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ABSTRACT 

 

Tumor angiogenesis is critical for tumor growth and metastasis, but so far little is known 

about the role that vascular cells play in the tumor microenvironment. The use of tissue 

engineering strategies for the development of in vitro 3D models of vascularized tumors 

has been providing cancer research with better tools for dissecting the tumor 

microenvironment in biologically relevant settings. They also afford useful platforms for 

more effectively screening of potential anti-cancer therapeutics. 

The aim of this work was to develop a sophisticated 3D tri-culture platform combining 

hydrogel-embedded breast epithelial cells with a vascularized porous scaffold.  

The first part of the thesis, focused on the development of alginate-based porous 3D 

scaffolds, which were seeded with outgrowth endothelial cells (OECs) and fibroblasts. 

After optimization of the structural characteristics of the scaffolds and the cell culture set-

up, it was possible to promote the deposition of abundant amounts of endogenous 

extracellular matrix, along with the formation of endothelial vascular-like structures. 

In the second part, another 3D in vitro model was developed, which was based on the 

entrapment of human mammary epithelial cells within RGD-alginate hydrogel matrices. 

This system provided a simple, yet biologically meaningful, cellular microenvironment, 

where cell-matrix interactions could be modulated in a systematic way. Three different 

human breast epithelial cells with distinct metastatic capacities were studied in this 3D 

microenvironment, namely for their ability to form spheroids and undergo 

normal/abnormal epithelial morphogenesis. 

Finally, in the last part of the thesis, a 3D heterotopic model was developed, by combining 

the two previous models, i.e. the vascularized porous scaffold and the breast epithelial 

cells-laden hydrogels. Although the experiments performed in this final part of the thesis 

are still very preliminary, it was possible to detect the formation of epithelial cell spheroids 

within vascularized scaffolds. In the future, this in vitro platform is expected to provide a 

valuable tool to improve current knowledge on the role of vascularization on cancer 

dissemination, which may help in the identification of putative targets for more effective 

anti-cancer therapies.  
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INTRODUCTION 

 
1. General introduction 

 

Breast cancer is a leading cause of cancer death in women worldwide1. Despite some 

improvements in cancer diagnosis and treatment, metastatic disease remains a major 

obstacle for effective treatment. During metastatic dissemination, cancer cells pass 

through a series of complex steps including the establishment of tumor-associated 

vascularization. Recently, studies have suggested that tumor vascularization involves 

not only angiogenesis (vessel sprouting from pre-existing vessels2,3), but also alternative 

mechanisms such as vasculogenesis (recruitment of endothelial progenitor cells, EPCs 

from bone marrow4). Attempts to mimic tumor-vasculature in vitro by means of co-culture 

with endothelial cells (EC) have shown limited success until now. Also, traditional two-

dimensional (2D) cell cultures represent reductionist models, being currently recognized 

that cells behave more physiologically when cultured three-dimensionally (3D), where 

key cell-matrix interactions can be partially recreated. Therefore, a current challenge is 

the development of 3D models to study tumor angiogenesis, by replicating intricate 

tumor-vasculature crosstalk using tissue engineering tools. Current approaches aim to 

reduce the complexity associated with in vivo models, while incorporating a number of 

elements of the tumor microenvironment that are considered to be relevant enough to 

mimic specific tumor and associate cell-cell and cell-matrix interactions (Fig. 1).  

In this context, further improvements of 3D culture systems, particularly the development 

of innovative heterotypic co-culture strategies and easily tunable 3D scaffolds, will be 

invaluable in accurately representing cancer progression and in testing novel therapeutic 

strategies within a biologically relevant setting.  
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2. Life isn’t flat: 2D versus 3D models   

 

The tumor microenvironment (TME) plays an significant role in tumor progression5–9. In 

the case of breast cancer cells, it is involved on malignant growth, loss of epithelial 

polarity and disorganization of normal cellular architecture in the breast tissue10–12. 

Most cancer models use complex in vivo models or 2D monolayer cultures that do not 

fully mimic the TME. For many years, cancer researchers have relied on 2D monolayer 

culture studies and small animal models to investigate the complex tumorigenic 

mechanisms of angiogenesis, invasion and metastasis. Although 2D biology studies 

have provided extensive fundamental knowledge on cancer cell biology, they lack the 

structural architecture for proper cell-cell and cell-matrix interactions and are not able to 

replicate an in vivo phenotype13,14. Other restriction of 2D models is that cells form a 

monolayer of polarized cells with only one side of their surface area attached to the 

substrate, while the remaining surface is exposed to the culture medium. Hence cells are 

limited to their planar and spread morphology which can lead to the loss of some tissue-

specific functions15,16. Multiple studies have used small animal models in cancer 

research, since those are able to better replicate architectural and physiological aspects 

of cancer biology, as compared to in vitro models, but even the best animal models might 

show to be inadequate in their ability to mimic human host-tumor biology. In fact, major 

limitations of animal models are related to the considerable differences between cancer 

Figure 1 - Overview of current approaches to study tumor angiogenesis. Adapted from 

Roudsari et al. (2015)166. 
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development and progression in humans and animals. For instance, animal models do 

not recapitulate human-specific features relating to tumors, namely autoimmune 

conditions, specific patterns of stem cell differentiation and tumoral responses to 

therapeutic drugs17. As such, the paradigm has been changing, and increasing numbers 

of cancer studies are now being performed using 3D culture models, which somehow fill 

the gap between the simplicity of 2D in vitro models and the complexity of in vivo animal 

models. Such models attempt to recapitulate the tumor biology at multiple levels, which 

includes specific tumor cell activities and gene signatures, the phenotypic heterogeneity 

of the population and, importantly, the TME. The later should ideally include matrix-

related biochemical and biophysical cues and non-tumoral cell populations.  

Table 1 summarizes some of the key differences between 2D and 3D cell culture 

systems. Several studies have shown that the distinct gene expression profiles of cells 

cultured in 2D vs. 3D translate into different cellular behavior, namely in terms of 

morphology18,19, proliferation20–22, and drug sensitivity23,24 , where cells in 3D present a 

more in vivo-like behavior. For example, while malignant (T4-2) and non-malignant (S-

1) HMT-3522 breast cells present a similar morphology in 2D culture, they behave very 

differently when cultured in 3D18. S-1 cells grown in a 3D basement membrane organized 

into polarized, acini-like structures that are analogous in morphology to those found in 

healthy breast tissue in vivo. In contrast to non-malignant cells, the T4-2 cells formed 

disorganized, abnormal masses that resembled tumor cell aggregates in vivo. Both S-1 

and T4-2 cells cultured in 3D underwent concomitant down-regulation of epidermal 

growth factor (EGFR) and β1-integrin when treated with antibody-based inhibitors of 

these receptors. T4-2 cells underwent growth-arrestment, losing their abnormal structure 

and reverted to a normal phenotype and morphology analogous to non-malignant cells, 

whereas S-1 cells underwent apoptosis18,25. On the other hand, no down-regulation or 

growth arrest were noticed when T4-2 cells were cultured 2D and treated with the same 

antibodies25. This study illustrates the different behavior that cells may present under 2D 

vs. 3D cultures and emphasizes the importance of the microenvironment in dictating cell 

fate and response. 

In addition to cell morphology and organization, differences in cells’ proliferative capacity 

when cultured in 2D as compared to 3D microenvironment have also been reported, 

being cell type and matrix dependent. A diversity of cell lines showed reduced 

proliferation rate in 3D cultures compared to those in 2D21,22,24,26, but other cell lines 

showed opposite proliferation patterns, growing faster in 3D  than in 2D20,27. In general, 

the proliferation rate of cells grown in 3D culture more closely represent the growth of 

tumors in vivo compared to those cultured in an unnatural 2D environment28. 
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Apart from differences in the cell morphology and proliferation, cells grown in 3D also 

exhibit differences in their sensitivity to cancer therapeutics as compared to 2D 

controls23,24. For example, the human breast cancer cell line (MCF7) and its multidrug 

resistant variant (MDR-MCF7) responded differently to the anti-cancer drug doxorubicin, 

when cultured as cell aggregates in 3D or as a cell monolayers in 2D24. MCF7 cells grown 

in 3D had reduced sensitivity to doxorubicin as compared to 2D cultures, while MDR-

MCF7 cells in 3D showed no response to drug treatment and an increased invasive 

potential24. Tumor spheroids consist of multi-layers of interacting cells, whereas cells in 

2D culture conditions form a monolayer of cells that become fully exposed on a surface. 

Therefore, the higher drug resistance displayed in cell spheroids in 3D, as compared to 

cells in 2D, could be explained by the diffusive blockade caused by the multiple layers of 

cells in a tumor spheroid structure23, which prevent drugs from efficiently reaching cells 

in the inner core of the spheroid. On the other hand, the distance that anti-cancer drugs 

need to diffuse through a 2D monolayer is much shorter, as the drug only needs to diffuse 

through the cell membrane to have an effect. This decreased sensitivity may help explain 

the mismatched preclinical and clinical findings for cancer therapeutics that have been 

typically tested using 2D model systems. Overall, the above studies suggest that cells 

grown in 3D are more analogous to their in vivo counterparts and may as such be 

exploited as more valid in vitro platforms for screening anti-cancer drug candidates.  
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Table 1 - Key differences between two-dimensional and three-dimensional cell culture 

systems. Adapted from Edmondson et al. (2014)29. 

 

Cellular 
characteristics 

2D 3D Refs. 

Morphology 
Sheet-like flat and stretched 
cells in monolayer 

Natural shape in 
spheroid/aggregate 
structures 

18,19, 

30, 31 

Proliferation 
Often proliferate at a faster 
rate than in vivo 

 
May proliferate at a 
faster/slower rate compared 
to 2D-cultured cells 
depending on cell type 
and/or type of 3D model 
system 
 

20,21,22, 

24,26,27, 

28,32, 

Exposure to 
medium/drugs 

Cells in monolayer are 
equally exposed to 
nutrients/growth 
factors/drugs that are 
dispersed in medium 

Nutrients/growth factors 
drugs may not be able to fully 
penetrate the spheroid, 
reaching cells near the core 

30,33 

Stage of cell 
cycle 

 
More cells are likely to be in 
the same stage of cell cycle 
since they are equally 
exposed to medium 
 

Spheroids contain 
proliferating, quiescent, 
hypoxic and necrotic cells 

30,34,35 

Gene/protein 
expression 

Often display differential 
gene and protein expression 
levels compared to in vivo 
models  

Cells often exhibit 
gene/protein expression 
profiles more similar to those 
in vivo tissue origins 

14,22, 

28,36 

Drug sensitivity 
Cells often succumb to 
treatment and drugs appear 
to be very effective 

 
Cells are often more resistant 
to treatment compared to 
those in 2D culture system, 
often being better predictors 
of in vivo drug responses 
 

21,23,24, 

28,27 

Abbreviations: 2D, two-dimensional; 3D, three-dimensional  

 

Several 3D cell culture models have been used to study breast cancer tumor progression 

in vitro, which take into account the spatial cell organization and extracellular matrix 

(ECM) and present the ability of re-establish cellular morphologies and phenotypes seen 

during in vivo tumor development37–42. Marked advances have been made in the 

development of 3D tumor models so far, namely in terms of reliably replicating the TME. 

