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The mechanisms behind cancer initiation and progression are not clear. Therefore, development of clin-
ically relevant models to study cancer biology and drug response in tumors is essential. In vivo models
are very valuable tools for studying cancer biology and for testing drugs; however, they often suffer from
not accurately representing the clinical scenario because they lack either human cells or a functional im-
mune system. On the other hand, two-dimensional (2D) in vitro models lack the three-dimensional (3D)
network of cells and extracellular matrix (ECM) and thus do not represent the tumor microenvironment
(TME). As an alternative approach, 3D models have started to gain more attention, as such models offer
a platform with the ability to study cell-cell and cell-material interactions parametrically, and possibly
include all the components present in the TME. Here, we first give an overview of the breast cancer TME,
and then discuss the current state of the pre-clinical breast cancer models, with a focus on the engi-
neered 3D tissue models. We also highlight two engineering approaches that we think are promising in
constructing models representative of human tumors: 3D printing and microfluidics. In addition to giv-
ing basic information about the TME in the breast tissue, this review article presents the state-of-the-art
tissue engineered breast cancer models.
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Statement of Significance

Involvement of biomaterials and tissue engineering fields in cancer research enables realistic mimicry
of the cell-cell and cell-extracellular matrix (ECM) interactions in the tumor microenvironment (TME),
and thus creation of better models that reflect the tumor response against drugs. Engineering the 3D
in vitro models also requires a good understanding of the TME. Here, an overview of the breast cancer
TME is given, and the current state of the pre-clinical breast cancer models, with a focus on the engi-
neered 3D tissue models is discussed. This review article is useful not only for biomaterials scientists
aiming to engineer 3D in vitro TME models, but also for cancer researchers willing to use these models
for studying cancer biology and drug testing.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Breast cancer is one of the most common cancer types. In 2018,
the estimated number of new breast cancer cases was 270,000 in
the United States alone [1], and 2.1 million across the globe [2].
In addition, breast cancer has the potential to metastasize to sec-
ondary tissues such as bone, lung, and liver [3], which is the main
cause of cancer-related deaths [4].
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Finding an efficient treatment method for cancer is not easy,
since it is a complex set of diseases, with patient-to-patient vari-
ance and heterogeneity between cells within the tumor [5-7].
Pre-clinical studies on cancer drug development have traditionally
been based on the drug’s in vitro cytotoxicity in two-dimensional
(2D) models [8], which do not recapitulate the three-dimensional
(3D) tumor microenvironment (TME) and thus fail to reflect the
actual response of tumors in the body to these drugs. This dis-
crepancy highly contributes to the inefficient translation of pre-
clinical findings, where 95% of the drugs that are effective in pre-
clinical trials have proven ineffective in clinic [9], and only 7.5% of
drugs tested in Phase 1 trials eventually get approval for clinical
use [5,10].
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Fig. 1. Interactions between cells and ECM lead to alteration of normal epithelium towards the tumor. (a) Normal epithelium, (b) ductal carcinoma in situ (DCIS), and
(c) invasive tumor. (d) Simplified illustration of the network of interactions between cells and the ECM. Cross-talk between the tumor cells, stromal cells (fibroblasts and
adipocytes), immune cells (regulatory (Treg) and cytotoxic (Tc) T cells, and type 1 (M1) and type 2 (M2) macrophages), and the endothelial cells alters the microenvironment.

Although 2D models are less complex and more useful in dis-
secting the individual effect of each parameter tested, cell-cell and
cell-material interactions in 2D are different than those actually
taking place in vivo, because cells adapt to the 2D monolayer
environment and thus poorly retain their original phenotype [11].
In vivo models are extremely useful in understanding the mech-
anisms of tumor initiation and behavior, and drug metabolism.
However, these models are more costly, laborious, and time-
consuming for the researchers to produce and maintain. Most
importantly, they fail to reflect the human response to drug
treatment, because either they lack human cells or their immune
system is compromised, which also contributes to the failure in
translating the pre-clinical findings. In addition, the high number
of animals killed raises ethical concerns for their use.

Thus, more reliable drug testing platforms are required. Three-
dimensional in vitro models that mimic the TME are crucial for the
development of effective treatment strategies and for studying the
molecular mechanisms behind tumor formation, progression, and
metastasis. In fact, results generated from the 3D in vitro mod-
els have been reported to show good correlation with the in vivo
studies and clinical outcomes [12,13]. Engineering a human repre-
sentative 3D model, at least for specific applications or pathophys-
iological conditions, is now possible, thanks to the advancements
in biomaterials and tissue engineering (TE). In this review article,
we first describe the components of breast TME and their effects
on tumor progression, and then explain the strategies to engineer
3D models that recapitulate the TME.

2. The breast tumor microenvironment

Normal epithelium is composed of epithelial (luminal) and my-
oepithelial (basal) cells tightly attached to each other via cell junc-
tions with the help of cell adhesion molecules (CAMs), such as

cadherins, to form a hollow tubular structure [14] (Fig. 1a). These
cells are connected to the basement membrane, a thin layer of ex-
tracellular matrix (ECM) separating the epithelium from the sur-
rounding stromal (i.e. adipose and fibrous) tissues. This organiza-
tion is important for a functional mammary gland.

Cell adhesion, especially cell-cell adhesion, is reduced in tumor
cells, leading to their dissociation from the epithelium and from
each other, rapid proliferation, and formation of ductal carcinoma
in situ (DCIS) -solid tumor masses in the lumens of epithelial tis-
sues [15,16] (Fig. 1b). Due to uncontrolled cell division, these cells
are inherently heterogenic, and this heterogeneity is further forti-
fied by the differential oxygen and nutrient supply to cells at dif-
ferent sites in the tumor. Cells in the core of the solid tumors re-
ceive less oxygen and thus are necrotic, cells in the middle layer
are senescent, and those in the outer layer are proliferating [17].
The hypoxic environment in the tumor also alters protein expres-
sion in the tumor cells, further deviating them from the normal
cell phenotype [5,18,19].

Tumor cells and stromal cells secrete soluble factors (growth
factors and cytokines) affecting both the other cells and the ECM,
which eventually leads to the disruption of normal epithelial
organization. The newly created environment after tumor forma-
tion, namely the TME, plays a crucial role in tumor progression
and metastasis. TME is a complex environment, with dynamic
cell-cell and cell-ECM interactions contributing to cancer initiation.
Cross-talk between stromal and immune cells leads to a cascade of
events that favors the tumor [20,21]. These cells, as well as tumor
cells, produce soluble factors that immunosuppress the immune
cells or direct the other cells to proliferate, migrate, differentiate,
and produce or degrade the ECM [22]. This complex interaction
between the cells and the ECM eventually leads to more invasive
tumor cells that can break the connective tissue and metastasize
[14] (Fig. 1c). In this section, we briefly explain how tumors
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Table 1
Cell and tissue differences between the normal and tumor microenvironments.
Epithelium Stroma Reference
Normal Non-invasive Tumor Invasive Tumor Normal Tumor-Associated
Cell Morphology  Cuboidal, Polar Grape-like, Non-polar  Stellate, Non-polar - - [32]
Cell Organization 1-2 layers, Lumen, Dense, Necrotic core, Very dense, Necrotic Not dense Dense [32-34]
Organized nuclei Disorganized nuclei, core, Disorganized
Poor cell adhesion nuclei
Cell Stiffness Normal Soft Very soft - - [16,102]

ECM Composition

ECM Organization
ECM Stiffness

Vasculature and

(1.97 £ 0.70 kPa)
High collagen IV &
laminin-1, Low
laminin 5
Permissive, Thin
Soft
(0.15-0.20 kPa)
Organized, Normoxia

Intermediate

Dense, Thick
Intermediate

Disorganized, Hypoxic

(0.53 + 0.10 kPa)
Low collagen IV &
laminin-1, High

Low collagen I, low
MMPs

High collagen I, high
MMPs

[83-85,89,90,94,96]

laminin 5
Dense, Thick Permissive Dense [32,34]
Stiff Soft Stiff [103,104]
(1.0-4.0 kPa) (~0.2 kPa) (0.4-1.0 kPa)
Disorganized, Hypoxic  Organized Directed to tumor [123,125]

core Interstitial
pressure

Oxygen supply
pressure

core Interstitial

manipulate the TME to survive, proliferate, migrate and invade
through the stroma, and at the same time evade the surveillance
mechanisms in the body.

2.1. Cellular composition of the breast tissue

Cancer originates from an altered phenotype and/or genotype
due to cellular mutations that results in uncontrolled cell division
[3,4,23]. This cellular growth then leads to further mutations and
tumor development within the diseased tissue [3,4]. The degree
of mutation is closely correlated with breast cancer progression
[3,4]. As mutations accumulate, tumors become increasingly ma-
lignant and more difficult to treat [24]. For example, breast tu-
mors that still express hormone and growth receptors (i.e. ER+,
PR+, and HER2+) are much less aggressive and have more treat-
ment options than tumors not expressing these receptors (triple
negative), which are highly metastatic and therapy-resistant [25-
29]. This variance between different tumors, as well as tumor cell
heterogeneity within the tumor, makes treatment extremely diffi-
cult. Therefore, identifying the changes in cell properties for each
type and stage of breast tumors is extremely important.

