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Abstract

In vitro models are necessary to study the pathophysiology of the disease and the development of effective, tailored
treatment methods owing to the complexity and heterogeneity of breast cancer and the large population affected
by it. The cellular connections and tumor microenvironments observed in vivo are often not recapitulated in conven-
tional two-dimensional (2D) cell cultures. Therefore, developing 3D in vitro models that mimic the complex archi-
tecture and physiological circumstances of breast tumors is crucial for advancing our understanding of the illness.

A 3D scaffold-free in vitro disease model mimics breast cancer pathophysiology by allowing cells to self-assemble/
pattern into 3D structures, in contrast with other 3D models that rely on artificial scaffolds. It is possible that this
model, whether applied to breast tumors using patient-derived primary cells (fibroblasts, endothelial cells, and cancer
cells), can accurately replicate the observed heterogeneity. The complicated interactions between different cell types
are modelled by integrating critical components of the tumor microenvironment, such as the extracellular matrix,
vascular endothelial cells, and tumor growth factors. Tissue interactions, immune cell infiltration, and the effects

of the milieu on drug resistance can be studied using this scaffold-free 3D model. The scaffold-free 3D in vitro dis-
ease model for mimicking tumor pathophysiology in breast cancer is a useful tool for studying the molecular basis

of the disease, identifying new therapeutic targets, and evaluating treatment modalities. It provides a more physiolog-
ically appropriate high-throughput platform for screening large compound library in a 96-384 well format. We criti-
cally discussed the rapid development of personalized treatment strategies and accelerated drug screening platforms
to close the gap between traditional 2D cell culture and in vivo investigations.

Keywords 3D organoid, In-vitro disease model, Cell patterning, Tumor microenvironment, Extra cellular matrix,
Cancer associated fibroblast, Breast cancer

Anamitra Bhattacharya and Kamare Alam equal contribution first author.

*Correspondence:

Subhadeep Roy

subhadeeproy.good@gmail.com; subhadeep@niperkolkata.ac.in
Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13046-023-02926-4&domain=pdf
http://orcid.org/0000-0002-0805-2505

Bhattacharya et al. J Exp Clin Cancer Res (2023) 42:343

Introduction

An organoid is a small, three-dimensional (3D) cell assem-
bly that is heterocellular in nature. Primary organoids
are composed of cells that come from donor tissues and
can self-organize and change into different cell types to
mimic the complex cellular organization and makeup of
an organ. Organoids provide a more accurate picture of
human health than traditional 2D cell culture and animal
models. This makes them an important tool for biomedi-
cal research [1]. Organoids derived from human breast tis-
sue are a unique way to study the biology and pathology of
breast cancer in a manner that is controlled and specific to
each patient. Personalized treatment and the study of how
different tumors are from each other are both possible
because of the primary breast cancer biopsies [2]. Orga-
noids provide a more accurate picture of how a patient’s
tumor works than standard 2D cell cultures or animal
models, because they maintain the cell complexity and
characteristics of the original tumor. Researchers can use
organoids to look for drugs and measure how each patient
responds to a certain course of treatment as a personal-
ized therapy [3]. A 3D multicellular heterogenic scaffold
created without the help of a scaffold material (synthetic,
polymeric, or extracellular matrix) is referred to as a scaf-
fold-free organoid. The traditional organoid production
approach involves embedding cells within a gel-like matrix
such as Matrigel or other cross-linkable/thermoresponsive
hydrogels, which offer structural support for their develop-
ment and growth. However, scaffold-free organoids allow
cells to self-assemble and organize into complex structures
without the use of an external scaffolding substance [4].
High consistency and reproducibility are the two signifi-
cant benefits of scaffold-free organoid models. They enable
the accurate measurement of cellular responses, such as
extracellular matrix synthesis, without being hampered by
exogenous collagen.

A scaffold or support structure is used to create a
three-dimensional (3D) structure that resembles the
native tissue. This structure is called a scaffold-based
organoid, and it is stable and resembles the organ being
studied or made [5].. To create scaffold-based organoids,
cells are placed inside a material called a scaffold, which
provides structural support, helps cells stick together,
and makes it easier for tissue structures to form in an
organized manner. Scaffolds can be fabricated from bio-
materials such as hydrogels, polymers, and parts of the
extracellular matrix (ECM). These supports provide cells
with a three-dimensional structure for interacting with
their surroundings and arranging themselves into struc-
tures that resemble tissues in the target organ. Organoids
built on scaffolds have several advantages. First, it pro-
vides a good microenvironment that helps cells grow into
different types of cells and form new tissues. It is possible
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to recreate the position of cells, presence of ECM compo-
nents, and other important parts of the structure of the
original tissue. Second, scaffold-based organoids can be
prepared to include specific cell types or cells obtained
from a patient. This makes it possible to use personalized
medical methods and model diseases. Third, they can be
used to study organ growth, physiology, and pathology in
controlled laboratory settings. Depending on where and
how they are used, scaffold-based organoids have differ-
ent limitations. In general, the following are the problems
with scaffold-based organoid systems: To help organoids
grow and keep cells alive, the support must be biocom-
patible and have a certain structure. However, some scaf-
folds might need to work better with certain cell types
or regions of interest, which could lead to growth or dif-
ferentiation that is not as good as possible. Its biocom-
patibility should be carefully examined to ensure that its
structure does not affect the cell lineage in organoids [6,
7]. Scaffolds are often made and prepared using com-
plicated steps, and differences in the way scaffolds are
made can affect the organoids, which in turn affects their
reproducibility [8]. Scaffolds can make it harder for nutri-
ents to penetrate through the organoid structure, which
can affect the health of the cells and make the core areas
hypoxic, nutrient deficient, and growth factor deficient.
The thickness and porosity of the scaffold can affect how
nutrients and release factors are distributed, which could
affect how organoids grow and work as a whole. The phe-
notype and behavior of cells can be changed in response
to different materials used. Sometimes, the scaffold can
change the cellular lineage and affect differentiation, mat-
uration, and signaling pathways. It is important to ensure
that the scaffold has the same capabilities as those of
natural tissues [9]. Although scaffold-based organoids try
to mimic the structure of native tissues, they may not be
able to fully replicate the complex structure and biologi-
cal organization found in vivo. The scaffold could be used
as a general structural support, but it might not be able
to replicate the complex relationships between cells and
their arrangement in natural organs [10].

In this review we have dive into the critical discussion
of the following question.

a) We have gone over the types of extracellular matrix
components and how they work to keep the breast
cancer microenvironment intact. Finding the right
mix and selecting natural extracellular matrix com-
ponents produced by specific cells over synthetic
ones as scaffold materials is illuminating.

b) The focus here is on the role of extracellular matrix
(ECM) functions in organoid development and
pathology, as well as the downstream signals medi-
ated by their constituent parts.
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¢) How cellular manipulation can be applied to produce
its own required ECM in 3D Organoid by involving
variable cell types (Fibroblast, HUVEC, Cancer Stem
Cell) to develop scaffold free 3D organoid is dis-
cussed in details. Different cutting-edge technique to
developed for organoid vascularization also covered.

d) The role of the stromal component and the diverse
immune cells (M1, M2) in breast organoid formation,
as well as their interaction, are examined in terms of
future prospects.

Intermediate role of extracellular matrix in tumor
microenvironment

The extracellular matrix (ECM) is an arrangement or
network of extracellular macromolecules that structur-
ally and biochemically supports neighboring cells. Cell
adhesion, cell-to-cell communication, and differen-
tiation are standard ECM functions. It is essential for
many biological functions, including maintaining tis-
sue integrity and controlling cell behavior. It is a scaf-
fold for cells that enables their adhesion, migration, and
interaction with their surroundings [11]. Native tissues
and organs are sources of natural ECMs components.
They comprise a complex network of proteins (e.g., col-
lagen, fibronectin, laminin, and elastin) and polysaccha-
rides (e.g., glycosaminoglycans). They serve as structural
scaffolds and offer biochemical cues to support cellular
activities. Researchers have attempted to make artificial
or synthetic ECMs biocompatible and can communi-
cate with cells via ligand-receptor interactions. However,
their limited in vivo stability and susceptibility to enzy-
matic degradation restrict their long-term applications
in tissue engineering [12].

Natural extracellular matrix component
Collagen I and ECM modifiers regulate the stiffen-
ing and self-assembly of the cancer cell matrix, which
is essential for breast cancer invasion, and the invasive
expansion of new branches has been studied in mam-
mary organoids grown from single primary human basal
cells in 3D-collagen gels. Invasion implies a strict need
for spatiotemporal regulation of ECM viscoelasticity and
stiffness. Collagen remodeling during branch elongation
has been observed in a separate study to be caused by
collective cell migration occurring within the branch,
which is characterized by a back-and-forth movement
and tension balance between the branch and the sur-
rounding matrix. Researchers have shown that a lack of
sufficient elastic restoring forces and local yielding of the
residual collagen matrix initiate the final stage of orga-
noid formation [13, 14].

Collagen scaffolds allow for the development of highly
spherical organoids that resemble normal human breast
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acini [15]. The scaffolds provide a suitable environment
for the growth and organization of breast cancer cells,
allowing the study of metastatic events and the induc-
tion of epithelial to mesenchymal transition (EMT) and
mesenchymal to epithelial transition (MET) [16]. Col-
lagen scaffolds can be designed with directional/aniso-
tropic or nondirectional/isotropic porous architectures
to modulate the migration rate of seeded cells and cap-
ture the detection of a migrated population within a set
time [17]. Collagen-based scaffolds have drawbacks as
breast scaffold materials because of their poor mechani-
cal properties, which limits their applications to some
extent [18]. Additionally, the characteristics of collagen
scaffolds, such as the mean pore size and interconnectiv-
ity, can influence cellular responses and invasion into the
scaffold. Although collagen scaffolds offer good perme-
ability, biocompatibility, and biodegradability, they may
not adequately replicate the tumor microenvironment
in breast cancer research [19]. Overall, the drawbacks
of collagen as a breast scaffold material include its poor
mechanical properties and limitations in replicating the
tumor microenvironment.

Epithelial biology relies on laminin 332, a large extra-
cellular matrix protein composed of 332 subunits that
helps maintain cell adhesion, polarity, proliferation, and
differentiation. In addition, it aids in tissue development,
maintenance, and growth. Tumor invasiveness is linked
to the aberrant expression of laminin 332 [20].

Laminin-111 (LN1) has been shown to be indispen-
sable for the formation of normal breast acini. In 3D
culture models, laminin-derived peptides have been
found to regulate gene and protein expression in breast
cancer cells, including the expression of GPNMB, a
protein associated with malignant phenotypes [21].
The presence of laminin in the extracellular matrix
promotes cell attachment and viability, facilitating the
self-organization of primary breast cancer cells into
tumoroids [22]. Additionally, breast cancer stem cells
produce a laminin matrix that promotes self-renewal
and tumor initiation by engaging specific integrins and
activating signaling pathways [23]. However, changes in
ECM composition, such as the presence of laminin, can
alter estrogen responsiveness and the effectiveness of
antiestrogen therapies in estrogen receptor (ER)-posi-
tive breast cancer cells [24]. Another drawback is that
breaks in the continuity of laminin occur in breast car-
cinomas and have been implicated in tumor metastasis.
Additionally, laminin expression is significantly higher
in breast cancer tissues than in normal breast tissues,
suggesting its involvement in breast cancer invasion
and metastasis [25].