Regarding the composition of the 3D scaffolds that are used to build systems, they can 

be constituted by both natural and synthetic materials,34 as described in table 2. Protein-

based hydrogel-based natural materials, such as collagen and Matrigel, are the most 

commonly used in cancer research. These ECM-based materials intrinsically provide 

integrin binding sites that naturally support and promote cell adhesion and cell-matrix 

crosstalk. Nevertheless, natural materials have several drawbacks such as limited 
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control over degradability, lack of mechanical stability, batch-to-batch variability. Also, 

they present a complex and sometimes unknown composition that challenges the 

reproducibility of the experiments. Therefore, there is a looming trend toward the use 

synthetic materials, which offer several advantages such as easiness of chemical 

modifications, and better control over the range of mechanical and/or biochemical 

properties. Yet, synthetic material lack bioligands and/or other bioactive moieties that are 

naturally present in natural scaffolds. Although obtained from natural sources, some 

types of polysaccharides, like alginate, behave in a similar way, as they also do not 

possess cell-interactive domains and are easily tunable, representing a good 

compromise between protein-based and synthetic materials. For the design of ECM-like 

3D matrices with chemically defined properties, such “bioinert” hydrogels actually 

represent a very interesting set of materials, as they can act as blank-slates and be 

specifically decorated with selected bioactive cues. This provides a more controlled 

approach to elicit a desired response in a particular scenario. For example, conjugation 

of specific adhesion peptides (e.g. Arginine-Glycine-Aspartic acid (RGD)43 and Tyrosine-

Isoleucine-Glycine-Serine-Arginine (YIGSR)) gives an opportunity to adequately control 

cell adhesion15. Degradability of synthetic materials can be user-controlled and 

manipulated to achieve stability over desired periods of time. This can be done using 

different strategies. One example is the incorporation of specific matrix 

metalloproteinase (MMP)-sensitive sites (e.g. Proline-Valine-Glycine-Leucine-

Isoleucine-Glycine, PVGLIG)44 or specific chemical moieties45. Moreover, both natural 

and synthetic scaffolds can be used to concomitantly deliver growth factors to direct the 

cell fate46. A more detailed description on the properties of these different hydrogels and 

their application in the construction of 3D models will be presented in section 3.2. 
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Table 2 - Classes of materials used in 3D cell culture: natural (protein or polysaccharide-

based) and synthetic. Advantages and disadvantages of the use of different materials are 

present in this table. Adapted from Gill et al. (2014)6. 

 Naturally derived matrices Synthetic matrices 

Examples for 
3D culture 

Collagen and Matrigel (protein-
based), Alginate and Chitosan 
(polysaccharide- based) 
Permit 3D culture in 
physiological conditions with 
high viability 
 

PA (toxic to 3D culture), 
PLA, PLG and PLGA 
(require processing steps) 
and PEG (compatible with 
3D culture) 

Bioactivity 

Baseline bioactivity with ample 
ligands for cell adhesion and 
signaling; difficult to isolate 
specific bioactive factor for 
experimental study 

Requires passive protein 
absorption (PLA, PLG and 
PLGA) or extra engineering 
(PEG); greater control over 
bioactivity with less experimental 
confounding 
 

Mechanical 
properties 

 

Tunable via additional 
crosslinking; generally alters 
ligand density; limited to low-
range elasticities 

 

Tunable with minimal/no 
bioactivity change; broad 
range of physiological 
elasticities 

Matrix 

degradation 

Cell-mediated matrix remodeling; 
difficult to control 

Predictable degradation of 
synthetic material; requires 
modification for cell-
mediated degradation 
 

Growth factor 
contamination 

Difficult to completely remove None with synthetics 

Abbreviations: PA, polyacrylamide; PLA, poly(lactic acid); PLG, poly(lactic-co-
glycolic acid); PEG, poly(ethylene glycol). 
 
 
 

3. Tumor vascularization 

 

The tumor vasculature is essential for tumor growth and progression. In the early stages 

of tumor development, the tumor small mass is avascular, and the surrounding 

vasculature supplies the growing cells with oxygen and nutrients. Tumors beyond 1-2 

mm3 require contact with blood vessels to reach sufficient level of oxygen and nutrients 

into the tumor bulk, since cells cannot survive 200 µm away from a vascular source47,48. 

The environmental stress in the tumor core, such as hypoxia and glucose deprivation 

and accumulation of metabolic wastes and carbon dioxide may induce an angiogenic 

switch. This is frequently characterized by the secretion of pro-angiogenic growth factors, 

such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and 

platelet-derived growth factor (PDGF), that act on endothelial cells from nearby vessels 

leading to their migration and sprouting around the tumor mass49,50. The new blood 
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vessel within the tumor can then provide nutritional supply and also a route for cancer 

cells to enter in the circulatory system and metastasize to distant tissues/organs - the 

process of intravasation, the leading cause of cancer-related death51.  

As already discussed, cancer research can greatly benefit from the development of 

sophisticated 3D models to mimic the complexity of the TME, since 2D cultures cannot 

replicate cell-cell and cell-ECM interactions in a physiologically relevant manner. 

Researchers interested in tumor angiogenesis should integrate knowledge obtained from 

both tumor and vascular models to develop new in vitro models of vascularized tumor. 

Notably, although tissue engineered tools have been widely used in both angiogenesis 

and cancer research, conjugational 3D models for simultaneously study tumor 

angiogenesis and cancer-EC interactions are still scarce. One important aspect is the 

selection of the scaffold(s), which can be both of natural and synthetic origin, and may 

have the ability to direct both cancer and EC morphogenesis/function in vitro52–55.  

 

3.1. Engineering 3D in vitro vascular scaffolds 

 

Engineered tissues of relevant sizes that exceed the diffusion limit (1-2 mm), require a 

vascular network capable of supplying oxygen, nutrients and, signaling molecules, while 

removing metabolic waste. Insufficient blood vessels cause a decrease of cell viability 

and function as well as tissue formation and ischemia, leading to the failure of the 

engineered tissue56. For this reason, the ability to promote the growth and development 

of vessels in cellularized 3D constructs has become a major goal in tissue engineering.  

The use of porous biomaterials is especially important for promoting vascular invasion 

because pore structures alone (without biochemical cues) can support/guide cellular 

infiltration and vascular ingrowth57–60. This approach has been widely applied in vascular 

tissue engineering, and is generally based on the use ECs mono- and/or co-cultures61–

64.  

Depending on the type of materials used and/or the type of porous structure needed, 

porous 3D scaffolds can be fabricated with different conventional techniques65–67, such 

as  freeze-drying with or without particulate leaching, gas foaming, and phase separation, 

among others. They can also be fabricated using more advanced techniques such as 

rapid prototyping techniques (RPTs). RPTs uses computer-aided design (CAD) 

modelling, allowing the fabrication of scaffolds with complex architecture, a precise 

control over internal architecture and design repeatability, not possible using 

conventional techniques68–71. By finding tuning scaffolds architecture at both micro and 

macro levels, RPTs may also allow the fabrication of scaffolds with improved mechanical 

properties72,73. Yet one important limitation is the smaller type of biomaterials that can be 
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processed by rapid prototyping compared to the conventional techniques74. 

Electrospinning and modular assembly methods are also used to fabricate scaffolds for 

tissue engineering applications62,75–77.  Table 2 describes some of the most commonly 

used scaffold processing techniques. Before selecting the most adequate we should take 

into account the potential and disadvantages of each one to match the needs of each 

specific application. Tight control over scaffolds architecture is important for 3D tissue 

formation, specially pore size and interconnectivity, because it is determinant for cell 

migration and growth, while it also facilitates the diffusion of nutrients and oxygen 

essential for maintaining for cell viability78,79. These features also play an important role 

in scaffold vascularization, since an appropriate internal structure is required to provide 

pathways for new blood vessels ingrowth80–86.  

Apart from the structural and mechanical properties of the scaffold, attention should also 

be paid to its biochemical properties. As already discussed, the properties of scaffolds 

may also be improved by biofunctionalization with relevant moieties.  These may include, 

for instance, incorporation of cell adhesive peptides and/or of specific MMP-sites, which 

may enhance different cellular activities such as adhesion, migration, proliferation or 

differentiation. 

The development of 3D in vitro cultures of human ECs enabled further research on EC 

morphogenesis under more physiological relevant conditions. These platforms in 

conjunction with 3D cancer models could potentially open new avenues to understand 

the complex mechanisms regulating tumor angiogenesis and for the development of 

advanced drug screening applications.   
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Table 3 - Most commonly used techniques for scaffolds fabrication57,87–91. 

 Fabrication 
techniques 

Description Advantages Disadvantages 

C
o

n
v
e

n
ti

o
n

a
l 
te

c
h

n
iq

u
e

s
 

Particulate 
leaching 

The porogen or salt crystals (e.g. sodium chloride) 
with a specific size are transferred into a mold. A 
polymer solution is then cast into the salt-filled mold. 
After solvent evaporation by freeze-drying or air-
drying, the salt crystals within the polymer matrix are 
leached away using water, forming the scaffold 
pores. The pore size can be controlled by the size of 
the salt crystals and the porosity by the salt/polymer 
ratio.  

Simple and user friendly 
and no special equipment 
needed. 
Control over porosity and 
pore geometry, highly 
porous structures, 
crystallinity can be 
tailored, large range of 
pore sizes  

Poor control over the 
orientation and the 
degree of pore 
interconnectivity, limited 
to the fabrication of thin 
membranes, limited 
mechanical property, 
residual solvents and 
porogens  

Gas foaming 

High-pressure carbon dioxide gas is used to saturate 
the polymer. The amount of gas dissolved in the 
polymer solution determines the porosity and pore 
structure of the scaffold. When the CO2 pressure is 
reduced back to atmospheric level the gas solubility 
in polymer decreases resulting in pore nucleation. 
Incorporation of particulate leaching on gas foaming 
process often results in formation of open pores in 
prepared scaffolds. 

No use of organic 
solvents and high 
temperature, control over 
porosity and pore size, 
suitable for the 
incorporation of heat 
sensitive biological 
agents inside the scaffold 

Inadequate pore 
interconnectivity, limited 
pore sizes, formation of a 
nonporous surface 

Phase separation 

A homogeneous multicomponent system, under 
certain conditions, becomes thermodynamically 
unstable and tends to separate into more than one 
phase in order to lower the system free energy. A 
polymer solution separates into two phases, a 
polymer-rich phase and a polymer-lean phase. After 
the solvent is removed, the polymer-rich phase 
solidifies. Phase-separation techniques have been 
used to fabricate porous membranes for filtration and 
separation. 

Easily combine with other 
fabrication technology, 
allows incorporation of 
bioactive agents, highly 
porous structures  

Difficult to control 
precisely scaffold 
morphology, problems 
with residual solvent, 
limited range of pore 
sizes  
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Freeze-drying 
This technique is based on the sublimation principle, 
in which a solution is frozen and then the solvent is 
removed by freeze-drying under high vacuum.  

Leaching steps are not 
required, high 
temperature is not 
applied  

Long processing time, 
small pore size  

N
a

n
o

-s
c

a
le

 t
e

c
h

n
iq

u
e

s
 Electrospinning 

A polymer solution or melt is forced through a 
capillary, forming a drop of polymer solution at the tip. 
A high voltage is applied between the tip and a 
grounded collection target. When the electric field 
strength overcomes the surface tension of the 
droplet, a polymer solution or melt jet is initiated and 
accelerated towards the collection target. Finally, the 
ejected polymer solution and melt repel each other 
and the solvent evaporates to form fibers as the jet 
travels to the collector. 

Process is simple and 
versatile, easily scaled-
up for mass production, 
high aspect ratio, surface 
area, permeability, 
porosity, and tunable 
mechanical reliability, 
suitable for the surface 
modification of bioactive 
agents.  

Limited mechanical 
property, pore size 
decreases with fiber 
thickness, inability to 
fabricate complex 3D 
structures, involvement of 
toxic organic solvents.  

Self-assembly 

Autonomous organization of components into 
patterns or structures without human intervention. 
Such self-assembly of biological molecules can be 
induced by noncovalent bonds or weak covalent 
interactions, including electrostatic, van der Waals, 
hydrophobic interactions, ionic, hydrogen, and 
coordination bonds.  

The level of porosity, 
pore size and the 
diameter of the fibers are 
well-controlled; tune cell 
behavior, since 
nanofibers can be 
chemically modified with 
bioactive moieties. 
Avoids use of organic 
solvents. 

Designing process is 
complex, expensive 
materials required, 
limited scaffold size.  

