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A B S T R A C T

Breast cancer remains among the most prevalent cancers in women worldwide. During tumor development, the 
extracellular matrix is altered to support tumor progression and therapy resistance. Therefore, there is a need to 
develop breast cancer models that replicate the complex tumor extracellular matrix to accurately mimic the 
mechanisms by which it influences drug resistance and cancer cell malignancy. In this study, we fabricated an 
innovative breast cancer 3D in vitro model consisting of core-shell hydrogel beads from alginate, gelatin, and 
collagen I by extrusion through a coaxial needle. Breast cancer cells proliferated in the core of all prototypes 
designed, forming spheroids and cell aggregates with a high resistance to doxorubicin. The addition of Collagen I 
to the developed model enabled the upregulation of malignancy markers (Col1A1, Ki67, FOXC2, SNAI1, NFKB1, 
WWTR1), invasion markers (WASL, ACTA1, MYO1E, TPM4, PODXL, ITGA2, ITGA5, MENA, EGFR, CDC42), and 
drug resistance markers (ABCG2, CYP1A1, BAX, HSP90AA1) occurring in vivo. The developed 3D in vitro model 
can clarify the contribution of the extracellular matrix to the tumor outcome and drug efficacy by replicating 
some key characteristics of breast tumors, establishing a novel tool for chemotherapeutic agents and drug 
screening.

1. Introduction

Breast cancer (BC) is the most prevalent cancer worldwide, ranking 
fourth in terms of mortality and causing 670,000 deaths globally in 2022 
[1]. BC includes a variety of diseases involving the growth of carcino
genic cells in different parts of the breast’s glandular tissue [2]. The first 
stage in breast cancer is the ductal carcinoma in situ (DCIS), in which 
tumor cells proliferate uncontrollably while remaining confined within 
the breast ducts. DCIS can progress to an invasive stage, characterized by 
tumor cell infiltration beyond the ductal basement membrane and pro
liferation within the surrounding tissue [3]. Pharmaceutical and 
biotechnological industries invest significant amounts of resources in 
the pursuit of more effective oncology treatments. Despite all efforts, 

drug approval rates are still very low, mainly due to the lack of efficiency 
or high toxicity of the drug candidates [4]. This is mainly caused by the 
absence of clinically translatable preclinical models that mimic the 
characteristics of human breast tumors.

Nowadays, 2D in vitro and animal models are still the most 
commonly used in drug discovery. In the early stages of cancer research, 
2D models are the preferred option due to their reproducibility and 
affordability, but they cannot replicate the cancer cell genotype/ 
phenotype, metabolism, or interactions with other cells and the extra
cellular matrix (ECM) that occur in vivo [5]. Animal models, primarily 
rodent models, are also often used in preclinical studies owing to their 
closer resemblance to human physiology. However, the need to choose 
immunodeficient animals to study human diseases, as well as the 
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differences between species, limit the similarities with human tumors 
[5]. Moreover, governmental institutions and regulatory agencies are 
working towards applying the principles of replacement, reduction, and 
refinement in animal experimentation. Overall, available models still 
have a long way to go to recreate the behavior of human tumors and the 
drug response, becoming an important limitation in the search for 
effective anticancer therapeutics.

Cancer 3D in vitro models could overcome some of the limitations of 
current models, enabling a closer understanding of BC and easing the 
investigations of new therapies [6]. Indeed, several studies have already 
demonstrated the potential of 3D cancer models in drug screening. 
These models not only better reproduce the in vivo response of tumors to 
conventional chemotherapeutics [7,8], but also to other therapeutic 
agents such as nanocarrier systems and targeted biologics [9,10]. The 
drug resistance observed in these studies underscores the importance of 
3D models as clinically relevant and translational systems for drug 
screening, in contrast to conventional 2D cultures.

In recent years, studies involving 3D breast cancer models have 
focused on recapitulating the tumor microenvironment (TME), which 
plays an important role in tumor progression and drug efficacy. The 
breast TME is formed by a mass of heterogeneous breast cancer cells 
(BCCs) with abnormal growth, the ECM, infiltrating stromal cells, and 
soluble factors [5,11]. During tumor progression, the ECM is constantly 
changing to promote tumor growth and metastasis. Some of these 
changes are the increase in fibrillar proteins, such as collagen type I 
(Col1), and changes in its stiffness, porosity, and permeability [12]. All 
these changes also promote drug resistance. Diverse pathways, such as 
drug resistance and antiapoptotic pathways, can be activated due to 
hypoxia, metabolic stress, and ECM physical properties [13].

The importance of the ECM has motivated the creation of 3D in vitro 
models that replicate the ECM through a scaffold-based approach. 
Hydrogels are the most suitable scaffolds due to their biocompatibility 
and similarities with the ECM’s viscoelastic properties. Moreover, they 
can be designed to create artificial tumors [5,13]. Hydrogel physico
chemical properties can be modulated using different polysaccharides 
(alginate, hyaluronic acid, etc.), proteins (Col1, gelatin methacrylate, 
etc.), synthetic polymers (polyethylene glycol), and native ECMs 
(Matrigel) [5]. Col1 is a highly expressed protein in the breast TME, 
which enhances ECM stiffness and desmoplasia development [14]. For 
this reason, Col1 hydrogels have been employed for investigating 
tumorigenesis, drug screening [15,16], and for studying the mechano
biological properties of ECM in BC [17,18]. Gelatin is derived from 
denatured collagen, after its partial hydrolysis, and its addition to 3D 
models can improve cell biocompatibility and proliferation [19]. 
Furthermore, gelatin hydrogels can replicate the tumor stiffness, thus 
altering the genotype and phenotype of BCCs [20]. Alginate is a 
biocompatible polysaccharide that can modify the mechanical proper
ties of the models [21]. Due to its limited cell-adhesive properties, it is 
frequently combined with additional biomaterials, such as collagen and 
gelatin, to fabricate 3D-printed BC models that closely mimic the 
physiological characteristics of tumors in vivo [22,23].

The main objective of this work was to develop a 3D in vitro model of 
BC that reproduces the ECM properties found within tumors to recreate 
BCC malignancy and drug resistance occurring in vivo. For this purpose, 
MCF-7 cells were selected as the representative BCC line. The TME was 
mimicked using core-shell hydrogel beads composed of gelatin, alginate, 
and Col1. The hydrogel bead shell, composed of alginate, serves to 
spatially confine the proliferation of BCCs within the core as it occurs in 
the DCIS, where BCC growth occurs within the ducts, which are enclosed 
by a capsule formed by myoepithelial cells and the basement membrane 
[24]. Therefore, the shell in our model is designed to replicate this 
spatial constraint. In addition, the presence of the shell enables the 
maintenance of the core integrity, preventing gelatin leakage. Also, the 
incorporation of Col1 into the core of these artificial tumors enables the 
replication of the stiffness and high Col1 content found in breast tumors. 
Indeed, Col1 can enhance the malignant behavior of BCCs, thereby 

increasing the physiological relevance of the models for in vitro studies. 
To assess the similarities in behavior with in vivo tumors, we evaluated 
the stiffness and porosity of the designed prototypes, along with the 
proliferation, morphology, and expression of invasion, malignancy, and 
drug resistance markers in the BCCs embedded within the cancer 
models. Designed breast cancer models could provide a valuable plat
form for evaluating drug efficacy, given their ability to mimic the TME. 
Moreover, they could be well-suited for high-throughput screening of 
antitumor and chemotherapeutic agents.

