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Abstract
Hypoxia is a typical feature of the tumor microenvironment, one of the most critical factors affecting cell behavior and tumor
progression. However, the lack of tumor models able to precisely emulate natural brain tumor tissue has impeded the study
of the effects of hypoxia on the progression and growth of tumor cells. This study reports a three-dimensional (3D) brain
tumor model obtained by encapsulating U87MG (U87) cells in a hydrogel containing type I collagen. It also documents the
effect of various oxygen concentrations (1%, 7%, and 21%) in the culture environment on U87 cell morphology, proliferation,
viability, cell cycle, apoptosis rate, andmigration. Finally, it compares two-dimensional (2D) and 3D cultures. For comparison
purposes, cells cultured in flat culture dishes were used as the control (2D model). Cells cultured in the 3D model proliferated
more slowly but had a higher apoptosis rate and proportion of cells in the resting phase (G0 phase)/gap I phase (G1 phase) than
those cultured in the 2D model. Besides, the two models yielded significantly different cell morphologies. Finally, hypoxia
(e.g., 1% O2) affected cell morphology, slowed cell growth, reduced cell viability, and increased the apoptosis rate in the 3D
model. These results indicate that the constructed 3Dmodel is effective for investigating the effects of biological and chemical
factors on cell morphology and function, and can be more representative of the tumor microenvironment than 2D culture
systems. The developed 3D glioblastoma tumor model is equally applicable to other studies in pharmacology and pathology.
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Introduction

Glioblastoma multiforme (GBM) is the most common
aggressive malignant tumor [1–3]. Because of the complex-
ity of the tumormicroenvironment and the lack of an accurate
pathophysiological model, the development of tumor drugs
is slow and often fails. Therefore, it is necessary to build a
more accurate in vitro tumor model for drug development
and tumor pathology research. At present, the main models
for drug development of tumor diseases are animal mod-
els and two-dimensional (2D) cell culture models. Although
the traditional in vitro 2D models are easy to operate and
inexpensive, they do not accurately reflect the intricate
cell–cell, cell–tissue, and cell–microenvironment relation-
ships. Importantly, 2Dmodels do not retain the heterogeneity
of the parent tumor [4]. These issues make it complicated to
infer cell migration, cell viability, cell growth, and apoptosis
in real tissue using in vitro models [5–9]. As a result, the fail-
ure rate of drug development is as high as 95%. Meanwhile,
animal models can provide higher tumor microenvironment
fidelity [10], but they are usually costly and take time.
Besides, differences between species lead to high failure rates
in drug development [11].

Therefore, in vitro three-dimensional (3D) tumor mod-
els have become widely used in research on antitumor
drugs. Such 3D models can better simulate the natural tumor

microenvironment, provide the mechanical and biochemi-
cal support required for tumor cell growth, and provide a
more accurate representation of drug efficacy [12–14]. Flor-
czyk et al. [6] found that GBM cells cultured on a porous
chitosan-hyaluronic acid scaffold expressed higher levels of
stem cells and cell invasion markers and were more resistant
to chemotherapy than when cultured in a 2D model. Using
3D-Alvetex scaffolds, Gomez-Roman et al. [15] showed
that extracellular matrix concentrations affected cell growth
and cell resistance more than the 3D structure itself did,
and that cells cultured under hypoxia (0.5% O2) exhibited
higher drug resistance. However, the materials that they used
to construct the 3D model were not optimal for imitating
the biochemical components that surround the glioma tis-
sue. The most recognized extracellular matrix change that
occurs in tumor tissues is collagen deposition. Glioma tissue
contains large amounts of fibrillar collagen [16, 17] which
activates the signal transduction network that gliomas need
[18]. Collagen promotes the adhesion, movement, prolif-
eration, differentiation, and metastasis of tumor cells [17,
19]. Therefore, selecting appropriate biomaterials (such as
collagen) is paramount to construct 3D models accurately
simulating the growth of real tumors in vitro.