R
P

T
s
 

3D Printing 

The 3D printer constructs the 3D model by first 
spreading a layer of fresh powder over a building 
platform. An ‘inkjet’ print head prints or deposits the 
binder solution onto the powder bed. After the 2D 
layer profile is printed, a fresh layer of powder is laid 
down. The printing cycle continues and the layers 
merge together when fresh binder is deposited until 
the whole part is completed. After the binder has 

Control over pore size 
and interconnectivity over 
conventional/nanoscale 
approaches. The layer-
by-layer process allow 
fabrication of complex 
and anatomically-shaped 
structures. 

Expensive machinery, 
resolution limitations at 
lower pore sizes.  
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dried in the powder bed, the finished component is 
retrieved, and unbound powder removed. 

Selective laser 
sintering 

The selective laser sintering technique uses a CO2 
laser beam to sinter thin layers of powdered 
polymeric materials, forming solid 3D objects. A laser 
is then scanned over the powder bed, which heats 
the powder locally and sinter-bonds the adjacent 
particles to form a single layer of the part. The non-
sintered particles act as a support for any hollow 
section, overhangs or undercuts in the part. After the 
formation of the first layer, the next layer of powder is 
spread over the first layer followed by laser scanning. 

Accurate control over 
pore size and 
interconnectivity. The 
layer-by-layer process 
allow fabrication of 
complex and 
anatomically-shaped 
structures.  

Expensive machinery, 
resolution limitations at 
lower pore sizes; 
Polymers must be 
compatible with high 
operating temperature. 

Stereolithography 

This technique is based on the use of an ultraviolet 
(UV) laser that is vector scanned over the top of a 
surface of a photopolymerizable liquid polymer 
material. UV laser scans create 2D patterns and then 
the desired 3D structure is produced by stacking the 
solidified 2D patterns together. 

Accurate control over 
pore size and 
interconnectivity. The 
layer-by-layer process 
allow fabrication of 
complex and 
anatomically-shaped 
structures. 

Expensive machinery, 
Polymers compatible with 
UV curing is required. 

Fused deposition 
modeling 

 

The technique produces a tissue scaffold by the melt 
extrusion method that is making use of a layer-by-
layer thermoplastic polymer. 

Accurate control over 
pore size and 
interconnectivity. The 
layer-by-layer process 
allow fabrication of 
complex and 
anatomically-shaped 
structures with good 
resolution. 

Limited to thermoplastics, 
since the technique uses 
polymer melts. Low pore 
sizes difficult to achieve 
while maintaining high 
porosity. 
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3.2. Engineering a 3D in vitro vascularized tumor model 

3.2.1. Natural hydrogels 

 

Most of the 3D approaches for tumor angiogenesis engineering are focused on using 

natural-based scaffolds, since they carry a variety of intrinsic signals important for cancer 

morphogenesis22,92, EC capillary morphogenesis93,94, and sprouting95,96. This includes 

collagen, Matrigel and fibrin. One of the first tumor angiogenesis models was introduced 

by Janvier et al. in 1997, who developed a sandwich model to study prostate cancer 

angiogenesis97. This model consisted of human umbilical vein endothelial cells 

(HUVECs) embedded in fibrin gel with a layer of collagen embedded human PC-3 

prostate adenocarcinoma cells and human foreskin fibroblasts on top. After 28 days, 

increased HUVEC tube formation was demonstrated upon tri-culture with both fibroblasts 

and cancer cells. PC-3 cells cultured alone with ECs led to EC death, indicating that tube 

formation was fibroblast-dependent. This model provides evidence that fibroblasts play 

an important role in tumor angiogenesis. The main limitations of this model were 

mechanical stability caused by uncontrolled hydrogel degradation and shrinking during 

the experiment. 

In another report, Correa de Sampaio and colleagues develop the “minitumor” model for 

the study of breast tumor angiogenesis98. Multicellular spheroids with endothelial cells, 

fibroblasts and MDA-MB-231 breast cancer cells were assessed for EC sprouting in 

collagen I hydrogels98. Results revealed that MDA-MB-231 cells could stimulate sprout 

formation in the absence of exogenous angiogenic growth factors and could be inhibited 

by a broad-spectrum inhibitor of metalloproteinases. This approach has been adapted to 

a bilayered bioengineered tumor, in which telomerase-immortalized human 

microvascular endothelial (TIME) cells were cultured on top of an acellular collagen I 

hydrogel, under which MDA-MB-231 or MCF7 cells were cultured in a separate collagen 

I hydrogel (Fig. 2)99. This model showed that the paracrine signaling between TIME and 

breast cancer cells led to augmented angiogenic activity in the absence of exogenous 

pro-angiogenic growth factors. ECs invaded the collagen layer and assembled into 

capillary-like tubule network with lumen formation and anastomosing branches in the 

presence of MDA-MB-231 cells but not MCF7 cells. This result was expected, as MDA-

MB-231 cells present a more invasive phenotype than the less aggressive MCF7 breast 

cancer cell. 
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Besides collagen, Matrigel, a basement membrane extracted from Englebreth-Holm-

Swarm (EHS) tumor, has also been widely used in cancer and angiogenesis studies. For 

example, in Matrigel-based 3D cultures, Bissell and colleagues recapitulate in vivo 

characteristics of breast tumors using human breast cancer cells in100,101; while Mukai 

and colleagues showed the formation of vessel-like structures by umbilical cord blood 

EPCs and HUVECs. The inherent presence of growth factors and ECM proteins in 

Matrigel promoted epithelial morphogenesis allowed EC to migrate and organize into 

capillary-like networks, respectively102. Due to its potential, Matrigel has also been used 

as a model for tumor angiogenesis. Shekhar et al. explored the co-culture of human ECs, 

breast fibroblasts and MCF10A breast epithelial cells on Matrigel coated chamber 

slides103,104. After 3 weeks, conditioned morphogenesis of breast epithelial cells led to a 

more invasive phenotype. This model cannot fully mimic the TME due to its nearly 2D 

design (gel “on-top”), but it showed the effects of endothelial and epithelial factors in 

tumor angiogenesis and breast cancer morphogenesis. The importance of stromal 

involvement in angiogenesis was also studied in ovarian cancer by developing a 

multicellular model that used three of the primary cell types involved in tumor 

angiogenesis. This consisted on a co-culture of human SKOV-3 ovarian carcinoma cell 

clusters with human microvascular ECs (HMVECs), 10T1/2 cells and myofibroblasts, 

which was used to explore cell-cell interactions, namely between fibroblasts and tumor 

cells105. A thick layer of Matrigel was created in a well plate and, after polymerization, a 

plug of Matrigel with approximately 1 mm was removed and the resulting space was filled 

with SKOV-3 cells embedded in collagen type I. ECs and myofibroblasts were 

Figure 2 - Schematic illustration of the bilayered bioengineered tumor model cultured in 

a transwell insert developed by Rylander and colleagues. Breast cancer cells were cultured 

in the bulk collagen I hydrogel, and microvascular endothelial cells were cultured on the surface 

of an acellular layer of collagen I hydrogel that separated the two cell types. Adapted from Szot 

et al. (2013)99. 
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suspended in culture medium and added to each well, and with time, cells formed tubular 

structures and migrated towards the tumor cell cluster, eventually invading it. These 

results acknowledge the importance of myofibroblasts and ECs interaction during tumor 

angiogenesis. 

 

3.2.2. Synthetic hydrogels  

 

Synthetic materials have been increasingly used to overcome the limitations of the 

natural materials. Werner’s group developed a semi-synthetic starPEG-heparin 

hydrogel, composed of star-shaped poly(ethylene glycol) (PEG) and glycosaminoglycan 

heparin, crosslinked via cytocompatible Michael addition chemistry106. This hydrogel is 

able to bind and store growth factors and Stromal cell-derived factor-1α (SDF-1α, a 

potent chemoattractant known to act on EPCs) simulating this way the EC migration, 

proliferation and angiogenesis within the hydrogel45,107,108. The same group used this 

hydrogel to develop a 3D culture models to study liver,109 breast and prostate cancer 

tumor angiogenesis110. The first one was developed by incorporating 7-day old human 

hepatocarcinoma (HepG2) cells spheroids together with the EC suspension in a fresh 

hydrogel. This model provides the opportunity to asses tumor-EC interactions in a 3D 

matrix where ECs can form tumor-invading sprouts. For the study of breast and prostate 

tumor angiogenesis, they encapsulated breast or prostate epithelial carcinoma cells 

(MCF-7, MDA-MB-231 or LNCaP, PC3) with HUVECs and mesenchymal stromal cells 

in a 3D tri-culture and assessed differences in tumor growth for cells in Matrigel and 

starPEG-heparin hydrogel. The responsiveness of tumor angiogenesis model to 

chemotherapeutic drugs was also compared between 2D and 3D cultures. 3D cultured 

breast and prostate epithelial cells were less sensitive to chemotherapy when compared 

with 2D cultures. Comparing both hydrogels, tumor angiogenesis models grown in the 

startPEG-heparin displayed a more ordered development of tumor angiogenesis and 

vascular recruitment, with clearly defined tumors proliferating while in connection with 

HUVECs. They also showed that, although the morphology of the tumor spheres was 

different between both hydrogels, the phenotype of the cultures remained the same. This 

work highlights the importance of using different culture techniques to study cancer cells 

behavior, including 2D versus 3D and natural versus synthetic materials.  

A recent approach based on gelatin methacrylate (GelMA) hydrogel microwells to assess 

the interactions between human glioma (U87) spheroids and HUVECs111,112. U87 tumor 

cells were cultured in PEG hydrogel-based concave microwells for 14 days. Then the 

U87 glioblastoma spheroids were transferred into GelMA concave microwells and 
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HUVECs were carefully seeded on the outside (Fig. 3). The presence of U87 spheroids 

induced HUVEC migration through the hydrogel walls and promoted HUVEC growth and 

tubular-like structure formation. Although derived from a natural protein-based material 

(hydrolyzed collagen) GelMA hydrogels are chemically synthesized in a well-controlled 

manner and are thus often considered as “synthetic” or “artificial”, as they are not natural-

occurring. Yet, they intrinsically contain RGD-binding sequences that allow cells 

attachment and migration into the microwells. Nguyen and colleagues were the first ones 

to highlight the use of GelMA as a hydrogel for tumor angiogenesis studies.  

 

 

Figure 3 - Schematic representation of in vitro angiogenesis model using 3D GelMA 

microwell, developed by Nguyen et al. (A) Fabrication of GelMA microwells from 

photolithography process. Gelatin is modified by the direct reaction with methacrylic anhydride 

(MA) in PBS in order to form GelMA. Then, GelMA hydrogel was photocross-linked under UV 

light. The structure of GelMA microwells was determined by the design of photomask. (B) The 

angiogenic process - HUVEC cells were seeded carefully outside the microwells and cultured in 

EBM-2 medium. Then, glioblastoma cancer spheroids were seeded into the microwells. Cells 

were co-cultured to allow the formation of angiogenesis. Adapted from Nguyen et al. (2016)111,112. 
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Roudsari et al. used cell-adhesive, proteolytically-degradable PEG-based hydrogels as 

highly controlled 3D substrates for lung tumor angiogenesis113,114. This 3D tumor 

angiogenesis model comprised two PEG-based hydrogel layers, each with different cell 

composition: the top layer with a vascular cell co-culture (ECs and pericytes) and the 

other with lung adenocarcinoma cells (Fig. 4). Three types of lung adenocarcinoma cells, 

with different metastatic potential were used (highly metastatic murine 344SQ cells, non-

metastatic murine 393P cells and metastatic human A594 cells). The three cell types 

were able to develop into spheroids and promoted vascular invasion into the cancer cell 

layer. Comparing the three cell types, interaction between vessels invading the cancer 

layer and the cancer cell structures was higher for the highly metastatic 344SQ. 344SQ 

secreted more VEGF and FGFb than A594 and 393P cells, indicating that 344SQ have 

higher capacity to stimulate more angiogenesis than the other two cell types. Moreover, 

it was also observed that 344SQ spheroids at the hydrogels interface were larger and 

disorganized, suggestive of an invasive phenotype. This trend was not evident for A549 

or 393P cell clusters. These semi-synthetic and synthetic hydrogels, unlike natural 

materials, present controlled composition with reduced batch-to-batch variation and can 

be fabricated with a wider range of mechanical properties, thus offering several 

possibilities to mimic the TME37. The use of these materials seems promising in future 

tumor angiogenesis research. 