2. Materials and methods

2.1. Materials

Alginate sodium salt from brown algae (Ref. 71,238), calcium chlo
ride (CaCl2), 4′,6-diamino-2-phenylindole, dihydrochloride (DAPI), 
dimethyl sulfoxide (DMSO), doxorubicin, and EDTA were purchased 
from Sigma Aldrich (Saint Louis, MO, USA). Gelatin (Quali-Pure 300P) 
from porcine skin was acquired from Rousselot (Gent, Belgium). 
Antibiotic-Antimycotic solution (Ref. 15,240,062), N-(2-hydroxyethyl) 
piperazine-N′-(2-ethanesulfonic acid) (HEPES), 2-mercaptoethanol, 
Dulbecco’s phosphate-buffered saline (DPBS) 10× without Ca2+ and 
Mg2+, Advanced Dulbecco’s modified Eagle’s medium (Advanced 
DMEM, Ref. 12,491,023), phosphate-buffered saline (PBS) without Ca2+

and Mg2+, fetal bovine serum (FBS, Ref. 10,270,106), L-glutamine 
(Ref. 25,030,081), paraformaldehyde 4 %, were purchased in Thermo 
Fisher Scientific (Waltham, MA, USA). Acti-stain 488 phalloidin was 
purchased from Cytoskeleton (Denver, CO, USA). OptiCol Rat Collagen 
Type I was acquired in Cell Guidance Systems (Catalog No. MS18, 
Cambridge, United Kingdom). Goat serum, anti-Ki67 antibody 
(ab16667), and Alexa Fluor 647 goat anti-rabbit IgG H&L (ab150079) 
were purchased from Abcam (Cambridge, UK).

2.2. Cell culture

MCF-7 (HTB-22, ATCC) cells were cultured in Advanced DMEM 
medium supplemented with 10 % FBS, 1 % Antibiotic-Antimycotic so
lution, and 1 % L-glutamine.

2.3. Biofabrication of core-shell hydrogel beads

Core-shell hydrogel beads with an alginate shell and a core composed 
of Col1, alginate, and gelatin were prepared to support cell encapsula
tion and culture. Core and shell pre-gels were formulated under sterile 
conditions. Col1 was extracted from rat tail tendons following estab
lished protocols [25], and its concentration was determined by 
microBCA assay (Ref. 23,235, Thermo Fisher Scientific), using OptiCol 
Rat Collagen Type I as a standard. The extracted Col1 was neutralized 
with 1 M NaOH, and its osmolarity was adjusted with 10× DPBS. 
Alginate (2.5 %) was dissolved in PBS and stirred overnight at room 
temperature (RT), while gelatin (20 %) was dispersed in PBS and 
incubated at 37 ◦C overnight. Pre-gels were prepared by mixing the 
components according to the formulations specified in Table 1, and the 
final volume was adjusted with cell culture medium. MCF-7 cells were 
incorporated into the hydrogel core by spinning 1.5 × 107 cells (300 g, 4 
min) and resuspending the pellet in 3 mL of core pre-gel using a positive 
displacement pipette.

Core-shell hydrogel beads were fabricated using a coaxial needle 
system, with controlled flow rates of the shell and core pre-gels. The 
produced prototypes were subsequently introduced into a 50 mM CaCl₂ 
in 10 mM HEPES solution under stirring, where they were crosslinked 
for 10 min. After crosslinking, the core-shell hydrogel beads were 
washed with PBS and individually transferred into wells of a 48-well 
plate. Then, 0.5 mL of culture medium was added to each well, and 
they were incubated at 37 ◦C in the cell incubator. For comparison, two 
control groups were included: Col1 hydrogels at 4 mg/mL and MCF-7 
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cells cultured in a standard 2D monolayer. The Col1 controls were 
prepared by embedding 5 × 106 cells/mL into 25 μL hydrogels of 0.4 % 
Col1, while the 2D model involved direct seeding of cells onto multi-well 
plates.

2.4. Evaluation of hydrogel mechanical properties and porosity

2.4.1. Mechanical properties
The Young’s modulus of the hydrogels was measured using 

compression testing, with core-shell hydrogel beads to assess the overall 
system stiffness and disc-shaped hydrogels to evaluate the stiffness of the 
core hydrogel embedding BCCs. Core-shell hydrogel beads were pre
pared as described before (section 2.3), without the cell addition, 
whereas hydrogel discs were prepared in 48-well plates, with 400 μL of 
each of the pre-gels forming the core of the beads.

The measurements were conducted using a TA.XT.plus Texture 
Analyzer (Stable Micro Systems) equipped with a 5 kg load cell. 
Compression tests were performed at room temperature, applying a 
force of 1 N at a speed of 1 mm/s using 3 experimental replicates (n = 3). 
The results were obtained using the Texture Exponent 32 V 6.1.12.0 
software. For hydrogels with a disc shape (n = 3), the Young’s modulus 
was calculated by determining the slope of the stress/strain curves in the 
linear range. For the core-shell hydrogel beads, the Young’s modulus 
was calculated using the Hertz equation (Eq. 1), where F is the force 
applied, G is the elastic modulus, and ΔD is the difference between the 
initial undeformed diameter (D) and the deformed diameter of the gel 
sample. 

F =
4
3

⋅G⋅D0.5⋅ΔD1.5 (1) 

2.4.2. Porosity
The porosity of the core-shell hydrogel beads was also evaluated by 

Scanning Electron Microscopy (SEM, ZEISS FESEM Ultra Plus, Zeiss) 
using 3 experimental replicates (n = 3). Beads were freeze-dried at a 
condenser temperature of − 70 ◦C and a vacuum of 0.1 mBar for 48 h 
(Telstar LyoQuest HT40). The freeze-dried beads were then sliced in half 
with a scalpel and sputter-coated with 10.0 nm of iridium (Quorum 
Q150T-S-Plus, Quorum Technologies).

2.5. Assessment of cell proliferation, metabolism, and drug efficacy

2.5.1. Cell proliferation and metabolism
Cell proliferation and metabolic activity within the cell-laden core- 

shell hydrogel beads (hydrogels containing cells encapsulated in the 
core) were assessed utilizing AlamarBlue (Thermo Fisher Scientific). On 
days 1, 2, 4, 7, and 9, the cell medium was replaced with a 10 % solution 
of AlamarBlue in the cell medium. Following a 1-h incubation period 
within the 37 ◦C incubator (time that has been previously used for 
hydrogels with high cell density [26]), media samples from each 
hydrogel were extracted and analyzed for fluorescence emission (560/ 
590 nm). Eight experimental replicates were employed for each exper
imental condition (n = 8). The cellular proliferation was also analyzed 
by determining the double-stranded DNA (dsDNA) using Quant-iT 
PicoGreen assays (Thermo Fisher Scientific). At different time points, 

cell-laden hydrogels (N = 4) were recollected into 0.5 mL of TE buffer, 
and hydrogels were disrupted by three cycles of freezing and thawing, 
followed by mechanical fragmentation using an up-and-down motion 
through a syringe. Then, dsDNA was quantified according to the man
ufacturer’s protocol.

2.5.2. Drug efficacy
Drug efficacy against MCF-7 cells was also assessed after a week of 

maturation. Cell-laden hydrogels were incubated for one week to ensure 
cell growth and then exposed to differing concentrations of doxorubicin 
for 48 h. Following incubation, cellular viability was assessed using the 
AlamarBlue assay, employing the previously described methodologies. 
Hydrogels incubated with cell medium were utilized as negative con
trols. IC50 values were determined using GraphPad Prism 8.0 software 
(GraphPad Software). 5–6 experimental replicates were used per con
dition (nG3A1 = 5, nG3A0.5,G3A1C0.4,G3A0.5C0.4,Col1,2D = 6).

2.6. Cell morphology examination

Cell morphology was examined by staining of the cell nuclei and 
cytoskeleton after 7 days in culture via confocal microscopy (Leica 
Stellaris, Leica Microsystems). Cell-laden hydrogels were washed twice 
with PBS, fixed with 4 % paraformaldehyde (20 min, RT), and per
meabilized with 0.1 % Triton X-100 (5 min, RT). Then, hydrogels were 
blocked with 3 % BSA in PBS-Glycine 0.1 M (1 h, RT), incubated with 
Acti-stain 488 phalloidin (3.5:500, 45 min, RT), and followed by DAPI 
(1: 500, 10 min, RT). Three washes with 3 % BSA in PBS were performed 
between steps. The analysis of spheroid quantity and size was conducted 
using FIJI software [27]. The number of spheroids quantified in each 
prototype (N = 3) was above 900 (Col1:2442, G3A1: 1734, G3A0.5: 962 
G3A1C0.4: 2762, G3A0.5C0.4: 3355).

