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Abstract
Traditional two-dimensional (2D) cell culture methodologies exhibit signi�cant limitations, notably their failure to replicate the intricate three-dimensional (3D)
milieu of human tissue architecture. This discrepancy has catalyzed the exploration of advanced drug screening platforms that more faithfully mimic the
complex 3D biological environment. To this end, precision medicine research has increasingly used 3D in vitro models that emulate the tissue
microenvironment of the human body. In this study, breast cancer cell lines (MDA-MB-231 and SK-BR-3) were co-cultured with adipose-derived stem cells
(ADSCs), mimicking the in vitro 3D tumor microenvironment with the multicellular and heterogeneous nature of solid tumors compared to a 2D cancer cell
only system. Additionally, collagen type I was used to replicate the microenvironment within a 3D spheroid platform, enhancing the accuracy of the platform in
mimicking human tissue characteristics. Signi�cantly, the interactions between the ADSCs and two breast cancer lines markedly in�uenced factors such as
cell elongation, molecular expression, migration patterns, and drug sensitivity. The integration of ADSCs was pivotal in simulating the cancer
microenvironment, highlighting that even within the same cancer cell line, varying microenvironmental contexts can lead to vastly different experimental
results. Thus, this study provides insights into the role of factors such as cellular substrates and stem cells in simulating a 3D tumor microenvironment more
akin to the human body when constructing a 3D in vitro system based on breast cancer cells.

Introduction
Breast cancer remains a predominant malignancy among women globally and continues to pose a substantial health challenge. Conventional oncological
therapies, including chemotherapy and radiotherapy, have demonstrated effectiveness in managing breast cancer; however, their associated adverse effects,
such as anemia and thrombocytopenia, are profound [1, 2]. Consequently, there is an increasing focus among researchers on the development of drug
screening systems that emulate the microenvironment of the human body. This approach is aimed at facilitating precision medicine, which is customized to
align with the speci�c physiological conditions of a patient's body [3–5]. A promising approach for simulating the human microenvironment at the in vitro
level involves the development of three-dimensional (3D) spheroids. These 3D spheroids, characterized by their 3D multicellular structure, closely replicate in
vivo cellular responses and interactions, and are currently the subject of intensive research. [6] Their ease of resizing and reproducibility render 3D spheroids
particularly suitable for high-content screening applications [7, 8].

Establishing an environment that closely resembles human physiology is essential for enhancing the precision of clinical drug screening. To this end, selecting
an appropriate extracellular matrix (ECM) capable of accurately replicating the targeted disease environment, along with a suitable cell source, is critical. The
ECM is integral to the structural integrity of the human body, serving as a reservoir for growth factors and cells, and has a pivotal role in cellular functions and
interactions. [9–11] ECM proteins and components signi�cantly impact cell signaling, migration, and trans-differentiation. Among various ECM constituents,
collagen is the most abundantly distributed in the human body and has a crucial role in cell survival, cell-matrix interactions, and the transport of cell signaling
molecules. This prominence underscores the vital function of collagen in maintaining cellular homeostasis and facilitating key physiological processes. [12,
13] The natural polymer properties of collagen make it highly suitable for utilization as a hydrogel and as an essential element in the construction of 3D in
vitro platforms. Furthermore, the role of collagen in facilitating angiogenesis positions it as a critical factor in the evaluation of drug e�cacy and toxicity in
preclinical testing. [14] Therefore, the incorporation of collagen into 3D in vitro models signi�cantly enhances the accuracy of these models by more closely
mimicking the microenvironment of the human body.