2.1.1. Breast cancer cells

The epithelial-mesenchymal transition (EMT) has an effect not
only on the transforming cell, but also on the neighboring cells
[30,31]. As the EMT progresses, cells lose their polarity and en-
dogenous cuboidal shape, and adopt a more disorganized grape-
like (non-invasive) to stellate (invasive) morphology depending on
aggressiveness [32] (Table 1). In breast tissue, one or a few layers
of epithelial cells line the basement membrane to form the lumen
[33,34]. After EMT, however, cells fill this lumen and form the DCIS
(Fig. 1b), through which blood does not flow easily. This results in
a hypoxic microenvironment in the core of the tumor, which en-
hances cellular heterogeneity and leads to a more aggressive tumor
phenotype [19]. In addition to phenotype, cell stiffness is also al-
tered upon EMT. Transformed cells are softer and more deformable
than the endogenous epithelial cells, potentially increasing their
motility [16,35]. Overall, the changes in phenotype and stiffness
result in aggressive cancer cells that are able to squeeze through
the ECM, enter the circulatory system and invade blood and lymph
vessels, and migrate through the vessels and metastasize to sec-
ondary organs [28,29,36,37].

The success of breast cancer metastasis relies on the ability
of the tumor cells to modulate their interaction with endogenous
cells (Fig. 1d). As the tumor progresses, these cells activate stromal
cells, transforming them into tumor (or cancer)-associated fibrob-
lasts (TAFs) and adipocytes (TAA), leading to an increased expres-

sion of proteins such as alpha-smooth muscle actin («¢-SMA) and
matrix metalloproteinases (MMPs), and increasing tumor invasive-
ness (Fig. 2a) [38]. Additionally, the hypoxic environment in the
tumor core leads to endothelial induction of angiogenesis, allowing
easy access to blood and lymph vessels for metastasis [36,37]. The
metastasizing tumor cells can interact with the immune cells and
induce the release of immunosuppressive cytokines, which help
them evade the immune system [39].

2.1.2. Stromal cells

Along with the epithelial cells, stromal cells including fibrob-
lasts, adipocytes, endothelial, and immune cells within the TME
play a significant role in tumor progression and metastasis.

Fibroblasts. Fibroblasts are a significant component of the con-
nective tissue. Upon tissue insult, they are activated and con-
verted to myofibroblasts in order to promote the recovery of an
injured site through ECM production [40,41]. Myofibroblasts, along
with other cell types including bone marrow-derived mesenchy-
mal stem cells, hematopoietic stem cells, epithelial cells and en-
dothelial cells within the TME could transform, or help in trans-
formation of other cells, to TAFs [42,43]. The presence of TAFs, in
conjunction with inflammation results in tissue fibrosis, which in
turn increases the risk of tumorigenesis [44]. TAFs secrete growth
factors promoting angiogenesis, EMT, immunosuppression, as well
as tumor cell proliferation, survival, invasion, and metastasis [45-
47]. In addition, TAF signaling pathways such as oxidative stress,
autophagy, and glycolysis promote the generation of a microenvi-
ronment suitable for tumor cell growth and expansion [48].

Adipocytes. Adipocytes, an abundant cell type found within the
breast tissue, have recently been shown to secrete hormones
and growth factors that facilitate breast tumor growth [49-51].
Adipocytes are typically enriched within the TME and subsequently
transform to TAAs in response to cytokines received from other
cells occupying the TME [50,52]. Upon transformation, TAAs se-
crete various cytokines and adipokines that promote tumor pro-
gression [53,54]. This abnormal cytokine and adipokine secretion,
in combination with the release of free fatty acids (FFAs) and
MMPs, results in the recruitment of immune cells to the TME,
creating an environment akin to chronic inflammation, promoting
EMT and an invasive tumor phenotype [52,55,56].

Vascular cells. Vascular endothelial cells line the luminal side of
blood vessels and are a crucial component of angiogenesis [57].
Cells within the TME stimulate angiogenesis by secreting vascu-
lar endothelial growth factor (VEGF) and fibroblast growth factor
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Fig. 2. Protein expression changes in the tumor microenvironment. (a) In TME, normal fibroblasts (NF) turn into tumor-associated fibroblasts (TAFs), with increased ex-
pression of (i-iii) «-SMA, (iv-vi) PDGF receptor, (vii-xii) MMPs and (xiii-xv) collagen. When NFs are co-cultured with MCF-7 tumor cells, expression of these factors also
increase. Green: actin, red: proteins. Scale bars: 100 pm. Reproduced with permission from [38]. Copyright 2016 John Wiley and Sons. (b) Differential expression of some
markers in non-tumorigenic (normal, MCF-10A) and malignant breast cancer (tumor, MDA-MB-231) cells. Expression of some markers (i) when MCF-10A cells were cultured

environment), MG—: Matrigel-free (DCIS environment). Scale bars: 100 pm for MG— in image (ii), and 200 pm for other images. Reproduced with permission from [86].
Copyright 2018 Springer Nature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2 (FGF-2) [58]. The newly formed blood vessels carry oxygen and
nutrients to the growing tumor, and since they are extremely leaky
due to their rapid growth and a lack of some cytokines, they help
the invasive tumor cells intravasate through the vessels [14,58,59].
This, along with additional endothelial-tumor cell interactions fur-
ther accelerate tumor growth and metastasis [60,61].

Pericytes are located on the basal side of blood vessels and
serve as a stabilizing unit to the vessel structure [5]. In tumor
vasculature, the pericyte population is significantly decreased [62],
increasing vessel permeability, which in turn enhances tumor cell
growth and intravasation [61,63].

Blood cells. In the early stages of tumor formation, the altered
expression of cytokines and growth factors within the TME pro-
duces an environment similar to what is observed in sites of

chronic inflammation [56]. This leads to the recruitment of T
lymphocytes, natural killer cells, and macrophages that target
tumor-associated antigens [64]. However, tumor cells within the
microenvironment promote the polarization of macrophages to-
ward the immunosuppressive M2 subtype. The mixed popula-
tion of M1/M2 macrophages, making up the tumor-associated
macrophages (TAMs), leads to the expression of immunosup-
pressive cytokines, assisting tumor cell evasion from immune
surveillance [39,65,66]. TAMs and other immune cells, including
regulatory T lymphocytes and neutrophils, promote angiogene-
sis and cell proliferation, contributing to tumor metastasis [67-
69] (Fig. 1d).

In addition to immune cells, recent work has also demonstrated
the contribution of platelets to tumor progression and metastasis
[28,29]. Platelet activation is significantly increased and has been
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associated with poor clinical outcome in many cancers including
breast cancer [70,71]. The biological role of platelets is to halt
bleeding in response to an insult to blood vessels. In a tumor, the
leaky vasculature mimics a vascular insult, promoting platelet acti-
vation and subsequent coagulation [72]. Within the TME, these co-
agulation factors interact with tumor cells, enhancing tumor pro-
gression and malignancy [73].

2.2. Extracellular matrix

The ECM is a 3D network of proteins like collagen, laminin, and
fibronectin, and glycosaminoglycans (GAGs) like hyaluronic acid
(HA), chondroitin sulfate, and heparan sulfate, providing physical
support and presenting biomechanical and biochemical cues for
the cells to attach, proliferate, and migrate [74]. ECM also acts as a
reservoir for the growth factors, which are necessary for the cells
to survive and function properly. These growth factors are released
as a result of ECM degradation by MMPs [74,75]. ECM properties
such as composition, stiffness, topography, as well as the microar-
chitecture of the ECM, affect the cell behavior and may contribute
to tumor progression [76-78].

2.2.1. Biochemical composition

The composition of the ECM gives the tissue its specific char-
acteristic and it varies depending on the location in the tissue. For
example, the basement membrane is rich in type IV collagen (col-
lagen 1V), laminin, and entactin, which play a role in the polar-
ization of the cells and formation and maintenance of acini - the
lobules in the mammary gland [79] (Fig. 1a). The stromal tissue, on
the other hand, is rich in type I collagen (collagen I, fibrous tissue),
lipids (adipose tissue) and some proteoglycans including perlecan
and tenascin [80-82].

In the TME, the biochemical composition of the ECMs is altered,
which affects the behavior of cells. For instance, reduced expres-
sion of E-cadherin and laminin 1 in the basal cells leads to re-
duced cell adhesion and disruption of cell polarity in the acini,
a hallmark of EMT [83-86] (Fig. 2b). In a laminin 1-rich environ-
ment, breast cancer cells revert to normal phenotype [87], show-
ing the significant role of this protein in maintaining the normal
phenotype. Moreover, the loss of laminin 1 in the basement mem-
brane enables direct contact of cells with the stromal ECM [88],
which leads to EMT. Conversely, increased expression of laminin 5,
a type of laminin that mediates the interaction between epithelial
and mesenchymal cells, correlates with increased tumor invasive-
ness and reduced prognosis [89,90].

Integrin-mediated attachment of cells to ECM components
such as collagen, fibronectin, HA, and proteoglycans confers re-
sistance against apoptosis and plays an important role in tumor
cell survival [91-93]. Although collagen I in the stroma serves
as a physical barrier against tumor cell invasion [5], epithelial
cell binding to collagen I induces EMT [94,95], which leads to
secretion of ECM-degrading MMPs and eventually to stromal in-
vasion by tumor cells [38,86,96,97] (Fig. 2). Enzymatic degra-
dation of the ECM opens a path for the tumor cells to travel
through, and thus increases invasiveness. The degradation prod-
ucts, usually oligopeptides, might help in this process. Cleav-
age of perlecan, for example, promotes the invasive phenotype
of tumor cells [98]. The peptide motifs glycine-phenylalanine-
hydroxyproline-glycine-glutamate-arginine (GFOGER) (specific for
collagen 1) and isoleucine-lysine-valine-alanine-valine (IKVAV)
(specific for laminin), but not the arginine-glycine-aspartic acid
(RGD) (found mainly in fibronectin but also in collagen), were
shown to enhance the invasiveness of the aggressive cancer cells
[99].