2.7. Immunofluorescence

Expression of Ki67 was assessed in the cell-laden hydrogels by 
immunofluorescence using a confocal microscope (N = 2) (Leica Stel
laris, Leica Microsystems). Cell-laden hydrogel samples were collected, 
fixed, and permeabilized at day 7, as explained in section 2.6. Next, 
hydrogels were incubated with the blocking solution (3 % BSA in PBS- 
Glycine 0.1 M-Tween-20 0.1 % containing 10 % goat serum, 1 h, 
4 ◦C). Then, they were incubated with an anti-Ki67 antibody (1:250, 
4 ◦C, overnight), with goat antirabbit IgG H&L (1:500) and Acti-stain 
488 phalloidin (1:350) (4 ◦C, 2 h), and with DAPI (1:500, 4 ◦C, 10 
min), all of them in the blocking solution. After each step, three washes 
with the blocking solution were performed.

2.8. RNA isolation and RT-qPCR

The differences in the gene expression between prototypes were 
analyzed by RT-qPCRs and compared with Col1 and 2D controls. After 7 
days of incubation, cell-laden hydrogels were collected and washed with 
PBS. Four capsules were used per biological replicate. They were stored 
at − 80 ◦C in RLT lysis buffer containing 1 % β-mercaptoethanol until 
RNA isolation. For RNA isolation, hydrogels were physically disrupted 
with a needle and syringe as specified in section 2.5. The collected cell 

Table 1 
Composition of the prototypes of the core-shell hydrogel beads. The prototypes were described in the following format: GXAXCX, where X represents the concentration 
in % (w/v) of gelatine (G), alginate (A), and Col1 (C) constituting the core of the hydrogel.

Prototypes Core Shell Crosslinking Cell density Young’s Modulus

Gelatin Alginate Col1 Alginate

G3A1 3 % 1 % – 2.5 % CaCl2 5⋅106cells/mL 2.280 ± 0.524 KPa
G3A0.5 3 % 0.5 % – 2.5 % CaCl2 5⋅106cells/mL 2.072 ± 0.200 KPa
G3A1C0.4 3 % 1 % 0.4 % 2.5 % 37 ◦C + CaCl2 5⋅106cells/mL 2.411 ± 0.206 KPa
G3A0.5C0.4 3 % 0.5 % 0.4 % 2.5 % 37 ◦C + CaCl2 5⋅106cells/mL 2.122 ± 0.094 KPa
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lysate supernatant was subsequently used for RNA isolation, using the 
RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s in
structions. The amount of RNA in each hydrogel was measured with a 
UV/Vis nano spectrophotometer (Nabi, Microdigital). Then, a two-step 
RT-qPCR was performed. cDNA from the isolated RNA was synthe
sized using the iScript cDNA Synthesis Kit (BIO-RAD). Then, the gene 
expression was analyzed by RT-qPCR of all cDNA samples (1.5 ng), using 
the iTaq Universal SYBR Green Supermix (BIO-RAD) and the corre
sponding primer (500 nM, Table S1, Sigma Aldrich). The protocol fol
lowed for the QuantStudio 3 (Applied Biosystems) was 1 cycle of 
polymerase activation and DNA denaturation at 95 ◦C for 10 min, 40 
cycles of annealing and extension, consisting of 15 s at 95 ◦C and 1 min 
at 60 ◦C, and the melt curve analysis was performed. The 2–ΔΔCt method 
was employed to determine the fold change in gene expression, using the 
18S ribosomal RNA as a housekeeping gene due to its stability as a 
reference gene in eukaryotic cells [28]. RT-qPCRs were performed in 
triplicate (N = 3).

2.9. Statistical analysis

The data represent the mean value and the standard deviation, and 
the number of experimental replicates (n) or biological replicates (N) is 
specified in each section. Statistical analysis was carried out with the 
GraphPad Prism 8.0 software (GraphPad Software). To determine sta
tistically significant differences between prototypes, one-way, and two- 
way ANOVAs were conducted (α = 0.05). A p-value threshold of less 
than 0.05 was used to define statistical significance.

3. Results and discussion

3.1. Core-shell hydrogel beads preparation and characterization

Core-shell hydrogels allow the formation of cancer models consisting 
of a tumor core and an outer stromal layer, which enables the replication 
of the tumor anatomy [29]. The hydrogels’ core can be tuned to provide 
an ECM-like environment that allows the formation of cancer tumoroids 
within the core to replicate the malignancy of human tumors. Therefore, 
these hydrogels facilitate the study of cell interactions and behavior in a 
confined 3D environment. Furthermore, the alginate shell provides the 
necessary mechanical stability and porosity to maintain the structure of 
the hydrogels, prevent cell proliferation outside the bead, and enable the 
diffusion of nutrients and oxygen [30]. Moreover, the outer layer could 

also be tuned to allow the inclusion of stromal cells to replicate the 
tumor anatomy. Core-shell hydrogels have significant potential for 
cancer modeling and drug screening, primarily due to their ability to 
support spheroid development within their interior [31–33].

Core-shell hydrogel beads with a 2.5 % alginate shell were devel
oped, while the core composition was systematically varied to explore 
different microenvironment conditions (Scheme 1). The cores consisted 
of gelatin (3 %) combined with alginate (0.5–1 %) and Col1 (0–0.4 %), 
with the alginate concentration adjusted to modulate stiffness, given its 
known role in promoting proliferation and survival pathways [34]. The 
impact of Col1 incorporation was also investigated, considering its 
relevance to breast cancer cell (BCC) behavior. For clarity, the different 
core-shell hydrogel prototypes are referred to according to their core 
compositions (G3A1, G3A0.5, G3A1C0.4, G3A0.5C0.4), as summarized 
in Table 1. All experimental outcomes were compared with results from 
Col1 hydrogel and 2D culture control models.

To avoid blocking or problems with the homogeneity of the hydro
gels, the shell pre-gels were maintained at RT, whereas the core pre-gels 
were prepared just before their use. To do so, gelatin-alginate disper
sions were incubated at 37 ◦C, and mixed with Col1 (only in G3A1C0.4 
and G3A0.5C0.4) and cells just before the extrusion to reduce the gelatin 
viscosity, the crosslinking of Col1, and problems in cell distribution. To 
facilitate hydrogel coagulation, the core-shell hydrogel beads were 
incubated under stirring in a refrigerated 50 mM CaCl2 solution in 10 
mM HEPES. This process improved the coagulation of gelatin in the core 
and prevented its collapse within the shell. This method of fabrication 
renders core-shell hydrogel beads of 2.6–2.9 mm in diameter (G3A1: 
2.887 ± 0.024 mm; G3A0.5: 2.750 ± 0.132 mm; G3A1C0.4: 2.577 ±
0.079 mm; G3A0.5C0.4: 2.703 ± 0.052 mm).

To ensure that the core-shell hydrogel beads closely replicate the 
tumor stiffness, the mechanical properties of the beads and the core 
were evaluated. The Young’s modulus of the whole core-shell hydrogel 
bead was approximately 2.2 KPa (Table 1), with no significant differ
ences observed between prototypes despite variations in their core 
composition (Fig. 1A). The lack of statistically significant differences 
between Young’s modulus values across the core-shell hydrogel beads 
could be attributed to the consistent presence of 2.5 % alginate in the 
shell, which regulates the total bead stiffness. To investigate the me
chanical effects of the different core compositions on MCF-7 cells, disc- 
shaped hydrogels of gelatin, alginate and Col1 with identical pre-gel 
composition to that of the beads’ core were designed, and their 
Young’s modulus was measured (Fig. 1B). Prototypes G3A1 and G3A0.5 

Scheme 1. Schematic representation of the core-shell hydrogel bead preparation process at room temperature and model of ductal carcinoma in situ recreation. The 
diagram illustrates the structural similarities of the core–shell hydrogel beads and the tumor. The tumor microenvironment representation was created with Illus
trae.co.
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had lower Young’s modulus (G3A1: 2.534 ± 1.198 KPa; G3A0.5: 2.331 
± 0.307 KPa) than the prototypes containing Col1 (G3A1C0.4: 5.404 ±
0.229 KPa; G3A0.5C0.4: 4.014 ± 0.203 KPa), being only statistically 
significant in the case of the higher content of alginate (G3A1 vs 
G3A1C0.4: p < 0.05), probably due to the higher variability in the 
hydrogels with lower alginate content. Nevertheless, the addition of 
Col1 increases the stiffness of the core, enabling the replication of the 
stiffness of breast tumors in vivo (2.2–5 KPa) [35,36]. Moreover, a syn
ergistic effect was observed between higher concentrations of alginate 
and the presence of Col1, as evidenced by the higher Young’s modulus of 
the core of G3A1C0.4 compared to G3A0.5C0.4, in agreement with 
previous reports [37,38].