Multicellular tumor spheroids are currently the subject of active research, focusing on how to effectively manipulate and control the 3D microenvironment. [15,
16] Considering that diverse cell types have interactive roles in the mechanisms of cancer development and progression, the incorporation of co-culture
systems is essential in the design of in vitro models. In an actual physiological context, cancer growth involves not only isolated cancer cells but a complex
interplay with other cell types such as �broblasts and stem cells. This complexity must be accurately replicated in in vitro models to better understand and
target the multifaceted nature of cancer. [17] Among the various cell types involved in cancer dynamics, adipose-derived stem cells (ADSCs) have a signi�cant
role in cancer migration and metastasis. ADSCs are gaining increasing importance in the context of breast cancer research due to their ability to secrete a
range of growth factors that are instrumental in cancer growth and migration. [18] In context of tumor growth, the epithelial-to-mesenchymal transition (EMT)
is a critical mechanism in cancer migration and metastasis. This process involves the transformation of tightly aligned epithelial cells into more mobile
mesenchymal cells, which can freely move and spread. ADSCs have been reported to signi�cantly in�uence the EMT and, consequently, cancer metastasis. As
the EMT progresses, various molecular markers and structural proteins have pivotal roles. These include alpha-smooth muscle actin (α-SMA), CD44, N-
cadherin, E-cadherin, and vimentin, along with junctional molecules such as �bronectin and integrins. These components are integral to the changes in cell
adhesion, morphology, and motility associated with the EMT, thereby facilitating cancer cell migration and metastasis. [19–21]

This study established a 3D spheroid co-culture system comprising ADSCs and breast cancer cells (MBA-MB-231 and SK-BR-3) within a collagen matrix to
investigate the distinct interactions between the ADSCs and cancer cells in both 2D and 3D cultures (Scheme 1). The focus was on examining critical factors
in breast cancer growth and metastasis, including cell elongation, junction expression, and migration patterns in drug sensitivity. The developed 3D spheroid
model, featuring a co-culture of breast cancer cells and ADSCs, provides a valuable framework for designing in vitro models of various carcinomas.
Furthermore, these platforms offer a promising approach for future drug screening, potentially leading to more effective and targeted metastatic cancer
therapies.

Experimental details

Cell culture conditions
Adipose-derived stem cells (ADSCs), the primary cells in this study, were obtained from Cell Bio (Seoul, Korea). The cell culture medium for the ADSCs was
Dulbecco's Modi�ed Eagle Medium (DMEM), supplemented with 1% penicillin-streptomycin (Welgene, Korea) and 10% FBS (Cellsera, NSW, Australia). The
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breast cancer cell lines MDA-MB-231 and SK-BR-3 were acquired from the Korea Cell Line Bank (Seoul, Korea). Breast cancer cells were cultured using Roswell
Park Memorial Institute medium (RPMI), supplemented with 1% penicillin–streptomycin (Welgene, Korea) and 10% FBS (Cellsera, NSW, Australia). The cell
culture was maintained in an incubator at 37°C under a 5% CO2 atmosphere.

Preparation of agarose gel plate and collagen matrix
The 3D spheroids were fabricated using an agarose gel (Sigma Aldrich, USA). First, after dissolving 2% agarose in Dulbecco's Phosphate-Buffered Saline
(DPBS), 60 µL of agarose gel were dispensed into a 96-well plate. Thereafter, the agarose plate was incubated on a clean bench at room temperature for 30
minutes, followed by ultraviolet light disinfection for 30 minutes. Then, 5 × 104 breast cancer cells were added to the ADSCs at a 1:1 ratio, and after 48 hours,
spheroids were formed spherically. To fabricate the collagen matrix, 110 µL of 2 mg/mL collagen type І were dispensed into each well of a 96-well plate. To
neutralize the acidity, 1 N NaOH was added. Then, 80 µL of this mixture were dispensed into each well of the 96-well plate and cured at 37°C for 30 minutes.

