 3D cell-

.. Hyaluronic acid
laden scaffold printing process .

Gelatin

Mixture Cell-laden bioink

(Sigma-Aldrich, Shanghai, China) and calcium chloride
(CaCl,) powder (Sigma-Aldrich, Shanghai, China) were
sterilized under ultraviolet (UV) light for 2 h. The concen-
tration of HA was between 0.005 and 0.02 g/ml, the con-
centration of SA was between 0.01 and 0.02 g/ml, and the
concentration of GA was between 0 and 0.1 g/ml according
to a different formulation of the bioinks for the following
research. The powders were dissolved in deionized water at
50 °C, and the mixture was blended and stirred for 30 min at
200 r/min to be homogeneous. Bioinks with different formu-
lations of these components were sealed and labeled in cen-
trifuge tubes and stored at 4 °C. CaCl, solution with a con-
centration of 0.05 g/ml was also prepared for cross-linking.

Model design

Here, we adapted two most common structures of the model,
one is multilayered grid matrix and the other is monolayered
solid membrane, both of which are relatively simple to print
and convenient for observation of cells in the scaffold and
could provide sufficient superficial area for the exchange of
substance with the culture medium.

Optimization of the printing process

The formulation and concentration of different components
of the bioink would strongly affect the mechanical properties
of the model such as the stiffness, viscosity and porosity, so
the printability and formability of the matrices depended a
lot on the formulation of the bioink. In the meantime, the
regulation of the controllable parameters in the printing pro-
cess also had a great influence on the modeling, such as the
type and length of the nozzle, extrusion pressure, the speed
of nozzle movement and the change of temperature, all of
which would influence the diameter of the extrusion line
width. Besides, various parameters such as line spacing and
the layer spacing could also lead to different printing effects.
So, we had to strictly control the influence of these factors
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and conducted several reasonable gradient experiments to
find out the best combination range of bioinks and optimized
printing process and parameters. It is worth emphasizing
that although all of those variables and parameters men-
tioned previously would have certain influence on the effect
of printing, only a few of them were necessary to be taken
into consideration when designing the experiments because
the influence of most variables were controllable and pre-
dictable. The aim of the experimental setup in this section is
to efficiently find out available ranges of bioink components
as well as the printing conditions. So it is required to adjust
multiple parameters with range partition formulations of
bioinks in the same time.

Stiffness test

In order to simulate the microenvironment of human brain
tissue in vivo, the stiffness of the bioprinted scaffold of the
model was expected to be as close to the stiffness of human
brain tissue as possible. Hence, stress—strain measurements
were carried out using a uniaxial loading with a range of
20 N at room temperature delivered by an Electro Force
Universal Testing Machine (TA Instruments, New Castle
DE, USA). Here, the nominal tensile modulus was used as a
horizontal standard to compare the stiffness of models with
different concentrations of gelatin within the bioinks and
the samples were casted to be the standard dumbbell-shaped
specimens with uniform cross section (width 2 mm, thick-
ness 2 mm) and initial stretch length of 4 mm.

Scanning electron microscopy (SEM)

SEM sample preparation and imaging were performed to
observe the microcellular structure of the hydrogel with
different concentration of gelatin to compare the morphol-
ogy and microstructure formation of the scaffold using a
scanning electron microscope (SEM; JEM-6700F, JEOL
Co., Ltd., Tokyo, Japan) at the 5th day of culturing after
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printing. For SEM images, the samples were lyophilized and
cut into smaller specimens (about 2 mm X 2 mm) attached to
carbon tape. Then, the specimens were sputter-coated with
a thin layer of electrically conducting material on the sur-
face. Micrographs of the coated specimens were taken under
vacuum conditions.

Cell culture

Human glial cell (HEB) was cultured in Dulbecco’s modified
Eagle medium/nutrient mixture F-12 (DMEM/ F12; Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS) and incubated in polystyrene tissue culture
flasks at 37 °C in 5% CO,, fed with fresh culture medium
every day and passaged every other day. HEBs were used to
mix within the hydrogel to fabricate cell-laden bioinks to
investigate the biological properties of the brain microen-
vironment simulation model such as cell viability and pro-
liferation. HEBs were exposed to trypsin—ethylenediamine-
tetraacetic acid (EDTA) solution (0.25%:0.02%) for 3 min
at 37 °C in 5% CO, after washed with phosphate-buffered
saline (PBS) and then centrifuged at 1000 r/min for 5 min.
The cells were then suspended in the hydrogel to a concen-
tration of 1.5% 10° cells/ml.