The porosity of the hydrogels was examined using scanning electron 
microscopy (SEM, Fig. 1C). All prototypes exhibited large pores, with no 
discernible differences between them or between the core and shell, and 
similar to other alginate/gelatin-based hydrogels [39], suggesting that 
nutrients and drugs could diffuse into the core-shell hydrogels. No 
fibrous structure attributed to Col1/gelatin could be detected, which 
could be caused by artifacts created during the freeze-drying process. 
Since the porosity remained stable across all prototypes, any differences 
in the biological properties of the hydrogels cannot be attributed to 
variations in the number or size of pores, and must be dependent on the 
hydrogel composition and stiffness.

3.2. Proliferation and metabolic activity

The incorporation of Col1 in hydrogels has already shown an 

increase in the metabolic activity of BCCs [40,41]. The Col1 present in 
the tumor ECM contributes to the structure, stiffness, and hypoxia of the 
TME observed in vivo. These elements, along with Col1 interactions, play 
an important role in tumor metabolism by activating key metabolic and 
survival pathways, such as PI3K and Akt [5,41]. Thus, we explored 
whether the introduction of Col1 in the developed core-shell hydrogel 
beads could have any effect on BCCs.

The metabolic activity of BCCs in the core-shell hydrogel beads was 
analyzed by AlamarBlue at different time points of incubation, and 
compared with cells growing in 2D and Col1 hydrogels (Fig. 2A). Despite 
the lower metabolic activity (fluorescence values) of hydrogels con
taining Col1 (G3A1C0.4, G3A0.5C0.4) than hydrogels without Col1 
(G3A1, G3A0.5) at day 2, there were no significant differences between 
the prototypes after 4 days in culture. Nevertheless, 2D and Col1 con
trols consistently exhibited the highest fluorescence values across all 
measured days. However, the differences between the initial cell num
ber per prototype and controls could be responsible for the differences 
observed. Variations in pre-gel viscosity result in different levels of stress 
on the cells during encapsulation, leading to sample-dependent changes 
in cell viability. To account for this, the metabolic activity fluorescence 
data for each sample were normalized to their respective day 1 values 
(Fig. 2B). The core-shell hydrogel beads (G3A1C0.4, G3A0.5C0.4, and 
G3A0.5) and Col1 exhibited higher metabolic activity rates when 
normalized to day 1 in comparison with 2D. This is mainly because cells 
growing in 2D reached confluency on day 2 and began to detach from 
the wells and form cell sheets. Cells growing in G3A1 exhibited the 
lowest cell metabolism activity compared to the other prototypes, 

Fig. 1. Hydrogel mechanical properties and porosity. (A) Young’s Modulus of the whole prototypes G3A1, G3A0.5, G3A1C0.4, G3A0.5C0.4 (One-way ANOVA, n =
3). (B) Young’s modulus of the core of prototypes G3A1, G3A0.5, G3A1C0.4, G3A0.5C0.4 (One-way ANOVA, n = 3, ns: no significant, *: p < 0.05, **: p < 0.01). (C) 
Images of the hydrogels’ porosity by Scanning Electron Microscopy of Col1, G3A1, G3A0.5, G3A1C0.4, G3A0.5C0.4 (n = 3). Scale bar 100 μm.
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indicating that this core composition did not promote cell metabolism. 
Furthermore, G3A0.5 did not promote the increase in metabolic activity 
over time. In contrast, the presence of Col1 provoked an increase in the 
cell metabolic activity over time, similar to Col1 controls, but no dif
ferences were observed between G3A0.5, G3A1C0.4, and G3A0.5C0.4 
on days 4, 7, and 9.

To determine whether the differences observed between conditions 
were linked to an increase in the cell number or an increase in the 
metabolic activity, the dsDNA content in each prototype was quantified 
at different time points. As expected, Col1 and 2D controls exhibited 
higher dsDNA content compared to the prototypes, and no differences 
were observed between the core-shell hydrogel beads (Fig. 2C), indi
cating that cell proliferation occurred to a similar extent. To evaluate if 
MCF-7 cells had a higher metabolic activity in the core-shell hydrogel 
beads due to the Col1 presence, the fluorescence values of AlamarBlue 
were normalized with the dsDNA values (both normalized by day 1, 
Fig. 2D). At day 7, prototypes G3A0.5, G3A1C0.4, and G3A0.5C0.4 had 
statistically significantly higher metabolic rates than 2D and Col1. 
Specifically, G3A1C0.4 exhibited the highest metabolic activity, attrib
uted to the stiffness of the pre-gel in which the cells are embedded, and 
the activation of metabolic pathways mediated by the presence of Col1. 
Previous studies have already shown the role of collagen in ECM 
remodulation and the TME. Crosslinking collagen fibers regulates matrix 
stiffness, promoting cell adhesion via integrin activation, cell prolifera
tion and survival via PI3K/AKT pathway, and tumor invasiveness and 
metastasis [34,41]. As observed previously, G3A1 demonstrated lower 
metabolic activity, similar to Col1 and 2D.

To confirm our results, we assessed the expression of Ki67 (Fig. 3A) 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Fig. 3B). 
Ki67 is a proliferation-related gene, and its high expression is linked 
with microinvasion and higher-grade lesions in BC [42]. Prototypes 
containing Col1 showed an upregulation of this gene; prototype 

G3A1C0.4 exhibited higher Ki67 expression compared to the other 
prototypes. To determine whether the overexpression of Ki67 observed 
at the RNA level in G3A1C0.4 and G3A0.5C0.4 is also reflected at the 
protein level, immunofluorescence imaging was performed using 
confocal microscopy (Fig. 3C). MCF-7 cells formed spheroids with a high 
Ki67 expression in all prototypes, confirming the high proliferative ac
tivity across the models. The differences observed at the RNA level may 
be associated with the reduced proliferation detected by PicoGreen in 
G3A1 and G3A0.5 after 7 days, which corresponds to the time point at 
which RT-qPCR samples were collected. GADPH is also linked with cell 
metabolic activity, as this enzyme participates in glycolysis [28]. Again, 
prototypes with Col1 in the core showed an upregulation of this gene in 
the RT-qPCR studies, although it was not statistically significant. All 
these results together indicated that the incorporation of Col1 into the 
hydrogel core (prototypes G3A1C0.4 and G3A0.5C0.4) could reprogram 
the BCCs to exhibit a higher metabolic activity.

3.3. MCF-7 morphology

The cell morphology was assessed using confocal microscopy with a 
staining of the cell nuclei and cytoskeleton. By day 7, BCCs formed small 
spheroids and cell aggregates in the cores of all prototypes (Fig. 3D-E). 
However, variations in spheroid size and number were noted. Specif
ically, prototypes containing Col1 in the core exhibited smaller spher
oids, often surrounded by single cells (Fig. 3F, G3A1C0.4: 386.80 μm2, 
G3A0.5C0.4: 565.76 μm2). The spheroids embedded in the prototypes 
without Col1 showed the highest area (G3A1: 1308.87 μm2, G3A0.5: 
1077.19 μm2), similar to Col1 controls (975.97 μm2). These results could 
be related to the higher stiffness produced by the core of the prototypes 
with Col1 (Fig. 1B), since it has been reported that MCF-7 cells form 
smaller spheroids in stiffer gels than in soft gels [43,44].

