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Abstract. Cancer can be fatal if it is not treated in a timely
manner; therefore, there is a high demand for more specific
oncology drugs. Unfortunately, drugs showing positive
responses on a two-dimensional (2D) culture platform do
not often show the same effect in clinical trials. Therefore,
three-dimensional (3D) culture platforms are garnering
attention since they more closely mimic the tumor microen-
vironment (TME). The TME stimulates metastasis and drug
resistance, and serves an essential role in tumor formation.
An accurate understanding of tumor-stroma interactions is
undoubtedly required to improve the response of patients to
therapeutic strategies, and cancer therapeutic strategies that do
not account for the stroma are considered inadequate. It should
be noted that 3D monoculture systems do not completely mimic
the TME since other cells in the 3D culture are missing, such as
fibroblast or endothelial cells, which are essential components
of the stroma; therefore, it is essential to develop advanced 3D
culture systems. The present study aimed to develop a versa-
tile triculture model that mimics the native TME; therefore, it
could aid in high-throughput screening of chemotherapeutic
drugs against cancer by evaluating their effects on tumor
progression and cell cytotoxicity. The present study demon-
strated the use of the AXTEX-4D™ platform in developing
triculture tissueoids composed of MCF-7, human umbilical
vein endothelial cells and MRCS5 cells, and compared it with a
3D monoculture model (MCF-7) and a 2D culture model. The
triculture model was validated for proliferation, ECM markers
and T-cell infiltration by confocal microscopy. Alamar Blue
assay demonstrated that triculture tissueoids exhibited higher
drug resistance than the other two models, thus demonstrating
their use in the screening of oncology drugs.
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Introduction

Two-dimensional (2D) cell cultures have an important role in
assessing drugs due to their simplicity, robustness, rapidity and
cost-effectiveness. The elimination of several anticancer drugs
during clinical development is often due to the overestimation
of their anticancer activity on a 2D-culture-based screening
platform. Considerable data have suggested the significance of
three-dimensional (3D) cell culture systems over 2D culture
systems, due to their ability to better mimic the actual tumor
microenvironment (TME) (1). The transcriptional profiling
of several genes and limited signal transduction pathways,
including hypoxia, TGF, Wnt and epithelial-mesenchymal
transition pathways, in 3D culture systems have shown simi-
larities with tumor xenografts and patients with cancer (2,3).
These data indicated that 3D culture systems may reduce the
number of animal models required in drug screening and the
failure rates of clinical trials.

The stroma is considered a critical component of the TME,
which markedly affects numerous hallmarks of cancer (4). The
tumor stroma is essential in various molecular processes that
aid cancer progression, metastasis and tumor cell resistance to
therapeutic drugs. An accurate understanding of tumor-stroma
interactions may result in more effective ameliorative strate-
gies, ultimately improving patient health outcomes. Cancer
therapeutic strategies that do not account for the stroma
are inadequate (4); this is one of the main reasons for the
non-performance of a number of oncology drugs in clinical
trials, irrespective of their high efficiency in 2D-cultured cell
line-based models. Notably, only 6.7% of drugs are approved
during their transition from the preclinical phase to phase I
clinical trials (5). In addition, most drugs fail in phase III
clinical trials, which is considered to be the most expensive
phase of clinical trials. It should be noted that the median cost
of phase I clinical trials is ~$3.4 million. By contrast, single
phase IT and III clinical trials cost ~$8.6 and $19 million,
respectively (6,7). One of the most challenging oncology issues
is the problem of developing productive drugs in a time-saving
and economical manner. Therefore, there is an urgent need for
the development of cost- and time-efficient platforms for the
screening of therapeutic drugs.

Various 3D innovative technologies are currently avail-
able, which have advanced the screening of antitumor agents,
such as magnetic levitation, gel embedding technologies, 3D
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bioprinting and microfluidic cell culture. In the magnetic
levitation procedure, magnetic forces are applied to deliver
magnetic nanoparticles to 2D cells, which help in forming
3D spheroids by making physiologically relevant extracellular
matrix (ECM) (8). In the gel embedding technology, a hydro-
philic polymer-based gel is used to form a 3D spheroid-like
structure; this 3D structure facilitates cell-cell/cell-ECM
interaction and supports signaling involved in inducing drug
resistance of cancer cells (9). Although 3D culture systems
have received attention over 2D culture systems, they lack the
interactions of tumor cells with other cells of the stroma, such
as fibroblasts or endothelial cells. Therefore, these 3D systems
cannot mimic the TME. Co-culture of tumor cells with other
cells of the stroma could be a partial solution to issues related
with the failure of oncology drugs in clinical trials. Therefore,
there is an urgent need to develop advanced 3D culture plat-
forms for drug screening (10).