Cell viability assay

Cell survival rates in different structures of models with
different concentrations of gelatin were measured and com-
pared at days 1, 7 and 14 after printing using LIVE/DEAD™
Viability/Cytotoxicity Kit (Invitrogen). The images of live/
dead cells were taken by stereo-fluorescence microscope
(Olympus, Beijing, China) and processed with ImageJ to
calculate the averaged cell survival rates in multiple fields
and samples.

Cell proliferation assay

The cell proliferation performance in different structures of
models with different concentrations of gelatin was meas-
ured and compared every other day for 14 days after printing
using Cell Counting Kit-8 (MedChem Express). To compare
the cell proliferation rate in different models with a different
initial number of cells, the initial number of cells of all the
tested groups was all set to be 1 and the greatest number of
cells was all set to be 2 in order to use the proliferation ratio
of the same groups for more intuitional comparison.

Histological analysis and fluorescence microscopy
In order to evaluate cell adhesion and spreading in the scaf-

fold, the cell-laden matrices were prepared and processed on
the 5th day of culturing after printing. Hematoxylin—eosin

staining was used to observe the microstructure of the scaf-
fold and the morphology of HEBs in the bioink. Immuno-
fluorescence imaging of vinculin (green), F-actin (red) and
nuclear DNA (blue) was conducted to investigate the cell
adhesion and morphology in scaffolds of the model with
different concentrations of gelatin. Morphometric analy-
ses of the cell area and circularity among three types of
bioinks were conducted by processing the immunofluores-
cence images to define the cell boundaries and applying par-
ticle analysis automatically in ImageJ, and the circularity
was described as 4m X area/perimeter” which means 0 for a
straight line and 1 for a circle.

Data analysis and statistics

The stiffness and biocompatibility assay data were obtained
from two or more independent samples, each measured or
calculated in duplicate. Significance analyses among data
sets with homogeneity of variance (cell area) were deter-
mined using one-way ANOVA followed by Bonferroni post
hoc test for multiple comparisons. Significance analyses
among data sets with heterogeneity of variance (stiffness,
cell survival rate and circularity) were determined using
one-way ANOVA followed by Games—Howell post hoc test
for multiple comparisons. In both cases, statistically signifi-
cant differences among discrete groups were indicated on
graphs by asterisks (*for p <0.05, **for p <0.01 and ***
for p<0.001).

Results and discussion
Printability assay

Hyaluronic acid (HA) is one of the major components of the
extracellular matrix (ECM) of the brain and is characterized
by excellent natural biocompatibility and indispensability in
regulating cellular behaviors [29-31]. In addition, it plays
a significant role in tumor progression and invasion [32];
hence, it is chosen to be one of the key components of the
bioink in this study. However, few research works have been
done with HA-based bioink for 3D bioprinting due to its
high viscosity and poor post-printing shape stability [33].
Thus, the HA-based bioink in microextrusion bioprinting
is obliged to be modified or combined with other types of
biomaterials. Since alginate-based bioinks are found to be
satisfying in cell encapsulation and survival, and some of
other modified materials would bring about the difficulty in
removal of cross-linking agents and cytotoxicity, we used
physical cross-linking strategy through sodium alginate(SA)
and calcium chloride(CaCl,) solution and intended to add
gelatin(GA) into the bioink for its excellent biocompatibility
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and help to maintain stable form of the printed models under
high load and deformation during the printing process.

