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Abstract. Breast cancer (BC) is the most commonly occurring 
cancer and primary cause of cancer-related mortality in women 
worldwide. Investigations into BC have been conducted in 
in vitro and in vivo models. Of these models, the cultivation of 
tumor cell lines in two-dimensional models is the most widely 
employed in vitro model to study tumor physiology. However, 
this approach does not accurately model all aspects observed 
in tumors. To address these limitations, three-dimensional (3D) 
in vitro models have been developed. In these, it is possible to 
reproduce the interaction between tumor cells and the extra-
cellular matrix, as well as the interrelationship between tumor 
cells and stromal cells, in order to replicate the interactions 
observed within the 3D environment of in vivo tumors. The 
present review summarizes the most common 3D in vitro models 
used to study BC, including spheroid models, organ-on-a-chip 
models, hydrogel models and bio-printed models, with a 
discussion of their particular advantages and limitations.
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1. Introduction

There has been substantial improvement during previous 
decades concerning understanding of the genetics and molec-
ular pathways involved in the development of breast cancer 
(BC). However, BC remains the most commonly occurring 
cancer and primary cause of cancer-related death in women 
worldwide (1). For example, data reported by the World Health 
Organization estimate that there will be >20 million new cases 
of BC in the world by 2025 (2). The most frequent cause of 
mortality in cases of BC is due to tumor metastasis and disease 
recurrence, reflected by a <22% 5‑year survival rate in patients 
with metastasis or recurrence (3).

BC tumors exhibit a high degree of complexity resulting 
from interactions between various cell types, including prolif-
erating tumor cells and non-cancerous cells in the stroma, such 
as cancer‑associated fibroblasts, endothelial cells, infiltrating 
inflammatory cells, adipocytes and immune cells (4). Another 
important component is the extracellular matrix (ECM) (5). In 
breast tumors, the ECM is primarily comprised of collagens, 
as well as fibronectin, laminins, glycoproteins, polysaccharides 
and lipids from adipose tissue (6,7). Of note, the ECM progres-
sively changes during the course of BC, becoming denser and 
richer in collagen; along with the appearance of new blood 
vessels, both of these are events are associated with the onset 
of metastasis (8-10). In the tumor microenvironment, there are 
frequently progressive changes in the expression of certain 
receptors in tumor cells, including estrogen receptor (ER), 
progesterone receptor and/or human epidermal growth factor 
receptor 2 (HER2), as well as the gene expression patterns of 
specific genes, some of which are used to perform molecular 
categorization of breast tumors (11). The sum of all of these 
properties results in a highly heterogeneous environment that 
influences tumor proliferation and cellular metastasis. Due the 
high incidence of BC and its importance as a public health 
problem, understanding the role of each element in BC tumors 
comprises a great challenge for research groups to develop 
new and more effective treatments.

In order to study the progression of BC, in vitro and 
in vivo models have been utilized to recapitulate the main 
aspects of human tumors. The cultivation of tumor cell lines 
in two-dimensional models (2D) is the most widely employed 
in vitro model used to study tumor physiology (12,13). This 
technique has the advantage of providing an inexpensive 
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and standardized high-throughput system. Additionally, 
characterization of a specific cell response under a specific 
condition is possible. However, in this model, it is not possible 
to replicate all aspects observed physiologically in tumors, 
such as the diversity in cellular population, ECM compounds 
and interactions in a three-dimensional (3D) environment (14). 
Therefore, information obtained from these 2D models should 
be interpreted with caution and extensively confirmed. In 
order to overcome these limitations, animal models have 
been used (14). In these, certain deficiencies that arise from 
2D culture of cell lines are resolved; however, other points 
must be considered, such as the low or absent expression of 
specific biomarkers observed in human BC, that mean that 
they are cannot fully recapitulate the human disease.

Although the tumor niche is highly complex, its recapitula-
tion in new models may improve understanding of the roles 
that its components serve in leading to tumor progression 
and metastasis. In vitro 3D models are proposed to address 
some of these issues, such as the 3D conditions and interac-
tions with ECM, thus developing cellular conditions closer 
to those observed in vivo (15). In addition, under 3D condi-
tions, stromal cells can be added in physiologically relevant 
proportions to the culture to mimic the cellular composition 
observed in vivo (15). The advantages of these approaches for 
displaying tumor characteristics have been demonstrated. For 
example, tumor cells in 3D models exhibit greater resistance 
to drugs and invasive ability compared with those cultured 
under 2D conditions (16,17). The present review explores 
the application of these 3D models to study BC, discussing 
spheroid models, organ-on-a-chip models, hydrogel models 
and bio-printed models in particular. To easily consult the 
applications of each model, a brief summary of them and their 
advantages and disadvantages is presented in Table I.