Elastin-like polypeptides (ELPs) have been high-
lighted for their potential as adaptable and cost-effective
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platforms for spheroid culture, and their role in spheroid
generation is discussed [26]. Using 3D in vitro cancer
modeling, researchers have investigated whether Elas-
tin-Like Recombinant (ELR) polypeptides are promis-
ing candidates for recreating breast cancer ECM. Two
ELR polypeptides were used to create the hydrogels,
one with cell adhesion motifs and the other with MMP-
cleavage sites. It is currently unclear how ELRs with vary-
ing matrix stiffness and tumor-ECM motifs affect breast
cancer cell invasion and progression. The role of ECM in
breast cancer progression and medication response has
not been fully elucidated, and the significance of this bio-
material in this regard remains obscure [27].

Elastin-based scaffolds have been explored as bioma-
terials for use in breast organoid models. Elastin-like
recombinamer (ELR) hydrogels, composed of two ELR
polypeptides, have shown promise in mimicking the
extracellular matrix (ECM) of breast tumors and in sup-
porting cell viability and proliferation [27]. Elastin-based
hydrogels, formed by elastin-like recombinamers (ELRs),
have demonstrated high viability and cell proliferation
for up to 7 days when cultured with breast cancer or
non-tumorigenic breast cells [4]. ELR hydrogels were
used to culture MCF7 and MCF10A cells, which formed
spheroids, and MDA-MB-231 cells, which formed cell
networks [27]. Elastin has some drawbacks when used
as a scaffold material. One of the limitations is their
insolubility, which makes it difficult to process them
into biomaterials [28]. Additionally, elastin has low ulti-
mate tensile strength, which restricts its use as an arte-
rial conduit [29]. Another challenge is that Elastin lacks
a bioactive domain for cell adhesion, proliferation, and
differentiation [30].

Role of fibronectin supplementation as a hydrogel
extracellular matrix in regulating cell behavior at the
biomaterial interface. FBN facilitates cell adherence,
spreading, migration, proliferation, and differentiation
[31] Fibronectin plays a crucial role in controlling how
cells adhere to one another, disseminate, migrate, prolif-
erate, differentiate, and discusses approaches to improve
biomaterial surfaces with fibronectin. Protein conforma-
tional adsorption is highly substrate-dependent, mak-
ing it difficult to exert complete control over the process
during immobilization of the entire FBN in the hydrogel.
However, anchoring of the FBN fragment is preferable for
the immobilization of single binding domains, because
proper interaction with cell integrins requires the inter-
action of several FBN-specific domains [32].

Novel tessellated three-dimensional polymer scaf-
folding induces an epithelial-mesenchymal transition
(EMT)-like event through the production of a fibrillar
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fibronectin matrix [33]. ECM fibrillar components,
including fibronectin, affect the behavior and proper-
ties of mammary cancer cells, thereby influencing their
invasive potential [34]. Amyloid-fibril hydrogels, which
mimic the extracellular matrix, provide a biomimetic
ECM scaffold for 3D cell culture and tumor spheroid
formation. These hydrogels support the formation of
breast tumor spheroids with a well-defined necrotic
core and cancer-associated gene expression, resembling
the original tumor [35]. Fibronectin has been shown to
have drawbacks when used as a breast scaffold material.
High fibronectin expression is strongly associated with
decreased patient survival, indicating a negative impact
on prognosis [33]. Fibronectin can induce the expression
of MMP-2, which is responsible for ECM degradation
and tumor invasion. Additionally, fibronectin deposition
and matrix mettalo proteinase (MMP) activation have
been implicated in the regulation of tumor dormancy
and subsequent outgrowth, leading to drug resistance
and aggressive behavior [36]. Furthermore, degradation
of fibronectin by MMP-9 can promote cell invasion and
migration, potentially contributing to breast cancer
progression [37].

Proteoglycans are complex molecules composed of
linked chains of the main proteins and glycosaminogly-
cans (GAGs). ECM hydration, compression resistance,
and signal transduction pathway regulation are bolstered
by these molecules. Proteoglycans (PGs) play a crucial
role in the expansion and spread of breast cancer and
affect cell behavior and signaling [38, 39].

The biochemical composition of proteoglycans in
breast tissues has been studied, and it was found that
proteoglycans are more abundant in neoplastic tissues
than in nonneoplastic tissues. Specifically, an increase
in chondroitin sulfate and a decrease in dermatan sul-
fate were observed in tumors compared to benign
lesions [40]. These changes in proteoglycans indicate
significant alterations in the extracellular matrix and
surface properties of cells in breast cancer tissues.
Additionally, the interaction between cell-associated
and tumor microenvironment glycosaminoglycans/
proteoglycans and their roles in cancer pathogenesis
and progression have been explored [41]. However,
there are some drawbacks to their use. First, proteo-
glycans extracted from the breast tissues of patients
with invasive mammary carcinoma or benign lesions
showed significant changes in their composition com-
pared to nonneoplastic tissues. Second, biochemical
data indicated an increase in the overall proteoglycan
content in tumors, suggesting that they may contribute
to the progression of breast cancer [38].
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ECM components are produced by a variety of cells in
our bodies, including fibroblasts, indicating that by co-
culturing human dermal fibroblasts (HDFs) and JIMT-1
human breast cancer cells in the presence of TGEF-f,
fibroblasts produce fibronectin, collagen I, and laminin.
As a result of this research, we conclude that fibroblasts
produce various natural ECM components that are
required for cell adhesion, migration, differentiation, and
cell-to-cell interactions in tumor formation. This study
also promotes the utilization of fibroblasts rather than
synthetic ECM for the development of scaffold-free 3D
breast organoid structures [42].

Synthetic polymeric ECM

Synthetic ECMs are engineered biomaterials that aim
to imitate the properties of natural ECMs while avoid-
ing their disadvantages. The content and properties of
these matrices can be manipulated more precisely with
the help of synthetic polymers and peptides. Synthetic
ECMs offer greater stability in vivo, may be engineered
to have variable mechanical properties, and provide
functional peptide epitopes that influence cellular inter-
actions. They aid in tissue regeneration and repair by
facilitating cell adhesion, proliferation, migration, and
differentiation [43].

Three-dimensional polymer networks, also known as
hydrogels, can affect the properties of the extracellular
matrix. They can be developed to possess certain physi-
cal, chemical, and biological properties, making them
useful for tissue engineering and medication delivery. An
article examined how biomaterials can be used to create
synthetic ECMs for analyzing the adaptability of cancer.
This highlights the role of biophysical cues in regulating
cancer cell behavior, and explores their potential impli-
cations for research on carcinogenesis and personalized
medicine [44]. Tumor organoids can be modified and
an improved in vitro representation of ECM-regulated
tumor growth can be achieved using hydrogels based on
extracellular matrix components [45]. Synthetic peptides
can imitate ECM sections and bind to cell surface recep-
tors or ECM components. These peptides can modulate
cellular responses, promote cell adhesion, and influence
ECM remodeling. Researchers have investigated the
role of adhesion signals in the microenvironment on the
expansion of mammary epithelial cells (MEC) and the
progression of breast cancer using synthetic hydrogels.
Previous research has indicated that RGD and YIGSR,
two adhesion peptides, regulate the formation of distinct
phenotypes in malignant and non-malignant MECs [46].
This review discusses ECM fragments and their inter-
actions with integrins under pathophysiological condi-
tions [47]. To facilitate cell proliferation and tissue repair,
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synthetic polymers, such as polylactic-co-glycolic acid
(PLGA) and polyethylene glycol (PEG), can be molded
into porous scaffolds. These scaffolds have desirable
properties such as a certain mechanical strength or deg-
radation rate [48, 49].

Synthetic hydrogels have also been explored as scaf-
folds for breast organoids. Polyethylene glycol-derived
hydrogels (PEG), gelatin methacryloyl (GelMA), and thi-
olated-gelatin crosslinked with PEG-4MAL (GelSH) have
been successfully used to support the growth and orga-
noid formation of breast cancer cells [50]. Polyisocyanide
(PIC) hydrogels have also been developed as synthetic
biomimetic matrices for mammary gland organoids
(MGOs) [41]. Collagen I-blended agarose hydrogels
have been shown to influence the growth, size, morphol-
ogy, and motility of breast cancer cell spheroids [51].
Poly (lactic-co-glycolic) acid (PLGA) and polycaprolac-
tone (PCL) have been used to fabricate porous scaffolds
for breast cancer cells, which exhibit distinct survival,
morphology, and proliferation compared with 2D cul-
tures [52]. One major drawback is the reliance on poorly
defined animal-derived extracellular matrices, which
limits their application in regenerative and translational
medicine [41]. Another drawback is the limited ability
to customize and control the biophysical and biochemi-
cal parameters of the hydrogel matrix [53]. Additionally,
synthetic hydrogels may not fully recapitulate the tissue-
specific environment necessary for organoid growth and
differentiation.

Synthetic peptide epitopes are amino acid sequences
engineered to act similar to their natural ECM protein
counterparts. By incorporating these peptides into bio-
materials, biological interactions can be modulated.
Natural and synthetic peptide epitopes are discussed as
molecular tools for designing bioactive hydrogel materi-
als for controlling cell-cell and cell-extracellular matrix
interactions as well as cellular and tissue function, repair,
and regeneration [54]. One-dimensional nanostructured
templates made from peptide nanofibers have several
potential applications in medicine and nanotechnology
[55]. The interaction between the integrin receptors of
fibroblasts and cell adhesion motifs of the scaffolds stim-
ulates cell migration, similar to the natural extracellular
matrix [56]. One of the main challenges associated with
their use is the limited control over the ratio of cell types
within the organoid, which is influenced by the interac-
tions between the cells and peptide scaffold. Addition-
ally, the stiffness of the peptide scaffold can affect the
colony formation efficiency, indicating the importance
of optimizing the mechanical properties of the scaffold
[41]. Another concern is the potential cytotoxic effects
of functionalized peptides on cells. For example, in one
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study, the cytotoxicity of a mineralized peptide scaffold
was found to depend on the immobilization of the pep-
tide on the scaffold [57].

Synthetic polymer scaffolds have been shown to sup-
port the survival, morphology, and proliferation of
breast cancer cells as well as the expression of extracel-
lular matrix proteins and their receptors in mammary
epithelial cells. The hydrophobic nature of synthetic
polymers can be a limitation for tissue engineering
applications; however, hydrophilization techniques
have been developed to improve cell/tissue compat-
ibility within scaffolds [52].

Synthetic ECM describes artificially engineered
matrices that resemble the structure and functional-
ity of natural ECM. They provide exact control over
matrix composition, mechanical characteristics, and
biochemical signaling. The following are some draw-
backs and benefits: It is possible that artificial ECM
cannot fully replicate the complexity and diversity of
the native ECM found in breast tissue owing to a lack
of complexity. Bioactive components may be missing
from synthetic matrices in the natural ECM and may
affect cell behavior and tumor development [58, 59].
(Fig. 1) (Table 1).

