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Chapter

In vitro Approaches to Model
Breast Tumor Complexity

Heizel Rosado-Galindo, Lyanne Suarez
and Maribella Domenech

Abstract

Cell culture technologies have provided biomedical researchers with fast and
accessible tools to probe the breast tumor microenvironment. Exponential progress
in fabrication methods combined with multiparametric approaches have enabled
the development of cell culture model systems with enhanced biological complexity
to identify key aspects that regulate breast cancer (BC) progression and therapeu-
tic response. Yet, the culture parameters and conditions employed influence the
behavior of tumor cells, thereby affecting its tissue biomimetic capabilities. In this
chapter we review the wide range of culture platforms employed for the generation
of breast tumor models and summarize their biomimetic capabilities, advantages,
disadvantages and specific applications.

Keywords: culture platforms, microfluidics, organoids, 3D bioprinting,
tumor microenvironment, co-culture

1. Introduction

Cell culture is an integral tool in biomedical research. It refers to the removal of
cells from tissues or organs, into an artificial in vitro environment. The cells may be
directly removed from the tissue before culturing, or they may be derived from a
previously established cell line [1, 2]. Among their many applications, in vitro cell
culture models allow for the evaluation of the physiology and biochemistry of cells;
the study of mutagenesis and carcinogenesis; and drug research and development
[1-3]. Furthermore, in vitro models provide a faster and more cost-effective alterna-
tive to in vivo animal models, while also allowing researchers to control and alter the
cellular microenvironment.

Breast tumors are complex systems, composed of different cell subpopulations
with distinct tumorigenic capabilities within the tumor. I vitro cell culture models
have been one of the basic techniques utilized in BC research. Despite the many
advances in the field, there is still a need for suitable tumor models that can accu-
rately mimic the disease. Two-dimensional (2D) culture models have been com-
monly used in BC studies over the years. These have provided valuable insight about
the molecular mechanisms involved in the pathology of the disease, yet 2D models
are not able to properly model BC complexities [4]. Similarly, animal models require
specialized animal facilities, are expensive, laborious, along with the consideration
of pharmaco-and toxicokinetic differences between animal and humans which
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can make results unreliable [5]. Hence, the development of tumor models that
can mimic to some extent the complexity present in the tumor microenvironment
(TME) is imperative.

The TME is heterogeneous and plays a significant role in tumor development,
progression and metastasis [6]. It is composed of multiple cell types such as fibro-
blasts, myoepithelial and endothelial cells, infiltrated immune cells (e.g., T cells,
macrophages), adipocytes and mesenchymal stem cells (MSC), along with the
extracellular matrix (ECM) and soluble factors [7, 8]. These cell types are important
for modeling the disease as it has been shown that tumor prognosis is not solely
based on the tumorigenic cells, but also on how those cells communicate with their
environment [9]. For example, cancer associated fibroblasts (CAFs) have been
demonstrated to promote cancer cell aggressiveness and survival by the secretion of
growth factors and cytokines and the creation of a “protective niche” against drugs
[8, 10, 11]. Similarly, immune cells promote angiogenesis [12], immunosuppression,
invasion and metastasis [13, 14]. Furthermore, adipocytes and MSCs have been
shown to be involved in the secretion of factors related to matrix remodeling, inva-
sion and survival of the tumor [15, 16]. Thereby, models that include multiple cell
types are likely to be more mimetic of the pathology and predictive of responses in
tissues. As such, custom microscale platforms have been developed to accommodate
multiple cell types in spatially defined patterns and locations to enable examination
of multi-cell type interactions. Such models include those related to angiogenesis
and metastatic processes [17-19], and due to the lack of spatial control it would have
been difficult to recreate such interactions in traditional culture platforms high-
lighting the applicability of custom platforms for multi-cell type interactions.

The identification of relevant parameters from the tumor microenvironment
is imperative for proper assessment and predictability of efficacy of experimental
therapies. For this reason, 3D cell culture systems have become more popular due
to its potential to better mimic the complexity of the TME and thereby increase the
physiological relevance of the study [20, 21]. This modality incorporates scaffolds
and 3D cell constructs that have been shown to impact cell proliferation, morphol-
ogy, signaling and drug resistance in a more physiologically relevant manner [22-25].

Mimicking BC complexity is challenging, however, progress in microfabrica-
tion techniques, tissue engineering and cancer biology have paved the way to more
sophisticated models with enhanced biomimetic capabilities that will help to eluci-
date the intricate nature of BC. In this chapter, we discuss the wide range of culture
platforms employed for the generation of breast tumor models and summarize their
biomimetic capabilities, advantages, disadvantages and specific applications.

2. Cell culture modalities
2.1 Two-dimensional and three-dimensional culture

The traditional cell culture methods for studying breast cancer employ
two-dimensional monolayer cultures, where cells grow flat on a surface. Two-
dimensional culture is still widely used, but with advances in microfabrication
now surfaces can be modified with nanostructure topographies and different
levels of stiffness to mimic to some extent the physical properties of the matrix
surface. These topographies (e.g., roughness, surface geometry) have the capa-
bility of providing biomimetic surfaces that have been shown to modify the
morphology, proliferation and signaling, among others, of cells [26]. Similarly,
changes in the mechanical properties of the ECM (e.g., stiffness) are related to
increasing malignant phenotype [27], cancer progression, signaling [28-30] and
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drug sensitivity [31]. Despite these technological advances in 2D cultures, multiple
studies have shown that cell cultures in 2D felt short to mimic cell phenotypes
associated with disease progress such as cell invasion, cell function and expression
of pathological markers [4, 23, 32]. In some cases, utilizing 2D culture systems has
resulted in the loss of essential cell signaling pathways, hence limiting the ability
to fully evaluate cell-cell and cell-ECM interactions [33]. Evidence has also shown
that there are inconsistencies when comparing cell morphology, receptor expres-
sion, and polarity between cells grown in 2D and the in vivo setting [34].

In order to bridge this gap in biological complexity, multiple methods employing
3D cell culture systems have emerged and continue to be steadily improving, aiming
to produce the most in vivo-like structures. Essentially, 3D models can be divided
into two groups: cell aggregates (spheroids) and biomaterial constructs [35]. The
most basic 3D culture models use scaffolds of synthetic (e.g., polydimethylsiloxane-
PDMS, polylactic acid-PLA) and natural (e.g., collagen, Matrigel®, hydrogels) bio-
materials to investigate the effect of ECM properties on cancer behavior. Spheroids
have been used mostly for drug screening applications since it has been demon-
strated they more closely resemble the iz vivo environment [36]. Growing BC cells
in 3D has also revealed a more realistic drug response [21, 37], cell proliferation and
morphology [38], and better representation of tumor heterotypic phenotype and
TME [39, 40]. For example, single-cell RNA sequencing of breast cancer spheroids
have uncovered cell clusters with specific functions (e.g., proliferation, invasion)
that provide evidence of the heterotypic nature and complexity of breast tumors
[41]. Figure 1 below depicts the main iz vitro 2D and 3D culture modalities along
with the most predominant co-culture models (discussed in the next subsection) to
study cell crosstalk.

2.2 Co-culture

Cancer is a heterogeneous disease and even though there have been various
advances in cell culture modalities, thorough comprehension of the crosstalk
between cancer and non-cancer cells is still not fully understood [42]. Co-culture
and multi-culture models have been long established as appropriate tools for
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Figure 1.