ECM components also affect the penetration of immune cells,
antibodies, and drugs to the tumor site by acting as a physical bar-

rier [18]. Collagen (e.g. collagen I) [5], which forms a fibrous net-
work, and proteoglycans (e.g. tenascin) [80] and/or GAGs (e.g. HA)
[100], which imbibe a large amount of water, are some of the ECM
components that serve as physical barriers. However, the molec-
ular size of these components may change their effects. For ex-
ample, the ultra-high molecular weight HA present in the stroma
of naked mole rats confers resistance against cancer in these ani-
mals [101]. This resistance is mainly due to the inability of tumor
cells to degrade these HA molecules because of low hyaluronidase
expression in these animals, eliminating the risk of stromal
invasion.

It is extremely important, thus, to take into account the bio-
chemical composition of the tumor-associated stroma when de-
signing in vitro models closely mimicking the TME. Reproducing
the biochemical composition of the TME would enable creation of
more realistic and clinically relevant cancer drug responses.

2.2.2. Stiffness

Individual cancer cells are softer than the benign cells [16,102].
Conversely, the breast tumor tissue is much stiffer (elastic mod-
ulus of 1000-4000 Pa) than the normal mammary gland (elas-
tic modulus of 150-200 Pa) [103,104] (Table 1). The stiffness of
the tumor-associated stroma (elastic modulus of 400-1000 Pa) is
also higher than the normal stroma (elastic modulus of 200 Pa)
[103,104]. The increased stiffness in the TME could be caused by
the increased expression of collagen in the ECM, and crosslink-
ing of this collagen as a result of lysyl oxidase (LOX) and trans-
glutaminase activity, and non-enzymatic glycation [104-107]. It
could also be due to the buildup of interstitial pressure within
the tumor as a result of rapid growth of the tumor and the in-
growth of blood vessels [108]. The stiffer matrix increases the
migration speed of the tumor cells [109], further contributing to
their invasiveness [110], which also promotes angiogenesis within
the tumor [111]. Similar to ECM composition, stiffness is also ef-
fective in preventing immune cell surveillance along with drug
and antibody penetration to the tumor site [112] and should
be taken into consideration when designing engineered tumor
models.

2.2.3. Organization

Microarchitecture (i.e. fiber structure, porosity and pore size)
is an important mediator of cancer cell invasion and migration.
For example, the presence of dense collagen structures in the
stroma promotes tumor invasiveness in vivo [107], since the con-
finement of tumor cells in small pores triggers ECM degradation
by MMP activity [113,114]. Tumor cells and tumor-associated
stromal cells remodel the ECM such that radially aligned collagen
fibers are formed [107]. These aligned fibers act as highways
through which tumor cells can travel [114,115]. ECM alignment
in vitro was shown to result in an elongated cell morphol-
ogy and a higher migration speed, with the most aligned cells
migrating faster [116]. In a study, alignment of collagen was
reported to enhance migration of the invasive breast cancer cells
(MDA-MB-231) more than the non-invasive cells (MCF-7) [117],
suggesting that a selective environment for the migration of the
invasive cancer cells is created. In fact, these results are sup-
ported by a recent study, in which collagen alignment in breast
stromal tissues of 227 women patients with DCIS was evaluated
[97]. The study showed that patients with poor prognosis had
higher amounts of collagen fibers that were perpendicular to the
ducts.

In addition to ECM alignment, pore size is also important in
regulating the tumor cell behavior. For example, stiffness-driven
migration of the tumor cells is pore-size dependent; stiff collagen
gels promote tumor cell invasion when their pores are large, while
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reducing cell migration when their pores are small [118]. Neverthe-
less, small pores that prevent the migration of tumor cells trigger
secretion of MMPs, which degrade the ECM and eventually pro-
mote invasion [113]. Surface topography, the nano- or micro-scale
orientation of supramolecular structures, also affects cell migra-
tion; branched and hydrophilic structures hamper cell motility due
to steric effect [18].

2.2.4. Vasculature

Solid tumors need access to blood vessels to grow and metas-
tasize [58]. At the early stages, a solid tumor is a multicellular
spheroid without a vascular system [119]. However, without devel-
oping a vascular network, tumors cannot grow beyond 2-3 mm
in diameter [120]. Cells in the tumors, as well as other tissues,
are not merely in need of oxygen and nutrients to keep growing,
but also need a way of disposing of carbon dioxide and metabolic
waste [121]. Therefore, angiogenesis is crucial for tumor growth
[59]. Breast cancer is considered among the cancer types that are
more angiogenesis-dependent [122].

Tumor vasculature shows abnormal morphological characteris-
tics compared to that in the healthy tissue [123] (Table 1). In nor-
mal tissue, vasculature is organized in an order of arteries, ar-
terioles, capillaries, venules and veins, and the intercapillary dis-
tance controls its growth. In contrast, there is no control on the
growth of tumor vasculature, resulting in a disorganized develop-
ment and heterogeneity. As a consequence, necrotic and low mi-
crovessel density regions may exist [124]. This non-uniformity in
the vasculature of tumors results in spatially and temporally het-
erogeneous blood flow, leading to acute or perfusion-limited hy-
poxia [125].

Hypoxia induces the formation of hypoxia inducible factor (HIF),
a key factor regulating tumor angiogenesis [126]. The increase in
levels of HIF proteins results in the transcription of genes associ-
ated with cellular adaptation such as angiogenesis, survival, and
cell proliferation [127]. HIF-1, which is highly expressed in breast
cancer [128], induces the expression of VEGF [129]. Hypoxia also
leads to dedifferentiation of cells. Tumor cells isolated from the hy-
poxic regions of xenografts contain high number of cells with stem
cell-like properties [130]. These cancer stem cells remain stable in
vitro for several passages.

The disorganized vascular network results in an increased influx
of fluids into the tumor, and reduced efficiency in the outflow of
these fluids [5,131]. This imbalanced flow leads to interstitial fluid
pressure (IFP), which in turn may alter cell proliferation and pro-
tease expression that help in metastasis [132]. Another effect of
this abnormal vascular organization is shear stress-induced differ-
ential gene expression, which further contributes to the invasion of
the tumor cells [133].

2.3. Signaling molecules

In addition to the ECM, signaling molecules also have been
shown to play a significant role in the induction and progression
of tumors and the immune response against them. Considering
the increasing complexity of tumor models, it is crucial to have a
thorough biological understanding of the roles of these molecules
within the TME.

Although the exact mechanisms responsible for tumorigene-
sis and metastasis in breast tissue are not fully understood, in-
flammation has been hypothesized to play a predominant role
[56,134]. The release of growth factors or cytokines like trans-
forming growth factor-beta (TGF-B), tumor necrotic factor-alpha
(TNF-), bone morphogenetic proteins (BMPs), epidermal growth
factor (EGF), hepatocyte growth factor (HGF), FGF, leukemia in-
hibitory factor (LIF), and interleukins (IL), which in turn leads to

the introduction of the anti-inflammatory cells, has been shown to
facilitate tumor formation [135-138].

In addition to their contribution to tumorigenesis, these signal-
ing molecules, the most prominent and most studied of which be-
ing TGF-g, play a significant role in EMT [14,86,134] (Fig. 2b). Most
human tumors, including breast cancer, either secrete or induce
secretion of TGF-8, which accumulates in the TME [139,140]. In-
teraction of TGF-8 and its receptors induces the EMT by promot-
ing various cytokines and activating various transcription factors
[30,31,141]. One of the key characteristics of the EMT is the in-
creased mobility of tumor cells as a result of reduced cadherin ex-
pression, which supports the metastatic phenotype of these cells
[142].

Once a tumor has undergone EMT, it can begin to metastasize
to other parts of the body, leading to the formation of secondary
tumors, and eventually to death of the patient. The process of
metastasis is extremely complex and requires cancer cells to leave
their niche, enter the vasculature, home onto a target, invade and
then proliferate at that target [143]. Many signaling molecules
are required for this process to properly take place, including a
myriad of cytokines, chemokines, MMPs, and related receptors
[4,144]. TGF-B and some BMPs (such as BMP4) are crucial for in-
travasation, metastasis target preference, and tumor aggressiveness
[4,14,30,33,144-146]. Additionally, other factors such as EGF, HGF,
and FGF have been shown to significantly increase cancer cell in-
vasiveness [5,147,148]. Many of these cytokines, along with others
have been shown to be secreted by endothelial or endothelial-like
cells, suggesting that the vasculature plays a significant role in the
aggressiveness of breast cancer [5,147-149].