Fig. 2. MCF-7 proliferation and metabolism activity on the core-shell hydrogel beads. (A) MCF-7 metabolism activity by AlamarBlue Assay. Results are presented in 
fluorescence units (Two-way ANOVA, n = 8). (B) MCF-7 metabolism activity by AlamarBlue Assay. Results are normalized by day 1 (Two-way ANOVA, n = 8). (C) 
MCF-7 double-stranded DNA quantification by PicoGreen. Results are normalized by day 1 (Two-way ANOVA, N = 4). (D) MCF-7 metabolic rates by comparing 
AlamarBlue and PicoGreen (One-way ANOVA, n = 8) (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001; pink asterisks: core-shell models vs 2D, green 
asterisks: core-shell models vs Col1, blue asterisks: Col1 vs 2D, black asterisks: Differences between core-shell models). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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3.4. MCF-7 invasiveness

As F-actin structures were observed on the spheroid surface in Col1, 
G3A0.5, and G3A1 prototypes (Fig. 3D-E), we hypothesize that these 
protrusions could be related to invadopodia. This phenomenon is 
characterized by protrusions in the cell membrane rich in actin, which 
are associated with cell invasiveness, as they are involved in the 
degradation of the ECM to promote cell invasion [45–47]. Despite MCF- 
7 cells exhibiting low basal invasiveness, these cells can modulate their 
plasticity in response to interactions with the surrounding microenvi
ronment. Therefore, previous studies have shown that, under 3D culture 
conditions and in the presence of suitable biomaterials, such as collagen, 
MCF-7 cells can alter their metabolic and genetic profiles to enhance 
invasive potential [48,49]. Given the F-actin structures observed in the 
morphological cell studies of the core-shell hydrogel beads, we evalu
ated invadopodia-related markers by RT-qPCR (Fig. 4) to determine if 
these structures were associated with invasion. First, the expression of 
HIF1α and CSRP2 was evaluated. Breast tumors can experience hypoxia, 
which activates gene pathways that facilitate proliferation and invasion 
[50]. The absence of oxygen induces the activation of HIF1α, which 
subsequently activates the transcription of related genes, such as CSRP2, 
which organizes actin filaments to support the formation of invadopodia 

[45]. Prototypes containing Col1 in the core showed the highest 
expression of HIF1α, whereas the prototypes containing 1 % alginate in 
the core (G3A1 and G3A1C0.4) had the highest expression of CSRP2, 
being upregulated only in the case of G3A1C0.4 (G3A0.5 and 
G3A0.5C0.4 showed no expression of this gene, with Ct values above 
35). Although these values were not statistically significant, the ten
dency towards a higher gene expression than the Col1 model suggests 
that hypoxia could be responsible for the appearance of the small 
invadosomes observed in G3A1C0.4, but not in G3A1 or G3A0.5, where 
larger protrusions were observed. In addition, the higher stiffness of 
G3A1C0.4 could be related to the upregulation of CSRP2, as the degree 
of hypoxia is more pronounced and directly regulates the expression of 
CSRP2 [51]. These results indicate that hypoxia cannot be responsible 
for the F-actin protrusions observed in G3A1 and G3A0.5.

During invadopodia formation, an actin core develops from which 
actin filaments organize and extend, enabling the cell to drive forward 
and invade surrounding tissues. The creation of this structure is medi
ated by the coactivators N-WASP (WASL) and cortactin (CTTN) (Fig. 4) 
[45,47]. CTTN was downregulated in all designed prototypes compared 
to Col1, whereas N-WASP was modestly upregulated only in G3A1C0.4 
and G3A0.5C0.4. We also analyzed the expression of F-actin (α-actin, 
β-actin, or γ-actin) in the prototypes to determine whether there was 

Fig. 3. MCF-7 proliferation, metabolic markers expression, and cell morphology in the core-shell hydrogel beads G3A1, G3A1C0.4, G3A0.5, and G3A0.5C0.4 for 7 
days. (A-B) Expression of the gene Ki67 (A), associated with cell proliferation, and GADPH (B), associated with cell metabolism. 2− ΔΔCt values were calculated with 
the ΔCt from Col1 cultures (One-Way ANOVA, N = 3, ns: no significant, *: p < 0.05, **: p < 0.01). (C) Expression of Ki67 (pink) by immunofluorescence in the core- 
shell hydrogel beads and Col1 controls (N = 2). The cell cytoskeleton was stained with Acti-stain 488 phalloidin (green), and cell nuclei with DAPI (blue). Scale of 10 
μm. A negative control stained with only the secondary antibody was also performed to ensure that there was no non-specific binding. (D) MCF-7 morphology and 
organization across the hydrogels Col1, G3A0.5, G3A1, G3A0.5C0.4, and G3A1C0.4. Cells were stained with Acti-stain 488 phalloidin (green) and DAPI (blue) at day 
7. Scale of 100 μm (One-way ANOVA, N = 3). (E) Close-up image of MCF-7 spheroids in Col1, G3A0.5, G3A1, G3A0.5C0.4, and G3A1C0.4. Scale of 25 μm. (F) Area of 
the spheroids (μm2) embedded in G31, G3A0.5, G3A1C0.4, G3A0.5C0.4, and Col1 (One-way ANOVA, N = 3, ****: p < 0.0001). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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upregulation of these genes that can explain the observed results 
(Fig. 4). Although G3A1C0.4 and G3A0.5C0.4 showed a modestly higher 
βACT expression level than Col1, there was no statistically significant 
difference between the prototypes. Additionally, G3A1C0.4 and 
G3A0.5C0.4 presented an upregulation of ACTA1 (encoding Actin alpha 
1) and ACTG2 (encoding Actin gamma 2), they were only statistically 
significant in the case of ACTA1. These results indicated that there was 
no overexpression of any specific type of F-actin genes in the prototypes 
displaying the larger number of protrusions. Nevertheless, the higher 
expression observed in the models containing Col1 within the core 
compared to the Col1 model is a positive outcome, as it indicates their 
ability to better mimic the behavior of in vivo tumors. As these charac
teristics are involved in the promotion of oncogenesis, cell migration, 
and epithelial-to-mesenchymal transition (EMT) through pathways such 
as annexins, integrin signaling, and ERK-MAPK [52]. Moreover, we 

evaluated if there was an upregulation of matrix metalloproteinase 9 
(MMP-9), which is often overexpressed in BC, and is also linked to the 
invadopodia [53,54]. None of the prototypes exhibited MMP-9 expres
sion (Fig. S1).

The downregulation of all invadopodia-related genes in the RT-qPCR 
results indicates that the actin-rich structures observed by confocal 
microscopy in Col1, G3A0.5, and especially G3A1, are not related to 
invadopodia. Based on these results, the next step was to investigate if 
there was an activation of any other invasion process in these models. 
Therefore, we evaluated the expression of markers related to blebbing, 
filopodia, or cell polarization (Fig. 4). Blebbing involves the formation of 
circular membrane protrusions that expand and retract from the cyto
plasm, a process implicated in cell invasion and metastasis in BC [55]. 
We assessed the expression of two genes involved with this process, 
MYO1E and TPM4. Myosin-Ie (encoded by MYO1E) is an actin-based 

