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Abstract

Due to their special anatomical and physiological features, central nervous system diseases still presented challenges,
despite the fact that some advances have been made in early diagnosis and precision medicine. One of the complexities in
treating tumors is the tumor microenvironment, which includes mesenchymal stem cells (MSCs) that exhibit tumor tropism
and can be used for cell therapy. However, whether MSCs promote or suppress gliomas is still unclear, especially in glioma
microenvironments. In this study, a coaxial microfiber was designed to mimic the tumor microenvironment and to reveal the
effect of MSCs on glioma cells. The fiber shell was composed of MSCs and alginate, and the core was filled with US87MG
(glioblastoma) cells and gelatin methacrylate. This Shell-MSC/Core-U87MG microenvironment improved the prolifera-
tion, survival, invasion, metastasis, and drug resistance of glioma cells, while simultaneously maintaining the stemness of
glioma cells. In summary, coaxial extrusion bioprinted Shell-MSC/Core-U87MG microfiber is an ideal platform for tumor
and stromal cell coculture to observe tumor biological behavior in vitro.
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Introduction

Glioblastoma (GBM) is the most common and fatal type
of primary central nervous system (CNS) tumor [1]. The
current treatment is surgical resection followed by post-
operative radiotherapy and adjuvant chemotherapy. How-
ever, the treatment has unsatisfactory results, with median
survival rates of 12—15 months after the resection surgery
[2]. With increased understanding of the biological fea-
tures of gliomas, scientists have realized that the glioma
microenvironment affects the occurrence and progression
of gliomas. In addition to inflammatory cells, tumor-asso-
ciated fibroblasts and stromal cells, as well as mesenchy-
mal stem cells (MSCs), are actively attracted to primary
tumor sites [3, 4]. In the past, many MSCs were used as
carriers to reach tumor targets for cell therapy because of
tumor tropism and achieved initial results [5, 6].

However, whether MSCs themselves affect gliomas is
a continuing focus in the scientific community. Both pro-
and anti-tumorigenic effects have been reported [7-9].
Since these cells have a two-way effect in vitro, the key to
the problem lies in the effect of MSCs on glioma cells in
the tumor microenvironment. Accordingly, we chose the
coaxial bioprinting method to manufacture a tumor micro-
environment to facilitate observation of the effect of MSCs
on U87MG glioma cells. This coaxial microenvironment
was composed of a shell portion and a core portion; the
shell was MSC-alginate, and the core was U§7MG-GelMA.
Such a Shell-MSC/Core-U87MG microenvironment pro-
vides a 3D structure and an extracellular matrix (ECM)
similar to those found in vivo, which ensures that the spa-
tial cell arrangement and the cell behavior in ECMs can be
distinguished from two-dimensional (2D) planar culture
[10]. At the current time, glioma models constructed with
bioprinting platforms containing glioma cells or glioma
stem cells have been reported, but there is no bioprinted
glioma model with MSCs [11]. A glioma model with MSCs
and ECMs is beneficial for mimicking the glioma micro-
environment and studying the biological characteristics of
glioma cells.

In this study, we fabricated Shell-MSC/Core-U887TMG
hydrogel microfibers to observe the effect of MSCs on
glioma cells. In this microenvironment, we tested the mor-
phology, proliferation, survival, and drug resistance of the
U87MG cells in the core. In addition, we measured stemness
and angiogenic ability, which determine the malignancy and
tumorigenic ability of tumor cells. Finally, we explored the
mechanism of increased spreading and invasion ability of
U87MG cells derived from Shell-MSC/Core-U87MG micro-
fibers, which may be related to enhancements imparted by
MSCs to epithelial-mesenchymal transition (EMT) and
matrix metalloproteinase 2 (MMP2) secretion ability.