2. Spheroid models

Spheroids or mammospheres, depending on whether they derive 
from BC tumor cells or BC cell lines, are micro-scale 3D models 
characterized by their ability to form spherical aggregates of cells 
by auto-assembly (radii, 100-600 µm) (18-20). Spheroids display 
several features observed in tumors, such as a central necrotic 
core surrounded by quiescent viable cells and, in the outer layer, a 
coat of actively proliferating cells (Fig. 1A) (18). In these models, 
other tumoral features have been observed, such as gradients 
of pH, oxygen and metabolic compounds (Fig. 1A) (21), and, in 
some cases, micrometastases (22). Nevertheless, the major incon-
venience that these models involve is that they are expensive, and 
their production is time-consuming.

At present, there are several methods for producing 
mammospheres in order to allow for cellular growth in 
suspension or embedded in a 3D matrix, including the hanging 
drop method (23). In this method, drops of media containing 
cells are seeded on the lids of culture plate. To increase the 
thickness of the media, a viscous component is usually added. 
Then, the cells are cultured in an upside-down position to 
promote cell aggregation and the formation of spheroids by 
gravity (21). Although this method is simple and inexpensive, a 
rigorous standardization process is necessary (24). Using this 
method, it was demonstrated that, in spheroids developed from 
MCF-7, BT474 and trastuzumab-resistant BT474 cells, hypoxia 

regulates resistance to trastuzumab through an increase in BC 
stem cells and the expression of HER2 (25). This approach 
has also been adapted for high-throughput screening using 
3D printing methodology (26). An alternative method for 
producing mammospheres involves cell culture in spinner 
flasks. In this method, a cell suspension is cultured under 
continuous agitation to prevent adhesion to the flask, allowing 
cell-cell attachment and the formation of spheroids (19,20). 
The advantage of this method lies in the production of 
mammospheres on a large scale, but specialized equipment 
is required, and the experimental conditions need to be stan-
dardized to avoid cell damage, and variation in spheroid size 
and shape (21). Another approach is the liquid overlay tech-
nique (23). In this method, cells are seeded in round-bottomed 
well plates pre-coated with agarose or polyethylene glycol 
(PEG) to create a non-adherent substrate. These conditions 
encourage cellular aggregation, avoiding their attachment to 
the surface of the plate (21,23,27). Currently, this is one of the 
most widely used methods to develop mammospheres. Using 
this approach, the important role of cellular communication 
during sphere growth, differentiation and collective invasion 
was demonstrated (28). Additionally, the impact of tumor 
stiffness on metastasis was recently demonstrated (29); in 
spheroids from MDA-MB-231 cells seeded in high-stiffness 
scaffolds, a low invasive capability was observed, but cells 
with high amounts of actin-enriched protrusions and high 
levels of Mena protein were also observed. These elevated 
levels of Mena were in turn associated with remodeling of the 
fibronectin matrix to promote cell migration (29).