Matrix Stiffness in cancer
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Functions of ECM in organoid development

and pathophysiology

Immunogenicity aspect of decellularized extracellular
matrix

The immunogenicity of the decellularized extracellular
matrix (dECM) remains a complex issue, and no sin-
gle factor can predict whether a dECM scaffold is non-
immunogenic with absolute certainty. These factors
should be considered when developing and testing dECM
scaffolds for clinical applications, because they can affect
immunogenicity and transplant failure. The decellular-
ized extracellular matrix (ECM) that has been decellular-
ized (dECM) may contain a variety of immunogens, such
as antigenic motifs and protein fragments from the ECM
that can interact with host cells and trigger an immune
response. The immunogens kappa-elastin, thrombospon-
din, BM-40, arresten, canstatin, tumstatin, and metas-
tasis are examples of those present in the decellularized
ECM. These immunogens function as matrikines that
alter the plasticity of healthy monocytes and induce spe-
cific immunological reactions. Albl integrin, laminin,
aggrecan, versican, collagen types I and IV, and hyalu-
ronan are examples of ECM proteins containing hidden
antigenic motifs that may support secondary immunity,

Contents of normal ECM

Hyaluronic acid

xl\%\\\*\“\ with proteoglycan
- Laminin
\_/‘\‘ Proteoglycan
o Collagen
Fibroblast
Epithelial cell
° Less Growth Factors

Endothelial cells

Contents of Stiffened ECM

,,b Laminin

More Growth Factors

[ ]
Damaged endothelial cells
®. Cancer cell
Elastin
= Fibronectin
Activated Fibroblast
oo Hyaluronan
@ Excessive cross linked

Collagen

Fig. 1 Schematic representation of variable Extra Cellular Matrix (ECM) components in healthy ECM and TME. A ECM components in healthy tissue
(B) Matrix stiffness is mostly caused by an abundance of collagen and HA within the TME
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Table 1 Intermediate role of extracellular matrix (ECM)
Component Advantages Disadvantages Ref.
Natural ECM Collagen Recapitulation of In-Vivo Microenvironment,  Lack of Complexity, [13,60,61]
Relevant ECM Composition, Stiffness Variability,
Mimicking Breast Cancer Stiffness, ECM Heterogeneity,
Patient-Specific Drug Testing Matrix Remodeling Challenges
Elastin Elasticity and Resilience, Limited Availability, [26,62, 63]
Biocompatibility and Biodegradability, Remodeling and Degradation,
No Immunogenicity Influence on Tumor Growth
Fibronectin Scaffold for Tissue Development, Altered Cell Behavior, [31,32]
Regulator of Cell Signal Transduction, Potential Disease Implications,
Modulation of Cell Behavior, Limited Control of ECM Expression
Potential Therapeutic Applications
Laminin Biomimetic Nature, Overexpression in Breast Cancer, [20, 64]
Cell Behavior Regulation, Complexity in Processing,
Maintenance of Epithelial Cohesion Spatial Control and Heterogeneity
Proteoglycans Improved Biomimicry, Cellular Communica- ~ ECM Complexity, Cost [38,39]
tion and Interaction, Matrix Turnover
Synthetic ECM  Synthetic Hydrogels Recreating Tumor Microenvironment, Cost, Standardization and Reproducibility, [44, 45]
Cell-Cell and Cell-Matrix Interactions, Limited Availability of Synthetic Hydrogels,
Tissue Structure and Function, Learning Curve
Alternative to Animal Models
Functionalized Peptides Biomimicry, Cell-Cell and Cell-ECM Interac- Cost, [46, 47]
tions, Tumor Microenvironment Modeling, Lack of Standardization,
Drug Screening Platforms Limited Peptide Repertoire
Synthetic Polymer Scaffolds  Mimicking Tumor Microenvironment, Complexity of Fabrication, [18,49]

Synthetic Peptide Epitopes

Improved Cell-Cell and Cell-Matrix Interac-
tions, Drug Screening and Therapeutic
Efficacy Evaluation, Biocompatibility

Mimicking Native Tumor Microenvironment,
Regulating Biological Processes, Tunable 3D

Limited Representation of In Vivo Conditions,
Interference with Cellular Signaling

Cost,
Incomplete Replication of In-Vivo Environ-

[54, 55]

Models

ment,
Lack of Long-term Stability

B-cell development, antibody generation, and chemokine
receptor-mediated immune responses [65].
Decellularization can change the structure of the ECM
and make it more immunogenic by altering its chemi-
cal composition. For example, harsh decellularization
techniques involving detergents or solvents may dena-
ture ECM proteins and expose covert epitopes that elicit
immune responses. Tissue decellularization has been
utilized in tissue engineering and regenerative medicine
to remove cellular components from tissues, while main-
taining the ECM structure. Non-ionic, ionic, and zwit-
terionic detergents are the three main types used. These
detergents have unique processes that damage cell mem-
branes and remove biological components, leaving tis-
sues devoid of cells. Non-ionic detergents, such as Triton
X-100, effectively preserve the ECM by preventing DNA-
protein interactions and benefit from moderate decellu-
larization, which preserves tissue architecture. However,
they may not entirely remove the cellular components,
which could result in immunogenicity [66]. Ionic deter-
gents can be used to successfully lyse cell membranes
and extract DNA from proteins. One such compound
is sodium dodecyl sulfate (SDS). They may require

additional procedures for ECM preservation, because
they can harm ECM proteins. However, they offer com-
prehensive decellularization [67]. Zwitterionic detergents
such as 3-[(3-Cholamidopropyl) dimethylammonio]-
1-propanesulfonate (CHAPS). They offer a compromise
between efficiency and ECM preservation by com-
bining the characteristics of both non-ionic and ionic
detergents.

The immunogenicity of the dECM may also be influ-
enced by the presence of residual cells or cell debris.
Decellularisation can result in cell death. However, DNA
and other cellular components are still present in the
ECM and are recognized by the immune system [68].

Specific requirements must be met for a tissue to be
entirely decellularized, including DNA and GAG (gly-
cosaminoglycan) content. These standards guarantee the
elimination of cellular components while protecting the
extracellular matrix (ECM) for prospective tissue engi-
neering and regenerative applications. Ideally, the DNA
concentration in the decellularized tissue should be
below a specified level. The remaining fragments from
properly decellularized tissue often have DNA concentra-
tions below 50ng/mg and are less than 200bp in length.
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The residual DNA content required for clinical applica-
tion is 50ng/mg of tissue [69]. GAGs in the extracellular
matrix are crucial elements of the ECM. Although there
is no set standard for the GAG content during decellu-
larization, effective decellularization techniques attempt
to maintain a sizable amount of the original GAG con-
tent to preserve the structural and functional features of
the tissue [70]. The retention of the GAG content during
the decellularization process has been shown to be one of
the most effective uses of TRITON-X among the various
decellularization agents studied [71].

Neoantigens are derived from somatic mutations in
cancer cells, which generate new antigens that can induce
an antigen-specific T cell immune response for cancer
immunotherapy. Decellularization leaves antigens within
the ECM, and damage-associated molecular patterns
(DAMP) induce M1 macrophage polarization. C3a, C3b,
and Cb5a recruit immune cells and induce T helper cell
polarization. T cell activation leads to B cell maturation,
antibody production, and complement activation. Neo-
antigens have high immunogenic potential and can elicit
an immune response even in individuals who have never
been exposed to the organ [72].

Different natural sources, including rat and human
breast adipose tissue, have been used to create self-
gelling dECM hydrogels that support tumor organoid
growth. Engineered dECMs have been explored for their
potential in providing tailored mechanical and biochemi-
cal cues for organoid growth [73]. Matrigel, derived from
the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, is a
widely recognized ECM protein-based hydrogel used as
a “golden standard” for organoid expansion. Engineered
matrices with a defined composition offer control over
cell-matrix interactions but may lack some natural cues.
Hydrogel-based matrices exhibit tunable physical proper-
ties. Achieving tissue-specific biochemical cues remains
a challenge. Matrigel is a widely used universal matrix for
various types of organoids including breast organoids.
The undefined composition of matrigel can introduce
batch-to-batch variability [53]. These limitations include
potential immunogenicity, incomplete removal of cellular
components, batch variability, and challenges in mimick-
ing complex native ECM structures [74].

Role of collagen and fibronectin as ECM components

and integrin-mediated downstream signaling

In this section, we discuss various biological processes
through which ECM stiftness alters cell behavior, includ-
ing uncontrolled proliferation, metastasis, angiogen-
esis, and resistance. The ECM is a major regulator of
cell behavior. The composition and organization of
mammary gland ECM are modified and altered as BC
(Breast cancer) progresses. In a soft matrix, tumor cells
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proliferate more slowly, whereas the stiffness of the
matrix promotes the growth of cancer cells via several
signaling pathways [75-77]. The evolutionarily con-
served serine/threonine kinase signaling cascade, known
as the Hippo pathway, was first discovered in the fruit
fly, Drosophila melanogaster. The Hippo pathway and
Salvador-Warts Hippo (SWH) are important pathways
involved in cancer cell proliferation [78]. Mammalian
Ste20-like kinase 1/2 (MST1/2), large tumor suppres-
sor 1/2 (LATS1/2), and yes-associated transcriptional
regulator/tafazzin (YAP/TAZ) are the three molecules
that constitute this pathway. Yes-associated protein 1
(YAP) and transcriptional coactivator with PDZ-binding
domain (TAZ) are two orthologs of Drosophila Yorkie,
whose activity is negatively regulated by the Hippo path-
way [79]. When matrix stiffness develops, collagen binds
to integrin (cell surface receptors) because of increased
integrin-linked kinase (ILK)-integrin signaling, which
increases the phosphorylation of myosin phosphatase
target subunit 1 and suppresses its activity, leading to
the suppression of a signaling cascade comprising NF2/
Merlin, MST1/2, and LATS1/2 [80]. Focal adhesion sign-
aling molecules, such as FAK, Src, paxillin, Rac, Rho,
and Ras, are also recruited by collagen-induced integ-
rin clustering, causing cancer cell proliferation [81, 82].
Protein kinase A (PKA) and p21-activated kinase (PAK)
specifically inactivated NF2/merlin by phosphorylat-
ing the S518 residue in the tail domain, whereas myosin
phosphatase (MYPT1-PP1) activated merlin by dephos-
phorylating the S518 residue. Merlin activates MST
kinases via the phosphorylation of MST1 at Thr183 and
MST2 at Thr180 in the MST dimer activation loop. MST
kinases have a unique coiled-coil structure at their car-
boxyl-terminus known as the SARAH domain. MST1/
MST2 homo- and heterodimerization are mediated by
the SARAH domain [58]. The MST1/MST2 heterodi-
mers form a complex with the SARAH domain-con-
taining protein Salvador 1 (SAV1). MST1/MST?2 kinases
phosphorylate and activate the LATS1 and LATS2
kinases at Thr1079 and Thr1041, respectively. MST1/
MST2 kinases phosphorylate MOBIA (Monopolar
Spindle one, binder protein) and MOBI1B at Thr35 and
Thr12, respectively, which facilitates their interaction
with LATS1 and LATS2 [83, 84]. Activated LATS1 and
LATS2 This phosphorylates YAP and TAZ and leads to
their binding to 14-3-3 proteins, resulting in the cyto-
plasmic sequestration of YAP/TAZ or ubiquitin-medi-
ated protein degradation [85—-87]. When LATS1/LATS2
kinases are not activated, YAP/TAZ are not phospho-
rylated and translocate to the nucleus. Although YAP/
TAZ lacks a DNA-binding domain, it interacts with the
TEAD transcription factor family (TEAD1-4) to medi-
ate the expression of target genes such as connective
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tissue growth factor (CTGF) and cysteine-rich angio-
genic inducer 61 (CYR61) to support cell growth, prolif-
eration, migration, and survival [88].