In vitro culture modalities. A) Cells can be cultured in vitro as 2D monolayers, over a 3D scaffold (synthetic
or natural material), embedded into a scaffold material or as spheroid constructs. B) Yet, co-culture and
multi-culture models arve implemented in ovder to better understand tumor-stroma intevactions and cross-talk.
The three main co-culture modalities used are compartmentalized, conditioned media and mixed, which
incorporate cells cultured in 2D monolayers, 3D scaffolds or spheroids. Created with BioRender.com
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evaluating breast cancer heterotypic interactions iz vitro [6]. Co-culture refers to
the culturing of two different cell lines, while multi-culture models involve three
or more different cells. Historically, co-culture models have been the predominant
approach in research. However, despite their ability to identify factors mediating
cancer and stromal interactions, co-culture models are deficient in incorporating
microenvironment structure, dimensionality, and functional response [42]. With
the hopes of bridging the gap between iz vitro and in vivo studies, new research
has been moving away from the study of only two cell types, to studying multi-cell
type systems. This type of model permits researchers to control and evaluate the
influence of each cell culture component. It also allows the study of important
cell-cell heterotypic signals, which would be impossible to study with a 2-cell type
model [43].

There have been an increasing number of studies looking to compare tri-culture
models with the more traditional mono-culture or co-culture methods. With
the intention of better understanding the bone microenvironment, Pagani et al.
compared a tri-culture model of osteoblasts, osteoclasts, and endothelial cells; to
single and co-cultures. The results demonstrated that the behavior of the three cell
types cultured together was very different from the single or the co-culture model,
in terms of proliferation, activity, and viability. These results correlate with previ-
ously established data regarding their behavior in vivo [44]. Regier et al. evaluated
how increased model complexity would affect gene expression. The results demon-
strated that gene expression changes based on the type of model utilized; suggest-
ing how tumor and stromal cells would respond to microenvironments of increased
complexity in vivo [42]. Loy et al. investigated the effect a tri-culture model would
have on angiogenesis and compared it to simpler models. The results showed that
the tri-culture model promoted cell-matrix remodeling and early expression of
elastic fiber-related proteins. It also reiterated the significance of multi-culture
methods since culturing with fibroblasts, endothelial cells, and smooth muscle cells
was required to obtain tissues with appropriate physiological-like properties [45].
All three of these studies highlight the increasing need and importance of more
complex heterotypic cultures.

Co-culture models involve a cell growing arrangement, where two or more
different cells are cultured with some amount of contact between them [46]. The
communication between the cells may be bi-directional or multi-dimensional, and
it can happen at the macro-scale or at the micro-scale [47]. The method of choice
should be dependent on what is the focus of each individual study and can be
grouped in: compartmentalized, conditioned media and mixed culture.

2.2.1 Compartmentalized

The segregated or compartmentalized model consists of two or more physi-
cally separated cells, cultured in a shared environment [6]. This type of culture
is preferred when studying paracrine interactions of cells that are not located in
close proximity in tissues. Also, this method is useful to identify target cells based
on soluble factor signaling since the cells individual response can be examined,
facilitating the identification of factors that may play a role in tumor growth and
advancement. In compartmentalized co-cultures, one cell population is seeded
in the bottom of the standard well, and the other is seeded on a top insert or in an
adjacent compartment. By doing this, the cell types remain separated, while still
being able to exchange soluble signals in their shared environment [48]. Indirect
cell culture eliminates heterotypic interactions mediated by contact between the
cell types, which can be seen in direct cell culture. It also allows for cell type spe-
cific readouts, which are unachievable in direct cell culture [6]. Such method has
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provided evidence on genes involved behind stromal invasiveness and metastasis,
and the crucial role of fibroblasts in proliferation of estrogen-dependent human
breast carcinomas [6, 49, 50]. Gonzalez et al. utilized a 2D indirect co-culture
method with human BC cells and human umbilical vein endothelial cells to evaluate
the process behind angiogenesis; concluding that melatonin may be an alternative
for preventing tumor angiogenesis [51]. While Chiovaro et al. analyzed the role of
ECM proteins in bone metastasis, showing that tenascin-W promotes cancer cell
migration and proliferation [52].

If multiple cells need to be examined, co-culture platforms, such as transwells,
are not useful since they are limited to only two compartments. Hence, the use of
customizable culture systems such as microscale devices, is warranted [6]. Our
group developed compartmentalized microwell culture platforms, in which we
show the contribution of multiple cell types to the sensitivity to heat therapy in
tumor cells [43]. The data shown indicates that the presence of macrophages and
fibroblasts had a significant protective effect against heat stress in BC cells, thus,
perturbing the effectiveness of heat therapy. Others have employed multi-cell type
cultures to deconvolute cell communication of metastatic breast tumors. Regier
et al. developed a compartmentalized multi-culture method, utilizing BC epithelial
cells, bone marrow cells, and human monocytes. The platform allowed the creation
of a substantial dataset made up of cell specific gene expression patterns. This
was possible by collecting data from an individual cell type, while communicating
through paracrine interactions in a heterotypic culture. The study also compared
tri-culture to mono-culture and co-culture, which led to the demonstration of how
stromal and tumor cells respond differently based on the complexity of the micro-
environment [42]. This reiterates the importance of utilizing multi-cultures versus
the more traditional co-cultures. A drawback with this method is that physical
contact between cells cannot be completely prevented in the long term [47]. In addi-
tion, because cell-seeding sometimes requires more than one step, the process may
be considered somewhat complicated and time-consuming [6].

2.2.2 Conditioned media

Conditioned media transfer utilizes two separately cultured cell populations,
where one culture medium is utilized to nourish the other [48]. This type of method
is simple and allows one-way signaling from effector to responder [6]. The advan-
tage of utilizing this method is that conditioned media can be profiled for the iden-
tification of secreted soluble factor-related effects is possible [47]. Consequently,
the role of signaling molecules could be tested in a specific response [6]. Also, this
method is useful when the cells of interest cannot be cultured together such as stud-
ies involving tumor cells and microbes [53]. However, when employing multiple cell
types, the method becomes a bit more complex since identification of the secretor
and recipient cells can be complicated. Additionally, when this type of method is
utilized, there is no cross-communication within the cells and it is not possible to
study bi-directional signals [48]. For this reason, this type of method would not be
ideal if the goal is to study multi-cell type interactions that naturally occur in the in
vivo tumor environment.

2.2.3 Mixed co-culture

In mixed cell culture, different types of cells are cultured together. Just as with
conditioned media transfer, this type of method is accessible and simple. It can be
done in 2D or 3D using traditional well plates [6]. If the cells are cultured together
in a standard plate, the method is referred to as direct or mixed cell culture.



Breast Cancer - Evolving Challenges and Next Frontiers

However, if a transwell insert or adjacent compartments are utilized, the method

is denoted as indirect or compartmentalized cell culture. Unlike the conditioned
media method, mixed co-culture does allow for bi-directional paracrine and
juxtacrine signaling, which is of great importance when studying multi-cell type
interactions in breast cancer [6]. Because of the cellular arrangement, this method
is also ideal for studying how cell-cell contact affects cell behavior [54]. When
performing multi-cell type studies, the direct method simply requires the inclusion
of the additional cell lines mixed.