The present study developed a 3D triculture model using
epithelial MCF-7 cells, fibroblast MRCS5 cells and human
umbilical vein endothelial cells (HUVECs) embedded in the
AXTEX-4D™ platform. Briefly, the AXTEX-4D is a platform
composed of a nonwoven fabric base matrix (polyethylene tere-
phthalate) that receives and supports the growth of tissueoids.
These polymers are less prone to heat and stress, making them
autoclavable and capable of providing mechanical strength. In
addition, the size of pores in the platform is 65 mm, which is
designed to sustain cell adhesion and cell morphology. The
present study also explored the use of the triculture model in
testing the action of chemotherapeutic drugs in solid cancers
compared with 3D monoculture and 2D culture models.

Materials and methods

Materials. The anti-collagen I (cat. no. AB745) and
anti-laminin antibodies (cat. no. L8271) were purchased from
MilliporeSigma. Anti-Ki67 antibodies were purchased from
Abcam (cat. no. ab15580). Anti-mouse Alexa Fluor® 594-conju-
gated secondary antibodies (cat. no. A11005; 1:1,000) were
purchased from Thermo Fisher Scientific, Inc., and anti-rabbit
Alexa Fluor 488-conjugated secondary antibodies (cat.
no. ab150077; 1:1,000) were obtained from Abcam. CFSE Blue
(cat. no. C34574) and CFSE Green (cat. no. C34554) dyes were
from Invitrogen; Thermo Fisher Scientific, Inc. Dil Red (cat.
no. D3911) dye was obtained from Thermo Fisher Scientific,
Inc. CFSE Blue, CFSE Green and Dil Red were used to stain
the tumor cells (MCF-7 and HT-29), HUVECs and MRC5
cells, respectively.

Cell lines. Human breast cancer MCF-7 cells, colorectal cancer
HT-29 cells, HUVECs (passage 1; CRL-1730™) and human
lung fibroblast MRC-5 cells were obtained from ATCC. EMEM
(MilliporeSigma) was used to culture MCF-7, HT-29 and MRC-5
cells, whereas HUVECs and Jurkat T cells (TIB-152™; ATCC)
were cultured in EBM2 (Lonza Group Ltd.) and RPMI-1640
(MilliporeSigma), respectively. All media were supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and
2 mM glutamine (MilliporeSigma). Cells were cultured at 37°C
and 8% CO, was supplied to cells under static conditions. Two
tumor cell lines (MCF-7 and HT-29) were used to show the
versality of the AXTEX-4D platform.

Establishing 3D monocultures and tricultures

3D monoculture and triculture tissueoids on the AXTEX-4D.
The AXTEX-4D platform (Premas Biotech Pvt Ltd.) was
used to form 3D tissueoids as described previously (7,11,12).
A patent for the platform has been filed (patent no. US
20200326330 Al; application filed, January 29, 2020; publica-
tion date, October 15, 2020) by Premas Biotech Pvt Ltd. The
platform is in the exploratory phase and currently has no cata-
logue number. For 3D monoculture tissueoids, 5,000 MCF-7
cells were used; for 3D triculture tissueoids, a suspension of
the MCF-7 cell line was mixed with MRC-5 and HUVEC cell
lines in a 1:2:1 ratio (1,250 tumor cells, 2,500 fibroblast cells
and 1,250 endothelial cells). The cell population was used to
make monoculture and triculture tissueoids on the platform and
further used for various experiments. Briefly, ~0.8x10° cells
(monoculture and triculture) were seeded in 60-mm dish and
were allowed to grow until 70-80% confluence was reached.
Cells were then washed and centrifuged at 120 x g for 5 min at
room temperature. Finally, a cell suspension was generated so
that each drop of media contained 5,000 cells. A single drop
of media containing 5,000 cells was used to make 3D tissue-
oids on the AXTEX-4D platform and underwent subsequent
experiments.

To evaluate interactions among tumor cells, endothelial
cells (HUVECs) and fibroblast cells (MRCS5), MCF-7 and
HT-29 tumor cells were grown as a monoculture and as tricul-
tures on the AXTEX-4D platform for 4 days, since the HUVEC
network would not last beyond the 7-day time point (13). 3D
MCF-7 or HT-29 tissueoids were labelled with a blue fluores-
cence dye, whereas HUVECs and MRCS5 cells were labelled
with green and red fluorescence dyes, respectively. The local-
ization of all of the three cell types was visualized via bright
field or confocal microscopy and were visually assessed.