Different stages of BC invasion have been studied using 
spheroid models. The process of breaching the basement 
membrane by BC cells and subsequent invasion of the ECM 
were studied in spheroids from non-tumor MCF10A cells and 
malignant MCF10A-HRas cells surrounded with basement 
membrane proteins, seeded within a collagen matrix intended 
to replicate the ECM (30). Under these conditions, it was 
shown that the basement membrane prevents the invasion of 
non-tumor cells; conversely, tumor cells were able to breach this 
membrane and invade the surrounding matrix. Furthermore, in 
malignant cells, although invasive abilities were independent 
of matrix-degrading enzymes, the breaching of the basement 
membrane was a completely enzyme-dependent process (30). 
Additionally, the responses to chemotherapeutic agents under 3D 
conditions have been evaluated. In non-proliferative SUM1315 
spheroids and in proliferative MDA-MB-231 spheroids, a less 
sensitive response was observed to cisplatin, docetaxel and 
epirubicin compared with 2D cell cultures (31). An important 
point to be considered during spheroid implementation is that 
sphere size affects the nutrient distribution in the model core, 
consequently diminishing cellular growth and response (32). In 
order to address this, several studies have been conducted. For 
example, comparison of several procedures to develop spheroids 
revealed that the liquid overlay technique is an efficient tool to 
generate uniform mammospheres from the commonly used 
BC cell lines, MCF-7 and MDA-MB-213 (19); additionally, 
this methodology permitted the development of co-cultures 
with human fibroblasts (33). The major disadvantages with this 
approach concern the implementation of the proper parameters 
required during cultivation and the acquisition of a sufficient 
skill level to ensure a regular size and shape in the spheroids (34).
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As previously mentioned, the main obstacle in the imple-
mentation of spheroid technology lies in the difficulty to make 
the size and shape of the spheres consistently reproducible. 
Previous studies showed that small spheroids (diameter, 
100-300 µm) lose oxygen, nutrient and biochemical compound 
gradients; as a result, they also lose the hypoxic core (35,36). 
Conversely, large spheroids (diameter, 500-1,000 µm) 
frequently exhibits extensive necrotic cores due to the lack 
of nutrients and stimuli, rendering their biological relevance 
questionable (33,37). Additionally, the analysis of these large 
spheroids using conventional microscopy tools is compli-
cated (37). Spheroids of medium size (diameter, 300-500 µm) 
exhibit an equilibrium between the biological signatures 
of tumors, and their study using conventional tools is also 
viable (38). Therefore, methods have been developed that 
attempt to generate spheroids of optimal size in a more consis-
tent, efficient and scalable manner. Among these methods, the 
magnetic levitation method inserts magnetic nanoparticles 
into the cells for assembling 3D models (39). These models 
allow the formation of spheroids from single-tumor BC cell 
lines such as MDA-MB-231, Hs785bst and Hs371.t, or their 
co‑cultivation with human pulmonary fibroblast cell lines such 
as SUM159 (40) and, cells from patient-derived xenografts 
(PDXs) (41). In all these models, preservation of tissue archi-
tecture and the expression profile of key biomarkers from the 
original tissue was observed (40,41). A major advantage of this 
approach that it is important to emphasize is its capability to 
develop spheroids in a short period of time; however, in terms 
of challenges concerning its implementation, it is important 
to mention that specialized instrumentation and particular 
laboratory skills are required (42).

3D printing is another approach used to develop mammo-
spheres (43), involving the incorporation of living cells within 
biomaterials via the use of robotic manufacturing to provide 
control over cell distribution (44). For example, using the 
laser-direct writing bio-printing approach, spheroids were 
constructed of MDA-MB-231 cells (45); this approach enabled 
control of the size, spatial placement and overall geometry of 
the aggregate. Another example is the use of 96-well magnetic 
bio-printed plates (41). In this method, PDX-derived cells 
were coated with a nanoparticle assembly of iron oxide and 
iron nanoparticles cross‑linked with poly‑L‑lysine; then, the 
formation of spheroids was conducted via cell seeding under 
a magnetic field in the 96‑well magnetic bio‑printed plates, 
a method that has been successfully employed as preclinical 
platform for high-throughput drug screening (41). Finally, 
another methodology to develop mammospheres involves the 
use of an aqueous two-phase system in which two hydrophilic 
solutions are mixed to entrap the cells into drops of a more 
hydrophilic phase. The usefulness of this method to develop 
spheroids was showed in MDA‑MB‑157 cells (46). Likewise, 
to form spheroids, MDA-MB-231 cells were absorbed into 
drops of aqueous dextran; subsequently, these drops were 
immersed in PEG and culture medium to ensure free diffusion 
of nutrients and the removal of waste between both phases. 
These spheroids displayed a standardized size and the typical 
features of solid tumors, such as compact morphology, hypoxia 
and ECM deposition (47,48). In addition, they were also 
successfully used as models in the high-throughput screening 
of chemotherapeutics and molecular inhibitors (49,50).
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In conclusion, the features observed in organoids, such as 
a necrotic core surrounded by quiescent cells and a coat of 
actively proliferating cells, enable study of the early stages of 
tumor progression. The presence of gradients of pH, oxygen 
and metabolic compounds, and micrometastases provide 
the possibility for the high-throughput screening of chemo-
therapeutics and molecular inhibitors. However, for this, it is 
necessary to resolve technical challenges, such as the develop-
ment of approaches to produce organoids on a large scale and 
consistently. At present, there are several systems to produce 
these and the application of novel techniques could allow, 
within a few years, the production of these models on a large 
scale.

3. Organ‑on‑a‑chip models

A combination of microfabrication approaches, such as soft 
lithography, molding and micromachining techniques, has been 
biologically adapted to develop microfluidic 3D devices (51,52). 
These models are constructed primarily with optically clear 
plastic, glass or flexible polymers such as polydimethylsi-
loxane (PDMS) (53). As a result of developing micropatterned 
surfaces, tumor configuration and microenvironmental cues 
are reproduced in the 3D conditions, supporting the accurate 
arrangement of cells. The major advantage of these chips over 
static models is through the manipulation of microfluidic 
amounts of fluids and living cells via channels with dimen-
sions of hundreds of µm that mimic tumor cell distributions, as 
well as the gradients of nutrients and factors (54,55). Despite 
the great advantages shown by microfluidic chips, there are 
certain limitations that should be considered in terms of their 
implementation. First, their standardization requires qualified 
personnel for their design and use. Second, PDMS, which is 
the material most commonly utilized for chip construction, is 
able to absorb small hydrophobic molecules, resulting in inter-
ference in certain studies on drug screening (56). Finally, the 
use of spheroids‑on‑chips results in difficulties in providing 
long-term cultures (24).