Increasing evidence indicates that the tumor microenvi-
ronment is pivotal for the fate of GBM cells and tumor
progression [5, 20]. It is a complex and dynamic system
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[21], and hypoxia is one of its key aspects. As glioblastomas
grow fast, the supply of blood vessels to the tumor becomes
insufficient [3], which can limit oxygen diffusion within the
tumor tissue. In the body, the oxygen tension in glioblastomas
ranges from 0.1% to 10% [3, 22]. This value is much lower
than the 21% O2 level that is used for in vitro tumor cell
culture. Hypoxia can increase the expression of the tumor
stem cell marker CD133 [3, 23]. Hypoxia can also increase
the resistance of tumor cells to chemical drugs and radia-
tion [24, 25]. Liverani et al. [26] demonstrated that hypoxia
can affect the growth kinetics of cells and endow cells in 3D
collagen-based scaffolds with invasive characteristics. Cur-
rent research on hypoxia in 3D models cultured 3D tissues
under 21%O2 to investigate the effects of hypoxia caused by
the 3D model itself on the growth of glioma cells. However,
few studies have investigated the effect of hypoxic condi-
tions on the growth of glioma cells by culturing 3D tissues
under 1% or 7% O2. Therefore, culturing 3D tissues under a
hypoxic atmosphere of 1% or 7% O2 is of great significance
for better understanding the effects of hypoxia on tumor cell
growth and screening suitable anticancer drugs.

In this study, we constructed a 3D tumor model of human
primary glioblastoma using a collagen-based hydrogel and
cultured it in vitro under various oxygen concentrations to
document the effects of oxygen concentration on the tissue.
Next, we explored the differences in cell proliferation, mor-
phology, apoptosis rate, and cell cycle of U87MG (U87) cells
cultured in 2D and 3Dmodels.Moreover, we investigated the
effects of oxygen concentration on the tissue and cell viabil-
ity of U87 cells cultured in 3D collagen blocks.

Materials andmethods

Preparation of the 3D tumormodel

We prepared the cell-laden hydrogel as described previ-
ously [27–29]. We mixed a rat tail-derived type I collagen
solution (4mg/mL in 0.1mol/L glacial acetic acid)with com-
pleteDulbecco’smodified eaglemedium (DMEM,HyClone,
USA) at a volume ratio of 1:1. We adjusted the pH of the
mixed collagen and medium solution to 7.4 using 0.5 mol/L
NaOH(Tianli, China). Then,wemixed the collagen–medium
mixture with U87 cell precipitation at 4 °C to obtain a
cell–collagen mixture with a cell concentration of 1×106

cells/mL. Next, we injected the mixed cell–collagen solu-
tion into amoldmade of polydimethylsiloxane (PDMS, Dow
Corning, USA) and cultured it in a cell culture incubator at
37 °C for 40 min. Finally, we obtained 3D collagen samples
of 10mm×10mm×2mmbydemolding them from themold.

2D and 3D cell culture

We purchased human glioblastoma U87 cells from Shanghai
Genechem Co., Ltd. (China) and cultured them in DMEM
supplemented with 10% newborn calf serum (GIBCO BRL,
Invitrogen, USA). U87 cell lines were authenticated with
short tandem repeats in 2018. The institutional review board
of the Xijing Hospital of the FourthMilitaryMedical Univer-
sity approved the study protocol. For 2D culture, we cultured
U87 cells in a monolayer cell culture dish at a density of 1×
104 cells/cm2 and supplemented themwith completeDMEM
containing 10% fetal bovine serum (FBS, Gibco, USA) and
1% penicillin/streptomycin (HyClone, USA). We replaced
the medium every two days. For 3D culture, we cultured the
prepared 3D tumor models in the same culture medium. We
cultured all cells in incubators at different oxygen concen-
trations (21%, 7%, or 1%) and evaluated them on Days 1, 3,
5, and 7.

We achieved the different oxygen concentrations by cul-
turing cells in three triple-gas incubators (PH-1-A, Wuxi
Puhe Biomedical Technology, China) with different sets of
oxygen concentrations. We maintained the cells at 21%, 7%,
and 1% O2 in parallel for seven days and seeded all the cells
at Passage 15.

Cell morphology

We collected cells on Days 1, 3, 5, and 7 for morphology
examination. For the 2D samples, we observed and pho-
tographed the morphology of U87 cells under an inverted
fluorescence microscope (Ti-S, CHANSN, China). For the
3D samples, we fixed the 3D collagen samples with 4%
paraformaldehyde for 1 h, and then cut them into 80-μm-
thick slices with a freezing microtome and observed and
photographed the morphology of U87 cells in 3D culture
under a laser scanning confocal microscope (LSCM, A1,
Nikon, Japan) in a bright field.