Proliferation and ECM formation. 3D monoculture and
triculture tissueoids were stained with specific antibodies to
assess proliferation and ECM formation. Briefly, tissueoids
were formed on the AXTEX-4D platform after 24 h of culture
and subsequently fixed with 4% paraformaldehyde for 15 min
at room temperature, followed by washing with 1X PBS.
Subsequently, permeabilization was performed with 0.1%
Triton-X for 4 min at room temperature. After permeabiliza-
tion, samples were blocked with 1% BSA (MilliporeSigma)
for 1 h at room temperature, and were then incubated with
anti-Ki67, anti-laminin and anti-collagen I antibodies (1:1,000,
1:500 and 1:50, respectively) overnight at 4°C. Finally,
tissueoids were incubated at 37°C for 2 h with Alexa Fluor
488-conjugated anti-rabbit secondary antibodies (for Ki67
and collagen I; 1:1,000) and Alexa Fluor 594-conjugated
anti-mouse secondary antibodies (for laminin; 1:1,000), and
were washed with PBS. Tissueoids were counterstained with
Hoechst and mounted using Prolong Gold mounting media.
Imaging was then performed using a Leica TCS SPS8 confocal
microscope (Leica Microsystems, Inc.).

Tumor immune infiltration. Triculture tissueoids of breast
cancer cells were generated after 24 h of culture on the
AXTEX-4D platform. Briefly, 100 ul Jurkat cells (5x10* cells)
were poured on the upper chamber of a Transwell system
(Corning™ HTS Transwell®-96 Tissue Culture System; cat.
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no. 3387; Corning, Inc.). Jurkat cells were stained with CFSE
at 37°C for 20 min and a chemoattractant (SDFla or 10%
FBS; Shenandoah Biotechnology, Inc.) was added to the lower
chamber containing triculture tissueoids. The infiltration
assay was performed as described previously by our group.
The experiment was repeated three times, and one tissueoid
per well was used to count T cells during each repeat. Images
were captured using a Nikon confocal microscope (A1R
HD25; Nikon Corp.) at x10 objective. The Cell Counter
plug-in (version-2) of ImageJ (National Institutes of Health)
was used to count the infiltrated T cells (14). First, channels
were split using ImageJ. Using the 3D-OC set measurements,
the cell measurements were set with dot and font size of 20.
Subsequently, cells present on the edges were excluded and the
background staining was minimized using a size filter. The
number of cells was then quantified.

Alamar Blue assay. Tissueoids were formed after 24 h of
culture on the AXTEX-4D platform and were subsequently
treated with drugs. Briefly the 3D monoculture, triculture and
2D culture of MCF-7 breast cancer cells were treated with
different concentrations of raloxifene (1, 10, 50 and 100 uM,
cat. no. R0109; Tokyo Chemical Industry Co., Ltd.) and doxo-
rubicin (2.5, 5 and 10 uM; MilliporeSigma) for 48 h at 37°C.
Subsequently, 20 1 Alamar Blue solution (cat. no. DAL1025;
Invitrogen; Thermo Fisher Scientific, Inc.) was directly added
to 200 pl medium and the cells were incubated for 4 h at
37°C. The Alamar Blue assay was performed as described
previously (15). An ELISA plate reader (Spectramax Gemini
EM; Molecular Devices, LLC) was used to determine relative
fluorescence units (RFU). The following formula was used to
calculate cell viability (15): Viability (%)=RFU value of cells
treated with raloxifene/RFU value of the control untreated
cells x100.

Statistical analysis. Each experiment was repeated three times
and results are presented as the mean + SEM. The differ-
ence in cell viability was assessed using one-way analysis
of variance followed by Bonferroni-post hoc test. OriginPro
(Version:2020b) (Konark solutions Bangalore Private Limited)
was used for all statistical analyses. P£0.05 was considered to
indicate a statistically significant difference.

Results

Establishing a triculture tissueoid model using the AXTEX
4D platform. When two or more cell populations are used
together to develop a co-culture model, they co-exist
together (16). However, in the native environment, several
phenotypically distinct cells exist together near to each other
or in a more compact organizational form and exert strong
paracrine effects (17). Proliferation of solid cancer cells along
with HUVECs and MRCS5 cells resulted in the formation of
MCF-7 and HT-29 cell triculture tissueoids (Figs. 1 and 2).
It is evident that all three cells could co-exist together in the
triculture model.