The immune system plays a significant role in nearly every as-
pect of breast cancer progression, from tumorigenesis to metas-
tasis. Besides being actively involved in the inflammation pro-
cess, immune cells are also affected by and respond to inflam-
mation, and thus are believed to be key contributors of tumor
formation [14,65,135-137,150,151]. In the TME, some of the cy-
tokines (TNF-«, IL-1, IL-6, IL-10, LIF, etc.) serve an immunosup-
pressive role, preventing a proper response against the tumor by
the body [65,66,137,138,152-154] (Fig. 1c). Finally, there is evi-
dence that paracrine factors secreted by immune cells actually
promote invasion of new niches by the metastatic cancer cells
[4,66,147,152,153,155].

Cell signaling is a very complex and intricate process, which
has been shown to play a significant role in all portions of can-
cer biology. As tumor models, both in vitro and in vivo, become in-
creasingly complex, researchers will need to be more cognizant of
how the various portions of their model are communicating, and if
there is any significant communication that is being missed due to
a lack of a cytokine.

3. Breast cancer models

Although the TME is extremely compley, it is possible to reca-
pitulate at least the basic components that play a role in tumor
progression. There are currently three approaches to model the
TME: in vivo models, ex vivo models, and in vitro models. Each of
these models has their own specific strengths and weakness when
modeling the TME and investigators should be careful in choosing
the proper model that best correlates with the phenomena being
observed [156]. Together, these models enable the study of cancer
biology and tumorigenesis, as well as screening and discovery of
new drugs and therapies [157].

3.1. In vivo models

In vivo breast cancer models are the gold standard and the fi-
nal test that must be passed before any treatment can move on to
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clinical trials. Currently, both xenograft and syngeneic in vivo mod-
els are used to study breast cancer, with each providing its own
set of advantages and disadvantages.

Xenografts, through the use of immunocompromised mice, al-
low researchers to study the response and behavior of human
cells (preferentially patient-derived cells) in vivo, which cannot be
done otherwise [158]. Patient-derived xenografts (PDX) allow for
the study of a specific line of cancer that is currently unavail-
able as an animal model [159]. In recent years, these models have
been crucial in better elucidating the role of many important sig-
naling pathways in cancer development, including the AKT/mTOR
and GSK3p/B-catenin/cyclin D1 pathways [154,159-166]. Unfortu-
nately, xenograft models come with their own challenges. Sev-
eral studies have shown distinct disadvantages of working with
xenografts, the most significant being the lack of immune cells
which influence breast cancer cell behavior and play important
roles in tumor development and progression [161,167-169].

The other commonly used in vivo model of breast cancer over
the past few decades has been the syngeneic mouse model. This
model aims to recapitulate breast tumors in mice through the use
of reductionist cell lines, genetic engineering, and environmental
induction [170]. In contrast to xenografts, syngeneic mouse models
have been used mostly to study the basic biology of breast cancer
[161,170,171], instead of drug response. These models are uniquely
suited for this aim as they allow for the recapitulation of metasta-
sis in its entirety in a single organism, without any cross species
interactions [157,172]. Unfortunately, the greatest advantage of the
model also turns out to be its greatest weakness; the lack of hu-
man cells in the model prevents any results from being directly
translatable to the clinic.

In addition to the advantages and disadvantages previously
mentioned, both of these in vivo models share significant disad-
vantages that have promoted the development of in vitro methods
for studying breast cancer. Although looking at a whole organism is
beneficial, it is extremely difficult to look at any individual mech-
anism during tumor progression using in vivo models. In the same
vein, this also makes it difficult to control specific variables in an
entire organism. Besides, animal models have the significant issue
of species-to-species variability, which is commonly seen in poor
translation of cancer drugs and treatments from animal models to
clinical trials [173,174].

3.2. Ex vivo models

In ex vivo culture, thin slices of the animal- or human-origin tu-
mors, sometimes embedded in a gel, are used to study cancer biol-
ogy and/or test drug efficacy [175-177]. Ex vivo models are thought
to preserve the native ECM composition and structure in the TME,
and thus support the native cell phenotype and heterogeneity, pre-
senting a realistic gene expression [178]. Although the use of ex
vivo models is restricted to the availability of explants from animal
and human subjects, banks of explants have recently been estab-
lished [179], making it easier to use this model for drug screen-
ing. Additionally, recent advances enable longer culture of explants
without loss of phenotype [180]. Nonetheless, variance between
the patients from which the tumor has been obtained makes it dif-
ficult to compare the experimental results [157].

3.3. In vitro models

In vivo models are valuable tools to study cancer biology;
however, they are not efficient in predicting drug efficacy in
humans, due to differences in physiology, metabolism, immune re-
sponse, and cell types and behavior between animals and humans
[176,181]. Moreover, the high number of subjects used in animal
experimentation raises ethical concerns.

In vitro models enable the use of primary human cells and/or
cell lines, co-cultures of cells, growth factors and materials in a
controlled environment, allowing for dissection of the molecular
mechanisms by reducing the complexity of the system [182]. In
vitro models of breast cancer were also shown to successfully pre-
dict the clinical efficacy of drugs [174], and mimic tumor behav-
ior [183-185], although pharmacokinetics and pharmacodynamics
could be different in vitro than in the body.

3.3.1. Two-dimensional (2D) models

For many decades, 2D cell culture models have been the main
workhorse for biological research. In breast cancer, this is no differ-
ent, with nearly all studies starting off with simple single cell line
monolayer and trans-well studies, before moving on to more com-
plicated 3D and in vivo models. The advantages of these 2D models
include ease of use, easier measurement of specific changes in cell
behavior and parameters, easier manipulation of specific mecha-
nisms for a better understanding, reduced cost, and faster experi-
ment time [186,187]. In addition, 2D culture allows for easier ma-
nipulation of the cell culture substrate to chemically, mechanically,
or electrically manipulate cells in a non-physiological way to bet-
ter understand the role of a specific substrate in cellular behav-
ior [186,188-190]. However, specifically in the realm of breast can-
cer biology, these cell culture methods come with a host of prob-
lems, with many 2D results being directly contradicted by results
from in vivo and clinical models [158]. The 2D models allow for
random cell morphology, lacking cell shape and orientation-related
signaling [191,192]. Besides, several studies have shown that when
grown in 2D, cancer cells do not exhibit their native signaling re-
sponse in several biological aspects, including growth, morphology,
metabolism, and differentiation [192-194]. With these significant
disadvantages, and the growing acceptance of 3D cell culture tech-
niques, 2D cell culture seems to be useful only as an early inves-
tigative or purely mechanistic model.

3.3.2. Three-dimensional (3D) models

Two-dimensional models provide cells with a substrate to at-
tach only in 2D (e.g. surface of the flask or well plate). This one-
face binding changes the cell morphology, phenotype and gene
expression profile of cells. Besides, the cells are half-exposed in
the culture media, which makes them more sensitive to drugs
[158,195]. In the native tissue, however, cells bind to each other
and to ECM, forming a dynamic 3D network. The 3D in vitro mod-
els enable the recapitulation of the TME by providing these cell-
cell and cell-material interactions, perfusion, and hypoxic condi-
tions. For instance, in spheroids, tumor cells assume a rounded
shape and cluster to form solid tumor-like structures [176]. When
compared to those in 2D models, gene expression, cell prolif-
eration, cell migration or invasion, cell morphology and hetero-
geneity in 3D in vitro models are closer to in vivo [195,196]. All
these make 3D in vitro models a very valuable tool for cancer
research.

Since 3D models closely recapitulate the tumor in vivo, these
models can be used in drug screening and selection. Tumor cells
in 3D models are usually more resistant against drugs and more
invasive compared to those in 2D models [110,158,197,198], but in
some cases they may be less resistant. In a study, tumor cells in 3D
culture were reported to be less resistant to tirapazamine, a cyto-
toxic drug in hypoxic conditions, than those in 2D culture [199].
In another study, gene expression profiles of patient samples were
analyzed in a 3D in vitro model, and different genes were identi-
fied for a better prognosis in ER- and ER+ cancers [12]. The genes
identified for each type of cancer were targeted using specific
drugs, and the responses of tumors to these drugs were predictive
of the clinical outcomes.
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Fig. 3. Spheroids as 3D in vitro models. (a) Spheroid production methods. (b) Morphology of cells changes with respect to aggressiveness in 2D and 3D cultures. Reproduced
with permission from [196]. Copyright 2016 Breslin and O’Driscoll. Creative Commons Attribution 3.0 License. (c) Several spheroids with uniform size can be produced using
high throughput fabrication methods. Reproduced with permission from [17]. Copyright 2010 Elsevier Science. (d) Tumor spheroids were produced in microwells of 3T3-L1
preadipocyte-containing soft or stiff GeIMA hydrogels. Adipose differentiation was hampered with the increasing stiffness of hydrogels. Red: adipocytes, green: E-cadherin,
and blue: DAPI. Reproduced with permission from [226]. Copyright 2018 Elsevier Science. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

The 3D models can be useful in dissecting the interactions of
the tumor cells with immune and stromal cells and ECM, and in
solving the signal transduction pathways involved in tumor initia-
tion and progression [167]. The 3D in vitro models can also be de-
signed to study angiogenesis and drug efficacy. These models can
be categorized as the tumor-mimicking spheroids and the TME-
mimicking engineered models, each having its own advantages and
disadvantages in different applications [200]. These benefits and
drawbacks should be considered when choosing the right approach
for a particular application.