Cell proliferation

We digested the 2D-cultured U87 cells with a trypsin solu-
tion (HyClone, USA) for 2 min and terminated the digestion
with cell culture medium. We then collected the cells and
centrifuged them at 1000 r/min in a centrifuge (HC-3018r,
Zonkia, China) for 3 min. After discarding the supernatant,
we added 3 mL of cell culture medium to the evenly mixed
cells. Then, we injected 20 μL of this cell suspension into a
cell counting plate (SD1300, Nexcelom, USA) and counted
the cells using a cell counting instrument (Nexcelom, USA).
We digested the 3D samples with type I collagenase (DIY-
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IBio, China) for 80 min under the corresponding culture
conditions. Finally, we centrifuged the cells at 1000 r/min
for 3 min. The subsequent processing method was the same
as for the 2D samples.

Cell viability

We collected the 2D or 3D samples cultured under different
oxygen concentrations (21%, 7%, and 1%) at various time
points (on Days 1, 3, 5, and 7) and determined the viabil-
ity of cells using a LIVE/DEAD® Viability/Cytotoxicity Kit
(L3224, Thermo, USA). This kit stains the living cells with
green fluorescence and the dead cells with red fluorescence.
Cell viability was expressed as the proportion of green cells
over the total number of stained cells. We recorded stained
cell images using an LSCM. We analyzed at least three sam-
ples at each time point.

Immunofluorescence staining

We collected 2D and 3D samples at different time points
(on Days 1, 3, 5, and 7), fixed them in 4% paraformalde-
hyde (Solarbio, China) for 1 h, and washed them three times
with 1× phosphate-buffered saline (PBS, HyClone, USA)
for 5 min each time. Then, we sliced the 3D samples with
a freezing microtome (LEICA, Germany) for immunofluo-
rescence staining. Each slice was 80 μm thick. Then, we
blocked all 2D and 3D samples with 5% goat serum (Boster,
USA) for 1 h at 37 °C and incubated them overnight at 4 °C
with primary antibodies (Table 1) and 0.3% Triton X-100
(Solarbio, China).We thenwashed the samples six timeswith
1× PBS for 10 min each time. After that, we incubated the
samples with secondary antibodies for 4 h at room temper-
ature. Subsequently, we added 4,6-diamino-2-phenyl indole
(DAPI, Invitrogen, USA). After 15 min, we washed the sam-
ples six times with 1× PBS and observed them under the
LSCM. Table 1 lists the types and proportions of antibodies
used.

Flow cytometry: detection of cell cycle
and apoptosis rate

After digestion, we collected cells from the 2D and 3D mod-
els for flow cytometry (see Sect. “Cell morphology” for
details). To determine the cell cycle, we fixed the samples
with 70% ethanol at 4 °C for 4 h and then washed them
with 1× PBS three times. We then resuspended the cells in
400 μL of 1× PBS containing 50 μL of propidium iodide
(PI) and 50 μL of RNase (Boster, USA) and incubated them
in the dark for 1 h at room temperature. We then processed
the samples using a flow cytometer (Coulter-XL, USA).

To detect apoptosis, we washed the samples with 1× PBS
three times. Then, we resuspended the cells with 100 μL

Table 1 Summary of antibodies used in this study

Antibody
type

Antibody
name

Proportion in
2D models

Proportion in
3D models

Primary
antibody

Ki-67 (8D5)
mouse
mAb
(9449s,
CST, USA)

1:800 1:800

Rabbit
anti-GFAP
(ab7260,
Abcam,
USA)

1:1000 1:500

Secondary
antibody

Donkey
anti-rabbit
(A-21206,
Invitrogen,
USA)

1:1000 1:500

Donkey
anti-mouse
(A-31570,
Invitrogen,
USA)

1:1000 1:400

GFAP: glial fibrillary acidic protein

of binding buffer containing 5 μL of Annexin V-FITC and
10 μL of PI (Boster, USA) and incubated them in the dark
for 1 h at 4 °C. Finally, we added binding buffer to reach a
total volume of 500 μL and tested the samples.

Statistical analysis

We analyzed all the data in GraphPad Prism8 (GraphPad,
USA). We performed at least three independent replicates
for each experiment. Data are expressed as mean±standard
deviation (SD), with n indicating the number of repli-
cates. We compared the groups using two-way analysis of
variance (ANOVA) (e.g., *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001).

Results

Comparison of cell morphology and cell counts
in the 2D and 3Dmodels

After being cultured under 21% O2 for three days, the U87
cells from the 2D culture (Fig. 1a) exhibited long spindle
shapes, while those cultured in 3D collagen blocks exhibited
a large diversity in cell morphology (Fig. 1b), showing both
long spindle and spherical shapes.