Study of cellular proliferation and ECM interactions in
cancer tissueoids. The aim of the present study was to develop
a versatile triculture model that could be used for the screening

of chemotherapeutic drugs with high efficiency against cancer
by evaluating their effects on tumor progression and cell cyto-
toxicity. The expression of Ki67 (a marker of proliferation) and
ECM formation are strongly associated with tumor cell prolif-
eration, tumor progression, survival and therapeutic resistance
in the tumor microenvironment. Therefore, they are widely
used in routine screening of chemotherapeutic drugs (18-21).
Ki67 immunostaining (Fig. 3A and B) indicated that MCF-7
triculture tissueoids displayed a homogeneous distribution
pattern of Ki67-positive cells, whereas Ki67 staining was
mostly restricted to the outmost cell layers in MCF-7 mono-
culture tissueoids (Fig. 3A). In contrast to MCF-7 cells, HT-29
monoculture and triculture tissueoids displayed homogenous
distribution of Ki67-positive cells, indicating that different
cancer cell types exhibit different cellular organization in their
native environment (Fig. 3B).

Collagens and laminins are the main component of
the ECM, which provide structural support, and regulate
cell attachment, migration and differentiation. These
components promote tissue repair and modulate cellular
behavior (22,23). The interaction of collagen and laminin is
expected to be essential for ECM formation; however, little
work has been done to study the interactions (24). In the
present study, strong signals were detected for laminin in
the innermost region of MCF-7 monoculture and triculture
tissueoids, whereas collagen was detected in the outermost
region in the case of MCF-7 monoculture and triculture
tissueoids (Fig. 4A). In HT-29 monoculture and triculture
tissueoids, collagen and laminin signals were detected
throughout the tissueoid (Fig. 4B). These results suggested
no visible interconnection between collagen and laminin in
the MCF-7 3D tissueoids; however, it was visible in both
monoculture and triculture 3D tissueoids of HT-29 cells
(Fig. 4B), suggesting the strong structural support of the
cells. However, further investigation is essential to confirm
these findings.

Infiltration of Jurkat T cells in triculture model. The identi-
fication of drugs that manipulate the interaction of immune
system cells, fibroblasts and endothelial cells with tumor cells
may lead to novel cancer treatments (25). Our previous study
explored the infiltration of T cells in a monoculture tissueoid
model (11). Using the same strategy in the present study, the
infiltration of immune T cells was investigated in the triculture
model. Confocal microscopy revealed the significant infiltra-
tion of Jurkat T cells in the 3D MCF-7 triculture tissueoids in
the presence of both 10% FBS and SDF-1a in comparison to
unstimulated cells (Fig. 5). However, T-cell infiltration was not
obvious in the unstimulated (0% FBS) 3D triculture tissueoid
model. The results were similar to those detected in the mono-
culture tissueoids in our previous study (11).

Drug sensitivity in 2D culture, and 3D monoculture and
triculture. The lack of interactions between tumor cells and
stromal tissues or blood flow through endothelial cells in a 3D
culture model make them unable to completely mimic the TME.
Previous studies have shown greater clinical relevance of 3D
tricultures, due to their enhanced resistance to chemotherapeu-
tics, compared with 2D cultures (26,27). To this end, the present
study evaluated drug sensitivity in a 2D culture, and in 3D
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Figure 1. Triculture model of solid cancer tissueoids on the AXTEX-4D™ platform (11). Bright field microscopy images of (A) MCF-7 and (B) HT-29
tissueoids. Monoculture (left panel) and triculture (right panel) of (A) MCF-7 and (B) HT-29 tissueoids with MRC-5 (fibroblasts) and human umbilical vein

endothelial cells after 2 days in a 1:2:1 ratio.

monoculture and tricultures tissueoids of MCF-7 cells by Alamar
Blue assay to demonstrate drug-induced cytotoxicity (Fig. 6).
Breast cancer 3D tricultures and monocultures were treated
with different doses of raloxifene (1, 10, 50 and 100 M) and
were compared with 2D monocultures for 48 h. Compared with
the 3D tricultures, MCF-7 cells cultured in 2D and 3D monocul-
tures exhibited reduced cellular viability following raloxifene
treatment. The percentages of cell viability following raloxifene
treatment were as follows: 3D triculture, 1 M, 107.01+19.81%;
10 uM, 190.23+21.13%; 50 uM, 179.12+32.62%; 100 uM,
20.31+8.50%. 3D monoculture, 1 yM, 101.05+£2.26%; 10 uM,
85.05+0.46%; 50 uM, 69.13+1.05%, 100 uM, 15.19+0.16%.
2D culture, 1 uM, 69.06+10.41%; 10 uM, 73.18+7.73%; 50 uM,
4.71+1.32%; 100 uM, 4.63+£1.92% (Fig. 6A).