Optimization of Morphological Stability in 3D Spheroids and Collagen gel transfer
3D Spheroids were formed in the 1 × 104, 1.5 × 104, 2 × 104, and 5 × 104 breast cancer cells and ADSCs at a 1:1 ratio separately. Using the same process, we
also tried spheroid formation with a 1%, 1.5%, and 2% agarose gel (Sigma Aldrich, USA) and the 5 × 104 breast cancer cell line and ADSCs. Thereafter, the
stability of the spheroid shape was observed using a bright-�eld microscope. (Carl Zeiss, Oberkochen, Germany) The 3D spheroid was extracted using a 1000
µL tip and then transferred to a collagen matrix.

Cell viability assay
Cell viability within the 3D spheroids was assessed using a Live/Dead Kit (Invitrogen, USA). Viability measurements were conducted at two time intervals, 24
and 48 hours post-formation of the 3D spheroids. The groups evaluated included the ADSCs, MDA-MB-231, and ADSCs and MDA-MB-231 (AD), and ADSCs
and SK-BR-3 (AS) groups. For the viability assay, the 3D spheroids were treated with 2 µM calcein AM and 4 µM ethidium homodimer-1 (EthD-1) for 30
minutes. Following the treatment, the spheroids were washed 2–3 times with sterile phosphate-buffered saline (PBS) to remove excess dye. Subsequently,
�uorescence imaging was performed to evaluate cell viability.

Immuno�uorescence staining
The expression levels of the cells were determined using immuno�uorescence staining. Initially, the cells were �xed with 4% paraformaldehyde (Dana Korea,
Korea) for 30 minutes. This was followed by permeabilization using Triton-X for 10 minutes at room temperature. For staining, the cells were incubated with
the primary antibody for 2 hours and then with the secondary antibody overnight at 4°C. Finally, the cells were stained with DAPI for 15 minutes at room
temperature to visualize the nuclei.

Fluorescence imaging for analysis of cell migration within a 3D spheroid embedded in a collagen matrix

Cell migration was monitored using Green Cell Tracker (Invitrogen, USA) for the breast cancer cells and Vybrant dye (Invitrogen, USA) for the ADSCs. For the
breast cancer cells, 500 µL of 10 mM Green CMFDA Dye were added to the breast cancer cell pellet, followed by incubation of 1x105 cells at room temperature
for 30 minutes. For the ADSCs, Vybrant dye was prepared by adding 5 µL of cell-labeling solution to 1 mL based on 1x105 cells, and the cells were incubated
for 15 minutes.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
The gene expression rate of the cells was con�rmed by quantitative real-time polymerase chain reaction (qPCR). For the qPCR, Thermo�sher Quantastudio 5
(Applied Biosystems, USA) was used. First, TRIzol for 5 minutes was used to extract isolated cellular ribonucleic acid (RNA), and the RNA was puri�ed using
chloroform, isopropyl alcohol, and ethanol consecutively. Then, after quantifying the nucleic acid using NanoDrop, we synthesized cDNA with the SuperScript™
VILO™ Master Mix (Invitrogen, USA) based on 1 µg, followed by a termination process at 5 minutes at 85°C and then 99 minutes at 42°C. The synthesized
cDNA was stored in a − 80°C deep freezer. After a denaturation process of 95°C for 10 minutes, the cDNA was used with the target primer and quantiNova
SYBR Green PCR Kit in the qPCR. The primer sequence is described in Additional �le 1.

Doxorubicin treatment and migration assay
In the 3D spheroid model, AD and AS groups, formed using the agarose gel, were embedded in a 96-well plate coated with 2% collagen matrix. These
spheroids underwent treatment with doxorubicin obtained from Sigma Aldrich, USA. The drug was diluted in a 1:1 mixture of Dulbecco's Modi�ed Eagle
Medium (DMEM) and Roswell Park Memorial Institute (RPMI) media prepared under serum-free conditions. Concentrations of 1 µM and 10 µM doxorubicin
were administered to the AD and AS groups, respectively. Post-treatment, cell migration was evaluated and compared to a control group using bright-�eld
microscopy.