At present, different aspects of the behavior of BC tumors 
have been evaluated using organ-on-a-chip models. For 
example, the early stages of BC tumors have been explored. 
Using these chips, co-culture of breast tumor spheroids with 
human mammary ductal epithelial cells and mammary 
fibroblasts in a compartmentalized 3D microfluidic device 
was successfully implemented (Fig. 1B) (57). This design 
consists of upper and lower microchannels separated by a 
thin ECM-derived membrane (Fig. 1B). On the upper side of 
the membrane, mammary epithelial cells and spheroids were 
seeded. On the lower side of the membrane, a stromal layer 
was added that contained mammary fibroblasts. Both cham-
bers were permanently infused with culture medium (Fig. 1B). 
This chip was able to recapitulate the general aspects of the 
mammary duct and of ductal mammary carcinoma, and also 
allowed the study of anticancer drugs and their effects on 
proliferation and invasion (57).

Additionally, the impact of the microenvironment has been 
studied in terms of growth and progression in other models. 
For example, the co‑culture of mammary fibroblasts and T47D 
human BC cells with different ECM proteins (collagen, fibro-
nectin and laminin) showed that fibroblasts and high amounts 

of fibronectin stimulate the growth of tumor cells (58). In 
addition, in a cell panel of BC cells, it was determined that 
microenvironmental signals promote the ligand-indepen-
dent activation of ERα (59). Furthermore, by means of a 
multi-culture device, BC cells, macrophages and stromal cells 
were co-cultured, and it was determined that cellular interac-
tions altered gene expression in all of the evaluated cells (60). 
Another important aspect studied using micro-chip models 
is the epithelial-mesenchymal transition of BC cells. This is 
a cellular process normally observed during embryogenesis; 
however, during tumor progression, this process leads to 
the loss of cell-cell and cell-ECM interactions following 
the activation of specific genes, promoting a mesenchymal 
phenotype with high metastatic potential and resistance to 
therapeutic drugs (61). To investigate this process, a chip with 
two microfluidic channels separated by a thick matrix layer 
was employed (Fig. 1C) (62,63). In this device, MDA-MB-231 
were seeded into the upper channel. Then, they were attracted 
toward the matrix layer to the lower channel (Fig. 1C). By 
using this microfluidic system, it was determined that cells 
not expressing E-cadherin (MDA-MB-231) invaded mostly as 
single cells, whilst cells with normal E-cadherin expression 
(MCF-7) collectively invaded (63).

In addition, migration and invasion processes have also been 
studied using organ-on-a-chip tools (64). Through the use of a 
multifluidic platform, a physical interaction was demonstrated 
between metastatic BC cells and an endothelial monolayer that 
facilitated tumor invasion through a collagen type I gel (65). In 
two parallel microfluidic channels, a co‑culture was evaluated 
comprising human umbilical vein endothelial cells (HUVECs) 
as an endothelial layer and MCF-10A, MCF-7 or MDA-MB-231 
cells as epithelial cells (66). In this system, a higher migration 
profile was observed for MDA‑MB‑231 cells compared with 
MCF‑10A and MCF‑7 cells, with a lack of movement from 
HUVEC cells. The system also was proposed as a tool to study 
the interaction between endothelial and epithelial layers and 
their effects during cell migration and invasion. Additionally, 
the interaction between tumor cells and immunological cells 
was evaluated using a microfluidic 3D migration assay (67), 
which reported that macrophages promoted an increase in the 
speed and persistence of cancer cell migration.

The establishment of models to study the intravasation 
of BC cells into blood capillaries has been challenging. To 
address this, microfluidic approaches have been used. For 
example, in a microfluidic system consisting of concentric 
layers containing BC cells and vascular networks formed by 
HUVECs, it was demonstrated that only the highly metastatic 
MDA-MB-231 cell line, and not the less invasive MCF-7 cell 
line, was able to either enhance invasion or intravasation, or to 
increase vascular permeability (Fig. 1D) (68). Similar results 
were observed in the co-culture of primary human BC cells 
and the vascular network; the permeability of the vessels was 
significantly increased in response to tumor cells or tumor 
cell-conditioned medium (69). Furthermore, these models have 
been utilized to study BC cell responses against anticancer 
therapies (70).