Similar results were obtained using doxorubicin (Fig. 6B).
The maximum serum concentration achievable for doxorubicin
is 6.73 uM (28); therefore, breast cancer 3D tricultures and
monocultures were treated with different doses of doxorubicin
(2.5, 5 and 10 pM) and compared with 2D monocultures for
48 h. Compared with the 3D tricultures, both 2D cultures and 3D
monocultures of breast cancer cells were most sensitive to the
drug doses applied. The percentages of cell viability following
doxorubicin treatment were as follows: 3D triculture, 2.5 uM,
99.81+£0.18%; 5 uM, 99.45+0.48%; 10 uM, 98.71+0.74%.
3D monoculture, 2.5 uM, 99.75+0.18%; 5 uM, 97.50+1.88%;
10 uM, 86.73+8.88%. 2D culture, 2.5 uM, 55.03% 33%; 5 uM,
48.12+28%; 10 uM, 23.14+13% (Fig. 6B). These results
suggested that MCF-7 3D tricultures and monocultures were
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Figure 2. Confocal microscopy of a triculture model of solid cancer tissueoids on the AXTEX-4D™ platform. (A) MCF-7 and (B) HT-29 triculture tissueoids
(blue) depicting MRCS cell (red) and HUVECS (green). HUVECs, human umbilical vein endothelial cells.

P

Ki67 Hoechst Merged

Monoculture

L-ADIN

Triculture

B Bright Field Ki67 Hoechst

,

Figure 3. Proliferation of MCF-7 and HT-29 tissueoids on the AXTEX-4D™ platform. Monocultures (upper panel) and tricultures (lower panel) of (A) MCF-7
and (B) HT-29 tissueoids were grown on the AXTEX-4D platform for 7 days. The cells were stained with anti-Ki67 antibody.
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significantly more resistant to raloxifene and doxorubicin than  to exhibit drug resistance (29-32). These results suggested that
2D cultures, with the triculture showing maximum drug resis-  the response to anticancer drugs in the 3D triculture and mono-
tance. Xenograft models of MCF-7 tumors have been shown culture systems was more similar to the response observed for
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Figure 6. Effect of chemotherapeutic drugs on cytotoxicity in 2D culture, 3D monoculture and 3D triculture models. MCF-7 cells were grown as 2D, 3D
monoculture and 3D triculture, and were treated with the indicated doses of (A) raloxifene and (B) doxorubicin for 48 h. Cell viability was determined using
Alamar Blue assay. Data are presented as the mean + SEM. ‘P<0.05. 2D, two-dimensional; 3D, three-dimensional.

the same drugs in xenograft models; however, it is not true
in the case of the 2D culture systems. These results further
suggested that the developed 3D monoculture and triculture
models may regulate mechanisms associated with the drug
resistance of tumor cells, such as mechanisms associated with
drug inactivation, multi-drug resistance, cell death inhibition,
DNA-repair and target gene amplification and may be used to
assess mechanisms associated with drug resistance (33).

Discussion

The present study developed a triculture tissueoid model
containing endothelial cells, fibroblasts and tumor cells on the
AXTEX-4D platform, which mimics the TME. The TME in
solid tumors not only contains tumor cells but also contains
endothelial cells, ECM, stromal cells and immune cells, which
are an essential and larger part of the tumor mass. Interactions
among tumor, vascular and other cells promotes cancer growth
through cell-cell and ECM interactions (34-36). Previous
studies have also shown the role of direct interaction of cancer
cells with fibroblasts and/or vascular cells in cancer cell inva-
sion and metastasis (37,38). The present study demonstrated the
utility of the AXTEX-4D platform in developing a triculture
tissueoid model that may be used in studying tumor, vascular
and fibroblast cell interactions, which serve an essential role in
tumor growth, metastasis, and the evaluation of anti-angiogenic
and vascular targeting therapies. Additionally, the ability of the
AXTEX-4D platform in evaluating the expression of prolifera-
tive markers and ECM formation, which may control the tumor
response toward therapy, was assessed. Although the present
study demonstrated the importance of the developed triculture
model in assessing tumor-related characteristics, further inves-
tigations at the molecular level to measure the difference in the
expression levels of tumor markers are necessary.