 

 

Figure 4 - Tumor angiogenesis model construction. Cancer prepolymer solution is added to 

a PDMS spacer well, followed by a 20 s photopolymerization. A second PDMS spacer well is 

stacked on top of the initial spacer well, followed by a 30 s photopolymerization and removal of 

PDMS spacer wells. Adapted from Roudsari et al (2016)114. 
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3.3. Other strategies for 3D in vitro vascularization 

 

Nowadays, increasingly more complex systems are being created. Different materials 

and processing technologies are under testing aiming at developing new methods for 

drug screening, diagnosis or personalized treatments related to cancer. In Table 4 some 

alternative strategies are described, where less common approaches have been used. 

These involve, for example, decellularized tissue matrices, microfluidic devices and high 

throughput screening platforms. All of these engineered–based systems have been 

developed to improve the complexity of standard models, but most of them still require 

further optimizations to truly fill the gap between in vitro and in vivo models.  

 

Table 4 - Engineered-based systems for tumor angiogenesis studies. 

Model Description Reference 

Human arterial ring 
assay is an innovative 
system for the study of 
tumor angiogenesis. 

Prostate cancer cell (LNCaP) spheroids are 
embedded in Matrigel in the proximity of the 
aortic rings (arterial explants from human 
umbilical cords), without the addition of 
exogenous angiogenic growth factors. 

Seano et al. 
(2013)115 

Decellularized 
scaffolds for the study 
of malignant peripheral 
nerve sheath tumors. 

This model is based on a decellularized 
porcine jejunal segment that was seeded with 
primary fibroblasts and S462 tumor cells on 
one side and with microvascular ECs seeded 
on the other side. The cell-seeded scaffold 
was then placed inside a flow bioreactor 
system, exposing the cells to shear stress. 
 

Moll et al. 
(2013)116 

Microfluidic approach 
to study the effects of 
shear forces and blood 
flow on breast tumor 
angiogenesis. 

The model consists of a single central 
microchannel seeded with ECs (TIME) 
surrounded by collagen containing MDA-MB-
231 breast cancer cells; Resembling a single 
neovessel through which tumor-relevant 
hydrodynamic stresses are introduced. 

Buchanan et al. 
(2014)117 

Dynamic 3D culture 
method for 
Glioblastoma 
research. 

Use of Rotary Cell Culture System (RCCS) to 
derive large macroscopic glioma aggregates; 
Evaluate the capacity of high-grade glial 
tumors of assuming an endothelial phenotype 
and genotype. 

Smith et al. 
(2015)118 

3D bioprinting 
approach for the study 
of glioangiogenesis. 

The 3D bioprinted glioma stem cell model 
was established based on modified porous 
gelatin/alginate/fibrinogen hydrogel that 
mimics the ECM. 

Dai et al. 
(2016)119 

 

  

 



 

19 

 

4. Aim of the thesis 

 

Attempts to mimic tumor-vasculature in vitro by means of co-culture cancer cells with EC 

have shown limited success until now. Also, traditional 2D cell cultures represent 

reductionist models, being currently recognized that cells behave more physiologically 

when cultured in 3D, where key cell-matrix interactions can be partially recreated. The 

dynamic interactions between tumor cells and their 3D microenvironment play a critical 

role in cancer initiation, growth, invasion and metastasis 

The primary aim of this Master Thesis was to develop a sophisticated 3D tri-culture 

platform that comprises two different compartments: a hydrogel-embedded breast 

epithelial cells and a vascularized porous scaffold.  

In the first part of this thesis a 3D vascular-like compartment was established. For this 

purpose, an alginate-based 3D porous scaffolds were developed and characterized. 

Then this construct was used to generate 3D vascularized structures by co-culturing ECs 

and fibroblasts, in which suitable culture conditions were identified (e.g. cell seeding 

strategy, cell density). The second objective consisted on the establishment of a 3D 

tumoral-like compartment by embedding human mammary epithelial cells within 

alginate-RGD matrices. In this regard, three different epithelial cell lines with different 

tumorigenic capacities were used. Finally, a sophisticated 3D tri-culture platform 

combining hydrogel-embedded breast epithelial cells with a vascularized porous scaffold 

was created. Insights gained with the development of this 3D platform may lead to the 

identification of new therapeutic targets and more effective treatment options for breast 

cancer. 
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MATERIALS AND METHODS 
 

1. Cell maintenance 
 
Outgrowth endothelial cells (OECs) were isolated from umbilical cord blood, as 

previously described by Torres and colleagues120. These cells were cultured in 

endothelial cell growth medium, EGM-2MV (Lonza). The medium was prepared by 

supplementing EBM-2 with ascorbic acid, hydrocortisone, 5 ng/mL epidermal growth 

factor (hEGF), 0.5 ng/mL vascular endothelial growth factor (VEGF), 10 ng/mL basic 

fibroblast growth factor-b (hFGF-b), 20 ng/mL insulin growth factor-1 (IGF-1) and 5 % v/v 

fetal bovine serum (FBS).  

Human mammary fibroblasts (hMF) were maintained in fibroblast culture medium 

(ScienceCell) composed of 2% v/v of FBS, 1% v/v of Fibroblast Growth Supplement 

(FGS) and 1% v/v of penicilin/streptomycin (Pen/Strep). The cells were maintained in a 

5% v/v CO2 humidified incubator at 37°C in order to maintain physiological conditions. 

Normal-like breast epithelial cell line, MCF10A cells were maintained in Dulbecco’s 

Modified Eagle Medium/Nutrient Mixture F-12 with Glutamax (DMEM/F12 GlutaMAXTM, 

Gibco) supplemented with 5% v/v Horse Serum (ThermoFisher Scientific), 20 ng/mL 

EGF (Sigma), 66.6 ng/mL Hydrocortisone (1 mg/mL, Sigma), 100 ng/mL Cholera Toxin 

(Sigma), 0.01 mg/mL Insulin solution human (Sigma) and 1% v/v  Pen/Strep.  

Luminal non-metastatic breast cancer cell line, MCF7 cells were maintained in phenol 

red-free DMEM/F12 with Glutamax (Gibco) supplemented with 10% v/v FBS (Biowest) 

and 1% v/v Pen/Strep. 

Basal aggressive metastatic breast cancer cell line, MDA-MB-231 was maintained in 

DMEM with Glutamax (Gibco) supplemented with 10% v/v FBS and 1% v/v Pen/Strep. 

All the cells were kept at 37°C in a 5% v/v CO2 humidified atmosphere in order to maintain 

physiological conditions. 

 
2. Synthesis of RGD-grafted alginate 

 
Ultrapure sodium alginate (PRONOVA UP LVG, Novamatrix, FMC Biopolymers) with a 

molecular weight of 150 kDa and a high content of guluronic acid (≈70%) was covalently 

grafted with cell-adhesion peptides (glycine)4-arginine-glycine-aspartic acid-serine-

proline (hereafter abbreviated as RGD, GenScript) using aqueous carbodiimide 

chemistry as previously described121,122. Briefly, alginate at 1 wt.% in 2-(N-morpholino) 

ethanesulfonic acid (MES buffer (Sigma): pH 6.5, 0.1 M MES, 0.3 M sodium chloride 

(NaCl, Sigma)) was prepared and stirred overnight (ON) at room temperature (RT). N-

Hydroxy-sulfosuccinimide (Sulfo-NHS, Pierce) and 1-ethyl- (dimethylaminopropyl)-
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carbodiimide (EDC, Sigma, 27.4 mg per g of alginate) were sequentially added at a molar 

ratio of 1:2, followed by 100 mg of RGD peptide per g of alginate. Control samples were 

also prepared without the addition of peptide (HMW0). After stirring for 20 h, at RT, the 

reaction was quenched with hydroxylamine (NH2OH, Sigma) and the solution was 

dialyzed against deionized water for 3 days (MWCO 3500, Spectrum Labs). After 

purification with activated charcoal (0.5 g per g of alginate, Sigma), RGD-alginate was 

lyophilized and stored at -20ºC until further use. The amount of grafted RGD was 

quantified using the BCA Protein Assay (Pierce). Briefly, samples (1 wt.% RGD-grafted 

alginate) were incubated in BCA reagent for 60 min at 37°C in the dark and the 

absorbance was read at 562 nm in a microplate reader (Biotek Synergy MX). A set of 

RGD solutions (0 to 1 mg/ml in 1 wt.% HMW0) was used as standards to produce a 

calibration curve. Typically, the reaction yield was determined by the BCA total protein 

assay, as described in44,122. 

 
3. Preparation and characterization of RGD-alginate scaffolds 

 
Scaffolds were prepared by internal gelation, using calcium as ionic crosslinker as 

described previously by44,122,123. For that purpose, RGD-alginate precursor solutions 

were sterile-filtered (0.22 μm) and homogeneously mixed with a suspension of calcium 

carbonate (CaCO3, Fluka) in water at a CaCO3/COOH molar ratio of 0.288, and the 

gelling process was triggered through the addition of fresh glucone solution of delta-

lactone (GDL, Sigma) in water at a CaCO3/GDL molar ratio of 0.125. A final RGD-

modified alginate concentration of 2 wt.% with 600 μM of RGD was obtained and quickly 

added in a 96-well plate (250 µL/well), where it gelled. Three-dimensional scaffolds were 

generated by freeze-drying technique. After the gelation time (≈45 minutes, at RT) the 

samples were frozen at -20°C, and then lyophilized at 0.008 mBar and a temperature of 

-80°C. The obtained cylindric scaffolds were then cut into smaller ones (with an average 

height of 1.5 mm). 

The scaffolds were characterized by Scanning Electron Microscopy (SEM) analysis 

performed on the surfaces and cross-sections, using a High-resolution Scanning 

Electron Microscope with X-Ray Microanalysis (JEOL JSM 6301F/ Oxford INCA Energy 

350) at an accelerating voltage of 15 kV. Samples were coated with Au/Pd thin film, by 

sputtering for 120 seconds and with a 15 mA current, using the SPI Module Sputter 

Coater equipment. The average pore diameter was also analyzed by manual 

measurement of SEM images57,124, using Fiji Imaging software. 
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3.1. Alternative strategy to produce porous alginate scaffolds 
 

Alginate scaffolds were also prepared using the particle leaching method, in which 

sodium chloride (NaCl) was used as porogen to form the porous structures. NaCl 

particles were broken/fractioned and sieved to a particle size of 150-250 µm. Alginate 

precursor solutions were homogeneously mixed with a suspension of calcium carbonate 

in MilliQ water at a CaCO3/COOH molar ratio of 0.288, and the gelling process was 

triggered through the addition of GDL in MilliQ water at a CaCO3/GDL molar ratio of 

0.125. A final alginate concentration of 2 and 4 wt.% was obtained and the particles were 

subsequently incorporated into the alginate solution, mixed and quickly added in a 96-

well plate (250 µL/Well), where it gelled. Both 2 and 4 wt.% alginate were tested with 1.1 

and 0.6 mg/mL of NaCl particles. After the gelation time (≈45 minutes, at RT) the sample 

were frozen at -20°C, and then lyophilized for two days at 0.008 mBar and a temperature 

of -80°C. The obtained cylindric scaffolds were then cut into smaller ones. The salt 

particles were then leached out by placing the scaffolds in distilled water for 24h with 

agitation. The water was changed 3 times. The leached samples were frozen at -20°C, 

and then freeze-dried again for 24h. 

The scaffolds were characterized by Scanning Electron Microscopy (SEM) analysis as 

previously described.  

 
4. Culture of fibroblast or/and endothelial cells on alginate scaffolds 

 
The RGD-Alginate scaffolds were sterilized by washing them in ethanol 70% for 30 min, 

followed by rinsing in sterile TBS/CaCl2, 3 times. The scaffolds were then placed in a 

new 48-well plate and incubated with cell culture medium, at 37°C. The medium was 

removed 10 min before the seeding to improve cell attachment.  