Materials and methods
Cell culture

US8TMG cells, adipose-derived MSCs (ADMSCs), and bone
marrow-derived MSCs (BMMSCs) were purchased from
ScienCell Research Laboratories (Sciencell, CA, USA) and
cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS), 1% (0.01 g/mL)
L-glutamine, and 1% (0.01 g/mL) penicillin/streptomycin.
After massive expansion, cells were used in bioprinting and
culturing. The number of MSC generations did not exceed
SiX.

Coaxial bioprinting process

Before printing, U87MG cells were digested by TrypLE
(ThermoFisher Scientific, Waltham, MA, USA) and
MSCs were digested by Accutase (Stemcell Technologies,
Vancouver, Canada). We printed the Shell-core hydro-
gel microfibers using a previously reported method with
a custom-made extrusion bioprinting device [12]. The
device had a sheath/core coaxial nozzle which allowed
installation and disassembly. The inner and outer diam-
eters of the print head were 21G and 16G, respectively.
Alginate (0.01 g/mL; Sigma-Aldrich, Shanghai, China)
solution with or without MSCs was used for the shell
stream, and the extrusion rate was 15 mL/h; the core
stream was composed of 5% GelMA (EFL, Suzhou,
China) and U87MG cells with a 5 mL/h extrusion rate.
The ratio of U87MG to MSCs in the printed coaxial
fiber was 2:1. We defined the component without MSCs
as Core-U87MG, and the component with MSCs as
ADMSC/BMMSC + U87MG. We used 0.03 g/mL CaCl,
solution and 405 nm blue-light irradiation for 3 min to
cross-link them. After washing with 9 g/L. NaCl solution
to remove excess cross-linkers, the bioprinted microfibers
were immersed in a sufficient amount of culture medium
and finally moved into a cell-culture incubator with 5%
CO, at 37 °C.

Cell proliferation analysis

Cell proliferation of microfibers was analyzed with an
Alamar Blue Kit (YEASEN, Shanghai, China), according
to the instructions. Microfibers or 2D cells were washed
with 9 g/LL NaCl solution and incubated with 2 mL of work-
ing solution containing 10% Alamar Blue and 90% fresh
complete medium at 37 °C for 4 h in the dark. The appro-
priate supernatant was transferred to a 96-well plate, and
the optical density (OD) value was read at 570 and 600 nm
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wavelengths (Epoch2, USA). Starting on the first day after
printing, we tested the OD values of different groups in par-
allel every three days and finally performed a unified nor-
malization process.

Ca-alginate shell and GelMA core removal

The combination of 9 g/L. NaCl solution with 55 mmol/L
sodium citrate and 25 mmol/L ethylene diamine tetra-acetate
was used to remove Ca-alginate, and GeIMA lysis solution
(EFL-GM-LS-001, EFL, China) was used to remove cured
GelMA. After 10 min of lysis, the cells were washed and
collected.

Cell size and viability analysis

The harvested US7MG cells were mixed with the same vol-
ume of acridine orange/propidium iodide (AO/PI) solution
on the smear. The smear was sent to Rigel S3 (Countstar,
Shanghai, China) after mixing for a few seconds, and cell
viability supplemented diameter results could then be col-
lected on the computer.

Immunofluorescence analysis

Immunostaining was performed to assess the expression
of stem and malignant proteins of U87MG cells. Briefly,
U87MG cells collected from the microfibers were directly
resuspended in fresh medium to adhere to the 24-well
plate, and immunofluorescence experiments were per-
formed according to the protocol after 12 h. The cells
were subsequently fixed with 4% paraformaldehyde for
20 min and blocked with blocking solution (KeyGEN,
Jiangsu, China) for 30 min. Anti-Nestin, anti-CD133,
anti-OCT4, and anti-GFAP (Abcam, Cambridge, UK)
were diluted at recommended concentrations to incubate
cells overnight at 4 °C. Secondary antibodies at a suitable
concentration were added to cells for 1 h, followed by
adding 4',6-diamidino-2-phenylindole (DAPI) for 5 min.
Fluorescent images were taken with a fluorescence micro-
scope (Nikon, Japan).