Spheroids. Spheroids, also known as multicellular tumor spheroids,
are cancer cells that are packed closely together to form 100-
600 pm aggregates. Unlike other models, spheroids favor cell-cell
interactions rather than cell-material interactions, and thus are
similar in stiffness, structure, oxygen and cell proliferation gradi-
ents, and cell heterogeneity to the tumors in vivo [201]. Their gene
expression profiles are also closer to tumors in animal and hu-
man subjects [202], although some differences have been reported
[156]. As a result, spheroids are widely used as 3D in vitro models,
despite their expensive and time consuming production.

Methods to produce spheroids include the hanging drop
method, cell suspension culture using spinner flasks, basement

membrane extracts, non-adherent surfaces, magnetic levitation,
3D printing, and the aqueous two phase systems [17,157,158,196]
(Fig. 3a). In the hanging drop method, cells are seeded on a plate
and cultured vertically in an upside-down position [203]. With the
help of gravity, the cells aggregate and form spheroids. In suspen-
sion culture, cells are continuously agitated in a spinner flask and
not allowed to attach on its surface [204]. Thus, they adhere to
each other and form spheroids. Non-adherent surfaces are created
by coating round bottom plates with hydrophilic polymers, such
as agarose or polyethylene glycol (PEG), to reduce cell attachment
to the surface of the plate [205,206]. In magnetic levitation, cells
are brought together by the help of magnetic particles and cul-
tured that way to form spheroids [207,208]. In 3D printing, cells
or cell-hydrophilic polymer suspensions are printed intermittently
as small droplets [209]. In the aqueous two phase system, two
aqueous solutions are used to entrap cells in the more hydrophilic
phase [184,185].

While small spheroids (100-200 pm) are used to study cell-cell
and cell-material interactions and test anticancer drugs, larger ones
(400-600 pm) have an oxygen gradient with a necrotic core and a
100-300 pm thick proliferating outer shell, and thus are used to
study the effects of hypoxia as well [187,201,210]. The size of the
tumor is also associated with its aggressiveness. Spheroids were
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shown to demonstrate a more aggressive phenotype (i.e. higher
collective migration and expression of mesenchymal markers) in
hormone receptor-positive cells when their size was larger [211].
Similar to what is observed in the clinic, the behavior of the triple-
negative breast cancer cells was not dependent on the speroid size.

Spheroids can be used to test the effect of each component
on tumor progression. For example, the benign breast epithelial
cell line, MCF-10A, was used to form normal acinus structures un-
der various conditions [86]. When MCF-10A cells were co-cultured
with mesenchymal stem cells (MSCs) or when they were supple-
mented with TGF-8 or cobalt chloride, a hypoxia-inducing agent,
they showed a neoplastic phenotype. Spheroids can also be used in
drug efficacy and screening studies. For example, in one study, the
uptake and efficacy of antisense oligonucleotides (ODNs) in three
formulations, free ODNs, those encapsulated in lipid, and those
encapsulated in polyethyleneimine-based carriers, were tested in
vitro on tumor spheroids [212]. The size of the carrier was shown
to be very important for the penetration and efficacy of the ODNs,
and thus should be taken into consideration for in vivo and human
applications.

The type of cells used is also important when creating 3D
breast cancer models. In a study, the efficacy of paclitaxel and dox-
orubicin (DOX) was tested on spheroids of six breast cancer cell
lines [195]. Spheroids of BT-549, BT-474 and T-47D cells exhib-
ited lower sensitivity to the drugs compared to 2D culture, while
spheroids of the more aggressive MCF-7, HCC1954, and MDA-MB-
231 cells showed high sensitivity to drugs due to loose packing.
This study shows that sensitivity to drugs is not necessarily cor-
related with the aggressiveness of breast cancer cells. In another
study, the less aggressive BT474 and HCC1954 cells were shown to
form tightly packed spheroids, while the more aggressive EFM192A
cells to form loose interactions [196] (Figure 3b). They also showed
increased expression of cell survival and drug resistance related
genes in the spheroids compared to 2D cultures. An interesting
platform for drug screening was described by Eckhardt et al., who
first created xenografts of inflammatory breast cancer (IBC) pa-
tients, and then produced a 3D spheroid model by dissociating the
cells of xenografts and re-aggregating them using magnetic levita-
tion [208]. They tested several drugs on the spheroid model and
showed that their model was representative of the original tumor.
Moreover, they claimed that some drugs such as bortezomib, ro-
midepsin, and flovopiridol would be more effective than the stan-
dard drugs such as DOX and paclitaxel.

Although difficult to prepare, spheroids can be produced re-
producibly with uniform sizes, enabling high throughput analysis
[17] (Fig. 3c¢).

Engineered 3D models. Tissue engineering combines materials sci-
ences and biology with the aim of creating an entire tissue or a
part of it [213]. To fabricate tissues in vitro, cells are seeded on or
embedded in natural or synthetic polymer scaffolds, which provide
physical, mechanical and biochemical cues that guide the cells. Sig-
naling molecules may also be added to direct the cells toward a
specific functional direction. Advances in TE and cell biology en-
able fabrication of mimetic TME, on which one can study the inter-
action of the tumor with the surrounding ECM, and test the effects
of drugs on the breast cancer cells. TE-based strategies concen-
trate more on interactions of the tumor with the stroma and im-
mune system and can be predictive of the in vivo response. Thus,
the dynamics between the cells, ECM, vasculature and signaling
molecules in the TME are taken into consideration when design-
ing engineered models.

Biomaterials used to engineer the TME. When engineering a 3D
model, the choice of biomaterial used is of utmost importance to
provide the cells with an environment resembling the native TME.

The biomaterials used to construct a 3D model could be naturally-
derived or synthetic polymers. Natural polymers include collagen,
gelatin, hyaluronic acid, agarose, alginate, and chitosan, while the
most common synthetic polymers used for TME engineering are
polyethylene glycol (PEG), polylactic acid (PLA), polycaprolactone
(PCL), and polyurethane (PU).

Naturally-derived polymers intrinsically recapitulate the tissue
microenvironment, and thus support cancer cell adhesion, prolif-
eration, and migration or invasion [5,76,214]. The main drawbacks
of the natural polymers are their low mechanical properties which
lead to altered cell behavior, and batch-to-batch differences which
reduce consistency and reproducibility [5,110].

On the other hand, synthetic materials can be produced with
controlled properties such as stiffness, degradation rate, and struc-
ture [214]. The main drawback of the synthetic polymers is that
they lack bioactive groups that are otherwise present in the nor-
mal or tumorous ECM [110]. Nonetheless, they can be functional-
ized or decorated with bioactive groups, which in turn allows for
testing the effect of that specific group on tumor progression [215].
Biomaterials used to engineer the TME are covered in three cate-
gories: hydrogels, basement membrane extracts and decellularized
ECM, and solid scaffolds.

Hydrogels. Hydrogels, which have the potential to bind a large
amount of water upon crosslinking, are suitable for engineering
the TME, since they are soft and they provide a highly aqueous
environment just like the ECM [216]. Hydrogels allow for embed-
ding of one or more types of cells (e.g. adipocytes, fibroblasts,
and macrophages) or tumor spheroids, biochemical and mechan-
ical cues, and thus closely mimic the TME. Since hydrogels could
be produced in various forms, shapes, and components, they al-
low for the recapitulation of tumor complexity and heterogeneity,
which is one of the main reasons for the ineffectiveness of drugs.

Collagen I is the most abundant structural protein in the human
body and has bioactive sites that support cell attachment and pro-
liferation as well as ECM production [217]. It allows for construc-
tion of biologically relevant tumor models, and thus is one of the
most widely used polymers to engineer the TME. Collagen can also
be produced to have different stiffness and pore sizes in order to
study the effects of these properties on tumor progression, migra-
tion and invasion [104,112,218]. Moreover, collagen hydrogels can
be used to study the effect of fiber alignment on cancer cell mi-
gration. Alignment of the collagen fibers leads to blocking of cell
protrusions and induces cell alignment along the fibers by forcing
directional movement [219]. In a study, it was shown that when
myoepithelial and luminal cells isolated from mammoplasty spec-
imens were embedded in collagen gels, they self-assembled into
bilayer acini structures [220], suggesting that collagen supports
native cell organization. After inducing HER2 expression by IL-
4 treatment, the researchers observed formation of DCIS, which
could be cured with anti-HER2 treatment. This study also showed
the role of cytokines in tumor progression.