To assess the effect of 2D and 3D culture conditions on
the growth rate of U87 cells, we counted cells on Days 1,
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Fig. 1 Morphology comparison of U87 cells cultured in 2D or 3Dmod-
els for three days under 21%O2. aMorphology of cells from 2D culture
(inverted fluorescencemicroscope).bMorphology of cells from3Dcol-
lagen blocks (LSCM). Red outlines indicate spindle shapes and yellow
outlines indicate spherical shapes. Scale bar: 50 μm. U87: U87MG;
2D: two-dimensional; 3D: three-dimensional; LSCM: laser scanning
confocal microscope

Fig. 2 Cell counting results for 2Dor 3Dcultureswith 1%, 7%, and 21%
O2 in the culture environment. Data are expressed as mean±SD (n≥3).
2D: two-dimensional; 3D: three-dimensional; SD: standard deviation

3, 5, and 7. U87 cells in 3D collagen blocks grew more
slowly than those cultured in 2D models at the tested oxy-
gen concentrations (Fig. 2). Under 21% O2, the number of
U87 cells in 2D culture increased exponentially from
(0.579±0.023)×106 cells on Day 1 to (22.235±2.586)×106

cells on Day 7, while that of cells in 3D collagen blocks
slowly increased from (0.878±0.080)×106 cells on Day 1
to (3.609±0.282)×106 cells on Day 7. Additionally, under
both 2D and 3D culture conditions, the number of U87 cells
increased with increasing oxygen concentrations.

Comparison of cell cycle state and apoptosis rate
of cells in 2D and 3D cultures

To assess the effects of 2Dor 3Dculture conditions on the cell
cycle of U87 cells, we carried out flow cytometry analyses
on Days 1, 3, 5, and 7. As shown in Fig. 3, in 3D colla-
gen blocks, more U87 cells were in the resting phase (G0

phase)/gap I phase (G1 phase) and fewer were in the DNA
synthesis phase (S phase) than in 2D culture. In addition,
regardless of culture conditions, the G0/G1 population pro-
gressively increased while the S population decreased. This
result was consistent with the slower proliferation of cells in
3D collagen blocks than in 2D culture (Fig. 2). Consistently,
there was no significant difference in the proportion of cells
in the G II (G2)/mitotic (M) phase in 2D or 3D cultures
(Fig. 3b).

To investigate whether culture conditions altered the via-
bility and apoptosis rate of U87 cells, we carried out flow
cytometry at various time points (Days 1, 3, 5, and 7). The
survival rate of U87 cells in 3D collagen blocks was slightly
lower than that in 2D culture, and was constantly at above
85% (Fig. 4a). This result suggests that the 3D collagen
blocks constructed in this study have good cytocompatibility
and are suitable for the growth of U87 cells. As shown in
Figs. 4b–4d, the late apoptosis rate of U87 cells in 3D col-
lagen blocks remained 5%–10%, higher than that of cells in
2D culture (below 5%). The early apoptosis rate of U87 cells
in 3D collagen blocks increased from (3.2±0.2)% on Day
1 to (12.7±3.3)% on Day 7, while that of cells in 2D cul-
ture remained below 5%. Besides, the total apoptosis rate of
U87 cells indicated the similar tendency as mentioned above
within seven culturing days.

Effect of oxygen concentration on the viability
of cells cultured in 3D collagen blocks

Wedetermined the viability ofU87 cells cultured in 3D colla-
gen blocks under various oxygen concentrations by live/dead
assay and flow cytometry at different time points (Days 1, 3,
5, and 7). As shown in Fig. 5a, most cells remained alive
(green), and only few dead cells (red) were observed. In
addition, U87 cell viability decreased with decreasing oxy-
gen concentration in the culture environment, and the cells
in 1% O2 had the lowest survival rate (Fig. 5b). On Day
7, the survival rates for cells under 21%, 7%, and 1% O2

were (87.80±1.23)%, (85.87±0.59)%, and (80.07±2.94)%,
respectively. Moreover, the survival rate for cells under 21%
O2 was nearly constant over time,whereas that for cells under
1% and 7% O2 decreased in the first five days of culture and
increased on Day 7, and the changes in the cells under 1%
O2 were more dramatic than those under 7% O2.