For monocultures hMF and OECs cells were seeded at a density of 25x104 cells/scaffold 

in a total volume of 30 µL of the respective culture medium. Two different seeding 

strategies were tested to evaluate which one would allow a better cell distribution 

throughout the scaffold (Fig. 5). In one strategy, 30 µL of the cell suspension was added 

to the top of the scaffold. For the other strategy, 15 µL of cell suspension was added at 

the top and 1 h later the scaffold was turned, and the remaining 15 µL was added on the 

other side. After allowing cell adhesion for 4h, culture medium was added, and the 

seeded scaffolds were incubated. 
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For co-cultures of hMF and OECs two approaches were considered. In the first one, both 

cell types were seeded simultaneously at a final cell density of 50x104 or 1x106 

cells/scaffold in 30 µL of EGM-2MV, with a cell ratio of 1:1 (Fig. 6A and 6B). For the other 

strategy, a sequential seeding was carried out. First hMF were seeded at 50x104 

cells/scaffold, followed by seeding of 50x104 of OECs, at day 4 (D4) (Fig. 6C) and at day 

7 (D7) (Fig. 6D) after the pre-seeding. After allowing cell adhesion for 4h, EGM-2MV 

culture medium was added, and the seeded scaffolds were incubated at 37°C in a 5% 

v/v CO2 humidified atmosphere. 

30 µL 

A 

15 µL 15 µL 

B 

Figure 5 - Experimental procedure for scaffolds colonization. Two strategies were used: (A) 

30 µL of the cell suspension was added to the top of the scaffold and (B) 15 µL of cell suspension 

was added at the top and 1 h later the scaffold was turned upside down, and the remaining 15 

µL was added on the other side. 
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5. 3D culture of epithelial cells in RGD-alginate matrices 

 
In situ forming alginate hydrogel matrices were prepared by internal gelation, using 

calcium as ionic crosslinker as described previously44,122,123. For that purpose, RGD-

alginate precursor solutions were sterile-filtered (0.22 μm) and homogeneously mixed 

with a sterile suspension of CaCO3 in 0.9 wt.% NaCl at a CaCO3/COOH molar ratio of 

0.288, and the gelling process was triggered through the addition of a filtered (0.22 μm) 

fresh GDL in 0.9 wt.% NaCl at a CaCO3/GDL molar ratio of 0.125. A final RGD-modified 

alginate concentration of 1 wt.% with 200 μM of RGD is obtained by adding the previous 

solution to the cell suspension (5 x 106 cells/mL). Cells were trypsinized, centrifugated 

(1200 rpm, 5 min) and then the supernatant was removed, and the cells were 

resuspended in 0.9 wt.% NaCl. Finally, the cell suspension was homogeneously mixed 

with the RGD-alginate solution and crosslinking agents. The 3D matrices were obtained 

by quickly applying small drops, of 14 and 20 µL, of the mixture between Teflon plates 

separated by spacers with a thickness of 500 and 750 µm, respectively (Fig. 7A and 7B). 

Then the Teflon plates with the 3D matrices were kept in a petri dish, at 37°C in a 5% 

v/v CO2 incubator and removed 20 min after triggering the gelling process, which is after 

adding the GDL125. The 3D matrices (Fig. 7C and 7D) were transferred to a 24-well 

Figure 6 - Experimental design for co-culturing outgrowth endothelial cells (OECs) and 

human mammary fibroblasts (hMF) in RGD-alginate scaffolds. Simultaneous (A and B) and 

sequential (C and D) co-culture strategies were studied, with the following cell densities per 

scaffold: (A) 25x104 hMF + 25x104 OEC, (B) 50x104 hMF + 50x104 OEC; Pre-seeding with 50x104 

hMF and (C) after 4 days or (D) 7 days 50x104 OEC were added to the scaffold.  
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culture plate and incubated with culture medium at 37°C and after 30 min the medium 

was renewed. 

 

 

6. Establishment of a heterotypic 3D breast cancer model 
 
3D tri-culture platform that combined a hydrogel-embedded breast epithelial cells with a 

vascularized porous scaffold was developed. To achieve this, 1 wt.% RGD-alginate with 

epithelial cells embedded were prepared as described above (Section 5) and added to 

the RGD-alginate scaffolds previously co-cultured with endothelial cells and fibroblasts 

for 8 days (25x104 hMF + 25x104 OEC seeded simultaneously, as described in section 

4) (Fig. 8). Briefly, the scaffolds were placed on sterilized filter papers to remove excess 

culture medium from the pores, in order to facilitate the entrance of the hydrogel within 

the scaffold (Fig. S1A). Then the scaffolds were placed on top of a Teflon plate and 40 

µL of the mixture was applied in small drops on top of each scaffold (Fig. S1B). The 

Teflon plate with the embedded scaffolds were kept in a petri dish, at 37°C in a 5% v/v 

CO2 incubator and removed 20 min after triggering the gelling process (Fig. S1C). Finally, 

the 3D tri-cultures were transferred to a 24-well culture plate and incubated with EGM-

2MV at 37°C and after 30 min fresh medium was added (Fig. S1D).  

 

 

 

 

 

 

A B C 

D 

Figure 7 - Experimental procedure for the synthesis of the 3D cell-laden matrices. Small 

drops of cell-laden alginate were applied on top of a Teflon plate between two spacers (black 

arrows) (A) and then another Teflon plate was placed on top of those spacers(B). After gelation, 

3D matrices were obtained (C and D).  
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7. Evaluation of epithelial cells metabolic activity and cell proliferation 
 

The metabolic activity of entrapped cells in alginate matrices was determined through a 

resazurin-based assay. To this end, hydrogels containing cells (height: 750μm; volume: 

20μL; n=4) were incubated with 20% v/v of stock resazurin solution (0.1mg/mL, Sigma) 

in the respective normal cell culture medium for 2h at 37°C protected from light. Then, 

200 μL of supernatant were transferred to a 96-well black plate (Greiner) and 

fluorescence measurements were performed using a microplate reader (Biotek Synergy 

MX) with excitation/emission at 530/590nm.  

Cell proliferation was assessed by Ki-67 immunostaining. The 3D cultured hydrogels 

(height: 500 μm; volume: 14 μL) were washed 3 times with TBS-Ca (TBS with 7.5 mM 

CaCl2), fixed with 4 wt.% paraformaldehyde (PFA, Sigma) in TBS-Ca for 20 minutes and 

washed again. Then were permeabilized with 0.1% v/v Triton X-100 in TBS-Ca for 5 min, 

and then incubated for 1 h in 1 wt.% bovine serum albumin (BSA, Sigma) in TBS-Ca to 

block unspecific binding. Cell-laden hydrogels were then incubated ON at 4°C with rabbit 

anti-Ki-67 (1:100, Abcam). Finally, samples were washed again and then incubated with 

goat anti-rabbit secondary antibody Alexa Fluor 488 (Invitrogen, 1:1000, 1 h at RT) and 

nuclei were counterstained with DAPI.  

 
 
 
 
 
 
 

Figure 8 - Schematic representation of the 3D tri-culture platform that combined an 

epithelial cell-laden hydrogel with a pre-vascularized scaffold. 
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8. Matrigel-based tube formation assay 
 

In order to evaluate the angiogenic potential of the 3 epithelial cell lines, an angiogenesis 

assay was performed in Matrigel (Growth Factor Reduced Basement Membrane Matrix, 

Corning). The conditioned medium from each cell line was obtained by incubating the 

cell-laden hydrogels, after 12 days of culture, with low serum medium (phenol red-free 

DMEM/F12 with Glutamax with 1% v/v FBS and 1% v/v Pen/Strep) for 48h. Medium was 

collected, centrifuged for 5 min, and the supernatant was storage at -20°C. For the tube 

formation assay, 150 µL of Matrigel were added to 48-well culture plates and incubated 

at 37°C in a 5% v/v CO2 humidified atmosphere for 30 min, to allow the Matrigel to gel. 

Then, 5x104 of OECs in 500 µL of the respective conditioned medium (CM) were added 

per well (n=3, for each CM). The low serum medium was used as a negative control 

(n=3), and OEC growth medium as a positive control (n=3). The volumes of CM used 

were normalized to the number of viable cells entrapped within the 3D matrices. After 

the seeding with CM, OECs were maintained at 37°C in a 5% v/v CO2 humidified 

atmosphere for 24h and ended this period of time, the cells were stained with Calcein 

AM (2 µg/mL, Invitrogen), for 45 min at 37°C in the dark, and then washed with the low 

serum medium. The capillary-like structures were observed using an inverted 

fluorescence microscope (Axiovert 200M, Zeiss), which were then counted. 

 

 
9. Analysis of whole-mounted samples by immunostaining 

9.1. 3D culture of epithelial cells 

 

Immunocytochemistry was conducted to analyze the expression cell-cell junction 

markers E-cadherin and β-Catenin on epithelial cell-laden hydrogels (height: 500μm; 

volume: 14μL) that were collected on day 14 of culture. 3D matrices were washed 3 

times with TBS-Ca, fixed with 4 wt.% PFA in TBS-Ca for 20 minutes and washed again. 

Before the immunostaining, the epithelial cell-laden hydrogels were incubated with 50 

mM ammonium chloride (NH4Cl) in TBS-Ca for 10 minutes, and permeabilized with 0.2% 

Triton X-100 in TBS-Ca for 5 minutes; both incubations were performed at RT and 

hydrogels were washed 3 times after each incubation. To block unspecific signal, 

samples were incubated with 5 wt.% BSA, in TBS-Ca during 1h, and then incubated 

overnight at 4°C with primary antibodies in 5 wt.% BSA TBS-Ca: rabbit anti-E-cadherin 

(1:100, Cell Signaling) and mouse anti-β-Catenin (1:50, BD Bioscience). After the 

immunoreaction, samples were washed 3 times with TBS-Ca and then incubated with 

secondary antibody Alexa Fluor 488 Goat Anti-Rabbit (Invitrogen, 1:1000) and Alexa 

Fluor 594 Goat Anti-Mouse (Invitrogen, 1:1000) in TBS-Ca for 1h in the dark. After 
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washing 4 times with TBS-Ca, the nuclei were counterstained with DAPI. 3D imaging of 

the samples was accomplished by confocal laser scanning microscopy (CLSM, SP5, 

Leica), and data analysis was performed using Fiji Imaging software.  

9.2. Mono- and Co-cultured scaffolds  

 

Mono- and co-cultured scaffolds were washed with TBS-Ca, fixed with 2% v/v PFA in 

TBS-Ca (20 min at RT) and washed again. Then, scaffolds were permeabilized with 0.2% 

v/v Triton X-100 for 10 min and blocked for 1 h with 1.5 wt.% BSA solution in TBS-Ca.  

The mono-cultured scaffolds with hMF were incubated ON at 4°C with phalloidin 488 

(1:40, Flash Phalloidin Green 488, Biolegend) and rabbit anti-fibronectin (FN, 1:100, 

Sigma). Afterwards, samples were washed again and then incubated with the secondary 

antibody, goat anti-rabbit Alexa Fluor 594 (1:1000) for 1h. 

The mono-cultured scaffolds of OECs were incubated with rabbit anti-laminin (Lam, 1:50, 

Sigma) and mouse anti-CD31 (1:100, clone JC70A, DAKO) ON at 4°C. After washing 

with TBS-Ca, scaffolds were incubated with secondary antibodies Alexa Fluor 488 goat 

anti-rabbit (1:1000) and Alexa Fluor 594 goat anti-mouse (1:1000) for 1h. 