ECM glycoproteins are present in small quantities
and perform a wide range of functions. Fibronectin is
secreted by the hepatocytes into the circulatory system
as a soluble dimer [89]. HSP 90 functions as a chaperone
and aids the stabilization of fibronectin. This supports
the conversion of soluble fibronectin into an insoluble
form [90]. This phenomenon has also been reported in
patients with breast cancer. Elevated levels of fibronectin
induce the invasion and metastasis of breast cancer via
the activation of a series of pathways, including the FAK,
ILK, ERK, PI3K, and NF-«B cascades [91]. (Fig. 2).

Hyaluronic acid-mediated regulation of cell migration,
invasion, differentiation and metastasis

In this section, we describe how hyaluronic acid (HA),
an ECM component, induces cell adhesion, migration,
invasion, differentiation, and metastasis. HA, a signifi-
cant constituent of ECM, is a large molecule comprising
repeating units of N-acetylglucosamine and glucuronic
acid. Within the ECM, HA serves as a crucial “reservoir”
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for water, buffering ion exchange and osmotic balance
Fig 3.

Interaction of HA-CD44 with cytoskeletal protein ankyrin

Ankyrins are a class of adapter proteins that connect the
submembranous actin/—spectrin cytoskeleton to inte-
gral membrane proteins [92]. Ankyrin has three func-
tional domains: a spectrin-binding domain, variable-sized
C-terminal regulatory domain, and conserved N-termi-
nal ankyrin repeat domain (ARD). ARD is composed of
22-24 tandem repeats of 33 amino acids with a consen-
sus sequence, G-TPLH, AA, GH, V/A, LL, GA, and ND.
A number of crucial HA-mediated processes, including
cell adhesion, proliferation, migration, and cytoskeleton
activation, are triggered by the CD44-ankyrin interaction
[93]. Lateral compartmentalization of molecules at the
cell surface is carried out by lipid rafts and plasma mem-
brane microdomains rich in sphingolipids and cholesterol.
Electron microscopy revealed caveolae, plasma membrane
invaginations (lipid rafts) 60—80nm in diameter. Smooth
muscle, fibroblasts, endothelial cells, and adipocytes are
only a few examples of diverse tissues and cell types in
which caveolae are expressed. Endocytosis, transcytosis,
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Fig. 2 Schematic representation of the role of collagen and Fibronectin

as ECM components and integrin-mediated downstream signaling 1) ILK

prevents the activity of myosin phosphatase target subunit 1 (MYPT), which results in the inhibition of the Hippo signaling pathway. This inhibition
ultimately triggers gene transcription and cell proliferation through the YAP/TAZ transcriptional co-activators. 2) HSP 90 functions as a chaperone

aiding in the stabilization of fibronectin. This support leads to the conve

rsion of soluble fibronectin into an insoluble form. The insoluble fibronectin,

in turn, plays a role in initiating cell invasion and metastasis by activating a series of pathways, including FAK; ILK, ERK, PI3K, and NF-kB cascades
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through the activation of myosin phosphatase, elevation of cellular acidity (lower pH), and enhancement of the PI3-AKT signaling pathway 3) HA
and CD44 interaction induced the activation of Rac1, which subsequently promotes cell metastasis

calcium signaling, and modulation of numerous signal-
ing processes are functions of caveolae. Caveolae contain
caveolin, cholesterol, and sphingolipids, and caveolin has
been observed to colocalizes with both CD44 and ankyrin
in lipid rafts [94]. Ankyrin interacts with the IP3 receptor
to facilitate calcium release from the sarcoplasmic reticu-
lum through the Ryanodine receptors (RyRs) receptor. The
liberated calcium then binds to the calmodulin receptor II,
leading to filamin phosphorylation. This process enhanced
cell migration and invasion [95].

Rho a signaling by the interaction of HA-CD44 for cell
migration and invasion

The Rho GTPase family of proteins belongs to the Ras
superfamily. Rho GTPases are highly conserved in

almost all eukaryotes and support a number of cellular
functions, such as control of gene expression, develop-
ment of the cell cycle, cell growth, cell survival, cell
invasion, and cell migration [96]. RhoGEFs (guanyl
exchange factor) are required for the activation of Rho
A. RhoGEFs have two domains: the Dbl homology (DH)
domain that binds to Rho GTPases, while the pleckstrin
homology (PH) domain supports the catalytic activ-
ity of the DH domain. There are 3 Rho A-specific GEFs
have been found to control HA-mediated CD44 signal-
ing during tumor cell activation: p115-RhoGEF, leuke-
mia-associated RhoGEF (LARG), and PDZ-RhoGEF
[97]. RhoA interacts with downstream effectors, such
as Rho-associated coiled-coil containing kinases (ROK/
Rho kinase/ROCK). ROK, a serine-threonine kinase,
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has a molecular weight of 158kDa, belongs to the AGC
family, and consists of various domains such as a Rho-
binding domain (RBD), a PH domain, and a catalytic
kinase domain located in a coiled-coil region near the
N-terminus. ROK also exhibits autoinhibitory activity by
binding to its N-terminus. By interfering with the auto-
inhibitory action of N- and C-terminal binding, active
RhoA binds to and activates the RBD domain of ROK
[98-100]. Myosin II regulatory light chain phosphatase
(MLCP) activity is inhibited by activated ROK in a phos-
phorylation-dependent manner. As a result, increased
amounts of phosphorylated and active MLC mediate the
assembly of actomyosin and cause actin-myosin contrac-
tility, cell migration, and invasion [101].

ROK-mediated (PI3K)/AKT/mammalian target of rapamycin
(mTOR) signaling

The phosphatidylinositol 3-kinase (PI3K)/Akt/mamma-
lian target of rapamycin (mTOR) signaling pathway plays
a crucial role in many cellular processes, such as cell
growth, survival, and differentiation. (PI3)/Akt is abnor-
mally active in breast cancer and promotes tumor growth
and development. Active ROK phosphorylates the adap-
tor protein, Gab-1. Gab-1 phosphorylation increases
PI3K recruitment [102]. PI3K belongs to a group of
plasma membrane-associated lipid kinases that consists
of three subunits: the p85 regulatory subunit, the p110
catalytic subunit, and the p55 regulatory subunit. When
PI3K is activated, it phosphorylates PtdIns(4,5) P2(PIP2)
to generate PtdIns(3,4,5) P3(PIP3) [103, 104]. Phos-
phatase and Tensin Homolog deleted on Chromosome 10
(PTEN) is an enzyme with the ability to dephosphorylate
both proteins and lipids. It is encoded on chromosome
10q23. Structural analysis of PTEN has revealed two key
domains: a C2 domain that attracts membrane phospho-
lipids and a phosphatase domain featuring the hallmark
CX5R pattern common among phosphatases [105-107].
PTEN inhibits PIP 3 by dephosphorylating PIP3, which
phosphorylates the conserved serine (5241) in the activa-
tion loop of PDK1(3-phosphoinositide-dependent kinase
1) and leading to PDK1. PDK1 consists of two domains:
an N-terminal kinase domain and C-terminal phospho-
inositide-binding PH domain [108]. AKT, a serine/thre-
onine kinase also known as protein kinase B (PKB), is
phosphorylated by PDK1 at Thr308 and by the mechanis-
tic target of rapamycin complex 2 (mMTORC2) at Serd73
in the plasma membrane and is activated. mTORC2 is
composed of mTOR, Rictor (a rapamycin-insensitive
companion of mTOR), mammalian Styl/Spcl-interacting
protein (mSIN), mLST8, Protorl, and Protor2 [109, 110].
AKT decreases during the assembly of TSC1/2 (tuber-
ous sclerosis complex (TSC) 1/2) complex. This inhibits
the activation of RHEB, a member of the RAS family.
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Rheb activates mTORC1 [111]. The mTORC1 complex
is composed of mTOR, mLST8, raptor, and PRAS40 and
promotes cell growth, survival, and differentiation by
phosphorylating S6 kinase 1 (S6K1) and elF-4E-binding
protein 1 (4EBP1), two well-known regulators of protein
synthesis [112].

HA-CD44-dependent metastasis via activation of the Rac
(Ras-related C3 botulinum toxin substrate 1)

The small GTPase Racl is involved in various dynamic
cell biological processes, including cell motility, invasive-
ness, epithelial-mesenchymal transition (EMT), prolif-
eration, survival, and cell-cell interactions [113]. Tiam1
(T-cell lymphoma invasion and metastasis 1) and Vav2
are two GEFs specific for Racl [114]. Tiaml belongs
to the Dbl family of guanine nucleotide exchange fac-
tors (GEF) and functions as a specific activator of the
Rho-family GTPase Racl. Tiaml comprises several
domains, including an N-terminal pleckstrin homology
coiled-coiled extension, a C-terminal pleckstrin homol-
ogy domain, and catalytic Dbl homology [115]. Vav2
belongs to the Vav family of oncoproteins that act as
GEF for Racl. VAv2 comprises various domains includ-
ing Pleckstrin Homology (PH), acidic (Ac), Catalytic Dbl
Homology (DH), calponin homology (CH), Zinc Finger
(ZF), Src Homology 2 (SH2), and Two Src Homology
3 (SH3) domains [116, 117]. HA promotes the interac-
tion between CD44 and several Racl-specific guanine
nucleotide exchange factors (such as Tiamland Vav2),
which upregulate Racl. Active Racl responds quickly to
tumor microenvironment (TME) alterations. Racl sign-
aling activates IQGAP1, P21-Activated Kinase 1 (PAK1),
and filamin in invasive lymphoma and breast carcinoma
cells, resulting in filamin cytoskeleton activation and
metastasis [118].

Multicellular heterotypic breast cancer organoid
The Co-Culture System approach involves pre-culturing
various cell types separately and then combining them to
allow their self-assembly into spheroids [119, 120]. Mam-
mary epithelial cells can be broadly divided into luminal
and basal cells based on their location within the bilayer
breast epithelium. To develop organoids that closely
resemble the in vivo breast microenvironment, these
cells were isolated from breast tissue samples and grown
in a three-dimensional culture system. The efficiency of
this procedure has recently increased, allowing for the
long-term culture of breast cancer (BC) organoids and
preservation of several lineages within the breast epithe-
lium, including progenitor cells [121].

Researchers have used genetic manipulation meth-
ods in breast organoids to study the biology of breast
cancer and drug responses. Oncogenic transformation
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in various breast cancer subtypes and specific genetic
alterations or mutations have been introduced into orga-
noids to mimic tumor characteristics. The progesterone
receptor (PR) regulates the expression of various genes
involved in cell adhesion, immune response, and sur-
vival, such as receptor activators of the NF«B ligand and
calcitonin [122]. Specific genetic alterations have also
been associated with different histological tumor types,
such as inactivation of E-cadherin in lobular breast can-
cer and HER?2 gene amplification in poorly differentiated
ductal cancer [123]. Furthermore, germline mutations
in BRCA1 and BRCA2 have been linked to genetic pre-
disposition to breast cancer [124]. However, there are
concerns and limitations associated with xenotransplan-
tation, including the risk of contamination, and the need
for further research and validation before considering
clinical applications [125].