Effect of oxygen concentration on the apoptosis rate
of cells cultured in 3D collagen blocks

Todocument the effects of oxygen concentration on the apop-
tosis of U87 cells in 3D collagen blocks, we cultured the
3D samples under various oxygen concentrations and deter-
mined the apoptosis rates by flow cytometry at different time
points (Days 1, 3, 5, and 7) (Fig. 6a). The early apoptosis
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Fig. 3 The effect of 2D or 3D culture conditions on cell cycle at various
time points, as determined by flow cytometry: a G0/G1 phase; b G2/M
phase; c S phase; d G2/M+S phase. Data are expressed as mean±SD

(n≥3) andwere analyzed by two-wayANOVA. *P<0.05, ****P<0.0001.
2D: two-dimensional; 3D: three-dimensional; SD: standard deviation;
ANOVA: analysis of variance

rate of U87 cells in 3D collagen blocks increased over time
(Fig. 6b) regardless of the oxygen concentration. Moreover,
lower oxygen concentrations in the culture environment led
to higher proportions of cells in early apoptosis. Relative
proportion of early apoptosis of U87 cells under 21% O2

increased from (3.20±0.30)% on Day 1 to (12.70±3.30)%
on Day 7, and that of cells under 1% O2 increased from
(7.70±1.39)% on Day 1 to (29.60±3.29)% on Day 7.

Meanwhile, lower oxygen concentrations in the culture
environment increased late apoptosis rates. Cells under 21%
O2 had the lowest late apoptosis ratewhile those under 1%O2

had the highest. Furthermore, the late apoptosis rate of U87
cells under 21% O2 barely increased over time—going from
(5.57±1.35)% onDay 1 to (7.13±1.05)% onDay 7 (Fig. 6c).
Conversely, the late apoptosis rate of U87 cells under 1% O2

increased from (7.27±0.12)% on Day 1 to (21.90±2.98)%
on Day 5 and then decreased to (10.57±1.32)% on Day 7.
The same tendency was observed in cells under 7% O2, but
with a smaller fluctuation range. The total apoptosis rates
also indicated the similar tendency (Fig. 6d). These results
indicate that hypoxic (e.g., 1% or 7% O2) conditions may
promote apoptosis in 3D culture.

Effects of oxygen concentration on cell cycle
and proliferation of cells cultured in 3D collagen
blocks

To assess the effects of oxygen concentration on the pro-
liferation of U87 cells cultured in 3D collagen blocks, we
determined the cell cycle states at various time points (Days
1, 3, 5, and 7) using flow cytometry. As shown in Figs. 7a and
7b, fromDay 1 to Day 5, the proportion of cells in the G0/G1
phase increased in all oxygen concentration sets. From Day
5 to Day 7, the 21%O2 group continued to rise, while the 1%
and 7% O2 groups turned to decrease. As for the proportion
of cells in the G2/M phase, all the groups showed decreasing
tendency within seven culturing days. Moreover, from Day
3 to Day 7, samples cultured under 21% O2 had a higher
proportion of cells in the G0/G1 and G2/M phases than those
cultured under 7% or 1% O2. Additionally, the difference of
the proportion of cells in the S phase between 1% and 21%
O2 (Fig. 7c) significantly increased over time, with 3.17%
on Day 1, 12.47% on Day 3, 13.44% on Day 5, and 19.58%
on Day 7. Finally, the proportion of cells in the G2/M + S
phase decreased over time in cells cultured under 21% O2.
However, in cells cultured under 1% and 7%O2, it decreased
during the first five days and then increased on the seventh
day (Fig. 7d).
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Fig. 4 The effects of 2D or 3D culture conditions on the viability
and apoptosis rate of U87 cells at various time points, as deter-
mined by flow cytometry: a cell viability; b early apoptosis rates;
c late apoptosis rates; d total apoptosis rates. Data are expressed as

mean±SD (n≥3) and were analyzed by two-way ANOVA. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001. 2D: two-dimensional; 3D: three-
dimensional; U87: U87MG; SD: standard deviation; ANOVA: analysis
of variance

To assess the proliferation potential, we stained the nuclei
of proliferating cells with Ki-67. The images indicated that
the cells cultured under all three oxygen concentrations had
a good potential for proliferation (Fig. 8).

To verify the correlation between cell morphology in
the 3D collagen blocks and oxygen concentration in the
culture environment, we cultured the 3D samples under dif-
ferent oxygen concentrations and stained the U87 cells with
glial fibrillary acidic protein (GFAP). Figure 8 shows typ-
ical fluorescence images of the 3D samples cultured under
different oxygen concentrations. The images indicate that
under 1%O2, most U87 cells showed spherical shapes (inde-
pendently of culture duration) and a few cells at the edges
of the 3D collagen blocks showed spindle shapes (Fig. S1
in Supplementary Information). Under 21% O2, some cells
changed from spherical to spindle shapes over time and some
remained spherical (Fig. 8). The images indicate that the
number of cells in 1% O2 changed more slowly than that
in 21% or 7% O2, which is consistent with the results shown
in Fig. 2.