In brief, the greatest advantage of these models is their 
small size, allowing the use of smaller sample sizes and 
reagent volumes. As a result, they have high reproducibility 
and capacity for large-scale production. Additionally, their 
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design permits the study of specific stages of BC development, 
employing single cells or the co-culture of cell lines under 
controlled conditions. By the use of these models, the study of 
BC cell interactions with vascular networks, endothelial and 
epithelial cells has been possible, along with the study of ECM 
components during tumor metastasis, invasion or angiogenesis.

4. Hydrogel models

Hydrogel models are scaffolds that reproduce a simplified 
tumor microenvironment to understand tumor behavior (71). 
These platforms are fabricated with a naturally derived 
hydrogel, such as collagen (72,73), fibrin (74) or reconstituted 
basement membrane (Matrigel) (75,76). The advantages of 
hydrogel models include low toxicity, biocompatibility, the 
promotion of cell attachment and proliferation, and the display 
of tumor cues for cell migration (71). However, as in all of 
the models, they demonstrate limitations, such as mechanical 
weakness under certain culture conditions.

The biological relevance of 3D-based scaffold models 
made with natural hydrogels has been investigated. 
Comparisons between 2D and 3D conditions reveal that, 
although ERα protein was expressed in a 3D collagen-scaffold 
model maintained in hypoxia, these molecules were downreg-
ulated in 2D models under the same hypoxic conditions (77). 
Additionally, scaffolds comprised of polycaprolactone (PCL), 

a biocompatible polymer, exhibit an increase in cancer 
stem cell populations under 3D conditions (78). These data 
demonstrate the effects of culture environment on cellular 
response and indicate that 3D models mimic in vivo condi-
tions. Naturally-derived hydrogels have been employed to 
evaluate novel behaviors of BC cells. For example, in order to 
study the complex interactions between BC cells and stroma, 
human fibroblasts were seeded on a Petri dish pre‑coated with 
collagen. Above this layer, a mix of Matrigel + MDA-MB-231 
cells was added (Fig. 2A) (79). This collagen-Matrigel 
scaffold demonstrated that MDA-MB-231 cells and human 
fibroblasts interact by the release of soluble factors secreted 
by tumor cells (79), which promotes alterations in fibroblast 
shape, motility and gene expression. In a reciprocal manner, 
fibroblasts release soluble factors that accelerate BC cell 
aggregation (Fig. 2A) (79). These data emphasize the impor-
tant role of the stroma on tumor growth.

Another study evaluated the interaction between 
MC3T3-E1 pre-osteoblasts and MDA-MB-231 tumor cells 
in a dense 3D collagenous environment (cellularized scaffold 
from rat tail collagen) (80). Under these co-culture conditions, 
BC cells promote MC3T3-E1 differentiation into osteoblasts, 
reducing the mineralization of the osteoblast-mediated 
media, which is hypothesized to result in promoted bone 
resorption. Similarly, in a 3D scaffold model developed by a 
collagen-glycosaminoglycan combination, it was demonstrated 

Figure 1. Schematic representation of 3D models employed to study BC. (A) Schematic of spheroid models, spherical aggregates of cells with tumor features, 
such as a central necrotic core surrounded by quiescent viable cells and a coat of actively proliferating cells. Additionally, as in tumors, gradients of pH, oxygen 
and metabolic compounds are observed. These models are used to study early-stage breast cancer. (B) Schematic of an organ-on-a-chip model: A 3D compart-
mentalized microfluidic device with an upper channel and a lower channel, separated by an ECM‑derived membrane. Above this membrane, mammary 
epithelial cells and spheroids are cultivated. A stromal layer and mammary fibroblasts are added in the lower channel. This chip is able to recapitulate the 
general aspects of mammary ducts and ductal carcinoma. (C) 3D microfluidic device compartmentalized into two microfluidic channels separated by two thick 
matrix layers. In the upper channel, BC cells such as MDA-MB-231 or MCF-7 cells are seeded. In the lower channel, chemo-attractants are added. This model 
is employed to study epithelial‑mesenchymal transition. (D) Microfluidic system consisting of concentric layers containing tumor cells, a stromal region and 
vascular cells, used to study the intravasation of BC cells into the blood capillaries. Liquid flow into the upper channel is represented by dashed arrowheads. 
Liquid flow into the lower channel is represented by solid arrowheads. BC, breast cancer; ECM, extracellular matrix; 3D, three‑dimensional.
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that the murine mammary adenocarcinoma 4T1 cell line was 
able to mineralize under appropriate conditions (80). These 
findings support the hypothesis that BC cells possess the ability 
to osteomimitize in order to promote metastasis into the bone 
microenvironment (81) and alter the bone microenvironment 
for survival. Additionally, the importance of collagen fibers, 
independent of matrix stiffness during tumor cell invasion, 