Humanized cancer models in rodents involve a combi-
nation of mouse models with xenografted or spontane-
ous human cancer cells, along with the human immune
system (HIS) mice. These models have become more
sophisticated and robust, allowing for in vivo explora-
tion of human cancer immunology and immunotherapy
[126]. The laboratory mouse is the most common ani-
mal model used in cancer research because of its genetic
variability, physiological similarities with humans, and
ability to generate humanized mouse models by incor-
porating the human immune system with human tumor
xenografts [127]. Breast cancer organoids have been
xenotransplanted into immunocompromised mice to
examine therapeutic interventions, such as non-obese
diabetic severe combined immunodeficiency or NOD-
scid Mice, which are highly immunodeficient and suit-
able for the transplantation of human tissues because
they lack functional B and T cells. A more sophisticated
immunodeficiency model is provided by NOD-SCID
IL2Rynull (NSG) mice, which are deficient in B and T
cells and functional NK and IL2R signaling. NSG mice
have gained popularity as a popular choice for xenotrans-
plantation studies because of their improved engraftment
efficiency. Another strain of mice with multiple immu-
nodeficiencies, including a problem with IL2R signaling,
are NOG (NOD/Shi-scid/IL2Rynull) mice, which are
suitable for engrafting human tissues. Similar to NSG
mice, NSI (NOD/Shi-scid IL2Rynull) mice lack the IL2R
chain, which enhances their capacity to engraft human
tissue [128, 129]. Breast xenotransplantation models have
advantages and disadvantages. The breast xenotrans-
plantation model allows for the study of human breast
cancer in an animal model and can provide insights into
the self-renewal capacity and differentiation potential of
distinct cell populations or individual cells in the mam-
mary gland. The disadvantages of xenotransplantation
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models may not fully replicate the complexity of the
human tumor microenvironment. The theoretical hazard
of causing new human infections through the intermin-
gling of tissues from different species has been a concern
in the field of xenotransplantation [130].

Heterotypic organoids are created by cultivating pluri-
potent or multipotent stem cells in a three-dimensional
(3D) matrix under conditions that encourage self-organ-
ization and the presence of various cell types. Organoids
are ex vivo multicellular fragments produced by cultivat-
ing pluripotent or multipotent stem cells in a 3D matrix
under conditions that promote self-organization. These
conditions are established experimentally, and frequently
use information regarding the signals involved in organ
development or regeneration [131-133].

Normal fibroblasts are mesenchymal cells responsible
for maintaining tissue homeostasis, whereas cancer-asso-
ciated fibroblasts (CAFs) are fibroblasts that have been
chronically misregulated in epithelial cancers. CAFs are
a dominant and heterogeneous cell type within the tumor
microenvironment (TME) and play a pivotal role in con-
trolling cancer cell invasion, metastasis, immune evasion,
angiogenesis, and chemotherapy resistance [134]. Unlike
normal fibroblasts, CAFs have tumor-promoting func-
tions and can influence tumor progression, invasion, and
response to therapy. CAFs communicate with cancer cells
and other cells in the TME through various mechanisms,
including metabolite exchange, paracrine signaling,
desmoplasia, and acidosis [134, 135]. CAFs have been
found to promote cell survival during detachment, block
anoikis, and facilitate luminal filling in three-dimen-
sional cell culture [136]. CAFs also secrete insulin-like
growth factor-binding proteins (IGFBPs) that stabilize
the anti-apoptotic protein Mcl-1, contributing to anoikis
inhibition [137]. Additionally, CAFs promote epithelial-
mesenchymal transition (EMT) by secreting collagen tri-
ple helix repeat containing-1 (CTHRC1), which activates
the Wnt/B-catenin signaling pathway [138, 139]. Human
adipose tissue-derived stem cells (hASCs) have been
identified as a potential source of CAFs because they can
differentiate into a CAF-like myofibroblastic phenotype
when exposed to conditioned medium from breast can-
cer cell lines [140]. Fibroblasts were added to the 3D tis-
sue models to replicate the stromal environment found
in the breast tissue and produce a more accurate repre-
sentation of the breast cancer model. Fibroblasts play a
crucial role in maintaining scaffold-free conditions by
promoting cell migration and proliferation within a col-
lagen matrix [141]. Fibroblasts also shed microvesi-
cles from their plasma membranes, which then spread
throughout the matrix. The presence of fibroblasts pro-
vides favorable conditions for simulating collagen pro-
cessing in vitro and for understanding the mechanisms
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controlling cell uptake and intracellular degradation
[142]. Additionally, fibroblasts encapsulated in a colla-
gen gel show enhanced extracellular matrix (ECM) pro-
duction, including collagen type I and elastin expression.
This suggests that fibroblasts contribute to the mainte-
nance of scaffold-free conditions by actively participating
in ECM synthesis and remodeling. Fibroblasts influence
the behavior of immune and endothelial cells within the
tumor microenvironment. They secrete fibroblast growth
factor (FGF), which attracts immune cells to the tumor
site and promotes their activation and differentiation. By
releasing pro-angiogenic factors that encourage endothe-
lial cell migration and proliferation, fibroblasts also help
in the development of new blood vessels that supply the
tumor with nutrients.

Endothelial cells play a crucial role in tumor angiogen-
esis, which involves the development of new blood ves-
sels that supply nutrients and oxygen to the developing
tumor. These endothelial cells interact with cancer cells
and other stromal cells in the tumor microenviron-
ment to promote vascularization and tumor develop-
ment. Endothelial cells are essential players in tumor
angiogenesis, and their interactions with fibroblasts and
immune cells can affect their behavior. The formation of
blood vessels and development of tumors can be aided
by activated fibroblasts, which can increase the produc-
tion of proangiogenic factors (PAF) in endothelial cells.
Vascular endothelial growth factor (VEGF), which affects
endothelial cell behavior by regulating permeability and
functionality within the tumor microenvironment, can
also be secreted by immune cells [143]. Sustained stress-
activated myofibroblasts have an altered secretory phe-
notype, producing factors, such as TGF-p and VEGE,
to promote proliferation and recruit other cells. Mac-
rophages and fibroblasts have physiological functions in
tissue homeostasis, immune response, angiogenesis, and
wound healing.

Cancer stem cells (CSCs) have been shown to play
a critical role in breast cancer initiation, progression,
metastasis, and drug resistance. These cells possess long-
term proliferative potential and the ability to regenerate
phenotypically heterogeneous cell types. CSCs in breast
cancer often exhibit attributes of cells that have under-
gone an epithelial-mesenchymal transition (EMT) [144].
Breast cancer stem cells (BCSCs) are driven by the persis-
tent activation of developmental pathways such as Notch,
Wnt, Hippo, and Hedgehog [145]. This trilayer breast
organoid serves as a reliable model for studying breast
cancer and provides valuable insights into this disease.
These organoids enable researchers to better understand
the molecular characteristics of breast cancer, which
can help assess the therapeutic response. Additionally,
trilayer breast organoids have the potential to identify
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new druggable targets for targeted therapy [146]. Their
inclusion in 3D breast cancer models is crucial for a bet-
ter understanding of tumor angiogenesis and vascular
interactions [147].

Various cell types within the organoid, reflecting the
cellular variety in the associated organ, are heterotypic
aspects of multicellular organoid culture, essential for
simulating the interactions and crosstalk between various
cell populations in the organ, which supports physiologi-
cal processes, can be disturbed in diseases such as cancer,
and contributes to their maintenance [148].

Scaffold-free breast organoids display characteristics
resembling those of normal human breast acini, includ-
ing a hollow lumen and secondary acini, and express
mammary gland-specific progenitor markers [149].
Scaffold-free organoids also have high consistency and
reproducibility, as well as the ability to measure cel-
lular collagen I production without noise from exog-
enous collagen, and can be subjected to various stimuli
from the microenvironment and exogenous treatments
with precise timing without concern for matrix bind-
ing [150]. Additionally, scaffold-free breast organoids
can be generated from primary mammary carcinomas,
retaining the high-grade spindle cell morphology of the
primary tumors.

Breast tumor-derived fibroblasts secrete extracellular
matrix (ECM) components that induce morphogenesis
and growth of breast epithelial cells. Adipose progenitor
cells have been shown to assemble the fibronectin (Fn)
matrix in response to soluble factors secreted by breast
cancer cells, leading to increased stiffness of the tumor
stroma [151]. ECM proteins upregulated in breast tumor
tissue were found to have cell line-specific effects on cell
migration and invasion, with cell adhesion, elongation,
and irregularity being key determinants [152]. Multiple
cell types, such as mammary epithelial, tumor, and stro-
mal cells, all of which contribute to the synthesis and
remodeling of ECM, are involved in the development of
breast organoids. In turn, the ECM maintains organoid
structure and functionality by creating a microenviron-
ment that resembles that of both normal breast tissue
and tumors. The primary cell types involved in devel-
oping breast organoids are mammary epithelial cells,
which help produce ECM constituents, including colla-
gen, laminins, fibronectin, and proteoglycans. The ductal
and lobular structures found in the mammary gland
are maintained by mammary epithelial cells, which also
develop epithelial compartments in the organoids.

One study focused on spheroid cell culture methodo-
logical factors to improve reproducibility and physi-
ological significance when investigating the metabolic
effects of drug treatment in breast epithelial cells.
Spheroids were formed by co-culturing MCF10A breast
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epithelial cells and MDA-MB-231 breast cancer cells in
standardized and enriched media (DMEM or RPMI).
Spheroid analysis was used to assess metabolic behavior
and integrity using Spheroid-Sizer software, confocal
microscopy, and western blotting [153]. Extracellular
matrix-stromal cell interactions contribute to the neo-
plastic phenotype of breast epithelial cells. A previous
review examined the role of the extracellular matrix and
stromal cells in influencing the neoplastic phenotype of
epithelial cells during the development of breast cancer.
In breast cancer, epithelial-mesenchymal interactions
involve stromal microenvironmental factors that influ-
ence epithelial growth, hormonal responses, morpho-
genesis, and plasticity [154]. 3D Cell Structures created
a vascular endothelial-breast epithelial cell coculture
model. In a study, a 3D model of vascular endothelial-
breast epithelial cell interactions was developed, focus-
ing on cell-cell interactions between endothelial and
breast epithelial cells. Breast epithelial cells migrated
out of their spheroids and along HUVEC networks,
which appeared to be partly mediated by secreted EGF
and cell-cell contact [155]. Another study comprehen-
sively investigated altered lipid metabolism in breast
cancer, examined changes in lipid composition, iden-
tified critical regulators, and analyzed their impact on
cancer progression. This study revealed novel lipidomic
changes in EMT-induced breast cancer and empha-
sized the importance of ELOVL?2 in cancer progression.
Cancer-associated fibroblast CAFs, a type of mesenchy-
mal cell found in the tumor stroma, have been shown
to require proline synthesis by PYCRI1 to deposit a pro-
tumorigenic ECM. CAF subpopulations that produce
collagen-rich ECM, such as myofibroblast-like CAFs
(myCAFs), contribute to tumor progression and metas-
tasis [156]. Tumor cells from patient samples are also a
part of the organoid culture in the case of breast cancer
organoids. As they still possess the capacity to produce
ECM elements resembling those found in the tumor
microenvironment, tumor cells contribute to ECM syn-
thesis and remodeling within organoids [157].

Tumor cell secretion of vascular endothelial growth
factor (VEGF) in response to hypoxia stimulates endothe-
lial cell proliferation and angiogenesis within the tumor
microenvironment [158]. The formation of capillary-like
structures during the assembly and growth of tumor cell-
endothelial cell (TC:EC) spheroids suggests the forma-
tion of a network of blood vessels within these models.
This formation is critical for the nutrient supply to grow-
ing tumor cells and indicates spatial invasiveness within
the ECM. These spheroid shapes and surface textures
can provide information regarding the invasive potential
of cells within the ECM. These findings emphasize the
importance of understanding the dynamic interactions
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between tumors and endothelial cells in the context of 3D
models [159].