The ECM is associated with numerous factors, such
as tissue stiffness, interactions with relevant receptors and
tumor progression (39). The expression of laminin receptors,

laminin, collagen, collagenase and Ki67 have been shown to
be associated with pathological grade and the clinical behavior
of tumors (40). Consistent with these studies, the present
study observed the expression of Ki67, collagen I and laminin
(ECM markers) in 3D monoculture and triculture tissueoids
of MCF-7 and HT-29 cells. However, flow cytometric analysis
of proliferative and ECM markers is required to confirm the
statistical differences, which will be performed in our future
studies. Notably, differences were observed in the localization
of Ki67, collagen and laminin staining between monocultures
and tricultures. As reported previously, the interaction of tumor
cells with other cells in the stroma in the triculture model
affects the image quality of confocal microscopy and results
in a lower resolution, most likely due to altered compactness
or different cell types (41-44) and could be the reason for the
differences in the localization of Ki67 between the monocul-
ture and triculture models. However, more experimental data
are required to verify this. These results suggested that the
tissueoid model may be used to evaluate and screen anticancer
agents targeting proliferation and ECM formation, and may
help study the therapeutic resistance of tumor cells.

The lack of interactions between tumor cells and stromal
tissues or blood flow through endothelial cells in 3D culture
models make them unable to completely mimic the TME.
Several studies have demonstrated the drug resistance features
of 3D models over 2D cultures (45,46). For example, the 3D
culture of paclitaxel-treated ovarian cancer cells exhibited
reduced cell death (40 or 60%) compared with the 2D culture
(80%) (45). These results indicated that chemotherapeutic
drugs have reduced activity in 3D culture models and may
be associated with increased drug resistance. Limited diffu-
sion through the spheroid, hypoxia and the presence of
stromal cells are other factors that could contribute to drug
resistance (47,48). Similar drug resistance as observed in 3D
spheroids has also been observed in vivo (49,50). Similar to
xenograft models, breast cancer spheroids have been shown to
develop multi-lobular structures, wavy protrusions and drug
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resistance (51). However, the triculture models, compared with
2D culture models, provide a physiologically relevant model
for assessing cancer cell growth, drug response and thera-
peutic screening (27,51,52). The present study demonstrated
higher drug resistance to raloxifene and doxorubicin in the
triculture tissueoids compared with in the 3D monoculture
and 2D culture models. However, it should be noted that in
contrast to raloxifene, doxorubicin is a DNA topoisomerase 11
inhibitor that is not applied for the treatment of ERa-positive
breast cancer, such as MCF-7, which show resistance against
doxorubicin treatment (53).

In the present study, cell cytotoxicity was observed using
clinically achievable concentrations of drugs (28). These find-
ings suggested that the use of a 3D culture model may avert
the overestimation of drug efficacy. Increased cell viability
was detected in response to every dose of raloxifene and
doxorubicin in the triculture model compared with that in the
monoculture model. Nevertheless, the absence of significant
differences in cell viability in 3D monocultures compared
with in 3D tricultures is an unpredicted observation and needs
further refinement.

It was hypothesized that the triculture tissueoid model
involving three different cell types will produce more
clinically relevant results than 2D and 3D monocultures
(Fig. 7). It should be noted that there are several advantages
and limitations to the use of advanced 3D approaches in
terms of analyzing information-rich biological data. For
example, microfluidic cell culture has the advantage of more
closely mimicking the TME, as in this system a continuous
supply of media is provided to the culture. Other advan-
tages include the requirement of a smaller number of cells
and reagents, reduced risk of contamination and efficient
high-speed experimentation; however, it is a complicated
system that requires skills and a trained user (54). Sample
retrieval is also difficult for further analysis. Magnetic
levitation and gel embedding methodology also have several
limitations, such as poor mechanical strength of cells and
difficulty in performing immunohistochemistry for studying
biomarkers (55). By contrast, AXTEX-4D is a simple,
less expensive and user-friendly platform for performing

downstream experiments, such as fluorescence microscopy,
confocal microscopy and ELISA. However, the platform has
several limitations, such as no continuous supply of media and
removal of waste, thus limiting its automation capability (2).
In addition, the present study did not perform downstream
assays on patient-derived tumors, which is an important
aspect of any cell culture platform (56-59). Therefore, further
advancement of the model described in the present study is
needed. We aim to refine our platform with patient-derived
xenografts. Furthermore, the present study did not explore
signaling pathways associated with drug resistance.
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