Scanning electron microscopy (SEM) imaging
After the 3D co-culture involving the ADSCs, MDA-MB-231, and SK-BR-3, the resulting 3D spheroids were prepared for observation under scanning electron
microscopy. The spheroids were �xed at 4°C using a 2.5% glutaraldehyde solution. Subsequently, they were treated with 2% osmium tetroxide (OsO4) for 2
hours at the same temperature. Following this, the spheroids were washed several times with deionized water to remove any residual staining agents. The
spheroids were then dried using hexamethyldisilazane and placed in a vacuum chamber for 24 hours. Finally, scanning electron microscopy images were
captured using an FE-SEM Hitachi S 4100 (Hitachi, Japan).

Statistical analysis
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All data are expressed as the mean ± standard deviation, and each experiment was performed three times. Data from the in vitro experiments were analyzed
using a one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test. The statistical signi�cance was *p < 0.05, **p < 0.01, and ***p < 0.001.

Results
Verifying interaction with Breast cancer cells and ADSCs through a cell elongation test in a collagen matrix

This study underscores the critical role of cell elongation and morphological changes in the migration, growth, and metastasis of cancer cells, as highlighted
in previous research [22, 23]. Speci�cally, ADSCs have been reported to facilitate the EMT in various cancers, including lung and pancreatic cancers [24, 25]. To
explore the morphological or structural changes in cells and to elucidate the interaction between ADSCs and breast cancer cells, this study involved culturing
ADSCs with breast cancer cell lines MDA-MB-231 and SK-BR-3 on a plate with a 2 mg/mL collagen concentration, thereby establishing an ECM environment
(Fig. 1.A). Post co-culturing with ADSCs, the degree of elongation was measured in �uorescently stained breast cancer cells (Fig. 1.B).

The results indicate that the ADSCs and MDA-MB-231 (AD) group exhibited an elongation value ranging from 2 to 6, while the ADSCs and SK-BR-3 (AS) group
showed a lower elongation value, converging to 1. This result indicated a signi�cant difference in the elongation value of the AD group but not in the AS group.
The breast cancer cell lines MDA-MB-231 and SK-BR-3 were selectively stained using CellTracker™ Green CMFDA dye and observed at 24 and 48 hours through
bright-�eld microscopy, cell tracker, and merge imaging (Fig. 1.C). Furthermore, immuno�uorescence staining was used to visualize intracellular
micro�laments (e.g., F-actin) in the cytoskeleton of both breast cancer cells and ADSCs (Fig. 1.D). Notably, micro�lament elongation was observed in the
ADSCs only and the AD group but not in the breast cancer cells alone or the AS group.

These results suggest that ADSCs speci�cally in�uence the morphological changes in MDA-MB-231 cells, inducing them into an elongated form conducive to
migration. In contrast, SK-BR-3 cells, despite being a breast cancer cell line, did not exhibit signi�cant morphological changes in the presence of ADSCs. This
differential response highlights the complexity of cell-cell interactions within the tumor microenvironment and underscores the need for tailored approaches in
cancer in vitro modeling.

Investigating the Impact of ADSC Co-Culture on Cancer Migration, Growth, and Metastasis
In the study of cancer migration, growth, and metastasis, a key observation was the increased expression of cell surface adhesion factors and the
transformation of intercellular junctions from tight to more permissive forms, facilitating cell migration. Fibronectin, a crucial mediator of communication
between the ECM and cells, and integrin, which mediates interactions between the cytoskeleton and ECM, are central to these processes. [26, 27] Through
immuno�uorescence imaging, the study detected the presence of E-cadherin, a protein known to promote cancer migration and metastasis. Additionally, RT-
qPCR was used to evaluate gene expression differences between 2D co-cultures of ADSCs and breast cancer cells and breast cancer cell monocultures,
particularly focusing on the EMT, a key aspect of the metastatic environment, and the growth and migration of cancer cells.