Breast cancer is a multifactorial disease that includes
many separate entities with markedly different biological
characteristics and clinical manifestations. Based on the
expression of human epidermal growth factor receptor 2
(HER2) and hormone receptors (HRs) (progesterone and
estrogen) breast cancer is categorized into four subtypes:
Luminal A, Luminal B, HER2 enriched, and Triple-neg-
ative breast cancer (TNBC) [160]. Out of all breast can-
cers, 50 to 60% are known to be luminal A (LABC; ER/
PR+, HER2-, and low expression of Ki-67). This subtype
has a great prognosis with limited invasiveness, with a
relapse rate that is 27.8% lower than other subtypes [161].
Luminal B is further classified into two types i.e. Luminal
B like HER2- (ER+ but ER and PR expression lower than
in luminal A-like; HER2-; high Ki67 index) and Luminal
B like HER 2+ (ER+ but lower ER and PR expression than
luminal A-like; HER2+; high Ki67 index) [162]. About
15-20% of breast cancers are HER2+, which is defined
as having evidence of HER2 protein overexpression and
determined by immunohistochemistry status (IHC3+),
fluorescence in-situ hybridization (FISH) measurement
of a copy number of six or more for the HER2 gene, or a
HER2/CEP17 ratio of 2-0 or higher. In 2013, the Ameri-
can Society of Clinical Oncology/College of American
Pathologists (ASCO/CAP) revised their criteria, reintro-
ducing a cutoff value of 2-0 or above for the HER2/CEP17
ratio and full staining of more than 10% of the cells [163].
TNBC is characterized by the absence of progesterone
receptor (PR) and estrogen receptor (ER) expression,
as well as the lack of HER2 overexpression and/or gene
amplification. According to the 2010 ASCO/CAP recom-
mendation, invasive breast tumors should be classified as
ER-positive if their immunohistochemical ER expression
is >1% [164]. While the therapeutic relevance of several
genetic subtypes of breast cancer has been extensively
acknowledged, the importance of tumor extracellular
matrix heterogeneity has been mainly overlooked [165].
The significance of tissue-specific ECM and tissue-mim-
icking biomaterials in tissue/organ regeneration has been
emphasized by advances in tissue engineering. Tumor-
derived extracellular matrix (ECM) may be more effec-
tive than tissue engineering at simulating the intricate
physiology of the natural microenvironment [166]. Tan
et al. 2023 in their research compared the composition,
organization, and intended application of ECM obtained
from two genetic subtypes of breast cancer: TNBC
(very aggressive, ERa-)-derived ECM (TN-ECM) and
luminal-A breast cancer (less aggressive, ERa+)-derived
ECM (LA-ECM). Through comparison, they discovered
that Tumor-derived ECM displayed altered architec-
ture and increased levels of pro-collagen I, fibronectin,
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and laminin compared to normal breast tissue-derived
ECMs (B-ECM). They also explored that HER2+ tumor
subtypes have been related to higher collagen deposition
levels. In TNBC and HER2+ breast cancers, fibronec-
tin was substantially expressed in both the primary and
metastatic tumors [167]. These results highlight the sig-
nificance of tissue-mimicking microenvironments in
drug testing by potentially clarifying the distinct micro-
environments linked to native tumor matrices. Rafaeva,
Maria et al. Fibroblast-derived matrix (FDM) model. By
employing this model, they demonstrate that, in contrast
to FDMs originating from non-malignant tissue (normal)
fibroblasts, cancer cells exhibit enhanced proliferation on
cancer-associated FDMs. At the primary tumor site, they
evaluate changes in ECM characteristics from normal to
cancer-associated stroma [168]. There are presently very
few temporally resolved proteomic studies available, that
more accurately reflect deposited extracellular matrix
during the course of disease progression. Their FDM pro-
teomics approach can be used to bridge this gap by inves-
tigating the ECM deposition by the CAF subtypes.

Campaner et al. developed patient-derived organoids
(PDOs) derived from various subtypes of breast can-
cer (luminal A, luminal B, HER2-enriched, and TNBC).
Through the application of Masson’s trichrome his-
tochemical staining, which enables the assessment of
extracellular matrix deposition, they observed that
thesss tumor tissue was characterized by desmoplastic
stroma that was enhanced by an excessively fibrous col-
lagen matrix [61]. PDOs can serve as in vitro platforms
for testing combination treatments meant to overcome
drug resistance as well as for evaluating the sensitivity
of cancer cells to conventional therapy. Charles et al. in
their research revealed that, regardless of patient age or
race, collagen 1 (COL 1) expression elevated considerably
in most ER+/PR+ breast cancer subtypes. To objectively
prove a correlation between fibrillar COL expression and
receptor status. RNA sequencing from the SCANB and
TCGA data sets was utilized to assess the expression of
COL1A1l and COL1A2 in HER2+ and ER+/PR+ can-
cers. ER—/PR-cancers exhibited significantly (p <0.0001)
lower expression of COL1A1 and COL1A2 than ER+
tumors. No correlation was found between the expres-
sion of COL1A1 and COL1A2 and HER2 status [169].
The disadvantage of this study is that they used a single
3-day time point for endpoint analysis. Cells had time
to adjust to the new culture conditions at this point.
Although induced protein changes were not identified,
more time points could be needed to observe the trans-
lational effects of matrix adherence. Additionally, the use
of monoculture, which is not representative of the heter-
ogeneous cell population noticed in vivo, was a drawback
of this work. (Figs. 4, 5, 6) (Table 2)
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Development of vascularized organoids
Microvasculature integration with parenchyma and
breast tissue organoid stroma is required to develop vas-
cularized breast organoids. This is necessary for accu-
rately simulating the native tissue environment, enabling
physiologically relevant perfusion of the organoids, and
supporting cellular dynamics within the tissue model
via perivascular niche cells [175, 176]. Vascularization of
breast organoids can be performed in various ways. One
method to develop a vascular network inside organoids is
to coculture organoids with microvessels or endothelial
cells. This method enables the integration of the micro-
vasculature with the breast tissue model, allowing for
perfusion and nutrient supply to the cells. Microinjection
methods or exposing organoids to endothelial cells in a
two-dimensional (2D) layer can be used to incorporate
microvessels.

Providing structural support and regulating cellu-
lar behavior are essential functions of the extracellular
matrix. Vascularized breast organoids may use ECM
components to promote vascularization and tissue devel-
opment [177]. Collagen-alginate hydrogels with filamen-
tous architectures have been used to mimic the ECM of
breast tumor microenvironments in the context of breast
cancer spheroids and organoids. These hydrogels vary
in stiffness by varying the crosslinking of alginate mol-
ecules, which influences the mechanical properties of the
ECM. The filamentous architecture of collagen—alginate
hydrogels mimics the ECM structure in a breast tumor
environment. It has been used to study the growth of
breast tumor spheroids and their response to chemo-
therapy [178]. Collagen-rich ECM environments have
been shown to promote cell growth and behavior, includ-
ing those of vascular endothelial cells. In tissue cultures,
collagen within the ECM can provide cues for angiogen-
esis and vascularization, which are critical for the devel-
opment of functional blood vessels within spheroids and
organoids.

Once vascularized breast organoids have been devel-
oped, it is crucial to maintain a perfusion system that
enables constant circulation of nutrients and oxygen
within the tissue model. Long-term tissue viability and
functionality were preserved by perfusion.

Microfabricated and microfluidic platforms such
as microfluidics and microprinting offer promising
tools for addressing organoid and spheroid production
limitations. These platforms can improve the nutri-
ent delivery and culture conditions, thereby producing
more uniform and reproducible organoids and sphe-
roids. This makes it possible to create size-controlled
culture areas that enhance vascularization. However,
these techniques may be challenging to implement and
require specialized equipment [179]. The co-culture of
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Fig. 4 Schematic representation of Variable organoid development techniques. A The hanging drop technique, allows organoids to self-assemble
into 3D structures by dropping small drops of cell-containing liquid upside down on a culture surface. B The ultra-low attachment U-bottom
technique is used to produce organoids by placing cells in U-shaped wells with non-sticky surfaces and stimulating them to develop 3D structures
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the conditions of the body, allowing them to develop into more realistic and functioning 3D structures. D Magnetic levitation for organoid
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implanted in a gel-like substance called Matrigel, which acts as a scaffold to stimulate the production of 3D organoids by mimicking the natural

cellular environment

pluripotent stem cells and endothelial cells on 3D sub-
strate matrices has been proposed to produce vascu-
larized organoids. This method enables the creation of
functional organoids with a more accurate representa-
tion of corresponding tissues. It allows for the study of
physiological processes and disease manifestations in a
controlled in vitro environment. However, it is difficult
to optimize culture conditions and precisely integrate
vascular networks [180]. Researchers have utilized
spheroid-based engineering to generate the human
vasculature in mice. This approach involves creating
3D spheroids of cells that mimic the tissue architecture
and subsequently implanting them into a living host.
The advantage of this method is its ability to generate a
functional vasculature in vivo. However, controlling the
precise formation of vascular networks may be chal-
lenging, and host factors can influence outcomes.

Vascularized breast cancer organoids can be used as
living biobanks to evaluate drugs and to develop individ-
ualized treatments. They are helpful tools for research-
ing drug responses and developing specialized therapies
because of their capacity to mimic the tumor microenvi-
ronment and heterogeneity of individual patients [181]..

Organoid vascularization is necessary to improve
biological relevance and to ensure sufficient oxy-
gen and food supply [182]. Organoid vascularization
approaches can be classified into two types: in vitro and
in vivo approaches. In the in vivo method, nonvascu-
larized organoids are inserted and left to be vascular-
ized by the host’s peripheral vascular system. To ensure
that organoid cells have access to sufficient nutrients
for survival, this approach depends on timely inva-
sion of the host vasculature into the non-vascularized
organoid through angiogenic sprouting. Naturally,
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Fig.5 Schematic representation of involved variable process for development of multicellular heterotypic 3D breast cancer Organoid. A MCF-7
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Sphera ultra-low attachment (D), Poly-HEMA coated (E) and 2% methyl cellulose mediated (F) with a MCF-7 and Fibroblast cell population (80,000

cellsand 10:1 cell ratio, 14 days)

organoids would require more time for vascularization
when this method is used. The time required for in vivo
vascularization may be too long, resulting in necrosis
before the development of a functional vascular net-
work. This limitation has led to the use of in vitro vas-
cularization procedures to develop organoids that are
pre-vascularized before implantation, which has defi-
nite advantages over nonvascularized organoids [183].
In vitro vascularization can be achieved by co-cultiva-
tion of vascular cells or tissue engineering. In vitro vas-
cularization techniques can be divided into templating
and self-organizing approaches [184, 185]. Templating
methods include 3D bioprinting, DMD patterning, and
sacrificial molding. On the other hand, self-organizing
methods include co-culture of organoids with endothe-
lial cells in a compartmentalized chamber and neo-
angiogenesis in a microfluidic device using control fluid
dynamics [186].