The difference in the concentration of the three types of
materials will lead to the difference in mechanical properties
of the model such as printability, formability and stability,
affecting the availability and the life period of the printed
model. In the meantime, the regulation of the controllable
parameters in the printing process also has a great influ-
ence on the modeling, such as the material and shape of the
nozzle, extrusion pressure, the length and diameter of the
cylinder, the speed of nozzle movement and the change of
temperature, all of which would influence the diameter of the
extrusion line width of the printed scaffold. There are also
various parameters such as the line spacing and layer spacing
that could lead to different printing effects. So, we need to
set a series of reasonable gradient experiments for multiple
factors to find out the available combination of the printing
parameters with the range of the concentration of printed
materials to optimize the printing process. Although it seems
complicated to design the experimental setup considering
multiple variables as well as the uncertain concentration of
the bioinks all together at the same time, it is obvious that
we could not adjust these variables exhaustively to figure out
a determined value in view of time and efficiency. In fact,
only a few essential parameters are required to be investi-
gated specifically in the experiments such as the extrusion
pressure and the line spacing. The rest of the printing param-
eters could be adjusted accordingly during the experiments
because the influences of them on the printing effect are
generally predictable and controllable. Regarding the con-
centration of the bioink compositions, there are also ways
to define the suitable range of concentration of the bioink at
high efficiency. The compositions of the bioink are settled
to be HA, SA and GA as mentioned previously; therefore,
several extremums and test values of these materials could
be set according to their physiochemical properties such as
solubility and kinetics as well as their biocompatibility. It
needs to be pointed out that the target of these experiments
in this section is to figure out available ranges of bioink
formulations with appropriate printing conditions, rather
than investigating the determined values of all the printing
variables thoroughly at the same time. In addition, since
the macrostructure of the scaffold is of a little amount of
importance compared with the microstructure in this study,
we only take printability, formability and stability into con-
sideration when it comes to the assessment of the printing
effect in this section. The printability mainly depends on
the viscosity of the bioink and the range of extrusion pres-
sure. As for the formability, the factors taken into account
include the clear hierarchy or layered structure of the scaf-
fold and homogeneity of the extruded fiber. The stability
means that the models we printed have to maintain stable
shape and structure during and after printing for 14 days at
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a cell incubation environment without melting, collapsing,
or rupturing. To study the optimized combination of print-
ing parameters and the proper range of bioink concentration,
only two variables were investigated at the same time when
other variables were adjusted accordingly (Fig. 2).

For the pneumatic extrusion bioprinting system that we
have adopted in this study, the diameter of the extrusion line
width tends to increase as the extrusion pressure and the
diameter of the nozzle increase and decrease as the length
and movement speed of the nozzle increase. At the same
time, the temperature of both the nozzle and the cylinder
affects the viscosity of the bioink and the temperature of
the platform affects the stability of the model under print-
ing, thus affecting the extrusion pressure and the distance
between adjacent fibers required. During the experiment, the
movement speed of nozzle was generally taken the default
value of 2.3 units/sec, and the type of the nozzle was fixed to
be 25G with an inner diameter of 0.26 mm, an external diam-
eter of 0.51 mm and a length of 25 mm. The temperature of
the nozzle and cylinder was set to be 37 °C to guarantee the
viability of the cells in the bioink, and the temperature of the
platform was set to be 4 °C for solidification of the gelatin.
Besides, the distance and speed of the rise of the nozzle
and standing time between two adjacent layers when print-
ing a multilayered structure would also affect the printing
effect. So during the experiments, we need to strictly control
the influence of these factors accordingly. After a series of
gradient experiments, the concentration of HA and SA was
fixed to be 0.015 g/ml, and the concentration of GA was set
to be a gradient of 0, 0.0375 g/ml and 0.075 g/ml. The print-
ing parameters were adjusted according to the formulation of
bioinks. The models printed in this study showed a clearly
layered structure and coherent line width during the printing
process and were able to maintain stable shape and architec-
ture for 14 days immersed in culture medium and cultured
in the cell incubator at 37 °C without melting, collapsing,
or rupturing, providing available and basic conditions for
various biological experiments following.

Stiffness comparison

In this study, the concentration of calcium chloride (CaCl,)
solution for the cross-linking process was chosen to be
0.05 g/ml. We named three types of bioink with different
concentrations of gelatin to be type A—0.015 g/ml HA,
0.015 g/ml SA; B—0.015 g/ml HA, 0.015 g/ml SA and
0.0375 g/ml GA; and C—0.015 g/ml HA, 0.015 g/ml SA
and 0.075 g/ml GA. The standard dumbbell-shaped samples
were cross-linked with 0.05 g/ml CaCl, solution by immers-
ing in it right after printing for 3 min and then rinsed with
phosphate-buffered saline (PBS). The stiffness of human
brain tissue varies with region, age, tropism and measure-
ment methods such as magnetic resonance elastography
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Fig.3 Nominal tensile modulus of dumbbell-shaped samples with
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(MRE), magnetic resonance imaging (MRI) and atomic
force microscope (AFM) and the typical order of magnitude
ranges from 102 to 10° Pa, which affects the cell behav-
ior largely and should be mimicked as closely as possible
[34-40]. It was suggested that the higher concentration of
gelatin in these three types of bioink, the softer materials
performed in standard dumbbell-shaped models (Fig. 3),
which meant the models printed with type C bioink with

o)

With 2%w/v HA 1%w/vSA appropriate line
spacing(dis1.3-1.4mm) and crosslinking
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the extrusion pressure. ¢ Investigation of the range of concentration
with hyaluronic acid and sodium alginate

7.5%w/v of gelatin had the most close stiffness to that of
human brain tissue among all the tested groups which were
on the same order of magnitude due to the liquefied and loss
of gelatin when the models were cultured at 37 °C and the
porous structure was formed inside the hydrogel. Although it
could be noticed that the stiffness of optimized cross-linked
bioink chosen as type C bioink as mentioned was still higher
than that of cerebral tissue in vivo, it was relatively tolerable
in this study considering the viscosity requirements of our
extrusion-based bioprinting platform for the bioink as well
as the demand for mechanical formability and stability of
the model.