Mixed co-culture experiments shed light on distinct microenvironment features
based on cancer subtype; and potential mechanisms behind invasive phenotypes
[55, 56]. Camp et al. compared the interaction of fibroblasts with the basal-like
subtype versus the luminal subtype. The results were increased migration and
expression of interleukins in the basal-like BC cell lines, which reiterates the
important role of the TME in cancer progression [10]. Buess ez al. also looked into
evaluating the role of aspects of the TME by studying tumor-endothelial interac-
tions and determining gene expression changes [56]. Multiple other studies have
been done utilizing these culture modalities and have provided insight into further
understanding the disease [6]. Yet, a disadvantage of this method is the lack of
control of the spatial location of cells which can be important when examining
and quantifying changes in some tumor cell behaviors such as cell migration and
invasion. Also, single cell studies will require multiple cell separation steps that will
make this method more time consuming and increase the number of cells needed
for analysis due to cell loss during sample handling.

3. Culture platforms for enhanced biomimetic capabilities

Despite the development and application of the aforementioned cell culture
methods, thorough understanding of cancer development and progression contin-
ues to be a challenge. As shown in Figure 2, in vitro cell models are mainly cat-
egorized in 2D and 3D (as discussed before) and thus, these models become more
complex as research continues to be centered on creating experimental models that
can mimic cell evolution on the bench with the goal of understanding the biology of
the disease and identifying key therapeutic targets. Despite the advances that came
with the implementation of 3D multi-culture systems, there still remains a scarcity
of models that can recreate the biological complexity of the tumor microenviron-
ment. Biomimetics can be defined as technology that utilizes or emulates tissue
function with the intention of improving human lives [57]. Effective biomimetic
models need to contribute a 3D environment permissive of cell phenotypic stages
while enabling multi-cell type interactions [58]. As cell culture methods continue
to evolve, innovative approaches are being created with the hopes of overcoming
the limitations of the more traditional methods. Table 1 summarizes the advan-
tages, disadvantages and applications of advanced biomimetic iz vitro 3D culture
technologies.

3.1 Microfluidics

Microfluidic platforms can be utilized to scale down the traditional culture
modalities, yet they enable to customize the culture environments to examine more
complex interactions [64]. This technology employs microsystems that allow the
manipulation of small fluid volumes and control over the spatial location of cell
clusters [70]. Its application to improve 3D cell culture models has been increasing
since 2012, particularly in BC research [71]. In comparison to macroscopic culture,
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Figure 2.

Culture platforms employed in breast cancer models. A) Simple 2D platforms consist of cells cultured in flat,
nano- or micro- structuved substrates (left) that mimic to some extent tissue topography; or they can combine
co-culture and microfluidic devices (vight) to increase the complexity of the model and better resemble
tumor-stroma interactions. B) In three-dimensional models, cells are culture in scaffolds and constructs that
further imitate the architecture of the tumor (left). Co-culture and advanced 3D models such as microfluidics,
bioprinting and ovganoids are capable of duplicating the TME and provide physiologically velevant insights
about the disease (right). Created with BioRender.com

microfluidic cell culture models have several significant advantages that, when
employed, lead towards better biomimetic models. Firstly, cells may be cultured

in a spatially controlled environment by controlling fluid patterns and proximity
across culture compartments [72-77]. This technology permits the combination

of multiple cell types and to control cell patterning, to recapitulate to some extent
tissue observations. For example, microfluidic devices permit the study of angio-
genesis while also allowing the study of endothelial migration and evaluation of
cell response in co-culture [71, 78]. Also, microfluidics can implement continuous
perfusion conditions, and controlled gradients, which are both characteristics that
also resemble the cancerous iz vivo environment more closely. Gradients are found
in angiogenesis, invasion, and migration whereas perfusion is crucial in vasculature
and cell extravasation as well for nutrient replenishment. Finally, microfluidic sys-
tems enable high-throughput arrays and pose lower contamination risk and reagent
consumption which make them very appealing for studies with limited cell samples
such as those that employ patient-derived tissues [70, 71].

Recent studies in microfluidic systems have highlighted their capability to
recreate and profile some of the biological complexity of the tumor microenviron-
ment. Such studies have revealed important information regarding the processes
involved in metastasis and how the tumor microenvironment contributes. For
example, single cell RNA sequencing using microfluidic devices have revealed the
diversity of the breast epithelium, which sheds light about early tumorigenesis and
tumor progression [79, 80]. In addition, microfluidic devices pose as an advantage
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Model Advantages Disadvantages Application Ref.
3D Microfluidics Small size samples, Mechanical stress, Invasion, [20, 37,
spatial and temporal complicated set-ups, metastasis, 59, 60]
control, reduced material fabrication vasculature,
reagent volumes, modeling
controlled gradients, TME
high-throughput
Bioreactors Long term culture, Contamination risk, Metastasis, [61-63]
effective nutrient expensive, specialized drug
distribution, large equipment, low discovery
scale throughput, limited
spatial resolution, high
cell numbers needed
3D bioprinting Controlled spatial Lower cell viability, Migration, [64-66]
arrangement of material challenges, angiogenesis,
cells and matrix, lack of standardized drug
biomolecular methods, high cell discovery,
gradients, numbers needed modeling
high-throughput TME
Organoids Small size samples, Lack of standardized Drug [67-69]
retain parental methods, discovery,
tumor phenotype, heterogeneous invasion,
can be preserved as cell samples, high metastasis
biobanks, mimetic variability across
of tissue function replicates
Table 1.

Comparison of in vitro 3D BC models.

to personalized medicine by aiding in the selection of appropriate pharma-

cologic agents. In this regard, Lanz et al. developed a 3D microfluidic device,
OrganoPlate®, to be utilized for therapy selection. They showed that MDA-MB-231
(cell line isolated at MD Anderson from a pleural effusion of a 51-year old
Caucasian woman) cells embedded in Matrigel® became more sensitive to the drug,
thus confirming along with previous studies that drug response is tuned by the
ECM. The results were promising and even though further validation is warranted,
it appears to be a fine tool for pharmacologic selection and response prediction [37].
Similarly, Yildiz-Ozturk et al. studied the cytotoxicity of carnosic acid and doxoru-
bicin on MCF-7 and MDA-MB-231 BC cell lines and demonstrated the importance
of biomimicry in iz vitro platforms [20]. A breast metastatic microfluidic model was
developed by Kong et al. to mimic the metastasis of circulating breast cancer cells
(CBCCs) to the lung and other organs. Their microfluidic device allowed the flow
of CBCCs over primary cell culture chambers, which would have been impossible
with static conditions. They demonstrated that the metastatic potential of these cell
lines was in concordance with animal models, providing a cost-effective and time-
saving alternative [81]. Bersini ez al. also developed a microfluidic co-culture model
made up of metastatic BC cells, and collagen gel-embedded bone marrow-derived
stem cells (hBM-MSC) lined with endothelial cells to create an osteo-conditioned
microenvironment and access extravasation and micrometastases to bone tissue
[59]. They found that BC receptors CXCR2 and bone-secreted chemokine CXCL5
play major roles in the extravasation process. However, due to the complexity of the
design, their platform is not high throughput compatible, which adds many chal-
lenges, particularly to obtain multiple replicates in a short time. Also, in general it

is important to notice that most of the organ on chip microfluidic platforms focus
on the metastatic stage of the disease, leaving an evident need for research focusing
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on the early stages of breast cancer. Yet, some efforts are being done to overcome
this gap. As an example, Choi et al. developed a compartmentalized microfluidic
device that enabled co-culture of tumor spheroids and normal mammary epithelial
cells in close proximity to fibroblasts, with the goal of providing a model that allows
researchers to closely examine the mechanistic progression of early-stage breast
ductal carcinoma iz situ (DCIS) [82].