In vitro Templating methods for vascularization

of organoids

3D bioprinting

Any additive manufacturing technique that uses biologi-
cal ink to print living tissue constructs for a number of
applications, such as regenerative medicine and cellular
investigations, is referred to as “bioprinting” [187] The
three primary 3D bioprinting methods are extrusion-
based, inkjet, and laser-assisted bioprinting (LaBP) [188,
189]. In 3D bioprinting, bioinks are crucial components
that are cross-linked or stabilized during or immediately
after bioprinting to produce desired tissue constructs. A
bio-ink is a blend of biologically active molecules, biolog-
ical materials, and cells. Hydrogels, decellularized matrix
components, cell aggregates, and microcarriers are the
four main types of bioink materials. Gelatin, hyaluronic
acid, silk proteins, and elastin are examples of the natural
polymers found in bioinks. Synthetic polymers found in
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bioinks include amphiphilic block copolymers, polyethyl-
ene glycol (PEG), and polyphosphazenes [190-192].
Several studies have focused on adding stem and
endothelial cells to prints, selecting bioinks based on
physical qualities, and choosing printing techniques
based on the physical properties of the desired tissue
to aid in the effective development of bioprinted tis-
sue and its vascularization. Hydrogels are frequently
employed as bioinks because of their capacity to repli-
cate the ECM and offer an environment that is favora-
ble for cell growth and development. They have strong
biocompatibility and can be crosslinked to form a solid
structure. Although they are not suitable for all appli-
cations, they possess mechanical properties. Alginate is

a well-linked bio-ink substance made from seaweed. It
has excellent biocompatibility and is simple to crosslink
to form a stable structure. It may need to be modified
to improve cell attachment because it lacks cell-specific
adhesion sites. Another commonly used bioink material
with high biocompatibility and cell adhesion qualities
is gelatin, which is produced from collagen. However,
they may only possess modest mechanical stability and
strength. Fibrin is a natural bioink that is produced
from thrombin and fibrinogen. It can simulate how
blood naturally clots, and encourages cell adhesion
and differentiation. It may have only low mechanical
strength and stability. A bioink sold and made from the
basement membrane of EHS mouse sarcoma cells is
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Table 2 Significant mammary organoid study with associated protocol details

Serial no. Study Protocol Details Ref.
1 Organoid cultures from normal and cancer-prone human breast  This investigation looks at the early oncogenic transformation [2]
tissues of various breast cancer subtypes using long-term culture of BC
organoids. Human mammary epithelial cells (HMECs) from dif-
ferent lineages are cultured according to the specified protocol
for an endless period.
2 Long-term culture, genetic manipulation, and xenotransplanta- ~ The protocol provides information on the long-term culture [128]
tion of human normal and breast cancer organoids of normal and breast cancer organoids, genetic modification,
and xenotransplantation for investigating tumorigenesis using
patient-relevant cancer drivers and mutations.
3 Current Status of Breast Organoid Models The study discusses breast organoids as 3D simulations [157]
of the in vivo breast microenvironment and investigates the fac-
tors influencing breast cancer development.
4 A Mammary Organoid Model to Study Branching Morphogenesis  Organoid models made from primary mammary epithelial cells  [170]
are used in this study to examine the branching morphogenesis
of the mammary gland. It seeks to comprehend the signaling
cues responsible for promoting branching morphogenesis.
5 Establishment and long-term culture of mouse mammary stem  The protocol explains how to maintain the self-renewal of mam-  [171]
cell organoids and breast tumor organoids mary stem cells (MaSCs) that form glands and how to model
tumorigenesis by introducing cancer drivers and mutations
relevant to patients.
6 Organotypic culture assays for murine and human primary The study offers valuable suggestions for long-term time-lapse [172]
and metastatic-site tumors imaging of epithelial morphogenesis in three-dimensional
organotypic cultures. It sheds light on how the ECM microenvi-
ronment controls the mammary epithelium’s collective migra-
tion and dissemination.
7 BRCA-deficient mouse mammary tumor organoids to study The study examines cancer drug resistance using BRCA- [173]
cancer-drug resistance deficient mouse mammary tumor organoids. The organoids are
used to simulate basal-like breast cancer and analyze the role
of BRCA2 and p53 as tumor suppressors in breast cancer.
8 Generation and functional characterization of murine mammary  The protocol details experimental techniques for developing [174]
organoids mice mammary organoid lines isolated from mammary glands

or tumors caused by mutations in PI3K pathway components.
These organoids can monitor drug responses and guide more
effective treatments.

called Matrigel. ECM proteins and growth factors that
promote cell adhesion and differentiation are also pre-
sent. However, it can vary from batch to batch and is
expensive. PEG and PCL are synthetic polymers with
adjustable mechanical characteristics that can be func-
tionalized to improve vascularization and cell adhesion.
However, they may be unable to replicate the natural
ECM environment [193-196]. Because it is simple to
polymerize and offers a suitable matrix for cell devel-
opment, rat-tail collagen is frequently employed in 3D
bioprinting investigations [197]. Alginate can form
hydrogels when crosslinked with divalent cations.
However, it lacks cell adhesion sites; therefore, other
polymers, such as PCL and gelatin, are often mixed
with alginate to form different structures [198]. For bio-
printing, a marine polymer called agarose derived from
seaweed was used as the starting material. Although
they have adequate mechanical qualities, their capacity
to promote cell development is limited [196].

DMD (digital micromirror device) patterning

DMD is a highly effective tool for photostimulation
applications, such as photoconversion and optogenetic
manipulation. This is because of their strong capability
to produce innovative illumination patterns with excep-
tional spatiotemporal precision. DMDs comprise of rec-
tangular arrays of hundreds to millions of small mirrors
that may be tilted between ‘on’ and ‘oft’ state by around
12 ° each. A multimode fiber (MMF) with a 50-um core
diameter collected the light pattern from the DMD [199,
200]. In DMD patterning, a liquid gel precursor can be
repeatedly exposed to projected sequential light patterns
to produce desired 3D tissue structures [201].

For vascularized organoids, sacrificial perfusion net-
works can be created using DMD-based tools. These
networks are produced using micro-stereolithographic
techniques, in which a network of branching rods
made of a water-soluble photopolymer is polymerized
using a proprietary DMD-based 3D printing apparatus.
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Collagen was then applied to the constructed structure
and inserted into the porous scaffold. The network was
disintegrated to generate a co-culture model system
in a NaOH-containing solution, leaving behind a vas-
cularized scaffold that may be seeded with endothelial
cells (HUVECs). This method integrates materials and
fabrication technologies to attain the required features
in intricate co-culture platforms [201]. Vascularized
breast organoids can be produced using a Decellularized
Macroporous Device (DMD). By decellularizing cancer-
associated fibroblasts (CAFs) cultivated on three-dimen-
sional macroporous polymer scaffolds, researchers have
created a biochemico- and mechano-mimetic 3D culture
platform for primary breast cancer cells. Cell adhesion
and vitality were aided by the extracellular matrix from
the CAF placed on the polycaprolactone scaffold. Single
cells from primary breast tumors grow and self-organ-
ize on this scaffold to form tumoroids. The DMD plat-
form makes it possible to accurately recapitulate tumor
behavior and medication response, making it a poten-
tial ex vivo platform for primary cell culture and creat-
ing efficient and individualized chemotherapy regimens
[202, 203].

Sacrificial Moulding
In this technique, 3D-printed sacrificial molds or sacri-
ficial networks are used for the vascularization of orga-
noids or to design the desired tissue constructs [204].
Various biomaterials have been used to develop the sacri-
ficial networks. These biomaterials exhibit several unique
properties based on physical crosslinking principles. For
example, gelatin and polyvinyl alcohol (PVA) can be eas-
ily removed by submerging them in water, and a concen-
trated Pluronic F127 solution can gel at temperatures
above 10°C and liquefy at 4°C, whereas a concentrated
gelatin solution gels at temperatures below 30°C and lig-
uefies at 37°C [205]. For organoid vascularization, sac-
rificial networks are cast into an endothelial-cell-laden
gel matrix. The sacrificial template was removed under
appropriate conditions once the scaffold elements were
fully gelled to provide perfusable channels [206].
Sacrificial molding is a technique used to develop vas-
cularized organoids by using sacrificial templates. This
technique uses a thermoset composite with sacrificial
materials, such as polyethylene glycol (PEG) elastomers
and polylactic acid (PLA). A catalyst such as tin (II) oxa-
late (SnOx), which undergoes thermal depolymerization
and vaporization at a particular temperature, is then
applied to the sacrificial material. A network of vascu-
lature that is exactly opposite to the sacrificial template
is produced by this vaporization process. Desirable fea-
tures, including thermal regulation, magnetic or electri-
cal modulation, and in-situ chemical species reactions,
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can be imparted on the composite by adding functional
fluids to the microvasculature. This method enables
the fabrication of various vascular and porous struc-
tures by allowing size and dimensionality customization
across multiple applications [207]. Sacrificial molding
using a glucose-sensitive self-healing hydrogel can be
used to create vascularized organoids. Borax serves as
the glucose-sensitive motif in the hydrogel and is com-
posed of reversibly crosslinked poly (ethylene glycol) dia-
crylate and dithiothreitol. The hydrogel can be quickly
removed by submersion in the cell culture medium
and is mechanically robust and injectable. In this study,
branched tubular channels were created inside a con-
struct using hydrogel as a sacrificial material. Vascular
endothelial cells can line the channel wall and migrate
into the non-sacrificial hydrogel after implantation in the
channel lumen by perfusion. Endothelial cells gradually
developed a capillary-like structure, forming a vascular
network within the construct. By employing sacrificial
molding and a glucose-sensitive hydrogel, this method
enables the fabrication of vascularized organoids such as
a neurovascular unit [208].

In vitro self-organization methods for vascularization

of organoids

Spontaneous vascularization

For spontaneous vascularization of organoids, the orga-
noid was placed in the center of a compartmentalized
microfluidic chip with three parallel fluidic channels sep-
arated by microposts, permitting cell migration and pro-
liferation between the channels. The organoid was then
co-cultured with endothelial cells, which formed a net-
work around and within the organoid, resulting in fully
perfusable vasculature [209, 210].

Different materials can be used to induce spontane-
ous vascularization in breast organoids. Decellularized
cancer-associated fibroblasts (CAFs) were cultivated
on macroporous polymer scaffolds. Additionally, the
creation of the developed matrices can offer biochemi-
cal and biophysical characteristics that facilitate vascu-
larization in organoid cultures. These designed matrices
can be natural, synthetic, or protein-engineered hydro-
gels, and can be adjusted and optimized to support the
growth and maturation of organoids [211]. To maintain
spontaneous vascularization in breast organoids, it is
important to incorporate the vasculature into the cul-
ture system. Vasculature must be included in the cul-
ture system to preserve spontaneous vascularization
in the breast organoids. Co-culturing organoids with
endothelial cells (ECs) and fibroblasts in a microfluidic
device is one method that has been shown to improve
the stemness and survival of organoids. Chemother-
apy-induced Notch signaling and VEGF signaling can
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also improve tumor-derived endothelial microvessels
in breast cancer [212]. Fibroblasts can promote vessel
development and enhance organoid survival in the side
channels of microfluidic systems. Growth factors such as
fibroblast growth factor 2 (FGF2) and epidermal growth
factor (EGF) can also control multi-lineage differen-
tiation potential, organoid development, and mammos-
phere regeneration [213]. In stem cells (SCs) and cancer
stem cells (CSCs), it has been discovered that FGF2 and
EGF either favorably or negatively regulate these activi-
ties. Spontaneous vascularization in breast organoids
can be preserved by enhancing the culture environment
and adding vasculature [214].

Vascular organoid on chip model

In biomedical engineering, 3D vascularized microtissues
within microfabricated devices have rapidly emerged,
and can better replicate tissue microphysiological activ-
ity and accurately replicate human diseases in vitro [215].
In the vascular organoid on-chip model, organoids are
cultured in a central chamber, and endothelial cells (ECs)
and fibroblasts are cultured in the hydrogel in adjacent
chambers that are connected to the center chamber, lead-
ing to organoid development [216].