was revealed using collagen scaffolds and MDA-MB-231 
cells (82). Although this observation was previously postulated 
following observation of human samples (83,84), it was verified 
in a 3D model. Furthermore, the importance of substrate fibers 
in promoting cell migration was shown. This was studied in 
3D scaffolds comprising Matrigel, collagen type I and porcine 
ECM-derived tissue matrix gel (TMG). Comparison of these 

Figure 2. Schematic representation of additional 3D models employed to study BC. (A) 3D-based scaffold fabricated with naturally derived hydrogel 
(collagen + Matrigel). Human fibroblasts are seeded above the collagen layer; above these, a mix of Matrigel and BC cells are added. The interaction between 
tumor cells and fibroblasts has been studied using this system. (B) 3D‑based scaffold fabricated with a synthetic hydrogel. In this case, the matrix contains PEG 
monomers, linked with matrix metalloproteinase‑cleavable sequences. To improve cell adhesion, proliferation and migration, the integrin‑binding amino acid 
sequence is added. This model has been utilized to demonstrate the biological relevance of the synthetic hydrogel. (C) Inkjet bio‑printing method promotes 
the formation of droplets of bioink via thermal or piezoelectric processes. The resulting microbubbles are deposited onto a substrate to print the desired 
pattern. (D) Micro-extrusion bio-printing is a pressure-driven technology to produce a continuous stream of material directly deposited onto the substrate. 
(E) Laser-assisted bio-printing is a method that uses laser energy to vaporize a thin layer of metal and eject the biomaterial in droplets. (F) Stereolithographic 
bio-printing involves the photopolymerization of liquid photopolymers via irradiation with ultraviolet, infrared or visible light. BC, breast cancer; 3D, 
three-dimensional; PEG, polyethylene glycol.
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hydrogels revealed that in collagen and TMG matrix, in which 
there were high amounts of fibers, MDA‑MB‑231 cells exhib-
ited more cellular protrusions, which could be associated with 
their invasive properties (82).

As mentioned above, the use of natural hydrogels has 
certain limitations. To counteract this, chemical hydrogels 
have been developed (85). Among them, the most used in 
tumor research are PEG, poly(lactic acid), poly(glycolic acid) 
and poly(lactic-co-glycolic acid) (PLGA) (86). One important 
characteristic displayed by these models is their ability to repro-
duce 3D tumor environment properties, such as adhesiveness, 
degradable components and the diffusion of chemoattractant 
molecules. Thus, they can be designed as modular settings 
containing peptide sequences or protein domains in the 
hydrogel backbone; for example, the PEG monomer, (8‑arm 
star PEG‑norbornene), incorporates a cross‑linker sequence 
and cell-adhesion domains (Fig. 2B) (87). Adhesion domains 
utilize biological molecules such as the integrin-binding amino 
acid sequence (RGD motif), which more effectively reproduce 
tumor aspects such as cellular proliferation, adhesion and 
migration (Fig. 2B) (88,89). Other cell adhesion molecules 
that are utilized include fibronectin/vitronectin (RGDS 
motif), collagen (GFOGER motif) and laminin (IKVAV 
motif) combined with PEG to develop scaffolds with different 
matrix densities (90). The successful proliferation of the 
MDA-MB-231 and T47D cell lines was observed using these 
molecules; the cell lines responded distinctly according to the 
synthetic matrix employed (90). Finally, cross‑linker sequences 
such as the matrix metalloproteinase-cleavable sequences 
(KCGGPQGIAGQGCK-NH2) can be added to permit cell 
invasion (Fig. 2B) (87). Recently, the biological relevance of 
chemical hydrogels such as PEG in terms of reproducing the 
effects of natural hydrogels such as collagen and Matrigel was 
evaluated (87). It was shown using the MCF-7 cell line that 
PEG hydrogels exhibit similar performance compared with 
collagen and Matrigel scaffolds, rendering them suitable for use 
in cell culture experiments (87). Additionally, MDA-MB-231 
and MCF-7 cells recently exhibited their ability to grow on 
both natural hydrogels, such as a 1% alginate scaffold, and 
synthetic matrices, such as a thiol-modified hyaluronan 
(HA‑SH cross‑linked with PEGDA) device (91).