Flow cytometry analysis

The harvested U87MG cells were analyzed using anti-
CD105 and anti-CD133 (ThermoFisher Scientific, Waltham,
MA, USA) to evaluate the expression of different pheno-
types. Samples were measured on the CytoFLEX platform
(Beckman Coulter, CA, USA) and analyzed with CytExpert
2.2 software.

@ Springer

Western blot analysis

U87MG cells were collected from coaxial microfibers by
centrifugation at 3000 r/min at 4 °C for 5 min. A total of
200 pL RIPA was added per 10° cells and oscillated. After
the protein was quantified with a BCA kit (KeyGEN, Jiangsu,
China), 6 pg protein was separated by 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE; Inv-
itrogen, CA, USA) and transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, CT, USA). Then, the mem-
branes were blocked with 5% bovine serum albumin (BSA)
solution for 2 h at room temperature and incubated with
primary antibodies (N-cadherin, vimentin, Notchl, MMP2,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH))
overnight at 4 °C. Membranes were stained with secondary
antibody for 1 h at 37 °C, and then, the chemiluminescent
substrate was uniformly added to the surface and imaged
with BIOMAX-MR film (Eastman Kodak, NY, USA).

Drug resistance analysis

To test the chemosensitivity, 2D cells and microfibers were
treated with 500 pg/mL temozolomide (TMZ; Aladdin, China)
solution for 48 h before replacing with fresh medium. Cell
viability was examined at 48 h after treatment with Alamar
Blue, as described above.

Tumorigenesis in vivo experiment

We purchased Balb/c nude mice (3—4 weeks old, 20 g,
females) from the Experimental Animal Center, Sun Yat-sen
University of Medical Sciences (Guangzhou, China). The
mice were randomly and equally divided into three groups:
U87MG +MSC, U87MG-non-MSC, and 2D-U87MG, abbre-
viated as 3D87M, 3D87, and 2D87, respectively. USTMG cells
were collected from each group for nude mouse tumorigenesis
experiments at 7 d after bioprinting. Each nude mouse was
inculcated with 0.2 mL suspension (5 X 10° cells) and was
killed by cervical dislocation after 30 d. The tumors were col-
lected and measured with a Vernier caliper to catch the length
and diameter. Tumor size was measured with a caliper, and
tumor volume (V) was calculated according to the following
formula: V=(Lx W?)/2, where L is length and W is width.

Statistical analysis

Each experiment was performed in triplicate, and data were
presented as mean + standard deviation (SD). Comparison
between pairs of groups was evaluated using Student’s #-tests.
P value of <0.05 was considered statistically significant.
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Results and discussion

Manufacturing of shell-core hydrogel microfibers
and morphology of cells

The shell-core microfiber was extruded through the coax-
ial needle by a micro-pump (Fig. 1a). After cross-linking,
the microfibers were put into six-well plates, while the
shell of the microfiber was encapsulated with or with-
out MSCs, and the core was filled with US7MG cells. In
order to observe cell status, we observed the cells in the

GelMA+U8TMG
(2)

Alginate+MSC

2D-URTMG

Fig. 1 Manufacturing of coaxial Shell-MSC/Core-U87MG micro-
fiber. a Schematic of the coaxial extrusion printing process, with
cross-linking by CaCl, and blue light with a wavelength of 405 nm.
b—g 2D-U87MG cells, USTMG cell fiber of Core-U87MG microfib-

microfibers every day with a microscope (Nikon, Japan).
There was not much difference among the three forms on
the first day after bioprinting. Interestingly, from the fifth
day, US7MG cells stretched better in the hydrogel when
there were MSCs in the outer shell than when they were
absent (Figs. 1b—1d). In the presence of MSCs, U87MG
cells in the core stretched out like mesh, with obvious con-
nections among them, while U§7MG cells without MSCs
and 2D cells preferred to arrange themselves in dots or
gather together to form a cluster (Figs. le-1g). After 10 d
of culture, US7MG cells in the MSC group filled the core
and spheres in the other groups were much bigger. U§7MG