Immuno�uorescence imaging showed that in the ADSCs monocultures, �bronectin was expressed, but integrin and E-cadherin showed no �uorescence,
suggesting that ADSCs are in a mesenchymal state conducive to migration. In contrast, MDA-MB-231 and SK-BR-3 cancer cell monocultures expressed both
�bronectin and integrin, indicating active interaction with the ECM, but also exhibited high E-cadherin expression, suggesting that these cells were in an
epithelial state less prone to migration. The co-culture groups (AD and AS groups) showed high expression of �bronectin and integrin but no E-cadherin
expression, indicating a mesenchymal state more conducive to migration and invasion. This suggests that using a single cancer cell line for in vitro modeling
may be insu�cient to simulate the complex processes of migration and invasion critical to cancer metastasis.

Furthermore, RT-qPCR analysis supported these �ndings. It showed that in the ADSCs and breast cancer cell co-cultures, there was a signi�cant increase in the
expression levels of transforming growth factor-beta (TGF-β) and nuclear factor-ĸB (NF-ĸB), both of which are crucial in promoting cancer growth and are
upregulated during cancer metastasis. Compared to the monocultures, the co-culture increased TGF-β by 1.25 to 9.11 times and NF-ĸB by 1.32 to 8.01 times,
indicating a more cancer-like environment in the co-culture. These results demonstrate that an in vitro cancer model relying solely on a breast cancer cell line
may not adequately replicate the complex tumor microenvironment. The co-culture of a breast cancer line with ADSCs, forming a multicellular model, showed
an increase in tumor growth and regulation factors, more accurately mimicking a cancer-like environment. Thus, the weak intercellular junctions and elongated
morphology of the ADSCs signi�cantly contributed to enhanced cancer migration and growth.

Optimization of 3D Spheroid using Adipose-derived stem cells and Breast cancer cells
and viability test
In the pursuit of establishing a 3D in vitro environment that closely mimics the tissue microenvironment of the human body for cancer research, this study
focused on the utilization of ADSCs and breast cancer cell lines including MDA-MB-231 and SK-BR-3. The methodology involved dispensing these cells onto a
plate coated with agarose gel, allowing for self-organization for two days (Fig. 3.A). Initially, different concentrations of agarose gel (1%, 1.5%, and 2%) were
tested with ADSCs only, AS, and SK-BR-3 only groups to optimize the 3D spheroid formation (Fig. S1). The SK-BR-3 only group was dispensed with a 2%
agarose gel concentration to achieve the most stable spheroid formation. When varying numbers of the ADSCs (1 × 104, 2 × 104, and 5 × 104 cells) were
dispensed with a 2% agarose concentration, the highest cell count (5 × 104) formed the most stable spherical shape (Fig. S1).

It was observed that while the ADSCs only group formed a 3D spheroid effectively, the MDA-MB-231 only and SK-BR-3 only groups did not establish the 3D
spheroid, likely due to a lower intercellular force. However, in the AD, and AS groups, spheroid formation was successful. A live/dead assay was conducted to
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assess intracellular apoptosis during the formation of the 3D spheroid (Fig. 3.B),which did not show any signi�cant cell death signals in all groups. Moreover,
in both the AD and AS groups, the formation of ECM �bers on the surface of the 3D co-cultured spheroids was observed through scanning electron
microscopy (Fig. 3.C). These results indicate that ADSCs not only facilitate the formation and self-organization of 3D spheroids but also have a signi�cant
role in promoting cell migration and the EMT, as seen in Figs. 1 and 2. The results underscore the crucial role of ADSCs in the formation of a 3D spheroid
model, suggesting their potential as a key component in developing more accurate and representative in vitro models for breast cancer research.