Biocompatibility assay

In order to observe the viability of HEBs in scaffolds with
different structures and bioinks, we tested the cell sur-
vival rate separately at days 1, 7 and 14 to compare the
impact of gelatin and the influence of the two structures
of the matrices on cell viability (Fig. 4a—d). Also, the pro-
liferation rate was taken into consideration. The number
of tested groups in these two experiments above was sup-
posed to be 6, respectively, permuted and combined with
three types of materials and two types of structures of the
models. However, it is difficult for type A bioink with only
hyaluronic acid and sodium alginate to print multilayered
grid scaffold without collapse or fusion of the extrusion

@ Springer



170

Bio-Design and Manufacturing (2020) 3:164-174

cell survival rate (%)

Il

day14

94 4
L ok

92 I & i

90 - I

884

864

84 4

82 -

80 L —== -
day7

day1
culture days

W Solid,0GA ™ Solid,3.75%GA ™ Crid,3.75%GA ® Solid,7.5%GA M Grid,7.5%GA

Fig.4 Live/dead stain of HEBs at day 1 after printing in a mon-
olayered solid membrane and b multilayered grid model (scale bar:
1 mm); ¢ monolayered solid membrane and d multilayered grid

fibers of the model during the printing process due to the
lack of gelatin support and poor formability, so in this
study, the cell survival rate and proliferation rate were only
compared among five tested groups: bioink A of monolay-
ered solid membrane model, bioink B of both monolayered
solid structure and multilayered grid model, and bioink
C of both monolayered solid structure and multilayered
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model (scale bar: 500 pm); e cell survival rate in five tested groups
at day 1, 7 and 14 after printing; f cell proliferation rate in five tested
groups during 14 days of culture

grid model. It turned out that appropriate concentration of
gelatin and the multilayered grid scaffolds have a limited
improvement in cell viability compared with bioinks with-
out gelatin and printed to be solid membrane structure in
long-term culture because of the increased surface area of
those models for the acquisition of nutrients and oxygen
in the culture medium and the improved biocompatibility
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by gelatin (Fig. 4e). But overall the cell viability and pro-
liferation in all tested groups showed relatively satisfying
outcomes and the cell survival rate remained over 85%
even after 14 days of culture (Fig. 4e, f).

For further investigation of the microstructure of A, B and
C bioinks along with the cell morphology within the scaf-
folds, SEM images were taken to investigate and compare
the formation of porous structures of the bioinks (Fig. Sa—c)
and histological hematoxylin—eosin (H&E) staining was
used to observe the morphology of HEBs in the bioink
(Fig. 5d-f). It was revealed that when the bioink did not
contain gelatin and only consisted of hyaluronic acid and
sodium alginate, the hydrogel was formed with sheet-like
structures and showed a denser architecture (Fig. 5a). The
HEBs within the scaffold showed tight adhesion and junction
(Fig. 5d). With the increase in the concentration of gelatin
after culturing at 37 °C for several days, the microstructure
of the hydrogel became more porous and reticular (Fig. 5b,
¢). And the cells within the scaffolds showed a more dis-
persed distribution and located along with the direction of
the reticular fibers formed in the microstructure (Fig. Se, ),
which could also give an explanation from a certain point of
view to the improved cell viability in type B and C bioinks
previously mentioned. Also, it is assumed that cells tend to
get better motility in hydrogels with a more porous structure
or lower stiffness, so the morphometric analyses of the HEBs
in different bioinks should also be carried out for further
investigation of the cell adhesion, spreading, migration and
aggregation.