Vascular breast organoids were created using a
PDMS chip [217]. The PDMS chip was used to fabri-
cate hollow tubes with adjustable diameters and wall
thicknesses, which closely emulated the morphology
and properties of the human blood vessels [215]. he
tubes were then functionalized with human umbili-
cal vein endothelial cells (HUVECs) to construct bio-
mimetic blood vessels [218]. These vascular modules
have advantages, such as high optical transparency, gas
permeability, and tunable elasticity, making them suit-
able for integrating multiple organoids into a single
microfluidic circuitry [219]. This development in the
vascularization of organoids-on-a-chip provides a more
controllable and favorable design platform for co-cul-
turing different cells and tissue types, overcoming the
limitations of traditional organoid culture [220].

Vascular organoid-on-a-chip models for breast orga-
noids incorporate functional vasculature to facilitate
organoid growth and maturation. Organoids that lack
functioning vasculature experience necrosis in the core
area due to increased metabolic needs that diffusion
alone cannot satisfy [121]. Vascularization in organoids
and organoids-on-a-chip has been achieved through
various strategies, including engineering in vitro capillary
beds and integrating them into microfluidic platforms
[219]. The development aims to establish a perfused vas-
culature throughout the organoids, enabling them to sur-
vive and operate by supplying oxygen and nutrients and
removing metabolic waste. Advancements in intravital

Page 21 of 29

3D bioprinting have also demonstrated the potential for
vascularizing organoids [217, 221]. Overall, the incorpo-
ration of functional vasculature in organoid-on-a-chip
models is crucial for achieving in vivo-like functionality
and enhancing the physiological relevance of breast orga-
noid models.

Involvement of stromal component and immune
cells for breast organoid development

The stroma is an essential part of the breast tissue because
it offers a favorable microenvironment that affects mam-
mary cell fate, differentiation, and tissue homeostasis. It
is becoming increasingly apparent that stromal interac-
tions are essential for the development of healthy mam-
mary tissue and breast cancer. Mammary epithelial cell
behavior, including proliferation, migration, and differ-
entiation, is influenced by cues and signals provided by
stromal cells. In organoid culture systems, stromal cells
play a significant role in promoting the growth and main-
tenance of mammary epithelial cells in vitro, allowing for
long-term culture and study of breast organoids [222].

Breast organoids contain stromal cells that secrete
cytokines, chemokines, and growth factors that control
the behavior of mammary epithelial cells. For instance,
tumor necrosis factor (TNF-«) and transforming growth
factor (TGF-P) produced by stromal cells can affect the
invasiveness of breast cancer cells, as can stromal-derived
factors (SDF-1), which stimulate the growth of mammary
progenitor cells. Furthermore, stromal cells have the
potential to produce matrix metalloproteinases (MMPs),
such as MMP-2, MMP-7, MMP-9, and MMP-11, which
are essential for remodeling the extracellular matrix and
facilitating tumor invasion and metastasis.

Within the breast organoids, stromal and mammary
epithelial cells interact dynamically and reciprocally.
Although stromal cells play a crucial role in the growth
and function of mammary epithelial cells, mammary epi-
thelial cells, particularly tumor cells, can also influence
the phenotype and behavior of stromal cells in the micro-
environment. Reciprocal crosstalk between stromal and
epithelial cells greatly aids tumor development, invasion,
and metastasis [223].

The immune system is another crucial element in
the breast tissue microenvironment. Interactions
among immune, stromal, and epithelial cells signifi-
cantly influence breast organoid growth and cancer
development. Involvement of the immune system in
breast organoids is essential for research on immune
responses, inflammation, and potential immunothera-
pies for breast cancer [224].

Macrophages are essential elements of the tumor
microenvironment (TME) and are important for tumor
development. The well-established M1/M2 macrophage
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paradigm emphasizes the distinct functional polariza-
tion states of macrophages in response to TME. Previous
studies have shown that M1 macrophages are anti-tumor,
whereas tumor-associated macrophages (TAMs), also
known as M2-polarized macrophages, are linked to pro-
tumorigenic outcomes in cancer [225].

M1 macrophages are classically activated macrophages
with proinflammatory and tumoricidal phenotypes. They
are induced by inflammatory cytokines such as lipopol-
ysaccharide (LPS) and interferon-gamma (IFN-y). M1
macrophages are characterized by the production of
pro-inflammatory cytokines (like interleukin- 1f, inter-
leukin-6, and tumor necrosis factor-alpha) and reactive
oxygen species, which support the immune response
against tumors and the phagocytosis of tumor cells. In
addition, they participate in antigen presentation, pro-
moting the activation of cytotoxic T cells and adaptive
immune responses against cancer cells. In contrast, M2
macrophages exhibit pro-tumorigenic and anti-inflam-
matory phenotypes. They are brought on by anti-inflam-
matory cytokines frequently found in the TME, like
interleukin-4 (IL-4) and interleukin-13 (IL-13). Growth
factors secreted by M2 macrophages, such as transform-
ing growth factor-beta (TGF-P) and vascular endothe-
lial growth factor (VEGF), promote angiogenesis, tumor
cell proliferation, and metastasis. Additionally, M2 mac-
rophages participate in immune suppression, impair-
ing the anti-tumor immune response by promoting an
immunosuppressive environment [226].

M1 and M2 macrophages significantly affected the
rapid development of breast cancer in the context of
the breast organoid microenvironment. The protu-
morigenic properties of M2 macrophages, which are
TAMs, are thought to aid tumor growth, invasion, and
metastasis. In addition to promoting angiogenesis,
which aids in vascularization and nutrient supply to the
tumor, they also alter the extracellular matrix to pro-
mote tumor cell invasion. The ratio of M1 to M2 mac-
rophages within the TME is dynamic and is influenced
by several factors, including cytokines, chemokines, and
signals from tumor and stromal cells. The interaction
of these factors determines whether macrophages are
pro- or anti-tumorigenic (M1 or M2) and affects breast
cancer development. To develop targeted therapeutic
strategies that can modify macrophage polarization and
promote anti-tumor immune responses while limiting
tumor-promoting effects, it is essential to understand the
role of M1 and M2 macrophages in the breast organoid
microenvironment.

Immune cells can be incorporated into 3D structures in
organoid culture systems, enabling the study of immune
cell behavior and interactions with mammary epithelial
cells. For example, immune organoids have been used to
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study immune conditions and to understand the struc-
tures and functions of immune tissues in a setting that
closely resembles the in vivo microenvironment [227].
Immune breast organoids are three-dimensional culture
models created in vitro from patient-derived tumor cells
or cell lines using three-dimensional culture technology
and cytokines that encourage breast cancer cell pro-
liferation while preventing their apoptosis. Compared
with xenografts, which are made from different species
and might not accurately reflect the patient’s condition,
these organoids have a structure similar to that of breast
tumors in the body and provide a more accurate repre-
sentation of the disease [228]. Cytokines, tumor necrosis
factors, interleukins, and transforming growth factor-p
play significant roles in breast cancer development and
progression. The increased production of cytokines
in the tumor microenvironment influences tumor ini-
tiation, angiogenesis, and metastasis. Cytokines, such
as IL-1, IL-6, IL-11, and TGEF-B, promote cancer cell
proliferation and invasion. TGF-p has a dual role, act-
ing as a tumor suppressor in the early stages of BC but
later promoting tumor progression. TGF-p also medi-
ates the epithelial-to-mesenchymal transition (EMT),
which is linked to BC progression and metastasis [229,
230]. Immune breast organoids help research how the
immune system and the tumor microenvironment inter-
act. These interactions are essential for cancer growth
and response to therapy. Organoids help researchers to
better understand the tumor-immune microenviron-
ment and model the immune response against breast
cancer cells. This information can direct the develop-
ment of innovative immunotherapies and enhance the
effectiveness of breast cancer treatments [231]. Although
immune breast organoids have shown great promise
in the study and treatment of cancer, it is important to
remember that they still have limitations. For example,
they may not accurately replicate the complexity of the
human immune system. The accuracy and usefulness of
organoids for precision immuno-oncology applications
are continuously improving through ongoing research
and technological advancements [232].

Additionally, immune cells in the microenvironment of
the breast tissue contribute to both the growth of breast
organoids and cancer development. On the one hand,
immune cells can encourage the development and spread
of tumors by secreting cytokines, chemokines, and
growth factors that foster a microenvironment favorable
to tumors. In contrast, the activation of cytotoxic T cells
and natural killer cells enables immune cells to mount
anti-tumor responses and inhibit tumor growth.

Recent studies have highlighted the importance of
lymphocyte-stromal cell interactions in autoimmune and
inflammatory diseases. These interactions most likely
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affect the immune response within the organoid and its
microenvironment, thereby affecting the development
of the breast organoids [233]. Researchers can produce
more accurate models of breast tissue that replicate cru-
cial elements of the tumor microenvironment by adding
stromal components and immune cells to organoid cul-
ture. Owing to this improved representation, the inves-
tigation of tumor-stroma crosstalk, immune responses,
and drug responses can now be performed in a physi-
ologically relevant setting. Breast organoids can be used
to study the interactions between mammary epithelial,
stromal, and immune cells, which may provide important
information regarding the earliest stages of oncogenic
transformation and the particular cell types that give rise
to various breast cancer subtypes. Additionally, this study
may help identify potential therapeutic targets in the
immune and stromal compartments to create new breast
cancer treatment plans.

Conclusion

A significant development in cancer research, specifi-
cally in the modeling of breast cancer pathophysiology, is
presented in the present article. Traditional 2D cell cul-
ture models have limitations in accurately simulating the
in vivo tumor microenvironment, which has hampered
the development of novel clinical techniques and thera-
pies. The poor reproducibility and in-vtro/ in vivo core-
lation motivated the researcher to investigate 3D culture
systems that closely resemble the complexity and hetero-
geneity of human tumors. The possibility to recreate a 3D
in vitro breast cancer model without scaffolds, enabling
a better understanding of tumor behaviour and drug
screening. The potential for translation from in vitro to
in vivo has significantly improved with the introduction
of scaffold-free 3D models, making them more accurate
in representing the tumor microenvironment. We have
thoroughly discussed how cellular level manipulation is
possible to generate heterocellular breast cancer orga-
noid. The physical and mechanical environments offered
by 3D organoid culture systems enable cancer cells to
develop metastatic potential and drug resistance similar
to that of human tumors. We have critically discussed the
application of fibroblast in producing extracellular ECM
at the boundary layer of organoid to maintain its struc-
tural integrity. The application of HUVEC in middle layer
to maintain the vascularization of nutrient and drugs in
3D organoid hypoxic core is thoroughly discussed. We
have raised the debt, regarding application of scaffold
free 3D organoid on counter of conventional scaffold
based organoid development. We have dive into deep to
identify the responsible abundant extracellular matrix
component in 3D breast cancer organoid that closely
resembles the human breast cancer microenvironment
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and their role in tumor cell invasion, angiogenesis and
epithelial to mesenchymal transition. The scaffold-free
3D models presented in this article offer a more appli-
cable platform for studying tumor behaviour, disease
progression, and drug responses than conventional extra-
cellular matrix-based 3D organoid culture. This article
also highlights the importance of developing precise 3D
high throughput disease models to study breast can-
cer biology and to identify potential therapeutic targets.
An essential advancement over earlier techniques is the
growth of tumor spheroids under controlled conditions
using transient intercellular linkers. With the aid of this
innovative technique, researchers can now create mature
multicellular tumor spheroids in a shorter time, provid-
ing a more effective and reliable platform for researching
pathophysiology of breast cancer.
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