Fig. 4. Expression of invasiveness genes (HIF1α, CSRP2, WASL, CTTN, βACT, ACTA1, ACTG2, MYO1E, TPM4, PODXL, CDH1, CDH2, ITGA2, ITGA5 MENA, EGFR, 
CDC42) in MCF-7 grown in hydrogels G3A1, G3A1C0.4, G3A0.5, and G3A0.5C0.4 for 7 days. 2 − ΔΔCt values were calculated with the ΔCts from Col1 cultures (One- 
way ANOVA, N = 3) (ns: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).
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motor protein that plays a crucial role in bleb formation, as it is part of 
the protein network that supports blebs from the inside, whereas 
Tropomyosin 4 (encoded by TPM4) is an actin-binding protein that is 
recruited and colocalized with actin during bleb formation [56]. Both 
G3A0.5C0.4 and G3A1C0.4 overexpressed MYO1E and TPM4. Another 
hypothesis involved the polarization of MCF-7 cells, leading to the for
mation of microvilli and surface extensions. Podocalyxin (PODXL) reg
ulates this process by initiating the development of microvilli and 
recruiting F-actin. Indeed, PODXL expression is associated with a more 
aggressive tumor prognosis due to the increased invasiveness of these 
cells [57,58]. However, there was only an overexpression of PODXL in 
G3A1C0.4 and G3A0.5C0.4. We also evaluated the expression of MENA, 
which encodes a protein from the Ena/VASP family (ENAH) that regu
lates actin organization, promoting the formation of structures such as 
invadopodia, filopodia, or cell polarization. This protein plays a key role 
in controlling actin spike formation during the development of filopodia 
in BCCs [47,59]. Again, MENA was only overexpressed in the prototypes 
G3A0.5C0.4 and G3A1C0.4. Previous studies have shown that MENA 
expression is elevated when cells are cultured in stiffer environments, 
which is consistent with our observations in the prototypes containing 
Col1 in the core [60]. These results indicated that blebbing, filopodia, 
and cell polarization did not correlate with the structures observed in 
G3A1, G3A0.5, and Col1 by confocal microscopy. However, the addition 
of Col1 to the core can increase the invasiveness of the cancer cells, 
promoting the appearance of membrane structures such as invadopodia, 
blebbing, filopodia, and cell polarization. This confirms the role of 
collagen in tumor invasion and metastasis observed in previous studies 
[61].

The expression of Cadherins, the molecules responsible for cell-cell 
adhesion, was also studied (Fig. 4). As BCCs become more invasive, 
the expression of E-cadherin is often downregulated to facilitate tumor 
progression [62]. Despite not finding statistically significant values, we 
observed that in G3A1 and G3A0.5, CDH1 was downregulated, while in 
G3A0.5C0.4 and G3A1C0.4, this gene was upregulated (Fig. 4). The loss 
of CDH1 expression reduces cell-cell interactions, thereby facilitating 
cell dissemination through the ECM [47]. In confocal microscopy, we 
observed smaller and more compact spheroids in the hydrogel core-shell 
hydrogel beads with Col1 in the core, which could be related to the 
higher expression of CDH1 in these prototypes (Fig. 3D-E). Since CDH1 
expression correlated with the morphology observed in the confocal 
microscopy images, we theorize that this result could be associated with 
the increased stiffness of the hydrogels. In contrast to CDH1, N-cadherin 
(CDH2) expression is up-regulated in BC, being associated with a more 
invasive and metastatic phenotype. The expression of CDH2 regulates 
the adhesion between BCCs and other types of cells, promoting tumor 
invasion [63]. CDH2 was overexpressed in G3A1C0.4 and G3A0.5C0.4, 
indicating that these prototypes presented a tendency towards a higher 
invasiveness profile (Fig. 4). The prototypes G3A1 and G3A0.5 exhibited 
no expression of CDH2.

We also assessed whether the absence of Col1 in the prototypes could 
reduce the focal adhesion with the hydrogel matrix, and this could be 
responsible for the structural features observed. In breast cancer, 
integrin adhesion receptors mediate interactions with the surrounding 
ECM, which are essential for tissue invasion during metastatic pro
gression [64,65]. For this reason, we studied the expression of two types 
of integrins in our models, α2β1 and α5β1, by assessing the expression of 
their alpha subunits. The α2β1 has a high affinity for Col1, while α5β1 
presents a higher affinity for fibronectin [66,67]. Both alpha subunit 
genes (ITGA2, ITGA5) were overexpressed in G3A1C0.4 and 
G3A0.5C0.4 (Fig. 4), a behavior typically observed in vivo, where they 
regulate invasion and proliferation [68]. In contrast, G3A1 and G3A0.5 
exhibited a lower expression of these markers than the Col1 model. We 
hypothesize that, in these models, cells may not be effectively inter
acting with the surrounding matrix, which could lead to the formation of 
actin protrusions.

To further investigate the pathway that could be activated in our 

models to explain the higher invasive phenotype in the prototypes 
containing Col1, the expression of EGFR and CDC42 was investigated 
(Fig. 4). The epidermal growth factor receptor (EGFR) is typically 
overexpressed in BC, being involved in the tumor invasion, stemness, 
and proliferation [69]. EGFR can enhance BCCs’ proliferation by acti
vating downstream pathways such as PKC, JAK-STAT, and PI3K-Akt 
[70]. Also, it has an effect regulating the development of stemness and 
promoting the invasion in breast cancer through other pathways such as 
MAPK [71]. Moreover, recent studies have reported the role of EGFR in 
focal adhesion and integrin activation, enhancing the interaction of the 
BCCs with the TME [72]. This marker was overexpressed in G3A1C0.4, 
G3A0.5C0.4, and, interestingly, in G3A1. We hypothesize that these 
results could be related to the F-actin structures observed, especially in 
G3A1, since previous studies have already demonstrated that invasion 
and invadopodia formation in BC can be regulated by the EGFR-Src-Arg- 
cortactin pathway [73]. The Rho GTPase cell division control protein 42 
homolog (CDC42) increases cell proliferation through the MAPK and 
p53 pathway. The overexpression of CDC42 is often mediated by cellular 
surface receptors such as EGFR [74]. Also, overexpression of CDC42 in 
BC is related to cell invasion and metastasis, promoting filopodia and 
invadopodia formation, and acts as a hallmark of EMT [75]. In our 
study, CDC42 was overexpressed in G3A1 and, especially, in G3A1C0.4, 
and G3A0.5C0.4. These results correlate with the observed in EGFR, 
indicating that a pathway involving both proteins, such as MAPK or 
AKT, could be activated in our models, inducing tumor progression and 
invasion [74,75].

Although these results do not provide a conclusive explanation for 
the actin-rich structures observed by confocal microscopy in G3A1, 
G3A0.5, and Col1, the downregulation of ITGA2, and ITGA5 and the 
upregulation of EGFR and CDC42 could be behind the formation of these 
structures in the case of G3A1. However, another hypothesis is that these 
actin structures may correspond to early stages of exosome secretion, a 
process known to be involved in cellular invasiveness and ECM 
remodeling [76]. In contrast, all invasion markers analyzed were over
expressed in G3A1C0.4 and G3A0.5C0.4. Therefore, the addition of Col1 
to the core of the core-shell hydrogel beads enables the upregulation of 
genes related to cell invasion, thus modulating the plasticity of MCF-7 
cells towards a more invasive phenotype.

3.5. MCF-7 malignancy

BCCs continually remodel the ECM to adapt its characteristics for 
tumor growth, such as stiffness and composition. BCCs alter their gene 
expression patterns to increase the expression of ECM components, 
thereby modifying the biochemical and mechanical characteristics of 
the matrix. These modifications alter cellular signaling pathways, pro
moting metastasis and drug resistance, or supporting angiogenesis [77]. 
Since ECM remodeling markers are important determinants of BC ma
lignancy, we studied the expression of some of these genes in MCF-7 
cells embedded in the designed hydrogel beads’ core (Fig. 5). First, we 
evaluated the expression of the genes Col1A1 and FN1 encoding 
collagen 1A1 and fibronectin I, as they are BC markers associated with 
malignant tumor development. The deposition of these proteins induces 
changes in the ECM, providing structural support for BCCs and 
enhancing their proliferation, differentiation, and migration [12,41,78]. 
The addition of Col1 to the core resulted in increased Col1A1 expression 
(Fig. 5), G3A1C0.4 being the prototype with the highest expression of 
this gene, and the lack of expression of FN1 (Ct > 35). On the contrary, 
G3A1 and G3A0.5 exhibited a downregulation of both genes when 
compared to the Col1 model. Other ECM remodeling genes, such as 
HAS2 and LAMB1, were also evaluated. HAS2 is the most efficient iso
form of the enzyme responsible for producing hyaluronic acid (HA), and 
the presence of HA in the ECM promotes proliferation and migration, 
making HAS2 expression a negative prognostic factor [79,80]. In addi
tion, laminins are the most abundant non-collagenous proteins in the BC 
ECM, laminin subunit beta 1 (LAMB1) being a more accurate imitation 

U. Gato-Diaz et al.                                                                                                                                                                                                                             International Journal of Biological Macromolecules 335 (2026) 149205 

9 



of the BC ECM and cell behavior [12]. G3A1C0.4 and G3A0.5C0.4 
showed an upregulation of both genes (Fig. 5), whereas G3A1 and 
G3A0.5 showed an upregulation of LAMB1 and a downregulation of 
HAS2. Despite this tendency, there was no statistically significant dif
ference between the prototypes. These results suggest that the incor
poration of Col1 in the hydrogels tends to enhance the capability of BCCs 
to remodel the hydrogel matrix by depositing proteins present in the 
tumor ECM (Col1, HA, laminin) [12,81].