Even though microfluidic devices have given the opportunity to better repli-
cate the tumor environment, there are still some caveats to its use. Silicone-based
devices have been shown to sequester small hydrophobic molecules, which can
compromise the results of some studies [70], yet researchers have been addressing
this by modifying the material to make it more hydrophilic and reduce molecule
sequestration [60]. Also, microfluidic devices in some cases can induce mechani-
cal stress to the cells [83], which can modulate cell responses in an unpredictable
manner, and are often limited by complicated set-ups [70], which limits their broad
adoption by the scientific and clinical community. As such, simpler fabrication
methods and commercial availability of customizable microscale platforms is desir-
able to overcome such limitations.

3.2 Bioreactors

Despite the numerous advantages of the aforementioned 3D culture methods,
the duration of culture and nutrient availability can be a limitation in static cultures
particularly to enable observations that occur in cells over periods of several weeks.
In this case, perfusive systems, such as bioreactors, are more appropriate. A biore-
actor is a canister that allows the 3D culture of cell clusters for extended periods of
time. It is coupled to sensors and actuator components allowing for the controlled
delivery of oxygen, nutrients and other parameters [84]. Goliwas et al. developed
a perfused 3D BC surrogate model utilizing a bioreactor system that incorporated
breast carcinoma epithelial cells and stromal fibroblasts into an extracellular
matrix. The study demonstrated that using a bioreactor allowed for analysis of
longer growth periods and a greater degree of growth when compared to solid
models [85]. Bioreactors have also been utilized to study metastatic progression of
breast cancer, and as potential drug development platforms for cancer treatment.
Krishnan et al. utilized a compartmentalized bioreactor model, with osteoblasts
and metastatic BC cells, to study the colonization of osteoblastic tissue. In their
design, cultured osteoblasts were monitored over longer periods and exhibited
more in vivo-like characteristics, compared to 2D cell cultures [86]. Marshall et al.
developed a physiologically relevant bioreactor system that could be potentially
used for pharmacologic development. Their construct was capable of supporting
and perfusing larger volume, which poses as an advantage to lab-on-a-chip systems
[62]. Other studies have also used bioreactors to assess drug response of BC tis-
sue [63, 87]. Despite bioreactors being an ideal option for cultures that require
long-term analysis, there are some factors that might damper their use. Membrane
bioreactors may become contaminated and multilayer cell growth may cause
transfer limitations [88]. Also, its complex composition and dimensionality limits
their implementation in convectional labs and limits the number of experimental
replicates [89].

3.3 Three-dimensional (3D) bioprinting
Another technology that has emerged in recent years and that is being applied

to 3D culture technology is 3D bioprinting. Its development has been possible
thanks to advances in 3D printing technology, biomaterials and tissue engineering
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methods. Three-dimensional (3D) bioprinting consists of printing cells together
with ECM components, biomaterials and bioactive factors [90]. It has been shown
that bioprinting techniques can be used to generate 3D tumor models that can
better resemble the TME [90, 91]. This has been achieved as bioprinting provides
the ability of controlling the spatial arrangement of cells, creating biomolecular
gradients and well-organized vessel-like structures (vasculature) within a micron
scale resolution [92, 93]. Therefore, bioprinted tumor models are used for angio-
genesis, migration and drug development and screening studies as well as TME
models [65, 94]. Although 3D bioprinting is widely used in tumor research, very
few studies use bioprinted models for BC. Yet, most of these studies are focused on
BC metastasis and drug resistance. A study performed by Zhou et al. evaluated the
interaction between triple negative breast cancer cells (TNBC) and osteoblasts to
assess metastatic progression in bone. They found that osteoblasts increased VEGF
secretion and therefore, enhanced the proliferation of BC cells, while osteoblast
proliferation was inhibited [58]. Bioprinted BC models have also been used for

drug resistance studies. Swaminathan et al. bioprinted pre-formed MDA-MB-231
spheroids along with breast epithelial cells and vascular endothelial cells and evalu-
ated plaxitacel chemoresistance in mono and co-culture. They demonstrated that
bioprinted spheroids are more resistant to plaxitacel as it has been shown before in
other studies. Yet, this resistance was decreased in co-culture with vascular endo-
thelial cells highlighting the importance of replicating the TME complexities in vitro
[95]. Another study by Duan et al. examined drug resistance using 3D bioprinted
constructs of BC cells and adipose-derived mesenchymal stem cells (ADMSC).
They found increased chemoresistance in BC cells cultured with ADMSC in com-
parison to monoculture and, thus provided a model to better understand the role of
ADMSC in BC progression [66]. Likewise, Campbell et al. bioprinted MCF-7 cancer
cells and showed higher resistance to Tamoxifen compared to monolayer culture,
providing a more biological-like behavior [66, 96]. Despite the flexibility of 3D
bioprinting systems, there are some challenges that need to be overcome to ease its
application. Maintaining high viability and original phenotype is an issue in some
bioprinting techniques due to exposure of cells to shear stress. Therefore, close
control of bioink viscosities, extrusion rates, among other parameters, is imperative
[97]. Also, lack of process standardization and guidelines pose another challenge for
study comparison and reproducibility.

3.4 Organoids

The most recent 3D cell culture modality are organoids. These are 3D heterotypic
in vitro tissue constructs, derived either from primary tissue or stem cells, that have
the ability to mimic the in vivo organ [98, 99]. Historically, established cancer cell
lines have been widely utilized as single cell models of the cancer disease. However,
their use has several drawbacks in terms of their capability to mimic the pathology
of the patient. Cell lines can undergo genetic changes, losing the genetic heterogene-
ity of the original tumor [100]. Organoids also possess substantial similarities to
cancer cell lines 3D models (spheroids) such as cell-cell and cell-matrix interactions,
gradients of nutrients, oxygen and metabolites, and can be replaced from frozen
supplies with ease. They are also relatively easy to handle and can be grown in infi-
nite quantities [101]. Yet, the main characteristic of organoids is their capability to
closely resemble and retain the pathology of the parental tumor over several rounds
of expansion iz vitro [102, 103]. They also have shown therapeutic predictability
for some drugs and can be preserved as biobanks and expanded, which allows
extended incubation [98, 99]. Given the number of mutational processes involved
in cancer development and progression, being able to study tumorigenesis in depth

10
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is crucial. Organoids allow for organ-specific mutations to be analyzed and their
whole genomes to be sequenced. Intratumor heterogeneity can also be analyzed by
growing organoids from separate sections of the same tumor [100]. Another area
where organoids can play a major role is drug development. Organoids appear to

be much better models for identifying and testing anticancer drugs yet in a patient
specific manner. For instance, studies on single cell transcriptomics of organoids
have detected differences in drug sensitivity, proving that organoids maintain tumor
heterogeneity, which is considered a critical aspect of tumor models [104].

Studies with BC organoids are limited, since this modality has just started to be
explored. However, they have gained more popularity in the last few years. Cheung
et al. used breast carcinoma organoids to understand tumor invasiveness and
metastasis. They found that the heterotypic interactions between epithelial sub-
groups are key to collective invasion [105]. Broutier et al. was able to demonstrate
that liver cancer derived organoids could be utilized for drug screening testing and
identification of potential pharmacologic targets [68]. Sachs et al. demonstrated
the biomimetic nature of organoids by demonstrating the reflecting histopathology
of in vivo tumors, as well as HER2 and hormone receptor status. Moreover, drug
screening tests were consistent with patient response [69]. These promising find-
ings suggest that organoids will be an ideal alternative model for cancer research.
Nonetheless, successfully cultivating patient organoids from biopsy specimens
is still a challenge mainly due to low cell recovery and heterogeneity of collected
samples, and limited availability of standardized methods [103, 105].