Incorporation of immune cells into 3D models has re-
cently gained attention in cancer research. Incorporation of M2
macrophages into tumor cell-loaded collagen gels induced matrix
degradation due to increased MMP activity and tumor cell inva-
sion [221]. Similarly, in a recent study, Neal and colleagues embed-
ded tumor fragments from mice or humans into collagen gels to
form organoids [222]. The organoids contained tumor-infiltrating
lymphocytes similar to those in the original tumors in terms of
gene expression. Upon activation of the immune cells by blocking
programmed cell death-1 (PD-1) receptor and its ligand on tumor
cells, PD-L1, the researchers observed a stronger immune reaction
against the tumor. This study showed that the 3D in vitro mod-
els can successfully recapitulate the TME, and can be used to test
drugs or study cancer biology.
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Gelatin, the denatured form of collagen, is also widely used
to engineer the TME. Brancato et al., studied the efficacy of DOX
on a spheroid model and a gelatin-based engineered model [223].
The engineered 3D model demonstrated a higher sensitivity to
DOX than the spheroid model, and a lower expression of epithelial
biomarkers, similar to what they observed in the xenograft control.
The methacrylated form of gelatin, GeIMA, has also gained atten-
tion in the biomedical field due to its photoactivity [224]. GeI[MA
can be crosslinked upon light exposure, which makes it valuable
especially when spatial control over the biochemical factors or on
the stiffness is desired. For example, Casey et al. used a GelMA-
based microwell system with low or high stiffness to encapsulate
the mouse mammary organoids or HCC1806 cells to recreate the
normal and tumor breast microenvironments, respectively [225].
They formed hollow tumor spheroids of 300 pm diameter with
high cell viability especially at the outer surface of the spheroids.
A cell viability gradient was created, similar to what is observed
in tumors. In another study by the same group, tumor spheroids
(using human cell lines, HCC1806 and MDA-MB-231) or mouse
mammary organoids were seeded in microwells of soft (mimick-
ing the normal stroma) or stiff (mimicking the tumor-associated
stroma) GelMA gels, in which pre-adipocytes were encapsulated
[226] (Fig. 3d). Tumor spheroids were shown to block adipogen-
esis when seeded in the stiff GelMA while this effect diminished
when the GelMA gel was soft. This study showed that the effect of
the tumor on stromal cells is stiffness dependent.

HA is another polymer used to construct 3D tumor models. In
a study, MCF-7 cells showed greater migration/invasion and higher
expression of VEGF, IL-8, and FGF-2 in the HA-based model than
they did in 2D culture, suggesting that the 3D environment in HA
gels enhanced invasiveness [227].The study also showed that can-
cer cells tended to proliferate and form clusters in the HA gels.
In another study, an EGF gradient was created toward the cen-
ter of the HA hydrogels that have MMP-cleavable sites, and vary-
ing responses were observed by the different cancer cells to the
EGF gradient [228]. The MDA-MB-231 cells, which normally ex-
press EGFR to a moderate level, showed increased invasion toward
the EGF gradient, while MDA-MB-468 cells, which highly express
EGFR, exhibited reduced invasion. Interestingly, MDA-MB-231 cell
invasion was reduced in response to cetuximab drug, while MDA-
MB-468 cell invasion was increased. This study showed the impor-
tance of drug testing in 3D in vitro platforms and with various cell
types before in vivo and clinical settings. In another study, GelMA
and the methacrylated HA were used to encapsulate isogenic pri-
mary (21PT) and metastatic (21MT-2) cell lines [229]. Under hy-
poxic conditions, the metastatic breast cancer cells exhibited en-
hanced cell migration and LOX expression, indicative of EMT. By
applying LOX inhibitor, they showed reduced breast cancer cell vi-
ability, migration, and EMT.

Another polymer used to produce 3D tumor models is algi-
nate. Alginate crosslinks in response to bivalent cations, such as
calcium or barium, which allows spatial crosslinking of the poly-
mer. A new approach involved the use of electrostatic encapsula-
tion to embed tumor cells in alginate solution, which was then
sprayed in a calcium bath to crosslink the alginate [230]. Culture
of the alginate beads resulted in tumor spheroid formation, and
the size of spheroids determined the response of tumor cells to
radiotherapy. Cells in large spheroids survived better against radi-
ation, and the resistance of the cells was explained by the hypoxic
core in the large spheroids, although it could also be due to re-
duced penetration of radiation to the core of the large spheroids.
Regardless of the underlying mechanism, this study could help in
calculation of the dose of radiotherapy needed to clinically treat
a certain size tumor. Alginate could also be blended with other
polymers such as collagen and chitosan to control its stiffness and

microarchitecture. In a study, MDA-MB-231 cells and human mam-
mary fibroblasts (HMFs) were embedded in alginate-collagen gels
with stiffness mimicking that of the tumor and tumor-associated
stroma [231]. The fibroblasts were shown to lead the way to inva-
sion, while the tumor cells were the followers. In a similar study,
chitosan-alginate blends were used to co-culture TAFs, breast can-
cer cells, and T-lymphocytes [232]. The study showed that TAFs can
hamper the production of TNF-« by T cells. These studies showed
the role of fibroblasts in tumor progression.

In addition to the natural polymers, synthetic polymers are
also used to engineer the TME. PEG is the most commonly used
synthetic polymer, with many advantages including reproducibil-
ity, tailorable mechanical properties, pore size, pore shapes, and
degradation rates, and the option for surface modification, which
allows for attaching the desired functional groups or molecules
[5,99,186,233]. PEG can be synthesized to be degradable or to carry
bioactive or functional groups that confer photoactive or adhesive
properties. For instance, in a study, star PEG, a branched form of
the molecule, was modified with growth factor-encapsulated hep-
arin that enables sustained release of these growth factors [234].
This system was shown to support blood vessel formation. Sim-
ilarly, other researchers also functionalized the heparin-modified
and MMP-degradable PEGs with RGD, GFOGER, and IKVAV to test
the effects of these peptides on the invasiveness of cancer cells
[99]. The presence of GFOGER and IKVAV resulted in increased
invasiveness of the aggressive cancer cells as characterized with
higher MMP activity. In another study, MMP-sensitive PEG/heparin
hydrogels enriched with various growth factors including VEGEF,
FGF-2 and stromal cell-derived factor 1 (SDF-1) were used to engi-
neer a 3D in vitro tumor model [233]. Tri-culture of breast tumor
cells (MCF-7 or MDA-MB-231) with the human umbilical vein en-
dothelial cells (HUVECs) and MSCs resulted in formation of vascu-
larized tumor spheroids. More resistance to epirubicin drug treat-
ment was reported when the cells were tri-cultured in 3D mi-
croenvironment compared to 2D.

In brief, hydrogels are very useful in engineering the TME, be-
cause they are not complex and enable precise control over the
biochemical composition, allowing easy dissection of the effect of
each component on tumor progression.

Basement membrane extracts and decellularized ECM. Engineered
hydrogels explained in the previous section usually comprise of
one or two types of polymers in contrast to the native ECM,
which contains several proteins, GAGs, and growth factors. There-
fore, researchers have also explored using native ECM parts such as
basement membrane extract (BME) and decellularized whole ECM,
which contain most of the proteins that are normally found in the
native tissues. The BME is obtained from murine Engelbreth-Holm-
Swarm (EHS) tumor cell cultures and contains laminin (60%), colla-
gen type IV (30%), entactin (8%), and growth factors [235,236]. The
BME is commercially available as Matrigel™, Cultrex®, and Gel-
trex®, and has widely been used to support the growth of epithe-
lial cells, stem cells, and cancer cells in culture [225,226,237-239].

In one study, pre-neoplastic (MCF10AT1-EIII8) breast epithelial
cells were embedded in Matrigel in the presence of HUVECs, and
normal or tumor-associated fibroblasts [240]. The presence of TAFs
increased the responsiveness of the EIII8 cells to estrogen, and
introduction of HUVECs enhanced their invasiveness and induced
MMP production by these pre-neoplastic cells. Similarly, co-culture
of breast cancer cells with pro-monocytes in Matrigel resulted in
increased aggressiveness of the cancer cells due to higher MMP
and cyclooxygenase (an inflammatory factor) expression [241]. The
researchers also showed that transferring the media of the breast
cancer/pro-monocyte culture to the non-invasive MCF-10A cells re-
sulted in disruption of the MCF-10A acini.

Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2020.02.006

Please cite this article as: G. Bahcecioglu, G. Basara and B.W. Ellis et al., Breast cancer models: Engineering the tumor microenvironment,




JID: ACTBIO

[m5G;February 20, 2020;15:15]

G. Bahcecioglu, G. Basara and B.W. Ellis et al./Acta Biomaterialia xxx (XXxx) Xxx 11

In a recent study, metastasis of mouse (4T1) and human (MDA-
MB-231) breast cancer cells in Matrigel was examined [242]. As-
paragine was shown to increase the invasive/metastatic potential
of cells. Interestingly, blocking of asparagine synthase resulted in
reduced invasion without affecting the growth of tumor, suggest-
ing that asparagine is involved only in the metastasis process. The
results were verified in vivo in a mouse model, highlighting the
predictive potential of this 3D in vitro model.

Matrigel has also been blended with other hydrogels to increase
its stiffness. For example, MCF-10A cells were embedded in Ma-
trigel/alginate to form normal acini [243]. The gel system con-
tained calcium-entrapped light-sensitive liposomes, which were
triggered to release calcium and further crosslink the gel system.
Increasing the stiffness to the tumor level induced an invasive phe-
notype, characterized by enhanced collective migration of the cells.
Similarly, alginate was blended with Matrigel in various ratios to
engineer the TME [244]. When the MDA-MB-231 cells were em-
bedded in a one-to-one mixture of these materials, they exhibited
nuclear fragmentation, an altered morphology, invadopodia expres-
sion, and increased invasion through the gel system toward blood
vessel-mimetic membranes.

Another biomaterial used to engineer the TME is the decellular-
ized ECM and its hydrogel made after solubilizing it. In one study,
decellularized adipose tissues from human abdomen were used to
engineer a 3D breast cancer model [245]. MCF-7, BT474, and SKBR3
cells seeded on the decellularized tissues exhibited a closer prolif-
eration and gene expression profile, cell morphology and spheroid
forming potential to the in vivo xenograft model than the Matrigel
and 2D substrates. In another study, MCF-7 cells were seeded on
decellularized porcine lungs and formed large spheroids upon cul-
ture [246]. Breast cancer markers, BRCA1 and HER2, were reported
to increase after culturing these cells on the decellularized tissues
compared to 2D substrates. The deeper regions of the tissues ex-
hibited reduced oxygen levels, and the cells in those regions ex-
pressed HIF-1¢, similar to the TME. Treatment of cells with the
drug, 5-fluorouracil, resulted in higher survival on these matrices
compared to that in the 2D substrates.