A

SU8010 3.0kV 8.9mm x200 LM(UL)

To further investigate the cellular behaviors especially
the morphology alternation inside the hydrogels with dif-
ferent formulations of bioinks, immunofluorescence assay
was taken. In this study, we stained nuclear area with DAPI
shown in blue and cell-skeleton with F-actin shown in red
and cell-ECM interaction with VINCULIN shown in green.
As a further illustration of the cell morphology in three types
of materials with different concentration of gelatin and
stiffness agreed with the observation in hematoxylin—eosin
staining, it was obvious that HEBs in type A bioink with
the sheet-like microstructures exhibited applanate forms
and adhered to the layered and expanded fibers, showing
relatively low circularity and irregular shapes (Fig. 6a—d).
Nevertheless, with the increase in gelatin and decreasing of
the stiffness of the bioink, the cells in type B bioink tented
to perform rounded morphologies and increased circularity
(Fig. 6e-h) which indicated less adhesion to the microfibers
of the scaffold. Moreover, when the stiffness of the bioink
further declined and became proximate to the human brain
tissue in vivo along with distinct porous structure and reticu-
lar microfibers formed in the scaffold, the cells in type C
bioink exhibited more extensional morphologies with elon-
gated synaptic structures, decreased circularity and some of
the cells even aggregated to form clusters (Fig. 6i-1), which
indicated enhanced abilities of stretching and mobility. In
addition, cells in type C bioink with 7.5%w/v of gelatin also
showed elongated vinculin-positive focal spreading, actin-
based stress fibers and more pseudopodium compared with
the adhered morphology of cells in type A bioink and the

T I
200um

50 pm

Fig.5 a—c Scanning electron microscopy (SEM) imaging of type A, B and C bioinks (scale bar: 200 pm). d—f Hematoxylin—eosin staining of

HEBs within types A, B and C bioinks (scale bar: 50 pm)
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F-Actin VINCULIN

Fig.6 Immunofluorescence imaging of HEB cells in the printed samples with vinculin (green), F-actin (red) and nuclear DNA (blue) in three
formulations of bioinks. a—d without GA, e-h 3.75% GA, i-1 7.5% GA (scale bar: 50 pm)

rounded morphology of cells in type B bioink. In the cell
area and cell circularity test, we can be based on the results
and analyses above, the formulation of type C bioink is
expected to be applied as a good candidate bioink to print
brain tumor models and study the biological features includ-
ing invasion progress of GBM tumor cells in the following
research in the future (Fig. 7).

The in vitro brain microenvironment model bioprinted
in this study promises an available platform for GBM inva-
sion study in the future. In the next step, we will seed pre-
formed GBM microtumors with hanging drop methods onto
the above printed brain matrix-mimetic and investigate the

A Cell area
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=
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(0]
&
3
O 100
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0
A-OGA B-3.75%GA C-7.5%GA
Bioinks

co-culture of glial cells (HEB) and GBM cells (U87). We
will add chemoattractant such as glucose to induce the GBM
cell invasion. It is well established that glucose can induce
breast cancer cell MDA-MB-231 invasion inside the 3D col-
lagen hydrogel matrix [41]. Some preliminary 2D culture
results have shown that with the HEB cells the GBM cells
tend to form more sphere-like structure in the 2D co-cultures
that means the HEB cells and their microenvironments can
significantly change the GBM cellular behavior. Further-
more, we will explore the gene and protein expression dif-
ference before and after GBM invasion with genomic and
proteomics approaches and identified the genes and proteins

B Cell circularity
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Fig.7 a Cell area and b cell circularity between different formulations of bioinks
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which may take important roles during GBM invasion. We
have demonstrated that the GBM cell cultured in 2D and
3D have significantly gene alternations [42]. We hope this
3D printed HA-based brain matrix-mimetic GBM invasion
model can be a powerful platform to mimic the GBM inva-
sion in vitro to enhance our understanding of the molecular
level and potential to be an effective tool for anticancer drug
screening.

Conclusion

This study focused on the construction of brain matrix-
mimetic as human brain microenvironment with 3D extru-
sion-based bioprinting. The formulation of the bioink was
discussed, and the effect of gelatin within the hydrogel was
studied through the comparison of both mechanical and
biological properties of the model to mimic the microen-
vironment of brain tissue in vivo. We also optimized the
printing process and investigated the influence of scaffold
structure on the behaviors of normal glial cell HEB with
diverse experiments. We demonstrated that bioinks with a
certain range of gelatin could exhibit lower stiffness which
was relatively close to human brain tissue and porous fiber-
like microstructures which promotes cell viability, aggrega-
tion and motility. This brain matrix-mimetic microenviron-
ment model was anticipated to be adapted to GBM invasion
mechanism study and drug screening; also the model was
able to provide a versatile platform to study multiple cells
interaction and other biological environments.
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