4. Concluding remarks

Breast cancer is an evolutionary disease and cell culture modalities should con-
tinue to evolve concomitantly. Even though traditional 2D co-culture methods have
provided valuable insights on disease development and progression, there is a need
for more heterotypic biomimetic models that can replicate the tumor environment
more closely. Some of the consequences of limited biomimetic models has been the
large number of investigational drugs that never make it past clinical trials and the
lack of clear understanding on the foundations of breast cancer malignant trans-
formation. Aside from the need for more biomimetic models, most of the current
research has been focused on the metastatic stage of the disease. Even though under-
standing tumor progression and the role of its microenvironment is of utmost impor-
tance, understanding the early and localized stages of breast cancer is also imperative.
Not having an explicit grasp on the biological processes behind progression from
early stage to invasive to metastasis has hindered the ability to make a predictive
diagnosis in patients with early disease that have a greater probability of invasive
cancer progression. Hence, designing new targeted pharmacologic agents becomes a
challenge. Despite the continuous development of innovative cell culture modalities,
there are still many unanswered questions. However, the hope is that with the emer-
gence of the new methods (bioreactors, organoids, etc.), many of these questions can
be interrogated in a controlled and user friendly cell culture environment.

Acknowledgements
This publication was supported by the National Institute of General Medical
Sciences of the National Institutes of Health under award number SC1 GM131967

and partial support from the Puerto Rico Idea Network for Biomedical Research
Excellence (PR-INBRE) under Grant No. P20-GM103475.

11



Breast Cancer - Evolving Challenges and Next Frontiers

Conflict of interest

The authors declare no conflict of interest.

Author details
Heizel Rosado-Galindo', Lyanne Suarez' and Maribella Domenech"**

1 Bioengineering Graduate Program, University of Puerto Rico,
Mayaguez, Puerto Rico, United States

2 Department of Chemical Engineering, University of Puerto Rico,
Mayaguez, Puerto Rico, United States

*Address all correspondence to: maribella.domenech@upr.edu

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

12



In vitro Approaches to Model Breast Tumor Complexity

DOI: http://dx.doi.org/10.5772/intechopen.96338
References

[1] M. Arora, “Cell Culture Media: A
Review,” Materials and Methods, vol. 3.
2013, doi: 10.13070/mm.en.3.175.

[2] “Animal tissue culture principles
and applications.” https://paperpile.
com/app/p/cdc4fc9e-d3fa-05a3-a615-
4767c5f44774 (accessed Jan. 11, 2021).

[3] D. Antoni, H. Burckel, E. Josset,
and G. Noel, “Three-dimensional cell
culture: a breakthrough in vivo,” Int. J.
Mol. Sci., vol. 16, no. 3, pp. 5517-5527,
Mar. 2015.

[4] S. Breslin and L. O’Driscoll, “The
relevance of using 3D cell cultures, in
addition to 2D monolayer cultures,
when evaluating breast cancer drug

sensitivity and resistance,” Oncotarget,
vol. 7, no. 29, pp. 45745-45756, Jul. 2016.

[5] “Thoughts on limitations of animal
models.” https://paperpile.com/app/p/
fa8e2678-e93f-006a-ab90-0534c3b2b38b
(accessed Jan. 12, 2021).

[6] M. C. Regier, E. T. Alarid, and D. J.
Beebe, “Progress towards understanding
heterotypic interactions in multi-culture
models of breast cancer,” Integr. Biol. ,

vol. 8, no. 6, pp. 684-692, Jun. 2016.

[7] S. D. Soysal, A. Tzankov, and

S. E. Muenst, “Role of the Tumor
Microenvironment in Breast Cancer,”
PAT, vol. 82, no. 3-4, pp. 142-152, 2015,
Accessed: Feb. 01, 2021. [Online].

[8]]. Plava, M. Cihova, M. Burikova,
M. Matuskova, L. Kucerova, and

S. Miklikova, “Recent advances in
understanding tumor stroma-mediated

chemoresistance in breast cancer,” Mol.
Cancer, vol. 18, no. 1, p. 67, Mar. 2019.

[9] N. A. Bhowmick and H. L. Moses,
“Tumor-stroma interactions,” Curr.
Opin. Genet. Dev., vol. 15, no. 1, pp.
97-101, Feb. 2005.

13

[10] ]. T. Camp et al., “Interactions with
fibroblasts are distinct in Basal-like and
luminal breast cancers,” Mol. Cancer
Res., vol. 9, no. 1, pp. 3-13, Jan. 2011.

[11] R. Straussman et al., “Tumour
micro-environment elicits innate
resistance to RAF inhibitors through
HGF secretion,” Nature, vol. 487, no.
7408, pp. 500-504, Jul. 2012.

[12] R. D. Leek, C. E. Lewis, R.
Whitehouse, M. Greenall, J. Clarke,
and A. L. Harris, “Association

of macrophage infiltration with
angiogenesis and prognosis in invasive
breast carcinoma,’ Cancer Res., vol. 56,
no. 20, pp. 4625-4629, Oct. 1996.

[13] W. Tan et al., “Tumour-infiltrating
regulatory T cells stimulate mammary
cancer metastasis through RANKL-
RANK signalling,” Nature, vol. 470, no.
7335, pp. 548-553, Feb. 2011.

[14] M. Yang et al., “Microvesicles
secreted by macrophages shuttle
invasion-potentiating microRNAs into
breast cancer cells,” Mol. Cancer, vol. 10,
p. 117, Sep. 2011.

[15] Y. Xiong et al., “Hematopoietic stem
cell-derived adipocytes and fibroblasts
in the tumor microenvironment,”

World ]. Stem Cells, vol. 7, no. 2, pp. 253-
265, Mar. 2015.

[16] K. M. Bussard, L. Mutkus, K.
Stumpf, C. Gomez-Manzano, and F.
C. Marini, “Tumor-associated stromal
cells as key contributors to the tumor

microenvironment,’ Breast Cancer Res. ,
vol. 18, no. 1, p. 84, Aug. 2016.

[17]1 A. Amann et al., “Development of a
3D angiogenesis model to study tumour
— endothelial cell interactions and

the effects of anti-angiogenic drugs,”
Scientific Reports, vol. 7, no. 1. 2017, doi:
10.1038/s41598-017-03010-6.



Breast Cancer - Evolving Challenges and Next Frontiers

[18] C. A. Staton, S. M. Stribbling, S.
Tazzyman, R. Hughes, N. ]. Brown,
and C. E. Lewis, “Current methods for
assaying angiogenesis in vitro and in
vivo,” Int. J. Exp. Pathol., vol. 85, no. 5,
pp- 233-248, Oct. 2004.

[19] M. Montagner and E. Sahai,
“Models of Breast Cancer Metastatic
Dormancy,” Front Cell Dev Biol, vol. 8,
p- 37, Mar. 2020.

[20] E. Yildiz-Ozturk, S. Gulce-Iz,

M. Anil, and O. Yesil-Celiktas,
“Cytotoxic responses of carnosic acid
and doxorubicin on breast cancer

cells in butterfly-shaped microchips

in comparison to 2D and 3D culture,”
Cytotechnology, vol. 69, no. 2, pp. 337-347,
Apr. 2017.