__- 405 nm blue light

Core-USTMG

ers, and Shell-MSC/Core-U87MG microfibers were cultured for 5 d,
respectively. GelMA: gelatin methacrylate; MSC: mesenchymal stem
cell. Scale bars: 500 pm (b—d) and 100 pm (e-g)
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cells in the MSC group continued to maintain the initial
stretched state, which was very different from the other
two groups. At the same time, we observed the cell size.
In the presence of MSCs, the diameter of US7MG cells
generally increased, which may be linked to enhancement
of the migration ability of tumor cells by MSCs (Fig. 2c).
These results are quite different from those obtained
with the previous printing method using alginate and gela-
tin, where the cells cannot be stretched and cell migration
is more difficult [11]. With that method, even though the
same coaxial structure is printed, the tumor cells in the
hollow hydrogel are arranged in dots [12]. We speculate
that there are two reasons for this phenomenon. One is that
GelMA in the core provides targets for cell adhesion and
migration [10], and the other is that the presence of MSCs
further enhances stretching and migration ability [13].

()

Cell viability and proliferation ability

In order to test whether the bioprinting process, the pres-
ence of biomaterials, or MSCs affect the survival of
US7TMG cells, we performed AO/PI staining 2 h and 7 d
after bioprinting. We found that the survival rates of the
BMMSC group (0.8863 +0.0136) and 2D-U87MG group
(0.9010+0.0230) were higher than that of the U§7MG-non-
MSC group (0.8270+0.0227); and the rate in the ADMSC
group (0.8410+0.0227) was slightly higher than that of
the US7MG-non-MSC group. This result shows that MSCs
can also improve the survival rate of glioma cells in a 3D
environment, which is consistent with the findings for 2D
environments [14]. Within 2 h after printing, there was no
significant difference in the survival rate of the four groups,
indicating that the gentle printing and cross-linking process
did not cause much damage to the cells. On the other hand,
U87MG cell proliferation in the coaxial microenvironment
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Fig.2 Cell viability, proliferation, diameter, and survival rate of
shell-core microfibers. a Viability rate of cells cultured in microfib-
ers with or without MSCs. b Proliferation of U87MG cells cultured
in microfibers and MSCs in shell alone. ¢ Cell diameter of US7MG
in different microenvironments. d Survival rate of U87MG in TMZ
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at a concentration of 500 pg/mL for 48 h in various groups. Data
are expressed as mean+SD (n=3). *P<0.05. MSC: mesenchymal
stem cell; ADMSC: adipose-derived MSC; BMMSC: bone marrow-
derived MSC; OD: optical density; TMZ: temozolomide
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composed of BMMSCs and ECM was much faster than that
in the microenvironment without MSCs (Fig. 2b). Especially
after 7 d, the non-MSC group showed signs of fatigue even
in an apoptotic period, while the BMMSC group was still
expanding. The MSC in shell has not proliferated much, only
maintaining the role of providing nutrients [15].

Drug resistance of Core-U87MG cells

Glioma is a highly malignant tumor, and TMZ is commonly
used for chemotherapy in clinic, but the effect is usually not
very satisfactory. Here, we used TMZ to observe the kill-
ing ability of this chemotherapeutic drug on glioma cells
in a 3D microenvironment. When kept at a concentration
of 500 pg/mL for 48 h, there were still many surviving
glioma cells in the 2D group (0.5973 + 0.0380). Moreover,
the Core-U887MG group (0.6830+0.0544), US7TMG with
ADMSCs group (ADMSC + U87MG, 0.7167 +0.0505),
and U87MG with BMMSCs group (BMMSC + U87MG,
0.8067 +0.0510) had higher survival rates and gradually
increased (Fig. 2d). These results indicate that both the ECM
and MSCs in a 3D microenvironment can increase the drug
resistance of glioma cells. This coaxial environment shows
great potential for drug development and screening. The
results may be related to the ECM that causes tumor cells to
be in a hypoxic environment, which enhances tumor malig-
nancy and the ability to resist drugs [16].