Additionally, 3D porous scaffolds from synthetic polymers 
have demonstrated their utility for mimicking tumor condi-
tions (92,93). For example, in a 3D porous PCL scaffold model, 
it was demonstrated that MDA-MB-231 cells exhibit enhanced 
proliferation and a significant increase in the expression of 
genes associated with BC metastasis, tissue remodeling and 
cancer inflammation, indicating the recreation of in vivo condi-
tions in the 3D model (94). Similarly, in 3D scaffolds made 
from PCL, it has been observed that the 3D microenviron-
ment promotes the cell dormancy of chemoresistant BC cells 
compared with cells cultured under 2D conditions (95). Finally, 
it was reported that MDA-MB-231 cells seeded in PLGA and 
PCL porous scaffolds exhibited increased expression of ECM 
receptors and reduced sensitivity to 4-hydroxytamoxifen treat-
ment compared with cells cultured under 2D conditions (96).

In conclusion, these hydrogel models have opened the 
possibility to study the cellular response of single tumor cells 
and stroma cells to specific environments. Additionally, they 
have been used to evaluate how this cellular communication 

promotes tumor growth, invasion, metastasis and changes 
in the microenvironment in order for them to colonize and 
survive in new tissues.

5. Bio‑printing models

In bio-printing models, 3D bio-printing technologies are 
used to create complex structures (97). In them, 2D layers 
of biomaterials or bioinks, which are printable hydrogels 
with living cell encapsulation, are sequentially printed 
to form a 3D scaffold (98). Currently, the most common 
methods of bio‑printing employed in Biology include inkjet 
printing (99,100), micro-extrusion printing (101), laser-assisted 
printing (102) and stereolithographic printing (103). For all of 
these, their principal advantage is their ability to reproduce 
high-resolution 3D structures that recreate the complex tumor 
environment. However, at present, there are specific challenges 
that should be resolved for each method, such as cell viability, 
resolution and print fidelity; in addition, the bioink selected 
and its concentration are also important points that impact the 
printing characteristics. The specific properties, advantages 
and disadvantages of each method are covered below.

In the inkjet printing method, the biomaterial that contains 
the cells is vaporized into microbubbles via a thermal process 
(a heated element is used to form droplets) or a piezoelectric 
process (acoustic waves are used to eject droplets), and they are 
deposited to print the desired pattern (Fig. 2C) (97,104,105). 
This method has several advantages, such as high resolution 
(~50 µm), the capacity to replicate complex biological struc-
tures and high cell viability (97). Its principal disadvantage is 
its inability to print large-scale scaffolds; in addition, the use 
of viscous bioinks represents a challenge (106).

Micro-extrusion printing is a pressure-driven technology 
that is connected with nozzles or needles to cartridges loaded 
with bioink (Fig. 2D). In this method, the biomaterial is driven 
by pneumatic or mechanical pressure to produce a continuous 
stream of material that is directly deposited onto the substrate 
(Fig. 2D) (107). Some advantages include the ability of this 
method to print high cell densities in viscous biomaterials and 
the possibility of using multiple cartridges to print heterog-
enous structures with several types of cells (101,107). Notable 
drawbacks include a reduced resolution in comparison with 
inkjet printing (~100 µm) (97), the possible distortion of cell 
structures and the loss of cellular viability due to the force 
used to expel the biomaterial (107,108).

In the laser-assisted approach, laser energy is used to 
vaporize a thin layer of metal and eject the biomaterial in 
droplets. In brief, the procedure consists of three steps. In the 
first of these, a laser source is focused on a laser‑absorbing 
support called the ribbon. In this ribbon, there are three layers: 
A transparent glass support, a thin layer of metal and the 
layer of bioink containing cells (Fig. 2E) (97). In the second 
step, the metal layer is vaporized by laser pulses to release 
bioink droplets. In the third step, the free droplets containing 
the cells are printed on the receiving slide (Fig. 2E) (106). 
The major advantages shown for this methodology are a high 
cellular viability (97) and a high resolution for printing 3D 
models (10-50 µm) (109). However, there are some limitations 
to consider for its implementation. For example, during the 
fabrication process, rigorous standardization is necessary to 
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minimize the possibility of over-drying of the sample by the 
laser power, and to adjust the distance between the ribbon and 
receiving slide (102). Another important point to bear in mind 
is the high cost of the required equipment (104).