[21] Y. Imamura et al., “Comparison of
2D- and 3D-culture models as drug-
testing platforms in breast cancer,”
Oncol. Rep., vol. 33, no. 4, pp. 1837-1843,
Apr. 2015.

[22] R. Edmondson, J. J. Broglie, A.

F. Adcock, and L. Yang, “Three-
dimensional cell culture systems and
their applications in drug discovery
and cell-based biosensors,” Assay Drug
Dev. Technol., vol. 12, no. 4, pp. 207-218,
May 2014

23] D. Lv, Z. Hu, L. Lu, H. Lu, and X.
Xu, “Three-dimensional cell culture:
A powerful tool in tumor research and

drug discovery,” Oncol. Lett., vol. 14, no.
6, pp. 6999-7010, Dec. 2017.

[24] K. Duval et al., “Modeling
Physiological Events in 2D vs. 3D Cell
Culture,” Physiology , vol. 32, no. 4,
pp. 266-277, Jul. 2017.

[25] A. K. Zuk, B. Burczynska, D. Li,
L. Ghali, S. Dilworth, and X. Wen,
“Modelling and Validating Three-
Dimensional Human Breast and
Cancerous Human Breast Tissues In
Vitro,” Science Repository OU, 2020.

14

[26] “Polystyrene Topography Sticker
Array for Cell-Based Assays,” Recent
Progress in Materials | Polystyrene
Topography Sticker Array for Cell-Based
Assays, Accessed: Jan. 11, 2021. [Online].
Available: https://www.lidsen.com/
journals/rpm/.

[271 1. Acerbi et al., “Human breast
cancer invasion and aggression
correlates with ECM stiffening and
immune cell infiltration,” Integr. Biol. ,
vol. 7, no. 10, pp. 1120-1134, Oct. 2015.

[28] ]. Piao, K. You, Y. Guo, Y. Zhang,
Z.Li, and L. Geng, “Substrate stiffness
affects epithelial-mesenchymal
transition of cervical cancer cells
through miR-106b and its target protein
DAB2,” Int. ]. Oncol., vol. 50, no. 6, pp.
2033-2042, Jun. 2017.

[29] ]. K. Mouw et al., “Tissue mechanics
modulate microRNA-dependent PTEN
expression to regulate malignant
progression,” Nat. Med., vol. 20, no. 4,
pp. 360-367, Apr. 2014.

[30] V. Gkretsi and T. Stylianopoulos,
“Cell Adhesion and Matrix Stiffness:
Coordinating Cancer Cell Invasion and
Metastasis,” Front. Oncol., vol. 8, p. 145,
May 2018.

[31] T. Ebata et al., “Substrate Stiffness
Influences Doxorubicin-Induced p53
Activation via ROCK2 Expression,”
Biomed Res. Int., vol. 2017, p. 5158961,
Jan. 2017.

[32] P.-A. Vidi, M. J. Bissell, and S. A.
Lelieévre, “Three-dimensional culture of
human breast epithelial cells: the how
and the why,” Methods Mol. Biol., vol.
945, pp. 193-219, 2013,

[33] M. Cavo, M. Fato, L. Pefiuela, F.
Beltrame, R. Raiteri, and S. Scaglione,
“Microenvironment complexity and
matrix stiffness regulate breast cancer
cell activity in a 3D in vitro model,”
Scientific Reports, vol. 6, no. 1. 2016, doi:
10.1038/srep35367.



In vitro Approaches to Model Breast Tumor Complexity

DOI: http://dx.doi.org/10.5772/intechopen.96338

[34] S. Breslin and L. O’Driscoll, “Three-
dimensional cell culture: the missing link
in drug discovery,” Drug Discov. Today,
vol. 18, no. 5-6, pp. 240-249, Mar. 2013.

[35] K. Guiro and T. L. Arinzeh,
“Bioengineering Models for Breast
Cancer Research,” Breast Cancer: Basic
and Clinical Research, vol. 9s2. p. BCBCR.
S29424, 2015, doi: 10.4137/bcbcr.s29424.

[36] F. Hirschhaeuser, H. Menne, C.
Dittfeld, J. West, W. Mueller-Klieser, and
L. A. Kunz-Schughart, “Multicellular
tumor spheroids: an underestimated tool
is catching up again,” J. Biotechnol., vol.
148, no. 1, pp. 3-15, Jul. 2010.

[37]1 H. L. Lanz et al., “Therapy response
testing of breast cancer in a 3D high-
throughput perfused microfluidic
platform,” BMC Cancer, vol. 17, no. 1.
2017, doi: 10.1186/512885-017-3709-3.

[38] P. A. Kenny et al., “The morphologies
of breast cancer cell lines in three-
dimensional assays correlate with their
profiles of gene expression,” Mol. Oncol.,
vol. 1, no. 1, pp. 84-96, Jun. 2007.

[39] Y. Shin, S. Han, E. Chung, and
S. Chung, “Intratumoral phenotypic
heterogeneity as an encourager of cancer

invasion,” Integr. Biol. , vol. 6, no. 7, pp.
654-661, Jul. 2014.

[40] J. He et al., “3D modeling of cancer
stem cell niche,” Oncotarget, vol. 9, no. 1,
pp- 1326-1345, Jan. 2018.

[41] E. A. Mucifio-Olmos et al., “Unveiling
functional heterogeneity in breast cancer
multicellular tumor spheroids through
single-cell RNA-seq,” Sci. Rep., vol. 10,

no. 1, p. 12728, Jul. 2020.

[42] M. C. Regier et al., “Transitions
from mono- to co- to tri-culture
uniquely affect gene expression in
breast cancer, stromal, and immune
compartments,” Biomed. Microdevices,
vol. 18, no. 4, p. 70, Aug. 2016.

15

[43] Y. R. Alvarez-Garciaet al., “Open
multi-culture platform for simple

and flexible study of multi-cell type
interactions,” Lab Chip, vol. 18, no. 20,
pp. 3184-3195, Oct. 2018.

[44] S. Pagani, P. Torricelli, F. Veronesi,
F. Salamanna, S. Cepollaro, and M.
Fini, “An advanced tri-culture model to
evaluate the dynamic interplay among
osteoblasts, osteoclasts, and endothelial
cells,” J. Cell. Physiol., vol. 233, no. 1, pp.
291-301, Jan. 2018.

[45] C. Loy et al., “A planar model

of the vessel wall from cellularized-
collagen scaffolds: focus on cell-matrix
interactions in mono-, bi- and tri-
culture models,” Biomater Sci, vol. 5, no.
1, pp. 153-162, Dec. 2016.

[46] L. Goers, P. Freemont, and K.

M. Polizzi, “Co-culture systems and
technologies: taking synthetic biology
to the next level,” J. R. Soc. Interface,
vol. 11, no. 96, Jul. 2014, doi: 10.1098/
rsif.2014.0065.

[47] D. R. Bogdanowicz and H. H. Lu,
“Studying cell-cell communication in

co-culture,” Biotechnology journal, vol. 8,
no. 4. pp. 395-396, Apr. 2013.

[48] C. Arrigoni, S. Bersini, M. Gilardi,
and M. Moretti, “In Vitro Co-Culture
Models of Breast Cancer Metastatic
Progression towards Bone,” Int. J.

Mol. Sci., vol. 17, no. 9, Aug. 2016, doi:
10.3390/ijms17091405.