GFAP

CD133

2D-U8TMG

Core-US7MG

BMMSC+U87MG

Fig. 3 Immunostaining of CD133, Nestin, OCT4, and GFAP. a, e,
i Merged (CD133 and DAPI) images of U87MG in different micro-
environments. b, f, j Merged (GFAP and DAPI) images of US7TMG
in different microenvironments. ¢, g, k Merged (OCT4 and DAPI)

Cell stemness, angiogenesis, and malignancy
changes

Immunofluorescence results are shown in Fig. 3, which pre-
sent stemness markers (CD133, Nestin, OCT4) and a malig-
nancy marker (GFAP). In general, the microfiber which
incorporated BMMSC:s expressed stronger Nestin (Figs. 3d,
3h, and 31), which may be related to the fact that tumor cells
in this group were spread out, similar to the spreading state
of nerve cells. Meanwhile, both coaxial groups were a little
weaker in CD133 fluorescence than the 2D group (Figs. 3a,
3e, and 3i) and coaxial microfiber without MSCs was the
strongest in GFAP expression (Figs. 3b, 3f, and 3j). As for
the expression of OCT4, there was not much difference
among the three groups (Figs. 3¢, 3g, and 3k).

Stemness is an important manifestation of the malignancy
of tumor cells. It enables tumor cells to renew themselves
and is considered an important factor in tumor metasta-
sis and tumor recurrence [17]. As the above results show,
in a coaxial microenvironment or 3D microenvironment,
BMMSC:s do not increase or decrease the stemness of tumor
cells, which may differ from 2D microenvironments [18].

We also used a flow cytometry method to verify the
stemness changes, and the results were similar to immuno-
fluorescence (Figs. 4a, 4b, and 4d), the only difference being
that the stemness of the microfiber with ADMSCs group
decreased (Fig. 4c). However, compared to the non-MSC

OCT4 Nestin

images of US7MG in different microenvironments. d, h, 1 Merged
(Nestin and DAPI) images of U887MG in different microenviron-
ments. Scale bars: 100 pm. DAPI: 4',6-diamidino-2-phenylindole;
BMMSC: bone marrow-derived mesenchymal stem cell
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Fig.4 Flow cytometry of CD133 and CD105. a—d CD133 of U87MG in various groups. e-h CD105 of U87MG in various groups. BMMSC:
bone marrow-derived mesenchymal stem cell. ADMSC: adipose-derived mesenchymal stem cell

group (Fig. 4f), the ADMSC and BMMSC groups expressed
more CD105, a manifestation of the vascular ability of tumor
cells (Figs. 4g and 4h) [19]. That means that in the presence
of MSCs, tumors are likely to have more blood vessels to
provide nutrition and thus will grow faster.

Cell epithelial-mesenchymal transition
and migration ability

During the development of gliomas, tumor cells secrete
MMPs to digest the ECM and escape [20]. In order to
determine the metastatic ability of U§7MG cells in the four
groups, we tested the expression ability of MMP2 in cells
using Western blotting. To our surprise, coaxial fibers with
ADMSC or BMMSC expressed much more MMP2 than
those in the 2D and Core-U87MG groups, whose expression
abilities were too low to test (Fig. 5a). This elucidates from
another angle the reason for the enhanced metastasis ability
of tumor cells in the presence of MSCs. Similar to this find-
ing is the fact that the ADMSC and BMMSC groups also
expressed more Notchl protein, whose pathway promotes
the proliferation of glioma cells and reduces their apoptosis
(Fig. 5a) [21]. This result explains to a certain extent why
US87MG proliferation becomes faster and activity becomes
higher in the presence of MSCs.