The co-cultured scaffolds were incubated with phalloidin 647 (1:40, Flash Phalloidin Red 

647, Biolegend), with mouse anti-CD31 (1:100, clone JC70A, DAKO) combined with 

rabbit anti-fibronectin (FN, 1:100, Sigma) and other scaffolds were incubated with goat 

anti-CD31 (1:100, PECAM-1, sc-1506, Santa Cruz) combined with mouse anti-collagen 

type IV (Col IV, 1:30, M0785, DAKO) ON at 4°C. After washing, scaffolds were incubated 

for 1 hour at RT with the secondary antibodies Alexa Fluor 594 goat anti-rabbit (1:500, 

Invitrogen), Alexa Fluor 488 rabbit anti-mouse (1:1000, Invitrogen), Alexa Fluor 488 

mouse anti-goat (1:1000, Invitrogen) and Alexa Fluor 594 rabbit anti-mouse (1:500, 

Invitrogen). 

Finally, the scaffolds were washed 4 times with TBS-Ca, the nuclei were counterstained 

with DAPI. 3D imaging of the samples was accomplished by CLSM (SP5, Leica) and 

data analysis was performed using Fiji Imaging software.  

9.3. 3D Tri-culture constructs  

 

Samples were fixed with 4% v/v PFA, permeabilized and blocked as described in the 

previous section 9.2. Subsequently, samples were incubated ON at 4°C with phalloidin 

647 (1:40, Flash Phalloidin Red 647, Biolegend) and with the following primary 

antibodies: rabbit anti-fibronectin (FN, 1:100, Sigma); mouse anti-CD31 (1:50, clone 

JC70A, DAKO) and rabbit anti-collagen type I (Col I, 1:50, Rockland). Afterwards, 

samples were washed TBS/Ca and then incubated, for 1h at RT, with the secondary 
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antibodies: Alexa Fluor 594 goat anti-rabbit (for FN and Col I (1:1000), Invitrogen) and 

Alexa Fluor 488 rabbit anti-mouse (for CD31 (1:1000), Invitrogen) and nuclei were 

counterstained with DAPI. 3D imaging of the samples was accomplished by CLSM (SP5, 

Leica) and data analysis was performed using Fiji Imaging software.  

 

10. Paraffin-embedded sections 

 

3D tri-culture constructs were washed 3 times with TBS-Ca, fixed with 4 wt.% PFA in 

TBS-Ca for 20 min and washed again, and then embedded in paraffin in an automated 

tissue processor (Microm STP 210). Sample processing was set to graded series of 20 

min each, starting by sequential immersion in ethanol (EtOH) solutions of increasing 

concentrations (70%, 90%, 98% and 100%), followed by immersion in ClearRite and 

finally immersion in preheated paraffin. Samples were embedded in para paraffin in a 

modular embedding system (Microm STP 120-1), with a transverse orientation, in order 

to show all layers. Paraffin blocks were sectioned (6 µm) using a semi-automated 

microtome (Leica RM2255). Paraffin-embedded sections were mounted on (3-

aminopropyl)triethoxysilane (APES) coated glass slides, dried ON at 37°C and then kept 

at RT until use. All slides were dewaxed in xylene and dehydrated using an ethanol 

gradient before stained. Safranin-Light Green (SF-LG) staining was used to evaluate the 

presence of alginate. Images were obtained using an inverted fluorescence microscope 

(Axiovert 200M, Zeiss) and processed using Fiji Imaging Software.  

 

11. Statistical analyses 
 

Statistical analyses were performed using GraphPad Prism 7.0 software version. 

Normality of data was tested using D’Agostini-Pearson omnibus and Shapiro-wilk tests. 

For the analyzes of the metabolic activity, One-way ANOVA test was used. Results for 

all analysis with ‘p’ value less than 0.05 were considered to indicate statistically 

significant differences (* p<0.05, ** p<0.01 and *** p<0.0001).  
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RESULTS AND DISCUSSION 

 

1. Vascularized porous scaffolds 

1.1. Scaffolds preparation and characterization  

 
The scaffolds were made from a 2 wt.% RGD-modified alginate hydrogel, which was 

prepared in a 96-well plate, and then frozen at -20°C (Fig. 9A). 3D scaffolds were 

generated by freeze-drying technique, which is based upon the principle of sublimation 

of the ice crystals formed upon freezing, resulting in a highly porous scaffold, in which 

pore structures present the same morphology as the ice crystals87,126. It is a simple, rapid, 

economical and environmentally-friendly method to prepare porous structures, where the 

amount and size of pores can be tuned by controlling the processing conditions127,128. 

The obtained scaffolds with a cylindric and symmetric configuration (Fig. 9B and 9C) 

were cut into smaller ones, with an average height of 1.5 mm (Fig. 9D-F). The structure 

of the scaffolds structure was analyzed by SEM (Fig. 9G).  
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The porous architectural characteristics play an important role in scaffold vascularization, 

by facilitating the diffusion of nutrients and oxygen and providing pathways for new blood 

vessels ingrowth80–86. The design of porous scaffolds for tissue engineering purposes 

must take into consideration several parameters such as porosity extent, and pore 

size/size distribution, volume, pore throat size, shape, wall roughness and 

interconnectivity91. 

The pore size and interconnectivity are amongst the more essential factors for blood 

vessels growth81–84,129, even though other parameters such as wall roughness may affect 

endothelial cell attachment, growth and activation130. Figure 10 shows SEM images of 

the surfaces and cross sections of a 2 wt.% alginate scaffolds. Scaffolds were highly 

CaCO3 

+ GDL 

Alginate 
at 2 wt.% 

250 µL 
per well 

A 

B 

C 

D 

E 
G 

F 

Figure 9 - Schematic representation of the process used for scaffolds preparation. Alginate 

hydrogels can be formed in situ upon release of calcium ions from an insoluble compound 

(calcium carbonate), triggered by the pH decrease resulting from GDL hydrolysis (A). Alginate 

combined with CaCO3 and GDL is added to a 96 well plate giving rise to scaffolds with a cylindrical 

shape after lyophilization (B and C), which are cut into smaller structures (D and E). Disc-shaped 

scaffolds present a sponge appearance (F) and high porosity (G). 
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porous with sponge-like appearance and an average pore size of 186.7±47.6 µm (Fig. 

11). Higher magnification images show pores interconnectivity. The porous structure was 

homogenous throughout the scaffold, without significant differences between the surface 

and the inner regions.  

 

 

 

 

 

 

 

A B 

i 

iii 

ii 

iv 

Figure 10 - SEM images of the porous structure: horizontal cross-section (A) and 

longitudinal cross-section (B). The images are shown in low (i and ii) and high (iii and iv) 

magnifications (45x and 100x, respectively). Scale bar: 500 µm.  
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1.2. Monoculture of hMF and OECs 

 

It is currently well established that ECs network formation is enhanced in the presence 

of stromal cells, which may not only produce important soluble factors and ECM 

components, but may also stabilize vascular structures via cell-cell interactions131,132. For 

example, Levenberg et al showed that it is possible to promote vascularization of a 3D 

tissue engineered constructs by combining ECs with fibroblasts and/or myoblasts133.  

Significantly, even though OEC present high proliferative capacity and phenotypic 

stability in long-term monolayer cultures,134 these cells cannot form capillary like 

structures when cultured alone. Here, porous scaffolds were co-seeded with human 

mammary fibroblasts and OEC, but first the behavior of each cell type in monoculture 

was analyzed. hMF and OEC were seeded at a density of 25x104 cells/scaffold in 30 µL, 

of the respective culture medium. Two seeding strategies were tested to select the one 

leading to a better cell distribution throughout the scaffold. In one of them the total volume 

of cell suspension was directly added on top of the scaffold. In the other one, cells were 

seeded on both sides of the scaffolds, with half of the volume being added on top of the 

scaffold, which was turned upside down 1 h later so that the reaming volume could be 

added on the other side. 

ECs distribution within scaffolds was analyzed by CD31 (endothelial marker) and laminin 

staining (Fig. 12). Due to the presence of RGD peptides, ECs were able to adhere and 

169.9 µm 

212.9 µm 

177 µm 

174.1 µm 

155.4 µm 

177.6 µm 

Figure 11 - Schematic illustration of the pore size measurement technique used. SEM 

images of the 2 wt.% alginate porous scaffold showed the presence of pores with pore size 

between 105.6 and 288.3 µm.  
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spread on the scaffold, and also produced laminin, an ECM protein that is considered to 

be the primary determinant of basement membrane assembly135. Importantly, we 

observed cell alignment along the pores’ walls, as illustrated in Fig. 12Aii, 12Bii and 

12Biv. In both seeding approaches we observed a higher cell density on the top of the 

scaffold, as compared to the bottom. After 11 days of culture, when cells were seeded 

on top only (first strategy) a higher cell number was detected on that side, compared to 

the bottom, as expected. Yet, in the case of the second strategy, cell distribution was 

also non-uniform and a higher amount of cells was also detected on top (where cells 

were seeded at the last stage). Therefore, the first strategy, which was also less time-

consuming, was the one selected for subsequent experiments. 
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Figure 12 - Endothelial cells attachment, distribution and morphology on RGD-alginate 

scaffolds. OECs were stained for laminin (green), CD31 (red) and DAPI (blue). Seeding the cells 

only on top of the scaffolds showed a high cell density on top of the scaffold after 11 days of cell 

culture (A). Seeding the cells on both sides of the scaffold we can see the difference between the 

top (B, i-ii) and the bottom (B, iii-iv), after 14 days of culture. The cells were able to attach to the 

scaffold and align along the pore wall (A ii and B ii and iv, black arrows). Scale bars: 200 µm. 
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Fibroblasts seeded only on top of the scaffold presented a similar cell distribution profile, 

as depicted in Fig. 13. Again, the amount of cells on top of the scaffold (Fig. 13A and 

13B) was higher than that at the bottom (Fig. 13E and 13F). In the proposed model, 

fibroblasts are expected to play a critical role in supporting the angiogenic process at the 

microenvironment scale, not only through ECM production and remodeling, but also via 

local delivery of key growth factors136. Thus, since it would be important to achieve high 

amounts of ECM deposition, we also tested a higher cell density of 50x104 cells/scaffold, 

adding half of the cell suspension volume on both sides of the scaffold (Fig. 14A and 

14B). This condition showed a better cell distribution compared to the scaffold seeded 

with only 25x104 cells/scaffold, with the same strategy (Fig. 14A and 14C).  Irrespectively 

of the approach, fibroblasts showed ability to assemble extensive fibronectin networks 

throughout the scaffold. 

 

 

 

 

 

D 

Figure 13 - Fibroblast cells attachment, distribution and morphology on RGD-alginate 

scaffolds. Cytoskeletal organization of fibroblasts grown on the scaffolds at day 14, was 

observed under a CLSM and demonstrated by F-actin (green), fibronectin (red) and DAPI (blue) 

staining. Seeding the fibroblasts only on top of the scaffold we saw that the number of cells on 

top (A and B) is higher compared to the bottom (E and F) of the scaffold (Scale bars: 200 µm). 

Fibronectin was clearly detected around the cells after 14 days of culture. (C and D, scale bar: 

100 µm).  

E F 

A B C 
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Figure 14 - Fibroblasts attachment, distribution and morphology on RGD-alginate 

scaffolds when using two different cell densities. Cytoskeletal organization of fibroblasts 

grown on the scaffolds at day 14, was observed under a CLSM and demonstrated by F-actin 

(green), fibronectin (red) and DAPI (blue) staining. Fibroblasts were seeded on both sides of the 

scaffold (A) with two different cell densities, (B and D) 50x104 and (C) 25x104 cells/scaffold. 

Fibronectin was clearly detected around the cells after 14 days of culture in both conditions but 

using a higher cell density allowed a better cell distribution on top of the scaffold (Scale bar of B 

and C: 200 µm). The cells were able to attach to the scaffold and align along the pore wall (D, 

black arrows; Scale bar: 100 µm). 