Mechano-sensing-related genes were also evaluated. YAP1 and 
WWTR1 (TAZ) are key effectors of the Hippo signaling pathway and are 
frequently overexpressed in BC, contributing to oncogenic processes 
[82,83]. These transcriptional coactivators modulate diverse cancer- 
related phenomena, including cell proliferation, invasion, drug resis
tance, EMT, and stemness, thereby promoting tumor development and 
progression [84–88]. The activation of YAP1 and WWTR1 is dependent 
on the high stiffness of the ECM in BC, and the expression of these 
coactivators is associated with increased cell proliferation [89]. 
Although all prototypes differed significantly from Col1, the expression 
of YAP1 and WWTR1 was higher in G3A1C0.4 and G3A0.5C0.4 (Fig. 4). 
As previously explained, the presence of Col1 in the core enhances 
stiffness, thereby activating the expression of YAP1 and WWTR1 in 
MCF-7 cells [90,91]. Furthermore, as mentioned before, various studies 
have linked the expression of these coactivators with cell trans
formations and tumor development in BC [89,92]. These findings sug
gest that G3A1C0.4 and G3A0.5C0.4 could serve as effective 3D BC 
models.

Finally, we also studied the expression of FOXC2, SNAI1, NFKB1, and 
PTK2, key BC genes associated with poor prognosis and with aggressive 
behavior (Fig. 5). FOXC2 is a transcription factor from the forkhead box 
family related to EMT and stemness pathways in BC [93,94]. Moreover, 
the expression of this marker has been associated with drug resistance, 
as it promotes the activation of pathways involved in ABC multidrug 
transport systems, prosurvival signaling cascades, and oxidative stress 
adaptation, thereby enhancing the proliferative potential of BCCs [95]. 
MCF-7 cells growing in G3A1C0.4 and G3A0.5C0.4 showed a 

statistically significant increase in this marker. SNAI1 is another tran
scription factor commonly overexpressed in BC, serving as a key marker 
of EMT and metastasis promotion [96,97]. In addition, SNAI1 contrib
utes to immunosuppression, inhibition of apoptosis, and activation of 
protumorigenic signaling pathways [98]. Although the differences in 
SNAI1 expression between our models were not statistically significant, 
all designed models exhibited an overexpression of SNAI1 compared 
with the Col1 model, thereby better imitating the stemness and devel
opmental characteristics of BCCs. We also analyzed nuclear factor kappa 
B1 (NFKB1), a key regulator of the proinflammatory environment 
characteristic of BC, which consequently promotes drug resistance, as 
well as the survival and proliferation of BCCs [99,100]. It is also 
involved in the development of EMT in breast cancer [101]. This marker 
exhibited a higher expression in the models containing Col1 in the core 
(G3A1C0.4, G3A0.5C0.4), indicating their ability to reproduce the EMT 
processes and cellular behavior observed in vivo. Lastly, we also studied 
the expression of the focal adhesion kinase (FAK), encoded by the gene 
PTK2. An increased expression of this marker in BC is often linked to 
metastasis, high cell survival, and proliferation [102]. Although no 
statistically significant differences were observed between the models, 
prototypes containing Col1 in the core showed a higher expression of 
this gene. This increased expression correlates with the results previ
ously obtained for G3A1C0.4 and G3A0.5C0.4 when analyzing integrin 
subunit expression (ITGA2 and ITGA5), which is consistent with the 
known role of FAK as an adaptor molecule in integrin-mediated 
signaling pathways [103].

To investigate which mechanisms and pathways might be activated 
in the core-shell hydrogel beads containing Col1 in the core (G3A1C0.4 
and G3A0.5C0.4), we analyzed the interactions between the proteins 
encoded by the overexpressed markers using a STRING interaction 
network (Fig. 6). Many overexpressed markers are related to the regu
lation of cell migration, promoting invasion to the surrounding matrix 
and metastasis of the BCCs (Fig. 6, light blue). Tumors increase their 
invasiveness by remodeling and stiffening the surrounding ECM and by 
engaging integrin-mediated and other signaling pathways that facilitate 

Fig. 5. Malignant tumor markers (Col1A1, FN1, HAS2, LAMB1, YAP1, WWTR1, FOXC2, SNAI1, NFKB1, PTK2) expression in MCF-7 grown in core-shell hydrogel 
beads G3A1, G3A0.5, G3A1C0.4, and G3A0.5C0.4 for 7 days. 2 − ΔΔCt values were calculated with the ΔCts from Col1 cultures (One-way ANOVA, N = 3, ns: not 
significant, *: p < 0.05, **: p < 0.01).
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cell-ECM interactions [104]. As shown in the figure, many of the over
expressed markers are associated with focal adhesion (Fig. 6, yellow), 
highlighting the ability of BCCs embedded in these models to interact 
with their surrounding microenvironment. Additionally, invadopodia- 
related markers are upregulated in the presence of Col1, leading to the 
activation of lamellipodia, filopodia, and blebbing structures (Fig. 6, 
green and dark blue) in MCF-7 cells and, in consequence, enhancing 
their invasiveness potential [105]. Several of the identified markers and 
their encoded proteins are linked to the Hedgehog (Hh) signaling 
pathway (Fig. 6, pink), which is known to drive key processes in invasive 
BC, including proliferation, drug resistance, invasion, angiogenesis, and 
EMT [106–108]. We hypothesize that this pathway may be activated in 
our models, thereby enhancing their ability to replicate the behavior of 
in vivo tumors. Moreover, as previously discussed, several markers 
(Fig. 6, red) are also involved in promoting EMT, a hallmark process in 
BC through which cells acquire stem-like properties, enhancing their 
migratory capacity and chemoresistance [109]. This extensive network 
of protein interactions and pathway activations indicates that G3A1C0.4 
and G3A0.5C0.4 could provide a more translatable model for breast 
cancer research.

3.6. Drug resistance

Finally, we studied the potential of the core-shell hydrogel pro
totypes developed as BC models for screening chemotherapeutic agents 
and other drugs. We compared the MCF-7 viability after incubating for 
48 h with doxorubicin in G3A1, G3A0.5, G3A1C0.4, and G3A0.5C0.4 
and Col1 and 2D controls. Doxorubicin was chosen as a drug model 
because of its efficacy and potency in the treatment of BC [110,111]. 
Core-shell hydrogels were incubated for 7 days before adding the 
different concentrations of doxorubicin to the media. The 2D results 
indicated that doxorubicin effectively reduced the MCF-7 cell popula
tion at concentrations of approximately 0.1 μM (IC50 = 0.134 μM, 
Fig. 7A). On the contrary, all prototypes (G3A0.5, G3A1, G3A0.5C0.4, 
and G3A1C0.4) and Col1, exhibited significantly higher resistance to 
doxorubicin compared to the 2D model (IC50 > 100 μM), with no dif
ferences between Col1 and the prototypes. These differences in drug 
resistance between 2D and 3D models were already noted in other 
studies [13,112]. The capacity of 3D models to imitate the 

characteristics of the ECM facilitates the activation of drug resistance 
mechanisms in MCF-7. These results indicate that all the designed core- 
shell hydrogel beads exhibit significant potential as 3D BC models for 
testing chemotherapy agents and drug screening.