Stereolithographic printing is the oldest technique of 
bio-printing that exists (110). In this approach, a liquid photo-
polymer or photoinitiator is irradiated with ultraviolet (UV), 
infrared or visible light to promote its photopolymerization 
(Fig. 2F). The 3D scaffold is formed by stacking all of the 
solidified layers via a layer-by layer process (layer heights 
ranging from 25-200 µm) (Fig. 2F) (106,111) The resolution for 
this method ranges from 5-300 µm and is dictated by the light 
source (112). In terms of advantages, the limitations observed 
using other printing methods resulting from the bioink viscosity 
are avoided. Additionally, the fabrication speed of 3D scaffolds 
using this method is fast, which can provide high-resolution 
molds, and eliminate the distortion of cell structures and the loss 
of cellular viability observed using micro-extrusion printing. 
However, there are some disadvantages, such as the difficulty in 
fabricating using multimaterial structures (112). Another point 
to consider is the illumination source; when the modeling of 
the 3D structures employs UV or laser light, it can affect the 
cells and introduce mutations in them. To eliminate the harmful 
effects of this radiation, it is possible to employ this method 
using visible light, allowing the manufacturing of 3D scaffolds 
containing cells throughout the polymer resin (113). Also, the 
selection of the concentration of the photoinitiator is a critical 
point, as the amount of this element defines the stiffness and 
matrix density of the scaffold; however, a high concentration 
may induce cytotoxic effects (97).

Biomaterials or bioinks employed in bio‑printing are hydro-
gels that protect the cells during the printing process and also 
reproduce the ECM environment to support cellular functions 
such as cell viability, proliferation and morphology. The type 
of bioink selected will exert an important effect on the 3D scaf-
fold structure, and certain properties, such as viscosity, gelation 
and cross‑linking capabilities, must be considered prior to its 
selection (97). In general, two types of biomaterials are utilized 
to produce 3D platforms: Natural polymers and synthetic poly-
mers (110). Among the natural substrates used are alginate (114), 
collagen (115), fibrin (116), gelatin and hyaluronic acid (117). 
Some examples of synthetic polymers include PCL, PEG, PLGA 
and Poloxamer 407 (110). Of note, natural polymers are the most 
frequently used bioink due to their biological compatibility (118).

The implementation of micro-extrusion printing has 
allowed for the successful co-culture of mesenchymal stem 
cells and MDA‑MB‑231 cells in bioinks comprised of alginate 
and highly hydrated cellulose in order to explore the commu-
nication between these cells (119). Additionally, through the 
implementation of bio-printing, organoids from MCF-7 and 
MDA-MB-468 tumor cells, as well as MCF-12A non-tumor 
cells, have been generated using a novel human-derived breast 
hydrogel (120).

These systems also permit the study of microenvironmental 
effects on tumor progression; however, to our knowledge, there 
are few works at present that employ this method to study 
BC. Nevertheless, it is predicted that their implementation in 
upcoming years will provide new data concerning the progres-
sion of BC, facilitating the development of new and more 
effective therapies.

6. Conclusions

Present understanding of the development of BC derives 
from studies conducted in patients and animal models, or 
from the culture of cell lines under 2D conditions. Although 
the information obtained from these studies has been very 
important, each method and model exhibits limitations. To 
generate solutions for these challenges, novel 3D models 
have been developed. In these, various aspects observed 
under in vivo conditions have been recapitulated, such as 
interactions between tumor cells and the stroma, as well as 
the presence of the ECM and 3D environment. These partic-
ularities have rendered possible the study of novel aspects 
of BC progression under standardized conditions. However, 
their regular implementation requires the resolution of some 
important points. For example, in spheroid models, the lack 
of vascularization limits their use as a model of the genesis of 
tumors, although not the later stages of tumor development. 
Concerning organ-on-a-chip and hydrogel models, these 
have a well-organized spatial distribution of tumor cells and 
ECM components, but their implementation reproduces only 
one specific point in tumor progression. Finally, the imple-
mentation of bio-printing methods depends upon resolving 
several technical challenges, such as improvements in bioink 
materials and cell-seeding conditions.

Advances concerning present knowledge of BC progres-
sion require the use of 3D models and improved laboratory 
skills. Additionally, it is necessary to improve these models 
to allow their regular use, as well as to improve their ability 
to reflect the complexity of the tumor microenvironment 
and increase knowledge of cancer biology. To resolve these 
limitations, interdisciplinary work between various areas 
of science will be necessary. These improvements without 
doubt will be an important step for the development of 
more efficient therapeutic strategies. Based on current 
understanding of 3D models, it is predicted that in the near 
future, it will be possible, for example, to combine two or 
more conventional 3D tumor models, such as organoids 
contained in microfluidic devices or bio‑printed scaffolds, 
raising the possibility of even more complex models that 
will be able to recapitulate complex cell-ECM interactions 
and tumor compartmentalization and further understanding 
BC.
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