[49] Y. Miki et al., “Aromatase
localization in human breast cancer
tissues: possible interactions between
intratumoral stromal and parenchymal
cells,” Cancer Res., vol. 67, no. 8, pp.
3945-3954, Apr. 2007.

[50] Z. S. Templeton et al., “Breast
Cancer Cell Colonization of the Human
Bone Marrow Adipose Tissue Niche,”
Neoplasia, vol. 17, no. 12, pp. 849-861,
Dec. 2015.



Breast Cancer - Evolving Challenges and Next Frontiers

[51] A. Gonzdilez-Gonzdlez, A. Gonzdlez,
C. Alonso-Gonzidlez, ]. Menéndez-
Menéndez, C. Martinez-Campa, and

S. Cos, “Complementary actions of
melatonin on angiogenic factors, the
angiopoietin/Tie2 axis and VEGF, in
co-cultures of human endothelial and
breast cancer cells,” Oncol. Rep., vol. 39,
no. 1, pp. 433-441, Jan. 2018.

[52] F. Chiovaro, E. Martina, A. Bottos,
A. Scherberich, N. E. Hynes, and R.
Chiquet-Ehrismann, “Transcriptional
regulation of tenascin-W by TGF-beta
signaling in the bone metastatic niche
of breast cancer cells,” Int. J. Cancer, vol.
137, no. 8, pp. 1842-1854, Oct. 2015.

[53] T. A. Sebrell et al., “A Novel Gastric
Spheroid Co-culture Model Reveals
Chemokine-Dependent Recruitment of
Human Dendritic Cells to the Gastric
Epithelium,” Cell Mol Gastroenterol
Hepatol, vol. 8, no. 1, pp. 157-171.€3,
Mar. 2019.

[54] D. R. Bogdanowicz and H. H. Lu,
“Multifunction co-culture model for
evaluating cell-cell interactions,” Methods
Mol. Biol., vol. 1202, pp. 29-36, 2014.

[55] S. Goswami et al., “Macrophages
Promote the Invasion of Breast
Carcinoma Cells via a Colony-
Stimulating Factor-1/Epidermal Growth
Factor Paracrine Loop,” Cancer Research,
vol. 65, no. 12. pp. 5278-5283, 2005, doi:
10.1158/0008-5472.can-04-1853.

[56] M. Buess, M. Rajski, B. M. L. Vogel-
Durrer, R. Herrmann, and C. Rochlitz,
“Tumor-Endothelial Interaction Links
the CD44 /CD24- Phenotype with Poor
Prognosis in Early-Stage Breast Cancer,”
Neoplasia, vol. 11, no. 10. pp. 987-1002,
2009, doi: 10.1593/ne0.09670.

[57]]. Hwang, Y. Jeong, J. M. Park,

K. H. Lee, ]. W. Hong, and ]J. Choi,
“Biomimetics: forecasting the future of
science, engineering, and medicine,” Int.
J. Nanomedicine, vol. 10, pp. 5701-5713,
Sep. 2015.

16

[58] X. Zhou et al., “3D Bioprinting a
Cell-Laden Bone Matrix for Breast Cancer
Metastasis Study,” ACS Appl. Mater.
Interfaces, vol. 8, no. 44, pp. 30017-30026,
Nov. 2016.

[59] S. Bersini et al., “A microfluidic 3D
in vitro model for specificity of breast

cancer metastasis to bone,” Biomaterials,
vol. 35, no. 8, pp. 2454-2461, Mar. 2014.

[60] “Amphiphilic silicones to reduce
the absorption of small hydrophobic
molecules,” Acta Biomater., Nov. 2020,
doi: 10.1016/j.actbio.2020.11.041.

[61] G. A. Thouas, J. Sheridan, and K.
Hourigan, “A bioreactor model of mouse
tumor progression,” J. Biomed. Biotechnol.,
vol. 2007, no. 9, p. 32754, 2007.

[62] L. E. Marshall, K. F. Goliwas, L. M.
Miller, A. D. Penman, A. R. Frost, and
J. L. Berry, “Flow-perfusion bioreactor
system for engineered breast cancer
surrogates to be used in preclinical
testing,” J. Tissue Eng. Regen. Med., vol.
11, no. 4, pp. 1242-1250, Apr. 2017.

[63] O. Candini et al., “A Novel 3D

In Vitro Platform for Pre-Clinical
Investigations in Drug Testing, Gene
Therapy, and Immuno-oncology,” Sci.
Rep., vol. 9, no. 1, p. 7154, May 2019.

[64] “Innovative in vitro models for
breast cancer drug discovery,” Drug
Discov. Today Dis. Models, vol. 21, pp.
11-16, Sep. 2016, Accessed: Jan. 11, 2021.
[Online].

(651 Y. Zhao et al., “Three-dimensional
printing of Hela cells for cervical tumor

model in vitro,” Biofabrication, vol. 6,
no. 3, p. 035001, Sep. 2014.

[66] Y. Wang et al., “3D Bioprinting

of Breast Cancer Models for Drug
Resistance Study,” ACS Biomater Sci Eng,
vol. 4, no. 12, pp. 4401-4411, Dec. 2018.

[67] V. Srivastava, T. R. Huycke, K. T.
Phong, and Z. J. Gartner, “Organoid



In vitro Approaches to Model Breast Tumor Complexity

DOI: http://dx.doi.org/10.5772/intechopen.96338

models for mammary gland dynamics
and breast cancer,” Curr. Opin. Cell
Biol., vol. 66, pp. 51-58, Oct. 2020.

[68] L. Broutier et al., “Human primary
liver cancer—derived organoid cultures
for disease modeling and drug screening,”
Nature Medicine, vol. 23, no. 12. pp. 1424-
1435, 2017, doi: 10.1038/nm.4438.

[69] N. Sachset al., “A Living Biobank
of Breast Cancer Organoids Captures
Disease Heterogeneity,” Cell, vol. 172,
no. 1-2, pp. 373-386.€10, Jan. 2018.

[70] S. Halldorsson, E. Lucumi,

R. Gémez-Sjoberg, and R. M. T.
Fleming, “Advantages and challenges
of microfluidic cell culture in
polydimethylsiloxane devices,” Biosens.
Bioelectron. , vol. 63, pp. 218-231,

Jan. 2015.

[71] V. van Duinen, S. J. Trietsch, J.
Joore, P. Vulto, and T. Hankemeier,
“Microfluidic 3D cell culture: from tools

to tissue models,” Curr. Opin. Biotechnol.,
vol. 35, pp. 118-126, Dec. 2015.

[72] L. E. Stallcop et al., “Razor-printed
sticker microdevices for cell-based
applications,” Lab Chip, vol. 18, no. 3,
pp- 451-462, Jan. 2018.

[73] M. Domenech et al., “Cellular
observations enabled by microculture:
paracrine signaling and population
demographics,” Integr. Biol. , vol. 1, no.
3, pp. 267-274, Mar. 20009.

[74] A. L. Paguirigan and D. ]. Beebe,
“Microfluidics meet cell biology:
bridging the gap by validation and
application of microscale techniques for

cell biological assays,” Bioessays, vol. 30,
no. 9, pp. 811-821, Sep. 2008.

[75]]. M.. Ayuso et al., “Microfluidic
Tumor-on-a-Chip Model to Study
Tumor Metabolic Vulnerability,” Int. J.
Mol. Sci., vol. 21, no. 23, Nov. 2020, doi:
10.3390/ijms21239075.