We also evaluated the expression of multidrug resistance (MDR) 
proteins in the designed prototypes, comparing them with the 2D model, 
to determine whether any differences were present (Fig. 7B), as well as 
the activation of these genes after incubation with doxorubicin (0.1 μM). 
First, we studied the expression of multidrug resistance-associated pro
tein 1 (MRP1), encoded by ABCC1, and breast cancer resistance protein 
(BCRP), encoded by ABCG2. There was an under-expression of ABCC1 in 
G3A1C0.4, G3A0.5C0.4, and Col1, with no statistically significant dif
ference between conditions. Moreover, this gene was not expressed in 
G3A1 and G3A0.5. On the contrary, ABCG2 was overexpressed in 
G3A1C0.4 and G3A0.5C0.4, underexpressed in G3A0.5 and Col1, and 
not expressed in G3A1. These results indicate that the presence of Col1 
in the designed prototypes increases the expression of ABC efflux 
transporters. Collagen-mediated drug resistance has been previously 
observed, with studies showing that collagen activates the MAPK 
pathway, leading to the overexpression of ABC transporters [113,114].

We also examined the expression of Heat Shock Protein 90 Alpha 
Family Class A and B (HSP90AA1 and HSP90AB1), which are key reg
ulators of cell autophagy and drug efflux, processes that enhance drug 
resistance [115,116]. The analysis of HSP90AA1 and HSP90AB1 
expression showed a downregulation across all designed prototypes, 
suggesting that these drug resistance proteins are unlikely to be 
responsible for the doxorubicin resistance observed in this study. We 
also assessed the expression of CYP1A1, a cytochrome P450 enzyme 
involved in drug metabolism that is highly expressed in most BCs [117]. 
The prototypes that contain Col1 in the core overexpressed this marker, 
with G3A1C0.4 being the prototype with the highest expression. In 
addition, as doxorubicin acts by inhibiting topoisomerase II-α (TOP2A), 
and MCF-7 cells can evade this effect by downregulating the expression 
of this protein [118], we analyzed the expression of TOP2A in the 
designed prototypes. Despite there not being a statistical difference 
between conditions, the incorporation of Col1 revealed a tendency to
wards downregulation of this gene, a behavior associated with drug 
resistance. However, there were no differences between conditions, 
suggesting that the downregulation of this marker must be more linked 

Fig. 6. STRING protein–protein interaction network for the 22 proteins whose genes were significantly overexpressed in the core-shell hydrogel beads containing 
Col1 in the core (G3A1C0.4 and G3A0.5C0.4). Nodes represent proteins, and edges indicate predicted or known interactions. Node colors correspond to the biological 
mechanisms or pathways in which the proteins are involved.
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to the 3D environment rather than the hydrogels’ composition or me
chanical properties.

Finally, as drug resistance is also mediated by the apoptosis pathway, 
the expression of the BCl-2 and BAX was assessed. BAX promotes 
apoptosis, and BCl-2 inhibits it [119]. During tumor progression, the 
expression of BCl-2 tends to increase, favoring cancer survival. BCl-2 
binds to BAX, preventing its oligomerization, therefore, causing the 
death of BCCs [120]. In the prototypes designed, we observed that the 
addition of Col1 to the core was able to increase the expression of BCl-2 
and BAX. Although these prototypes more accurately mimic the 

behavior of tumors in vivo, the anti-apoptotic effect was countered, 
meaning that apoptosis regulation was not the cause of the drug resis
tance observed in our prototypes.

These results indicate that the drug resistance observed in G3A1C0.4 
and G3A0.5C0.4 is linked to the upregulation of ABCG2 and CYP1A1. 
However, in the case of G3A1 and G3A0.5 prototypes, it must be linked 
to the expression of different drug resistance markers, or to an increase 
in expression with exposure to drugs. We analyzed the expression of 
these markers after doxorubicin exposure, comparing the results with 
those obtained before treatment (Fig. S2). We observed an increase in 

Fig. 7. Drug resistance analysis. (A) MCF-7 viability (%) after incubating core-shell hydrogel prototypes with different concentrations of doxorubicin for 48 h (Two- 
way ANOVA, nG3A1 = 5, nG3A0.5,G3A1C0.4,G3A0.5C0.4,Col1,2D = 6; a: G3A1C0.4, Col1 vs 2D: p < 0.01; b: G3A0.5C0.4, G3A0.5 vs 2D: p < 0.001; pink asterisks: core-shell 
models and Col1 vs 2D). (B) Drug resistance marker genes (ABCC1, ABCG2, HSP90AA1, HSP90AB1, BAX, BCl2, TOP2A, CYP1A1) expression in MCF-7 grown in 
hydrogels G3A1, G3A1C0.4, G3A0.5, G3A0.5C0.4, and Col1 for 7 days. 2 − ΔΔCt values were calculated with the ΔCts from 2D cultures (One-way ANOVA, N = 3; *: 
p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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the expression of all drug resistance markers studied in the Col1 pro
totype, except for BAX. Moreover, an increase in the expression of both 
BAX and BCl-2 was observed in G3A1, G3A1C0.4, and G3A0.5C0.4. 
Despite this increase, the balance between these markers remained 
stable, indicating no significant variation in the apoptotic response. 
Nevertheless, the incorporation of Col1 into the core-shell hydrogels 
promoted the expression of drug resistance observed in BC, therefore 
suggesting that G3A1C0.4 and G3A0.5C0.4 could be suitable models for 
assessing the efficacy of anticancer therapeutics.

4. Conclusions

In this study, we engineered an advanced 3D in vitro BC model 
consisting of a core-shell hydrogel bead, which closely replicates the 
tumor’s high Col1 content and stiffness. Additionally, the alginate shell 
creates a confined environment for BCC growth, reflecting the spatial 
restrictions encountered in DCIS tumors and thereby enhancing the 
physiological relevance of the model. Within these models, MCF-7 cells 
formed spheroids and cell aggregates with high proliferation and 
metabolic activity. The Col1 enrichment in the hydrogel beads’ core 
enhanced the physiological relevance of these models by enabling them 
to express markers linked to malignancy, invasion, and drug resistance 
in BC in vivo. Remarkably, these 3D prototypes demonstrated signifi
cantly higher resistance to doxorubicin than conventional 2D cultures. 
Overall, Col1-enriched core-shell hydrogel beads have potential as 
translatable BC models due to their capability to emulate aggressive 
tumor phenotypes. Moreover, the preparation of core-shell hydrogel 
beads can be easily adapted to high-throughput fabrication and 
screening, providing a powerful tool in preclinical testing. Additionally, 
stromal cells such as macrophages or fibroblasts can be incorporated 
into the shell, allowing for the study of their interactions with BCCs, as 
well as endothelial cells, to evaluate angiogenesis within the model. The 
models could also serve as a platform for spheroid production, as the 
shell supports confined 3D growth and can be disrupted with calcium 
chelators to recover the spheroids for downstream experiments. The 
results suggest that G3A1C0.4 and G3A0.5C0.4 hold potential for BC 
modeling; however, certain limitations must be taken into account. 
Since the experiments were conducted using only one cell type (MCF-7), 
the findings may not be generalizable to other BC subtypes. Future 
studies using other BCCs and stromal cells are needed to validate the 
model’s potential in reproducing the invasiveness and drug resistance 
occurring in vivo. Additionally, the diffusion of doxorubicin within the 
core-shell hydrogel beads was not evaluated, nor were other chemo
therapy agents evaluated, to decipher the impact of limited drug diffu
sion or the drug mechanism of action might have on drug resistance 
within our model. The expression of markers associated with BCC ma
lignancy and invasion was examined at the gene level; proteomic ana
lyses may allow the identification and quantification of the proteins that 
are overexpressed in this model. Future research will help to demon
strate the capacity of these models to imitate human tumors, providing 
opportunities for therapeutic innovation.
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