Every tissue has a unique ECM composition, and thus cells re-
spond to ECMs derived from various tissues in a tissue-specific
manner [247]. Cells derived from a specific tissue would maintain
their native phenotypes and functions when seeded on the decel-
lularized ECM of that tissue. Hence, the use of decellularized ECM
from the mammary gland would enable engineering of a 3D model
closely resembling the breast TME. However, the amount of na-
tive tissue that could be obtained especially from human sources
could be a limiting factor for clinically relevant applications of this
approach.

Solid scaffolds. Solid scaffolds are generally used to model migra-
tion, invasion, and metastasis of breast cancer cells. For exam-
ple, a gelatin construct was engineered via electrospinning, coated
with collagen I and seeded with MCF-7 to produce a breast cancer
model [248]. Estrogen treatment was shown to induce the expres-
sion of the metastasis related gene, MMP-2, and reduce E-cadherin
expression, while progesterone treatment had the opposite effect.
In another study, the aggressive MDA-MB-231 cell line was co-
cultured with osteoblast-like MG63 cells in a silk fibroin-based 3D
scaffold to evaluate the interaction of these cells during metasta-
sis and to test the efficacy of targeted delivery of DOX via folate-
conjugated nanoparticles [249]. They showed reduced VEGF pro-
duction in the presence of nanoparticles. Similarly, polyurethane
[250] and nanoclay-based PCL [251] scaffolds were used to model
the breast cancer-to-bone metastasis microenvironment and study
the cell-cell and cell-material interactions. Both studies showed

significant differences in cell proliferation and protein expression
profiles of the 2D and 3D models.

In the above sections, we explain the materials used to engineer
the TME. In the next section, we point out two very promising ap-
proaches used to engineer the TME: 3D printing and microfluidics.

Three-dimensional printing for breast TME engineering. Three-
dimensional printing is an additive manufacturing technique, in
which computer-aided 3D geometries are produced through layer-
by-layer deposition of the materials often referred to as bioinks.
Using 3D printing, complex 3D structures can be created with liv-
ing cells, an approach called bioprinting. Recently, bioprinting has
gained popularity in medical and scientific societies because of its
advantages over other traditional biofabrication methods, including
the ability to create complex structures with viable cells, accurate
reproducibility, low cost, high throughput and efficiency [252,253].
In addition, bioprinting systems allow for using multiple cartridges
that can be filled with different bioinks, and thus it is possible to
spatially and temporally control the location of the cells, proteins,
growth factors, and other bioactive elements to fabricate physio-
logically relevant tissue constructs [254-257].

3D printing has been used to investigate breast cancer from dif-
ferent perspectives. For example, Reid et al. were able to create
reproducible and reliable arrays of human mammary organoids in-
side 3D collagen matrices via the bioprinting method [258]. They
compared the printed models with manual matrix-embedded ones
and demonstrated the superiority of the former in terms of effi-
ciency and consistency in organoid morphology. In another study,
sacrificial gelatin arrays were used to fabricate concave wells, into
which MCF-7 cells were seeded in situ and tumor spheroids were
created [259]. This high throughput system was shown to allow
for uniform cell seeding and have the potential for tumor-on-chip
fabrication.

In another study, pre-formed spheroids of MCF-10A and MDA-
MB-231 cells were printed in gelatin/alginate or collagen/alginate
bioinks without affecting the cell viability and morphology [209].
The printed spheroids exhibited higher resistance to paclitaxel
treatment than the individually printed cells. In the presence
of HUVECs, this difference was not observed. They suggested
that their system could be applied to engineer physiologically
relevant TME for use in drug screening. Wang et al. also utilized
3D bioprinting to fabricate breast cancer models representing in
vivo conditions, which can be used in drug screening [255]. They
printed a stromal compartment using adipose-derived mesenchy-
mal stem cells (ADSC) and a tumor compartment in the center
using 21PT breast cancer cells, and tested the response of cells
to DOX (Fig. 4a). They showed that, at low DOX concentrations,
ADSCs prevented the tumor cells from going through apoptosis.
Moreover, they showed that both cells expressed LOX, regardless
of treatment with DOX. Interestingly, while ADSCs responded to
LOX inhibitors as characterized by lowered matrix stiffness in the
vicinity of these cells, the breast cancer cells did not respond to
LOX inhibitors [255].

In another study, a co-extrusion based bioprinting approach
was used to fabricate different types of geometries using hu-
man breast cancer cells (MDA-MB-231) and mouse macrophages
for anti-cancer drug screening (Fig. 4b) [260]. This study showed
that the shape of the bioprinted microchannel, which contained
macrophages in the center, affected their migration profile and in-
teraction with breast cancer cells in the circumferential shell layer.
Moreover, the researchers demonstrated that a paracrine loop was
formed between the cancer cells and macrophages, which in turn
improved cell motility.

3D printed tumor models can also be used to study metas-
tasis of breast cancer cells to other tissues, mainly bone. For
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Fig. 4. Three-dimensional printing is an efficient method in modeling the TME, as it enables spatial and morphological control on the printed materials. Multiple print
heads enable (a) bioprinting of the tumor cells in the center and the mesenchymal stem cells (MSCs) in the outer region to mimic the TME (reproduced with permission
from [255], Copyright 2018 American Chemical Society) or (b) co-bioprinting of the immune cells and the tumor cells, the immune cells being printed as blood vessel-like
channels passing through the tumor (reproduced with permission from [260], Copyright 2015 John Wiley and Sons). (c) Scaffolds can be printed in various shapes thanks to
computer aided design (CAD). Reproduced with permission from [261]. Copyright 2016 Elsevier Science. (d) 3D printing can also be used to recreate the metastasis process.
Here, breast-to-bone metastasis of tumor cells is simulated using the 3D printed humanized bone. Reproduced with permission from [263]. Copyright 2014 The Company of
Biologists Ltd. Creative Commons Attribution 3.0 License.

Please cite this article as: G. Bahcecioglu, G. Basara and B.W. Ellis et al., Breast cancer models: Engineering the tumor microenvironment,
Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2020.02.006




JID: ACTBIO

[m5G;February 20, 2020;15:15]

G. Bahcecioglu, G. Basara and B.W. Ellis et al./Acta Biomaterialia xxx (XXxx) Xxx 13

example, to study the invasion of breast cancer to bone in vivo,
Zhu et al. fabricated PEG/hydroxyapatite (HAp)-based bone mim-
ics with a highly controlled structure (Fig. 4c) [261]. They showed
that cells cultured in 3D matrices exhibited higher migration com-
pared to 2D culture. Co-culturing of human fetal osteoblasts (hFOB)
with breast cancer cells (MDA-MB-231) resulted in reduced prolif-
eration of the osteoblasts, but increased proliferation of the breast
cancer cells. The same group also used a GelMA-HAp system to
print osteoblasts or MSCs as the bone stromal compartment and
seeded the MDA-MB-231 cells on the matrices [262]. They showed
that co-culturing of breast cancer cells with osteoblasts or MSCs
in 3D printed matrices resulted in higher VEGF expression com-
pared to mono-cultured breast cells. In another study, Thibaudeau
et al. used melt electrospun PCL fibers seeded with human pri-
mary osteoblasts to create a humanized bone and implanted it into
NOD/SCID mice (Fig. 4d) [263]. Four weeks after injection of the
breast cancer cells (MCF-10A, MDA-MB-231, and the bone-seeking
sub-strain MDA-MB-231BO) into the hearts of the mice, only the
MDA-MB-231BO cells were shown to have metastasized to the hu-
manized tissue engineered bone in all of the mice. The same group
also used printed PCL/tricalcium phosphate (TCP) scaffolds to cre-
ate a bone mimic and seeded them with human osteoblasts (hOB)
to create a humanized bone model, which was implanted into mice
[264]. Breast cancer cells, MDA-MB-231, SUM1315, and MDA-MB-
231B0O, were encapsulated in PEG and implanted adjacent to the
printed bone mimic in the mice. The number of MDA-MB-231BO
infiltrating the humanized bone was higher than that of the other
cell lines used. Introducing the breast cancer cells into bone mi-
croenvironment resulted in increased osteoclastic activity, which
was similar to what occurs in the body.

3D printing is an extremely useful approach to engineer breast
cancer models, since it allows for spatial control on the cell types,
biochemical composition and stiffness of printed models. Creating
large tumor models for studying the interaction of these models
with the surrounding tissues is also possible.