Discussion

Two-dimensional cell culture models may only marginally
resemble the microenvironment of natural tissue, resulting in
significant discrepancies between results obtained from 2D
cell culture models and those from natural tissues in patho-
logical research and antitumor drug development [10, 11]. In
this study, we constructed an in vitro 3D tumor model based
on type I collagen to quantitatively study the contributions
of 2D and 3D culture environments to the morphology and
functional development of U87 cells. Moreover, hypoxia is
a typical feature of gliomas and is related to poor prognoses
[24]. Therefore, we thoroughly investigated the effects of
culturing environments with various oxygen concentrations
on the growth of U87 cells embedded in 3D models, and dis-
cussed the synergistic effects of the culturing configuration
and hypoxia.

The dimensionality of culturing models could signifi-
cantly affect the morphology of U87 cells. We found that
U87 cells cultured under 21% O2 in 3D collagen blocks
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Fig. 5 Effect of oxygen concentration on the survival rate of U87 cells
cultured in 3D collagen blocks. a Fluorescence images of 3D samples
cultured under different oxygen concentrations at different time points
(Days 1, 3, 5, and 7). The living cells were stained with a green fluores-
cent marker and dead cells were stained with a red fluorescent marker.
Scale bar: 200μm. b The survival rates of the cells cultured in 3D colla-
gen blocks under different oxygen concentrations were determined by
flow cytometry, and the data are expressed as mean±SD (n≥3). U87:
U87MG; 3D: three-dimensional; SD: standard deviation

showed morphology diversity, with spherical and spindle-
shaped cells, while those in the 2D culture all exhibited long
spindle shapes. Consistent with previous research, primary
tumor cells cultured in 3D collagen scaffolds were morpho-
logically similar to glioma cells in human tumor tissues; i.e.,
they all exhibited spherical shapes [16]. Liverani et al. [26]
also indicated that the cells of human breast cancer cell line
(MDA-MB-231) and human breast adenocarcinoma cell line
(MCF-7) encapsulated within 3D scaffolds displayed mor-
phological similarities to matching xenograft tumor cells.
The morphology difference of the cells in the 2D or 3Dmod-
els indicated that dimensionality is an important factor to
consider when constructing in vitro tumor models [5]. In
vivo, cells need to overcome the physical constraints of the
surrounding extracellular matrix to grow and migrate, while
these constraints are absent in 2D culture settings. Compared
with 2D culture, the 3D culture environment can emulate

these physical constraints, which profoundly affect cellular
morphology.

We also compared the proliferation rates of U87 cells in
3D collagen blocks and 2D culture over seven days of in vitro
culture. We found that the U87 cells in 2D culture showed a
typical proliferation curve with an exponential trend, while
those in 3D collagen blocks grewmore slowly.Moreover, the
3D matrix led to a graduated distribution of oxygen, nutri-
ents, and growth factors; therefore, the cells in 3D collagen
blocks had different proliferation rates. Although cells in 2D
culture had a relatively uniform proliferation rate, they grew
faster than those in 3D collagen blocks [11]. Liverani et al.
[26] found that, although cell counts in 3D models increased
more slowly than those in 2D culture, themultiple changes in
cell numbers in 3D models matched the multiple changes in
xenograft tumor volumes. These results indicated that a 3D
culture can precisely mimic the growth rate of natural tumors
in vitro. Dai et al. [30] showed that in the first 13 days of cul-
ture, cells in 2D models had a higher growth rate than those
cultured in a 3D environment; however, after 13 days of cul-
ture, the cells in the 3D culture grew faster. These results
indicated that the 3D model provided an ideal tool for long-
term in vitro cell culture.