Evaluating Cancer Invasiveness in 3D Spheroid Models: Insights into Migration Patterns
and Gene Expression
The degree of migration in 3D environments is a critical aspect of assessing cancer invasiveness. [28] To evaluate the invasiveness of the 3D spheroid model,
the migration distances of the ADSCs only, AD, and AS groups were measured using bright-�eld microscopy for 48 hours (Fig. 4.A). The results showed the AD
group exhibited the longest migration distance, reaching up to 902 µm, followed by the ADSC only group at 503 µm, and the AS group at 109 µm. This result
suggests that the AD group easily migrated more in three dimensions compared with the AS and the ADSC only groups.

Additionally, �uorescence imaging was used to track the individual migration patterns of ADSCs, MDA-MB-231, and SK-BR-3 in the 3D matrix (Fig. 4.C). The
migration and aggregation patterns were markedly different between the AD and AS groups. In the AD group, ADSCs and MDA-MB-231 cells formed a
uniformly mixed alloy spheroid within 1 hour of co-culture and continued to interact and migrate even after 48 hours. Conversely, in the AS group, a
heterogeneous spheroid with a core–shell structure was formed after 1 hour. The MDA-MB-231 only group showed weak aggregation, while at 48 hours, the
ADSC only group migrated in a 3D pattern, unlike the SK-BR-3 only group. These observations indicate that even within the same breast cancer line, the pattern
of 3D spheroid formation can vary signi�cantly when ADSCs are co-cultured with breast cancer cells, with MDA-MB-231 showing a stronger interaction with
ADSCs compared to SK-BR-3.

Further analysis was conducted using RT-qPCR to compare gene expression levels in co-cultures of the breast cancer cell lines and ADSCs (Fig. 4.D). This
comparison focused on the gene expression rates of integrin and α-SMA (a cell adhesion protein in�uencing cell migration), vimentin (an EMT marker), and
CD44v6 (a cancer progression marker). The AD group exhibited higher gene expression levels of integrin, α-SMA, vimentin, and CD44v6 (2.21, 3.07, 2.72, and
4.77 times higher, respectively) compared with the AS group. Therefore, the 3D spheroid model of the AD group more effectively mimics cancer cell migration,
invasion, metastatic mesenchymal form, and the cancer environment compared to the AS group. These �ndings highlight the importance of the tumor
microenvironment and cell-cell interactions in cancer progression and underscore the potential of 3D spheroid models in cancer research.

Assessing Drug E�cacy in 3D Spheroids: Variability in Cancer Cell Response to
Doxorubicin Treatment
The exploration of drug e�cacy using 3D spheroids is a signi�cant step in understanding how different cancer cell lines respond to chemotherapy. The
invasion distance was investigated by measuring the cell migration distance after treatment with doxorubicin, a well-known anticancer drug, in the AD and AS
groups. The objective of this study was to observe the reaction between anti-cancer drugs and these groups to doxorubicin treatment. The AD and AS groups
were treated with doxorubicin at concentrations of 1 and 10 µM, respectively. The cell migration distance was then measured at various time points, ranging
from 1 to 48 hours post-treatment. The results showed a signi�cant impact of doxorubicin on cell migration. In the AD group treated with 10 µM doxorubicin,
the migration distance decreased dramatically to 2.8 ± 0.4 µm compared to a distance of 53.3 ± 7 µm for the control group. In contrast, the AS group exhibited
a decrease in migration to 9.1 ± 0.5 µm from the control's 22.2 ± 2 µm.

These results indicate that in the AD group, the migration was reduced by 94.5% compared to the control group, while in the AS group, the invasion distance
was reduced by 57.4% compared to the control after doxorubicin treatment. This disparity in response to the same concentration of doxorubicin in the same
3D breast cancer model provides the importance of cell selection in modeling. The differences between the AD and AS groups could be attributed to the
variations in their interactions with the ADSCs and the morphological changes occurring during the co-culture. In summary, this study highlights that even
within the same type of breast cancer, the invasion distance after treatment with anticancer drugs can vary signi�cantly depending on the cell line used. This
emphasizes the complexity of cancer biology and the need for precise and tailored approaches in cancer treatment and drug e�cacy studies.