EMT has recently been confirmed to play a key role in
tumor occurrence, invasion, and metastasis, mainly repre-
sented by the down-regulation of E-cadherin and the up-reg-
ulation of N-cadherin and vimentin [22, 23]. We also used

@ Springer

the above indicators to detect EMT ability in two groups;
one was coaxial with low-concentration BMMSCs, and the
other had high-concentration BMMSCs (Fig. 5b). When
more BMMSC s existed in the shell, U87MG cells highly
expressed the EMT markers N-cadherin and vimentin, which
assist tumor cells to stretch out like a mesh. This makes
sense because when more BMMSCs are present, US7MG
cells are arranged like a mesh, and when there are fewer
MSCs, the cells are arranged in clusters, but there are still
intercellular connections between the clusters (Figs. 5S¢ and
5d).

Tumorigenic ability

To study the effect of the shell-core microfiber model on the
tumorigenicity of tumor cells, we performed a tumorigenesis
experiment in nude mice using the US7MG cells from the
2D (2D87), non-MSC (3D87), and MSC (3D87M) groups.
Tumors visible to the naked eye were formed in the 2D87
group at 14 d. The 3D87 and 3D87M groups showed visible
tumors at 20 d, and each group had one mouse that did not
develop a tumor. The tumors were removed from the mice at
30 d, and various morphologies were evident. Tumorigenic-
ity in the 3D87M and 3D87 groups was weaker than that in
the 2D87 group, which may be related to a decrease in pro-
liferation ability caused by cells being wrapped in biological
material for too long and a reduction in the survival rate
of tumor cells due to repeated digestion and centrifugation.
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(2) Core 2D AD BM

MMP2

Fig. 5 Manifestation of cell invasion and metastasis. a Western blot
results for Notchl and MMP2 of U87MG in various groups. Results
for the ADMSC and BMMSC groups were significantly higher than
those for the Core-US7MG and 2D groups. b EMT-related protein
(N-cadherin and vimentin) expression was higher in groups with

However, it is clear that BMMSCs enhance tumorigenicity;
the 3D87M group was larger than the 3D87 group (Fig. 6).

Conclusions

This study focused on the manufacturing of Shell-MSC/
Core-U87MG hydrogel microfibers by coaxial extrusion
bioprinting, in order to mimic a glioma microenvironment
composed of MSCs and ECM. In this microenvironment,

(b) less MSC more MSC

Vimentin

Actin

(d)

more MSCs. ¢, d Morphology of US§7MG with fewer MSCs (c) and
more MSCs (d). MSC: mesenchymal stem cell; BMMSC: bone mar-
row (BM)-derived MSC; ADMSC: adipose-derived (AD) MSC;
MMP2: matrix metalloproteinase 2; GAPDH: glyceraldehyde-3-phos-
phate dehydrogenase

MSCs have the effect of promoting tumor cell spread-
ing in the case of non-contact with US§7MG. Compared
with Core-U87MG hydrogel microfibers, MSCs promote
U87MG cell proliferation, EMT, viability, invasion, tumo-
rigenesis, and drug resistance and maintain stemness in
Shell-MSC/Core-U87MG microfibers. What is most nota-
ble is that we found GelMA to be a suitable core biomate-
rial for observing tumor cell morphology, migration, and
metastasis and were able to establish a coaxial coculture
tumor microenvironment in vitro. This model offers a novel
platform for tumor and stromal cell coculture research, to
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2D87

3D87M

gy |

Fig.6 Tumor formation in animal experiment. a Growth condition
of tumors in nude mice at 30 d post-inoculation with cells of vari-
ous groups (2D-U87MG, BMMSC+ U87MG, and Core-US7MG). b
Comparison of tumor volumes among various groups. ¢ Observation

reveal the mechanisms of non-neoplastic cells in ECM
in vitro.
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