The oxygen concentration in the culture environment
can also significantly impact the proliferation rate of cells.
Regardless of culture setting (2D or 3D), decreasing oxy-
gen concentration slowed cell growth. Previous research
has also indicated that in 2D culture, cells under 1% O2

grew slower than cells under 21% O2 [3, 31]. However,
the study of Richards et al. [32] showed that pathophys-
iological levels of hypoxia (1% O2) barely affected the
proliferation and viability of GBM cells in 2D culture. These
differing research results may be related to inconsisten-
cies in the detection methods or cell types. Musah-Eroje
and Watson [3] demonstrated that glioma cells in 2D cul-
ture could adapt to a hypoxic microenvironment (1% O2)
by reducing their proliferation and enhancing metabolism.
This research demonstrated that the mechanisms of cell
metabolism changed as the oxygen concentration changed
[26, 33]. Therefore, the cell proliferation rates determined
via the cell counting kit-8 (CCK-8) or methyl thiazolyl
tetrazolium (MTT) kits may not be sufficiently accurate,
especially for the 3D models.

In this study, we determined the proliferation rate of U87
cells by cell counting, which precisely reflected changes in
cell numbers and the proliferation potential. Slow cell prolif-
eration may be related to the stagnation of the cell cycle
or an increase in apoptosis [32]. Additionally, we found
that, in the 3D collagen blocks, the proportion of cells in
the G0/G1 phase did not depend on oxygen concentration.
Meanwhile, decreasing oxygen concentration increased the
apoptosis rate—the total apoptosis rate of cells under 1% O2

reached (40.17±2.10)%. These results suggest that, as the
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Fig. 6 Effects of different oxygen concentrations (1%, 7%, and 21%)
on the apoptosis rates of U87 cells cultured in 3D collagen blocks:
a representative images of PI-Annexin V staining by flow cytometry;
b early apoptosis rates; c late apoptosis rates; d total apoptosis rates.

Data are expressed as mean±SD (n≥3) and were analyzed by two-
way ANOVA. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. U87:
U87MG; 3D: three-dimensional; PI: propidium iodide; SD: standard
deviation; ANOVA: analysis of variance

oxygen concentration in the culture environment decreased,
the lower proliferation rate ofU87 cells in 3Dcollagen blocks
may have been caused by increased apoptosis. In addition,
the 3D matrix can constrain the growth rate of U87 cells.

At the same time, the increased proportion of cells in the
quiescent stage was related to the enhancement of cell stem-
ness and drug resistance of tumor cells [6, 15]. The drug
resistance of stem cells was higher than that reported for
glioma cells [30]. The 3D culture environment can increase
drug resistance, which can be attributed to the repair of DNA

damage and increase in cell stemness [16]. The hypoxic envi-
ronment can also enhance the stemness and drug resistance
of tumors [11, 15, 31, 34, 35]. The enhanced stemness phe-
notype is associated with an increased proportion of cells in
the G0/G1 phase and cellular dedifferentiation [16]. These
results are consistent with our findings, showing that the pro-
portion of cells in the G0/G1 phase in 3D culture was higher
than that in 2D culture. These results indicated that the 3D
collagen glioma models constructed in this study showed
enormous potential for studying the mechanisms of tumor
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Fig. 7 Effects of oxygen concentration on the cell cycle of U87 cells
in 3D collagen blocks: percentage of cells in the G0/G1 phase (a),
G2/M phase (b), S phase (c), and G2/M+S phase (d) with dif-
ferent oxygen concentrations during seven culturing days. Data are

expressed asmean±SD (n≥3) andwere analyzed by two-wayANOVA.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. U87: U87MG; 3D:
three-dimensional; SD: standard deviation; ANOVA: analysis of vari-
ance

resistance as well as relevant targeted therapies. Other stud-
ies have also shown that stem cells grow more slowly than
their differentiated progeny cells [36, 37], which can also
correspond to the changes in cell proliferation rates men-
tioned above. In other words, the number of cells in 3D
collagen blocks changedmore slowly than that in 2D culture.
As the oxygen concentration decreased, the number of cells
also decreased, regardless of the culture dimension. How-
ever, our results showed that when cells were cultured in
3D collagen blocks, changing the oxygen concentration in
the culture environment did not significantly affect the pro-
portion of cells in the G0/G1 phase, and the reason for this
remains to be further studied.

The apoptosis rates of the U87 cells in 3D collagen
blocks increased significantly as the oxygen concentration
decreased. Due to the limitations of the 3D matrix [15], even
for samples cultured in 20%O2, the oxygen concentration in
the 3D-Alvetex scaffold ranged from 2.6% to 8.48%, much
lower than that in a 2D culture environment. Therefore, for
cells cultured in 3D collagen blocks under 1% O2, the actual

Fig. 8 Representative immunofluorescence images of the 3D samples
cultured under different oxygen concentrations on Days 1, 3, 5, and
7. The U87 cells were stained with GFAP and appear in green. The
nuclei were counterstained with DAPI and appear in blue. The nuclei of
proliferating cells were stained with Ki-67 and appear in red. Scale bar:
50 μm. 3D: three-dimensional; U87: U87MG; GFAP: glial fibrillary
acidic protein; DAPI: 4,6-diamino-2-phenyl indole
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oxygen tension surrounding the cells was even lower, possi-
bly increasing the apoptosis rate.