 

 
1.3. Co-culture of hMF and OECs 

 

The cell-cell ratio used in the co-culture should be optimized according to factors such 

as cell viability and the desired phenotypic expression within the system. Some groups 

used high ratios of ECs to make sure that these would be sufficient to form tubular 

structures, even if some cell death could occur130,137. Other groups use a higher ratio of 

non-ECs in order to induce the tissue engineered construct towards a specific 

phenotype138,139. While there is no consensus on the optimal cell ratio of ECs to stromal 

cells in co-culture studies, the 1:1 ratio has been used in most studies for the sake of 
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simplicity140,141. Here, the ratio was also set at 1:1, but different study designs were tested 

aiming optimal formation of capillary-like structures. The rationale for seeding cells 

sequentially (ECs after fibroblasts) was to give enough time for fibroblasts to produce 

sufficient amounts of ECM, which would later provide support for OEC. In this sense, we 

tested two timelines, where OEC were seeded at day 4 or 7 after hMF pre-seeding (Fig. 

15A and 15B, respectively). Immunofluorescence images of both conditions showed that 

hMF pre-seeding led to the formation of a dense monolayer of cells with fibronectin 

deposition that unfortunately seemed to impair OECs 3D organization. In fact, as 

illustrated by CD31 staining (Fig. 15 A ii and B ii), OEC presented a spread morphology, 

as typically seen in a 2D monolayer culture, instead of organizing into aligned tubular-

like structures. Considering these preliminary results, another strategy was tested, where 

the two cell types were seeded simultaneously at 1:1 cell ratio, with a total number of 

cells per scaffold of 25x104 or 50x104 (Fig. 15C and 15D). As we can observe in Fig. 15C 

and 15D this strategy successfully led to formation of endothelial tubular-like structures. 

Noteworthy, it seems that the lower cell density led to better OEC alignment (Fig. 15C 

and S2A). According to these results, the simultaneous seeding of both cell types at the 

lower density appeared to be the best option, which was thus selected for further 

experiments. 
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Figure 15 - Co-culture of hMF with OEC. Sequential (A and B) and simultaneous 

(C and D) co-culture strategies were studied, with the following cell densities per 

scaffold: Pre-seeding with 50x104 hMF and (A) after 4 days or (B) 7 days 50x104 OEC 

were added to the scaffold; (C) 25x104 hMF + 25x104 OEC, (D) 50x104 hMF + 50x104 

OEC; Cytoskeletal organization of fibroblasts and ECs morphology on top of the co-

cultured scaffolds, were observed under a CLSM and demonstrated by F-actin 

(purple), fibronectin (red), CD31 (green) and DAPI (blue). 
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2. 3D culture of human mammary epithelial cells within alginate-RGD matrices 

 

Our group had previously developed an optimized alginate-based 3D matrix to study the 

inter-conversion between epithelial and mesenchymal states during epithelial-

mesenchymal transition (EMT) and its reversion. Soft alginate hydrogel functionalized 

with RGD peptides was used to mimic the 3D microenvironment of normal murine 

mammary epithelial EpH4 cells. Using 1 wt.% RGD-alginate hydrogels and a cell density 

of 5×106 cells/mL showed to be ideal for culturing EpH4 cells in a 3D in vitro environment, 

enabling the formation of large spheroids with higher cell viability142. Using a RGD 

peptide density similar to the common ECM-derived biological matrices, including tumor 

ECM, is essential and leads to higher cell metabolic activity142,143.Therefore, here we 

used these same conditions to establish 3D cultures of human mammary epithelial cells. 

We used three different cell lines that present distinct cell behavior both in vitro and in 

vivo as described in144,145,146. In order to validate the proposed engineered tumor model, 

we primarily assessed the morphology, metabolic activity and proliferation of three 

different cell lines: highly invasive human breast cancer MDA-MB-231 cells, non-

invasive, tumorigenic human breast cancer MCF7 cells, and normal mammary epithelial 

MCF10A cells. 

Their proliferative capacity in 3D was examined using the ki-67 immunofluorescence 

marker. While were able to detect ki-67 positive cells at day 1 in all cell lines (data not 

shown), the MCF7 showed the highest number of proliferative cells. After 2 weeks of 

culture, proliferative cells were essentially restricted to spheroids (Fig. 16A). We also 

observed that MCF7 presented the highest levels of metabolic activity, as compared to 

MCF10A and MDA-MB-231 (Fig. 16B), which gradually increased until day 10. While the 

metabolic activity profiles of the other two cell lines were less uniform, all of them 

exhibited a significant increase along the first 3 days of culture, suggesting that cells 

were actively proliferating. In fact, the fold increase was similar between the cell lines 

(around 1.5, Fig. 16C). After day 3 no significant differences were observed, except for 

MCF10A whose metabolic activity significantly decreased from day 10 to day 14. 
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In the 3 cell lines, cells were initially distributed as single cells within the alginate matrix, 

generating spheroids as they proliferated, as depicted in Fig. 17. After 7 days the 

formation of small spheroids could already be detected, with their size increasing 

throughout time until day 14. Noteworthy, both MCF7 and MDA-MB-231 cell lines formed 

larger cell clusters as compared to the non-tumorigenic cell line, MCF10A.  

MCF7 MCF10A 

KI-67  DAPI 

MDA-MB-231 
A 

B 

C 

Figure 16 - Behaviour of MCF10A, MCF7 and MDA-MB-231 cells within 3D RGD-

alginate matrix. (A) Proliferating epithelial cells (Ki-67 positive cells, arrows) after 14 days 

of culture (scale bar: 20 µm). (B) The metabolic activity profile in relative fluorescence units 

(RFU) showed a significant increase after 3 days of culture, then no significant differences 

were observed, except for MCF10A whose metabolic activity on day 14 was lower than day 

1. Data is presented as mean ± stdev (n=4) (* p<0.05, ** p<0.01 and *** p<0.0001). (C) 

Fold increase of metabolic activity relative to day 1. 
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Figure 17 - Epithelial cell-laden hydrogels after 7 and 14 days of culture. MCF10A, MCF7 

and MDA-MB-231 formed spheroids that increase in size and number along 14 days of culture. 

Spheroids were visualized with DAPI staining (scale bar: 200 µm, with zoom- 50 µm). 
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E-Cadherin/β-catenin complex plays an important role in maintaining epithelial integrity 

and disrupting this complex destabilizes cell-cell contact147. In fact, the loss of cell-cell 

adhesion is associated with a wide range of human malignancies in which EMT is 

implicated. Therefore, we assessed the presence of these cell-cell junction markers in 

the different epithelial cell lines cultured in 3D. Although all the cell lines formed 

multicellular clusters, only MCF10A and MCF7 cells expressed E-cadherin and ß-catenin 

at the cell-cell junctions as depicted in Figs. 18A and 18B. Therefore, it seems that 

MCF10A and MCF7 present a more stable cell-cell interactions within 3D spheroids as, 

compared to the MDA-MB-231, which suggests that the later probably retains its 

mesenchymal-like phenotype. This is in accordance with the literature, where MDA-MB-

231 cell line is described as an invasive and metastatic tumor cell line lacking expression 

of E-cadherin and ß-catenin at the cell membrane148–151. This is corroborated by studies 

in 2D monolayer culture, which show that MCF10A and MCF7 cells typically present a 

cobblestone morphology, with cell-cell interactions being preserved during proliferation, 

whereas MDA-MB-231 cells exhibit a fibroblastic-like morphology in which single cells 

are spindle-shaped due to the absence of cell adhesion152,153. 

After 14 days in culture, was possible to detect the formation of acini-like structures within 

MCF10A-laden hydrogels, presenting an organized layer of single cells oriented around 

a central lumen (Fig. 18A). Similar behaviors have also been described in the literature 

not only with MCF10A cells but also with other non-malignant human mammary epithelial 

cells, such as HMT-3522 S1 and 184154–157. When cultured in a 3D reconstituted 

basement membrane (e.g. lrECM) these cells are able to form organotypic mammary 

acini characterized by growth arrest, apicobasal polarization, lumen formation and 

basement membrane formation. Here, these structures also stained positively for E-

cadherin at the cell-cell junctions, suggesting robust cell-cell interaction. Overall, these 

results suggest that 3D culture of MCF10A in soft RGD-alginate promotes epithelial 

morphogenesis.  

In contrast, the two tumorigenic cell lines formed dense spheroids. This was expected 

as, according to literature, MCF7 and MDA-MB-231, along with other malignant cells, 

adopt a variety of colony morphologies with common aspects such as loss of polarity, a 

disorganized architecture and a failure to arrest growth154,158. 
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Figure 18 - Assessment of the expression of cell-cell junction 

markers in MCF10A, MCF7 and MDA-MB-231 cells cultured within 3D 

RGD-alginate matrix after 14 days of culture. Immunofluorescence for 

(A) E-cadherin (Green) (Scale bar: 50 µm; MCF10A with zoom is 20 µm) 

and (B) β-catenin (Scale bar: 50 µm except for MCF10A which is 20 µm). 
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3. Establishment of a heterotypic 3D breast cancer model 

3.1. Tube formation assay 

 

The environmental stresses in the tumor core, characterized by hypoxia, glucose 

deprivation, and the accumulation of metabolic wastes and carbon dioxide is known to 

induce an angiogenic switch. This is characterized by the secretion of proangiogenic 

signals that act on the ECs from nearby vessels leading to their migration and sprouting 

around the tumor mass49,50. Studies have suggested that tumor vascularization involves 

not only angiogenesis (vessel sprouting from pre-existing vessels), but also alternative 

mechanisms such as vasculogenesis (recruitment of endothelial progenitor cells (EPCs) 

from bone marrow)159.  

Here, we addressed the impact of epithelial cells with different tumorigenic capacity on 

ECs tubulogenesis ability, by using a standard angiogenesis assay. OECs were seeded 

on Matrigel in presence of conditioned medium from the three epithelial cell lines and 

analyzed after 24 h. As shown in Fig. 19, tube formation was observed in the presence 

of the three CMs, even though the number of capillary-structures formed in the presence 

of MCF10A and MDA-MB-231 CM was higher as compared to the MCF7 CM. This 

suggests that the secretion of angiogenic growth factors by MCF7 cells is lower 

compared to the other two cell lines. This is consistent to other studies described in the 

literature, which compared the angiogenic potential of MDA-MB-231 and MCF7 using an 

in vitro tumor angiogenesis model to assess paracrine signaling between breast cancer 

cells and endothelial cells (TIME)99. Bioengineered MDA-MB-231-based tumors were 

shown to promote endothelial proliferation and VEGF expression, thus inducing the 

formation of capillary-like tubular network with lumen formation and anastomosing 

branches. In contrast, bioengineered MCF7-based tumor did not elicit an angiogenic 

response99. Here, comparing the MCF10A and MDA-MB-231 cell lines, we could see 

that the later promoted the formation of larger and better-defined tubular structures. This 

result was expectable, since previous studies reported that MDA-MB-231 cells present 

higher angiogenic activity than MCF10A cells95.  

 

 

 

 



 

48 

 

 

 

 

 

 

 

 

 

 

 

 

MCF7 

MCF10A 

MDA-MB-231 



 

49 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 Control + Control - MCF10A MCF7 MDA-MB-231 
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Figure 19 - Outgrowth endothelial cell tube formation after 24 hours of culture on reduced 

growth factor basement membrane. A total of 5x104 cells were seeded per well (in a 96-well 

plate) with conditioned media from MCF10A, MCF7 and MDA-MB-231. A) Fluorescence 

microscopy images of endothelial tube formation in Matrigel treated with calcein AM. Scale bar 

(right images): 500 µm (CMs) and 200 µm (controls) (B) Quantification of tube formation by Fiji. 
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3.2. Development of a tumor angiogenesis model 
 

To create the tumor angiogenesis model, we combined the two previously developed 3D 

models, i.e. the hydrogel-embedded breast epithelial cells with the vascularized porous 

scaffold. To this end, epithelial cells embedded were suspended in 1 wt.% RGD-alginate 

hydrogel precursor solution and added to the porous scaffolds previously co-cultured 

with endothelial cells and fibroblasts for 8 days. Immunostaining of the 3D construct at 

day 8 revealed the presence of aligned CD31+ ECs (Fig. 20A), and the deposition of 

collagen IV at the periphery of ECs and of fibronectin throughout the scaffold (Fig. 20B). 