Discussion
The incorporation of collagen in our 3D spheroid model represents a crucial advancement in cancer research, addressing the limitations of previous studies
that largely neglected the complex interactions in a 3D microenvironment. [29, 30] This use of collagen in this study is not merely a methodological choice but
a pivotal element that closely mimics the extracellular matrix ECM found in the cancer microenvironment, thereby providing a more accurate and relevant
setting for understanding cancer progression. Collagen, a primary component of the ECM, has a vital role in cancer development and metastasis. [31, 32] Its
presence in our 3D model is instrumental in studying the behaviors of breast cancer cells, speci�cally MDA-MB-231 and SK-BR-3, in response to ADSCs.
Previous research, primarily based on 2D models, has been limited in replicating these critical ECM interactions, leading to a gap in our understanding of how
the physical and biochemical properties of the ECM in�uence cancer cell behavior. [33] This research suggests the importance of collagen in modulating the
behavior of breast cancer cells within a 3D environment. In Figure. 1A, the differential effects of the ADSCs on the morphology and migration of the MDA-MB-
231 and SK-BR-3 cells, observed in the presence of collagen, highlight the dynamic interplay between cancer cells and their surrounding matrix.

There have been reports that ADSCs promote an in�ammatory environment conducive to the growth of breast cancer cells [34], and increase drug resistance
[35]. However, reports of ADSCs inducing morphological changes in breast cancer cells within a collagen matrix have been scarce. The signi�cance of
morphological changes in cancer cells can be attributed to the Epithelial-mesenchymal transition (EMT). This process involves cell adhesion factors such as
�bronectin and integrin [36], EMT activation-related TGF-β [37], and cell survival factors like NF-κB [38], all of which were observed to increase when ADSCs
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and breast cancer cells were co-cultured, as qualitatively and quantitatively seen in Fig. 2A and B. This interaction is crucial in determining the ability of cells
to migrate, invade, and respond to treatments, which are key factors in cancer progression and metastasis.

The incorporation of collagen in our 3D spheroid model addresses a signi�cant limitation in previous cancer research, which often neglected cellular migration
and aggregation. While cell movement can be observed in a 2D environment using methods like the scratch assay, tracking this movement in a more realistic
3D human body environment is challenging. As in Fig. 4.A, we created spheroids and embedded them in a collagen matrix to observe cellular movement and
aggregation in three dimensions. The AD group after one hour showed an alloy-type mixture of MDA-MB-231 and ADSCs, which then actively aggregated and
migrated at 48 hours. In contrast, the AS group initially presented a core-shell type separation at one hour, followed by only ADSCs migrating at 48 hours. This
�nding is signi�cant as it corroborates the morphological changes and gene expression variations observed in Figs. 1 and 2, suggesting that the AD group
more closely resembles the cancer microenvironment, even in a three-dimensional context. Additionally, the relevance of collagen in our study extends to the
realm of drug testing and therapy development. The differential responses to doxorubicin treatment in the 3D collagen-enriched environment compared to 2D
cultures highlight the necessity of incorporating ECM components for accurate drug e�cacy studies. In conclusion, this study not only bridges a signi�cant
gap in cancer research by using a collagen-enriched 3D spheroid model but also emphasizes the crucial role of ECM components, like collagen, in
understanding the intricacies of cancer progression. The insights gained from this research pave the way for more sophisticated and accurate models in
oncology, ultimately contributing to the development of more effective cancer treatments that consider the full spectrum of the tumor microenvironment.