Notably, over the seven-day culture timeline, the fifth
day seemed to be a turning point. Indeed, on Day 5, the
cell survival rate switched from a continuous decline to an
increase, and the late apoptosis rate switched from a contin-
uous increase to a decrease, while the proportion of cells in
the G2/M+S phase showed an opposite trend to the late apop-
tosis rate. It can be inferred that the turn of cell survival rate
on the fifth day is correlated with the late apoptosis rate and
proliferation ratio. This fluctuation becamemore dramatic as
the degree of hypoxia increased.

One of the main reasons for the incurability of GBM is
that GBM cells infiltrate adjacent tissues, causing incom-
plete resection and recurrence [10, 38]. Recent studies have
shown that the markers related to cell invasion (e.g., matrix
metalloproteinases-2 (MMP-2) and MMP-9) were mostly
upregulated in the 3D scaffold [39]. The expression levels of
MMP were 2–5 times higher in cells cultivated in 3D scaf-
folds than those in 2D models [6]. In addition, hypoxia may
promote the migration of glioma cells [31, 40]. Many cells
cultured in 3D blocks for seven days under 21%O2 migrated
to the edge of the blocks, while cells under 1% O2 were
uniformly distributed in the 3D blocks (Fig. S2 in Supple-
mentary Information). This may indicate that an appropriate
oxygen gradient can promote the migration of glioma cells
and mimic the in vivo invasive process, as cells migrate to
favorable niches to enhance their viability [26]. Meanwhile,
severe hypoxia may hinder cell migration.

The tumor microenvironment has various properties [10],
including cell–cell interactions [9], gradient distributions of
biochemical factors [11], extracellular matrix components
[41], complex tissue structures [10, 42, 43], high vasculariza-
tion levels [32], andmatrix stiffness [44]. The oxygen level is
only one of these properties and, although the 3Dmodel built
in this study cannot perfectly replicate the tumor microenvi-
ronment, the oxygen tension could be used for a parametric
study on the influence of oxygen concentration on the sta-
tus of cells in 3D cultures. However, our research also has
some limitations. The main component of the constructed
3D model was type I collagen, but the natural extracellu-
lar matrix around GBM is composed of various types of
extracellular matrix proteins (such as hyaluronic acid) and
glycosaminoglycan [45, 46]. Additionally, more and more
studies have shown that astrocytes, macrophages, microglia,
tumor-associated fibroblasts, and other cells [41, 46–49]may
profoundly affect tumor formation in vivo. Therefore, in
future studies, 3D matrix that encapsulates the cells should
be further optimized, and co-culturing tumor cells with other
cells needs to be considered to better mimic the microenvi-
ronment of natural tumor tissue.

Conclusions

In this study,we used type I collagen to construct a 3Dglioma
tumor model and investigated the growth of glioma cells in
this setting.We found thatU87 cells in the 3Dcollagen blocks
had a high survival rate. Besides, compared to the 2D culture,
the morphology of cells cultured in 3D collagen blocks was
more similar to that of cells in real tissues, indicating that
the proposed 3D glioma tumor model more accurately simu-
lated the growth of glioma cells in vivo. Next, we used the 3D
glioma models to explore the effect of oxygen concentration
on glioma cell growth in the 3D models. Regardless of the
culture setting (2D or 3D), decreasing oxygen concentration
slowed the cell proliferation. In 3D collagen blocks, severe
hypoxia (1% O2) significantly increased the apoptosis rate,
but general hypoxia (7% O2) barely affected apoptosis com-
pared with 21%O2. In addition, the proportion of cells in the
G0/G1 phase in 3D culturewas higher than that in 2D culture.
Furthermore, in 3D collagen blocks, oxygen concentration
barely affected the proportion of cells in the G0/G1 phase.
Moreover, in the 3D culture, the oxygen gradient prompted
cells to migrate to the edge of the collagen blocks. In brief,
the developed 3D glioma tumormodel can be used to explore
the effect of oxygen concentration on the growth of glioma
cells in vitro. This model provides a basis for future drug
development for glioma diseases and the construction of an
appropriate tumor model in vitro.
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