One week after adding the gel-embedded epithelial cells, we were able to detect the 

presence of small spheroids with all the three tested cell lines (Figs. 21 and 22). This can 

be more clearly observed with MCF10A cells, which not only formed spheroids at the 

periphery of the scaffold but also inside the pores, as depicted in Fig.21A and B. 

Interesting, some of these pores are surrounded by fibronectin produced by hMF cells. 

Unfortunately, with MCF7 and MDA-MB-231 cells, some of the hydrogel was also able 

to penetrate the scaffold’s pores, but a significant amount remained at the top at the 

scaffold, where it ended up gelling, which results in a non-uniform distribution of the 

spheroids throughout the porous scaffold. 
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  A 

Merge CD31  FN  DAPI CD31  F-Actin  DAPI 

B 

Merge CD31  Col IV  DAPI CD31  F-Actin  DAPI 

Figure 20 - Confocal fluorescent images of RGD-alginate scaffolds colonized with 

outgrowth endothelial cells and human mammary fibroblast for 8 days. Immunostaining 

of co-cultured scaffolds revealed the presence of oriented ECs that stained positive for CD31 

(green) and the production of ECM proteins A) fibronectin (FN, red) and B) collagen IV (Col IV, 

red). Overall cell organization can be visualized through F-actin (purple) and nuclei (blue) 

staining. Scale bars: 100 µm.  
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Figure 21 - Confocal fluorescent images of 3D tri-culture. The vascularized porous scaffolds 

combined with epithelial cell-laden hydrogel revealed the presence of spheroids within the 

porous scaffold, after one week of culture. A and B) MCF10A spheroids (nuclei, blue) within the 

alginate porous (bright field). C) Immunostaining of tri-cultured scaffolds revealed the presence 

of endothelial cells clusters that stained positive for CD31 (green) and the production of ECM 

proteins fibronectin (FN, red) and collagen IV (COL IV, red). Overall cell organization can be 

visualized through F-actin (purple) and nuclei (blue) staining. Scale bar: 100 µm. 
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To better visualize the spatial distribution of spheroids, cross sections of paraffin-

embedded 3D constructs were stained with Safranin, which stains alginate in orange/red, 

and nicely illustrated the presence of spheroids within the pores (Fig. 22 and S3). We 

can also see that all the scaffolds present a layer of cell-laden hydrogel on top, indicating 

that the gelation process was too fast and did not allow the hydrogel to successfully 

infiltrate through the scaffold. One way to overcome this problem could be by delaying 

the onset and duration of the gelation time, for instance by adjusting the CaCO3/GDL 

molar ratio. Another strategy could be the optimization of the scaffold architecture, by 

increasing the amount and/or size of the pores. These parameter can be tailored by 

changing the freezing conditions such as freezing temperatures, freezing time, and the 

freezing moulds160–162. Another possibility would be to use other scaffold processing 

techniques. One possibility would be to combine freeze-drying with particulate leaching 

by using a porogen with a desired size and shape. Some preliminary results obtained 

using this strategy are presented in section 4. 
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In these studies, the heterotypic 3D breast cancer models were maintained in EGM-2MV, 

the same medium used for the OECs and hMF co-culture. Before establishing the 

combined model, we previously evaluated the metabolic activity of epithelial cells 

cultured in EGM-2MV. For that purpose, epithelial cell-laden hydrogels were maintained 

for one week in EGM-2MV medium. Results (Fig. 23A) showed that the metabolic activity 

of MCF10A and MDA-MB-231 cells in EGM-2MV was similar to the one they exhibited 

in their respective cultured medium, while the MCF7 cell line presented a lower metabolic 

activity. Macroscopic observation of the cell-laden hydrogels did not reveal differences 

on spheroids formation between the standard and the EGM-2MV medium (Fig. 23B). 

 

 

C i 

ii 
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Figure 22 - Cell-laden hydrogel distribution within the vascularized scaffold. The cross-

sections of the constructs with (A) MCF10A, (B) MCF7 and (C) MDA-MB-231-laden hydrogels 

were stained with Safranin, allowing to visualize the presence of spheroids within the pore 

structures. (Scale bar: 500 µm, with zoom- 50 µm).  
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4. Preliminary results on an alternative strategy for the production of porous 

alginate scaffolds 

 

4.1. Scaffold preparation and characterization 

 

Alginate scaffolds were also prepared using freeze-drying combined with particle 

leaching, one technique widely used to fabricate scaffolds for tissue engineering 

applications163,164. Sodium chloride (NaCl) was used as porogen to form the porous 

structures. NaCl particles were broken/fractioned and sieved to a particle size of 150-

250 µm. Alginate precursor solutions were prepared at a final alginate concentration of 

2 and 4 wt.%, and different amounts of NaCl particles (0.6 and 1.1 mg/mL) were 
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Figure 23 - The epithelial cell-laden hydrogels growth in EGM-2MV culture medium. (A) 

The metabolic activity profile showed no significant differences in both culture mediums, except 

for MCF7 whose metabolic activity on day 7 was lower when cultured in EGM-2MV (n=4). (B) 

Microscopic observation (5x magnification). 
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subsequently incorporated into the hydrogel. After crosslinking samples were frozen and 

lyophilized, and salt particles were finally leached in distilled water. The leached samples 

were then freeze-dried again. 

 

SEM observation (Fig. 24) showed that the size of pores of scaffolds prepared with 2 

wt.% or 4 wt.%. alginate solutions are similar. Yet, the alginate concentration had an 

effect on the internal and surface morphology of the scaffold, with the 2 wt.% alginate 

solution leading to thicker pore walls. Regardless the alginate concentration used, 

increasing the amount of NaCl particles resulted on the formation of larger pores, 

although there were no significant differences in the scaffolds prepared with 4 wt.% 

alginate solution (Fig. 24). The control scaffolds did not contain NaCl, so the pores 

originated only from the sublimation of ice crystals by lyophilization. As we can see, the 

presence of the NaCl particles increased the pore size comparatively to the control (Fig. 

24).  
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Figure 24 - SEM images of the surface and one cross-section of alginate scaffolds 

prepared with different amounts of NaCl particles (0, 0.6 and 1.1 mg/mL). Scaffolds were 

prepared with two different alginate concentration A) 2 wt.% and B) 4 wt.%., with the respective 

pore size quantification (n=1). Scale bar: 500 µm. 
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES 
 

Metastatic breast cancer is the most advanced stage of this type of cancer and 

profoundly affects woman daily life. Breast metastases are frequently found in the bones, 

liver, brain or lungs. While it is well established that tumor vascularization has a key role 

in metastisation, the underlying mechanisms remain poorly understood. This is partially 

due to the lack of adequate models to study these processes. An increasing number of 

cancer studies are now using 3D culture models as an intermediate step between the 

simplicity of 2D in vitro models and the complexity of in vivo animal models. Tissue 

engineering strategies provide a useful tool and have been widely used to develop 

advanced 3D models both for studies on angiogenesis and tumor morphogenesis. Yet 

integrative 3D models for studying tumor angiogenesis and cancer cells-ECs interactions 

are still scarce.  

 

In this thesis we first focused on the development of 3D porous scaffolds to generate 

vascularized 3D constructs. This study revealed that the freeze-drying technique allowed 

the formation of disc-shaped alginate-based scaffolds with a sponge appearance and 

high porosity. OECs and mammary fibroblasts were able to adhere and spread within 

the scaffold and secrete extracellular matrix proteins. Furthermore, we concluded that 

the simultaneous seeding of both type of cells at the lower cellular density represented 

the best set-up, allowing the formation of tubular-like structures that were detected after 

2 weeks of culture. 

 

Secondly, we developed a 3D in vitro system by culturing human breast epithelial cells 

with different tumorigenic capacities within a soft RGD-modified alginate hydrogel. We 

concluded that the three cell lines formed spheroids with different characteristics. When 

cultured in this 3D system, MDA-MB-231 cells retained their mesenchymal-like 

phenotype, due to the lack of E-cadherin and β-catenin which is characteristic of this 

metastatic and invasive cell line. On the other hand, MCF10A and MCF7 established a 

stable cell-cell interaction within the 3D spheroids, characterized by the expression of 

both cell-cell junction markers. Additionally, we concluded that entrapment of MCF10A 

in soft RGD-alginate hydrogels promoted epithelial morphogenesis. This might be 

particularly interesting in itself, as the system could be used as a model to study normal 

epithelial morphogenesis and functional aspects of the human mammary gland. The 

inter-conversion between epithelial and mesenchymal states during TGF-β1-induced 

EMT could also be studied using this 3D matrix, as previously done in our group using 

murine mammary epithelial cells142.  
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A 3D tri-culture platform was then developed by combining the vascularized porous 

scaffold with hydrogel-embedded breast epithelial cells. Although epithelial cells 

embedded within the hydrogel were able to form spheroids after 1 week of culture, a 

significant amount of cell-laden gel precursor solution was not able to efficiently 

penetrate the pores of the scaffold, forming a hydrogel at the surface. Due to this it was 

not possible to obtain a uniform distribution of the spheroids throughout the porous 

scaffold. Unfortunately, these experiments could not be repeated, due to time limitations, 

and so no solid conclusions about the effect of vascularization on spheroid formation 

could be taken. Future studies should be focused on the repetition and improvement of 

these experiments. For example, possible strategies to improve the infiltration of the cell-

laden hydrogel through the scaffold could be i) delaying the onset of gelation and/or ii) 

optimizing the scaffold architecture (pore size and volume percentage of porosity), as 

previously mentioned. One way to improve scaffold architecture would be by tailoring the 

freezing conditions and/or by using porogen agents. In alternative other fabrication 

techniques could be explored, such as 3D printing, which provides much better control 

over scaffolds architecture and porosity57,165.  

 

Many other relevant aspects could be further investigated in the future using this 3D 

platform. For example, study the crosstalk between cells in different EMT states and 

vascular cells. We could induce the transition of epithelial cells along EMT/MET with 

TGF-β1 as previously described,142 to generate cells in the other states (i.e. 

mesenchymal-like cells and reverted epithelial cells), and then evaluate the effect of 

vascularization on those stages. Due to platform compartmentalization, the 3D 

microenvironments can be optimized to each cell type to ensure optimal conditions for 

cell growth and maintenance. Furthermore, in the future, this bioengineered platform 

could be explored with primary patient-derived cells, in a precision medicine context.  

 

Overall, continued advances in vascularized tumor models are expected to provide tools 

to identify novel therapeutic targets and more effective treatment options for breast 

cancer. 
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SUPPLEMENTARY INFORMATION 

 

 

 

 

 

 

 

 

 

A B 

C D 

Figure S1 - Experimental procedure for the 3D tri-culture. (A) Placement of the co-cultured 

scaffold on sterilized filter paper to remove excess culture medium from the pores, then (B) it was 

placed on top of a Teflon plate and 40 µL of the mixture was applied in small drops on top of it. 

(C) The Teflon plate with the embedded scaffolds were kept in a petri dish, at 37°C in a 5% v/v 

CO2 humidified atmosphere and removed after the gelling time. (D) Being then transferred to a 

24-well culture plate and incubated with culture medium at 37°C and after 30 minutes fresh 

medium was added.  
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Figure S2 - Co-culture of hMF with OECs. Simultaneous (A, B and C) and sequential 

(D and E) co-culture strategies were studied, with the following cell densities per scaffold: 

(A and B) 25x104 hMF + 25x104 OEC, (C) 50x104 hMF + 50x104 OEC; Pre-seeding with 

50x104 hMF and (D) after 4 days or (E) 7 days 50x104 OEC were added to the scaffold. 
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MCF10A MCF7 MDA-MB-231 

Figure S3 - Cell-laden Hydrogel distribution within the vascularized scaffold. The cross-

sections of the constructs with MCF10A, MCF7 and MDA-MB-231-laden hydrogels were 

stained with Safranin, allowing to visualize the presence of spheroids within the pore 

structures. (Scale bar: 100 µm). 