Conclusion
In this study, the interaction between ADSCs and breast cancer cell lines (MDA-MB-231 and SK-BR-3) was investigated using a 3D spheroid platform. The
results showed ADSCs signi�cantly in�uence the morphological changes, migration, and invasion capabilities of MDA-MB-231 cells but not SK-BR-3 cells. Co-
culturing with ADSCs led to increased cell elongation and a mesenchymal form conducive to migration. Gene expression analysis showed higher levels of
factors promoting cancer growth and metastasis in the co-culture environment, indicating a more accurate cancer model. The study also demonstrated that
the response to anticancer drugs varies signi�cantly between different breast cancer cell lines when co-cultured with ADSCs. These results provide the
importance of the tumor microenvironment in cancer progression and highlight the need for comprehensive in vitro models that incorporate cellular
interactions for more effective cancer research and drug development.
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Figure 1

(a) Schematic illustration of the 2D co-culture system of adipose-derived stem cells (ADSCs) and breast cancer cell lines (MDA-MB-231 and SK-BR-3) in a
collagen matrix. (b) Quanti�cation analysis of cell elongation, breast cancer cells, and ADSCs in a co-cultured condition (n = 7). (c) Cell elongation observation
of the 2D co-culture of ADSCs and breast cancer cell lines in a collagen matrix by using a cell tracker (scale bar: 500 µm). (d) Immuno�uorescence of green
�uorescent protein and F-actin for staining ADSCs only and ADSCs co-cultured with the breast cancer cells. (scale bar: 500 µm) (data are presented as the
mean ± SEM; p value: ***p < 0.001).
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Figure 2

(a) Immuno�uorescence image of 2D cancer monoculture and ADSC and breast cancer cell co-culture. (b) RT-qPCR for the gene expression of breast cancer
cells only and co-culture with ADSCs (scale bar: 500 mm) (n = 3). Data are presented as the mean ± SEM; p values: p < 0.05, **p < 0.01, and ***p < 0.001).

Figure 3

(a) Schematic illustration of 3D co-culture spheroid platform of the ADSCs and breast cancer cells (MDA-MB-231 and SK-BR-3) in a collagen matrix. (b)
Live/dead image of 3D spheroid monocultures of ADSCs, MDA-MB-231, and SK-BR-3 and the ADSCs and MDA-MB-231 and ADSCs and SK-BR-3 co-culture
groups for observing cell cytotoxicity for 24 and 48 hours each. The monocultures of MDA-MB-231 and SK-BR-3 did not form a spheroid. (A: ADSCs, D: MDA-
MB-231, S: SK-BR-3, AD: ADSC and MDA-MB-231, AS: ADSC and SK-BR-3) (scale bar: 500 µm). (c) Scanning electron image of 3D spheroid ADSC and MDA-
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MB-231 and ADSC and SK-BR-3. The red arrow indicates the shape of the ECM �bers on the cell surfaces, and white arrow indicates the breast cancer cells
(scale bar: 300 and 5 µm, respectively).

Figure 4

(a) Bright-�eld image of the migration of 3D spheroid adipose-derived stem cells (ADSCs) only and the ADSC+MDA-MB-231 (AD) and ADSC+SK-BR-3 (AS)
groups (red arrow: migrated cells [scale bar: 500 µm], blue arrow: cell aggregation). The graph illustrates their migration distance (migration distance =
migrated cell distance–spheroid radius [1 hour], n = 10). (b) Fluorescence image of the 3D spheroid migration pro�le. The breast cancer cells were stained
using Green cell tracker, while the ADSCs were stained using Vybrant dye (green arrow: breast cancer cells, red arrow: ADSCs; scale bar: 500 µm). (c) Gene
relative expression level of the AD and AS groups. (n = 3, data are represented as the mean ± SEM; p values: *p < 0.05, **p < 0.01, and ***p < 0.001).

Figure 5

Image shows the migration test after treating the ADSCs+MDA-MB-231 (AD) and ADSCs+SK-BR-3 (AS) groups with doxorubicin (1 and 48 hours) (scale bar:
500 µm). The red arrow indicates the spreading of cells. Graph illustrates the invasion distance (µm) between the AD and AS groups after doxorubicin
treatment at 1 and 10 µM concentrations, respectively (n = 10, data are presented as the mean ± SEM).
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