Microfluidic systems for breast TME engineering. Organ-on-chip mi-
crofluidic devices simulate the TME in a small chip with mi-
crochannels allowing perfusion. The channels are often filled with
a photoactive hydrogel precursor-cell suspension, which is then
gelled after exposure to light. Since the channels can be perfused
at tailorable flow rates, they are widely used for studying angio-
genesis, intravasation, extravasation, mechanotransduction path-
ways, cancer cell behavior, and drug response under shear stress
[265-268]. The effects of material type, cell type and flow on tu-
mor behavior could easily be studied in microfluidic devices. For
example, Peela et al. microfabricated a microfluidic device filled
with GelMA-based gels with tunable stiffness, and studied the
behavior of malignant (MDA-MB-231, MCF-7) and non-malignant
(MCF-10A) breast epithelial cell lines in the device [269]. They
showed that while MCF-7 and MDA-10A formed clusters within
the circular tumor compartment, MDA-MB-231 did not cluster and
they migrated in the stroma-like compartment at a significantly
higher rate than the other two cell lines. Lanz et al. examined
the effects of material type (Matrigel, Cultrex, and collagen I) and
flow conditions on the viability of various breast cancer cell lines
(MDA-MB-453, MDA-MB-231, and HCC1937) in a microfluidic de-
vice [270]. They showed that breast cancer cell survival was the
highest in the presence of Matrigel, and perfusion increased the vi-
ability of cells in the Matrigel and Geltrex, but reduced that of the
cells in collagen I gels. The study showed that the response of tu-
mor cells depended on the material used and the flow conditions.
The researchers also used these results to treat breast cancer in a
PDX model and showed significant improvements in the outcome.

Microfluidic systems also allow for spatial control on the cell
distribution, matrix composition and matrix stiffness, and enable

the study of site-specific cell and material interactions [176]. In a
study, MDA-MB-231 cells were shown to migrate from a confined
environment to one that has more free space, while their benign
counterparts did not exhibit the same behavior [271]. This study
showed how the aggressive cancer cells can easily relocate to a
more favorable environment to survive. In another study, a mi-
crofluidic device with 3 channels was used to create a DCIS model
(Fig. 5a) [272]. The central channel was coated first with a layer
of Collagen I and then with a Matrigel layer to mimic the base-
ment membrane. The Matrigel layer was seeded with MCF-10A
and then with MCF10ADCIS.com cells to mimic the lumen in DCIS.
The two side channels were coated with Collagen I and seeded
with HMFs to mimic the stroma. The devices containing DCIS cells
showed substantial invasion toward the stroma-mimicking chan-
nels, while the controls missing these cells did not show any sign
of invasion. Invasive lesions facing the HMFs exhibited reduced
E-cadherin expression, highlighting the effect of stroma on the
tumor phenotype. In another study, a microfluidic platform with
three microchannels connected with micropillars was produced in
an attempt to simulate metastasis of breast cancer cells (Fig. 5b)
[273]. The central microchannel was filled with aggregates of the
metastatic breast cancer cell line, MX1, surrounded by a hydrogel
of the cationic methylated Collagen I and anionic terpolymer of
hydroxylethylmethacrylate-methylmethacrylate-methylacrylic acid
(HEMA-MMA-MAA) as a barrier to keep the cells in the central
microchannel. The side microchannels were used to perfuse the
system. When cells were cultured in the presence of a chemoat-
tractant, they were shown to remodel the collagen and invade the
gel. This system could be used to monitor cell migration/invasion
in real-time, enabling researchers to analyze the mechanism of cell
invasion and the cell behavior in response to drugs.

The effects of stromal cells on the tumor cell behavior and drug
response could be studied in the microfluidic devices. For exam-
ple, a device with two separate compartments was fabricated and
seeded with either normal fibroblasts or TAFs in the stromal com-
partment, and with MCF-7 in the tumor compartment [38]. Nor-
mal fibroblasts expressed «-SMA and PDGF, markers of fibroblast
activation, while TAFs expressed MMP-2 and MMP-9, markers of
invasiveness. Choi and colleagues fabricated a microfluidic device
with two compartments, and co-cultured the MDA10ADCIS.com
cells with human mammary ductal epithelial cells in one chan-
nel and HMFs in the other channel (Fig. 5c¢) [274]. They tested
the efficacy of paclitaxel on the DCIS cells and showed that DCIS
cells were more sensitive to the drug in the presence of epithelial
cells.

Similar to 3D printing, microfluidic devices can also be useful in
studying metastasis to other tissues or organs. Breast cancer cells
metastasize mostly to bone; therefore, these models mainly focus
on recapitulating breast-to-bone metastasis. Bersini et al. fabricated
a Collagen I-based microfluidic device, in which they evaluated
the metastasis of breast cancer cells in the presence or absence of
oste-differentiated MSCs [275]. MDA-MB-231 cells exhibited signif-
icantly higher extravasation through the vasculature-like endothe-
lial cell barrier in the presence of osteo-differentiated MSCs than
in their absence, and formed microtumors after extravasating to
the collagen gels. The same group also compared these bone-
mimicking devices with the muscle-mimicking environment and
showed significantly higher extravasation to bone than to muscle
[276]. They also showed that adenosine increased the permeability
of vasculature but decreased the extravasation rate of breast can-
cer cells. The introduction of flow to the model reduced the vas-
cular permeability and thus extravasation of the cancer cells, but
increased the distance they traveled.

Although in their infancy period, microfluidics studies have
been a very important tool in breast cancer research, having
contributed to the discovery of cell migration-related genes and
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[273]. Copyright 2018 Toh, Raja, Yu, Van Noort. Creatlve Commons Attribution 3.0 License. (c) A DCIS model showing the effect of flow on 3D interactions on drug sensitivity
of the tumor cells. Tumor cells were more sensitive to drugs after interacting with the epithelial cells and then with stromal fibroblasts. Reproduced with permission from
[274]. Copyright 2015 Royal Society of Chemistry. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

receptors [157]. Yet, the very small number of cells and volume
of samples that can be filled into the channels makes it difficult
to derive statistically meaningful conclusions. Thus, integration
of sensors that allow for sensitive detection, and software en-
abling easy analysis of these data can enhance the utility of such
microfluidic-based TME models in years to come.

4. Conclusions and future prospects

In vivo models provide a dynamic environment involving the
immune system, vasculature, and other naturally occurring events
in the TME; however, they are time-consuming, laborious and
costly to prepare. Syngeneic mouse models do not reflect the

Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2020.02.006

Please cite this article as: G. Bahcecioglu, G. Basara and B.W. Ellis et al., Breast cancer models: Engineering the tumor microenvironment,




JID: ACTBIO

[m5G;February 20, 2020;15:15]

G. Bahcecioglu, G. Basara and B.W. Ellis et al./Acta Biomaterialia xxx (XXxx) Xxx 15

human response against tumors, while xenograft models lack a
properly functioning immune system, which is an essential com-
ponent of tumor progression. Besides, in vivo models are so com-
plex with many variables in effect that it is very difficult to dis-
sect the contribution of one factor, and there are growing eth-
ical concerns in response to using more and more animal sub-
jects. In vitro models are simpler, and enable easier analysis of the
outcomes and better exploration of the possible reasons for these
outcomes. Engineered 3D models involve the use of biomaterials
(mainly hydrogels) and multiple cell types at once in the form of
co-cultures, thus enabling these cells to adopt their native mor-
phology and achieve cell-cell and cell-ECM interactions. Among the
fabrication methods for 3D in vitro models, bioprinting and mi-
crofluidics are promising, since they enable spatial control on the
biochemical composition (tumor vs stroma), cells (tumor cells, fi-
broblasts, adipocytes, and immune cells), and flow (vasculature).
These techniques bring in the advantage of engineering 3D mod-
els closely resembling the TME, although there is some space for
improvement.

One problem related to 3D in vitro models is the lack of me-
dia suitable for all the cell types when co-culture of cells is aimed
[167]. This issue can be addressed by spatially incorporating the
necessary growth factors, cytokines and MMPs into the stromal or
tumor compartments, which will support the growth of cells at
each compartment. These factors can either be immobilized to the
hydrogels or encapsulated in carriers that release them sustainably
and in a controlled manner.

Another point to be improved is the involvement of M2
macrophages and regulatory T cells, which regulate the reaction
of immune cells such as M1 macrophages and other lympho-
cytes, and of endothelial cells and pericytes, which regulate an-
giogenesis. These cells can be incorporated into the design of the
engineered 3D models in order to better recapitulate the com-
plexity of TME. Incorporating TAAs and TAFs in the engineered
models is as crucial as including immune cells in studying how
these cells impact tumor cell invasiveness and resistance to drugs
[277].

Immunoeditting, an approach that involves the blocking of re-
ceptors (PD-1) on M2 macrophages and T cells that are otherwise
immunosuppressed by ligands (PD-L1, and PD-L2) on tumor cells,
or blocking these ligands, is gaining attention in tumor biology
[278,279]. This concept can also be applied to stromal cells such
as TAAs and TAFs to block the tumor from controlling their func-
tions. Susceptibility of similar receptors on the stromal cells can be
investigated and, if present, can be targeted using the engineered
3D models.

Complex microfluidic systems incorporating liver cell and renal
cell compartments, together with the breast TME compartment,
can be engineered to study the pharmacokinetics and pharmaco-
dynamics of the drugs. Additionally, incorporating sensors into the
microfluidic systems may also enable monitoring of the response
of cells to specific treatments. Sensors can be useful in microflu-
idic devices, to analyze the large amount of data produced in these
small devices.

Finally, applying decreasing doses of drugs during chemother-
apy to mice was shown to be more effective than administer-
ing the same dose repeatedly, which leads tumors to develop re-
sistance against the drugs [280]. This evolution-guided treatment
strategy could be incorporated to the engineered 3D models to ex-
plore the applicability of sustained drug release approach with de-
creasing doses of the drugs.
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