17

[76] S. K. Sia and G. M. Whitesides,
“Microfluidic devices fabricated in
poly(dimethylsiloxane) for biological
studies,” Electrophoresis, vol. 24, no. 21,
pp. 3563-3576, Nov. 2003.

[771 S. N. Bhatia and D. E. Ingber,
“Microfluidic organs-on-chips,” Nat.
Biotechnol., vol. 32, no. 8, pp. 760-772,
Aug. 2014.

(78] S. Chung, R. Sudo, P. J. Mack, C.-R.
Wan, V. Vickerman, and R. D. Kamm,
“Cell migration into scaffolds under
co-culture conditions in a microfluidic
platform,” Lab Chip, vol. 9, no. 2, pp.
269-275, Jan. 2009.

[79] Q. H. Nguyen et al., “Profiling
human breast epithelial cells using
single cell RNA sequencing identifies
cell diversity,” Nat. Commun. , vol. 9, no.
1, p. 2028, May 2018.

[80] Y.-C. Chenet al., “Single-cell RNA-
sequencing of migratory breast cancer
cells: discovering genes associated with
cancer metastasis,” Analyst, vol. 144, no.

24, pp. 7296-7309, Dec. 2019.

[81] J. Kong et al., “A novel microfluidic
model can mimic organ-specific
metastasis of circulating tumor cells,”
Oncotarget, vol. 7, no. 48, pp. 78421-
78432, Nov. 2016.

[82] Y. Choi et al., “A microengineered
pathophysiological model of early-stage
breast cancer,” Lab Chip, vol. 15, no. 16,
pp. 3350-3357, Aug. 2015.

[83] J. Shemesh, I. Jalilian, A. Shi, G.

H. Yeoh, M. L. Knothe Tate, and M.

E. Warkiani, “Flow-induced stress on
adherent cells in microfluidic devices,”
Lab Chip, vol. 15, no. 21, pp. 4114-4127,
Oct. 2015, Accessed: Jan. 12, 2021.
[Online].

[84] D. Huh, G. A. Hamilton, and D. E.
Ingber, “From 3D cell culture to organs-
on-chips,” Trends Cell Biol., vol. 21, no.
12, pp. 745-754, Dec. 2011.



Breast Cancer - Evolving Challenges and Next Frontiers

[85] K. F. Goliwas, L. M. Miller, L. E.
Marshall, J. L. Berry, and A. R. Frost,
“Preparation and Analysis of In Vitro
Three Dimensional Breast Carcinoma
Surrogates,” J. Vis. Exp., no. 111, May
2016, doi: 10.3791/54004.

[86] V. Krishnan, L. A. Shuman, D. M.
Sosnoski, R. Dhurjati, E. A. Vogler, and
A. M. Mastro, “Dynamic interaction
between breast cancer cells and osteo-
blastic tissue: comparison of two- and
three-dimensional cultures,” J. Cell.
Physiol., vol. 226, no. 8, pp. 2150-2158,
Aug. 2011.

[87] M. G. Muraro et al., “assessment
of drug response on breast cancer
primary tissue with preserved
microenvironments,” Oncoimmunology,
vol. 6, no. 7, p. €1331798, May 2017.

[88] A. A. Narkhede, L. A. Shevde,

and S. S. Rao, “Biomimetic strategies
to recapitulate organ specific
microenvironments for studying breast

cancer metastasis,’ Int. J. Cancer, vol.
141, no. 6, pp. 1091-1109, Sep. 2017.

[89] P. Kaur et al., “Human Breast
Cancer Histoid,” Journal of Histo-
chemistry & Cytochemistry, vol. 59,
no. 12. pp. 1087-1100, 2011, doi:
10.1369/0022155411423680.

[90] ]. Bae, S. Han, and S. Park, “Recent
Advances in 3D Bioprinted Tumor
Microenvironment,” BioChip Journal,
vol. 14, no. 2. pp. 137-147, 2020, doi:
10.1007/s13206-020-4201-8.

[91] S. Mao et al., “Bioprinting of in vitro
tumor models for personalized cancer
treatment: a review,” Biofabrication, vol.
12, no. 4, p. 042001, Jul. 2020.

[92] D. M. Kingsley et al., “Laser-
based 3D bioprinting for spatial and
size control of tumor spheroids and
embryoid bodies,” Acta Biomater., vol.
95, pp. 357-370, Sep. 2019.

[93] W. F. Hyneset al., “Examining
metastatic behavior within 3D bioprinted

18

vasculature for the validation of a 3D
computational flow model,” Sci Adv, vol.
6, no. 35, p. eabb3308, Aug. 2020.

[94] S. Knowlton, S. Onal, C. H. Yu, J. J.
Zhao, and S. Tasoglu, “Bioprinting for
cancer research,” Trends Biotechnol., vol.
33, no. 9, pp. 504-513, Sep. 2015.

[95] S. Swaminathan, Q. Hamid, W. Sun,
and A. M. Clyne, “Bioprinting of 3D
breast epithelial spheroids for human
cancer models,” Biofabrication, vol. 11,
no. 2, p. 025003, Jan. 2019.

[96] “[No title].” https://doi.org/10.1200/
JC0O.2019.37.15_suppl.2605 (accessed
Jan. 11, 2021).

[971Y. S. Zhang, M. Duchamp, R.

OKlu, L. W. Ellisen, R. Langer, and A.
Khademhosseini, “Bioprinting the Cancer
Microenvironment,” ACS Biomater

Sci Eng, vol. 2, no. 10, pp. 1710-1721,

Oct. 2016.

[98] M. Simian and M. J. Bissell,
“Organoids: A historical perspective of
thinking in three dimensions,” J. Cell
Biol., vol. 216, no. 1, pp. 31-40, Jan. 2017.

[99] F. Weeber, S. N. Ooft, K. K. Dijkstra,
and E. E. Voest, “Tumor Organoids as

a Pre-clinical Cancer Model for Drug
Discovery,” Cell Chem Biol, vol. 24, no.
9, pp. 1092-1100, Sep. 2017,

[100] J. Drost and H. Clevers, “Organoids
in cancer research,” Nature Reviews
Cancer, vol. 18, no. 7. pp. 407-418, 2018,
doi: 10.1038/s41568-018-0007-6.

[101] S. E. Burdall, A. M. Hanby, M. R. ].
Lansdown, and V. Speirs, “Breast cancer
cell lines: friend or foe?,” Breast Cancer
Res., vol. 5, no. 2, pp. 89-95, Feb. 2003.

[102] L. Grassi et al., “Organoids as a
new model for improving regenerative
medicine and cancer personalized
therapy in renal diseases,” Cell Death
Dis., vol. 10, no. 3, p. 201, Feb. 2019.



In vitro Approaches to Model Breast Tumor Complexity
DOI: http://dx.doi.org/10.5772/intechopen.96338

[103] L. Yang et al., “Progress in the
application of organoids to breast cancer
research,’ J. Cell. Mol. Med., vol. 24, no.
10, pp. 5420-5427, May 2020.

[104] K.-Y. Chen et al., “Single-Cell
Transcriptomics Reveals Heterogeneity
and Drug Response of Human
Colorectal Cancer Organoids,” Conf.
Proc. IEEE Eng. Med. Biol. Soc., vol.
2018, pp. 2378-2381, Jul. 2018.

[105] K. ]. Cheung, E. Gabrielson, Z.
Werb, and A. J. Ewald, “Collective
invasion in breast cancer requires a
conserved basal epithelial program,”
Cell, vol. 155, no. 7, pp. 1639-1651,
Dec. 2013.

19



