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A B S T R A C T

Bone metastasis is a major clinical complication of breast cancer, regulated by dynamic interactions between 
disseminated tumor cells and the bone extracellular matrix (ECM). Experimental models that accurately replicate 
the biochemical, structural, and mechanical features of the bone niche remain limited. Here, we engineered 
three-dimensional organo-specific ECM scaffolds to investigate how bone-mimetic matrices regulate breast 
cancer cell behavior, phenotypic plasticity, and therapeutic response. Collagen-based scaffolds mimicking pri
mary breast tumor ECM and collagen–hydroxyapatite (coll-HA) scaffolds reproducing bone ECM were developed. 
Physicochemical characterization confirmed that coll-HA scaffolds showed effective hydroxyapatite integration, 
trabecular-like organization, physiological porosity, and elastic properties consistent with the bone metastatic 
niche. Upon cellularization with breast cancer cells, the scaffolds reproduced key histological features and tumor 
cell morphologies observed in human bone metastasis. Using four breast cancer cell lines representative of 
distinct molecular subtypes and degree of bone tropism, we demonstrated that organo-specific ECMs profoundly 
influence cell growth dynamics and phenotypic plasticity. In the bone-mimetic niche, tumor cells exhibited 
reduced proliferation and adopted subtype-specific epithelial–mesenchymal states. Transcriptomic profiling 
revealed lineage-dependent metabolic reprogramming and modulation of bone metastasis-associated signaling. 
The bone-mimetic ECM also enhanced tumor cell sensitivity to bone-targeted therapies and osteoclastogenic 
ability, highlighting the role of tumor–ECM interactions in shaping the osteolytic microenvironment. Collec
tively, organo-specific ECM scaffolds provide a physiologically relevant platform to study breast cancer adap
tation to the bone microenvironment, offering mechanistic insights into microenvironment-driven plasticity, 
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metabolism and therapeutic vulnerabilities, with implications for improving treatments for bone metastatic 
disease.

1. Introduction

Breast cancer is the most commonly diagnosed cancer in the female 
population and the second leading cause of death in women [1]. Unlike 
primary tumors, which are frequently curable with local surgery or ra
diation, metastasis accounts for the majority of cancer-related deaths, 
despite recent therapeutic advancements [2]. The spread of primary 
cancer cells from the original tumor involves sequential and inter
connected steps, making cancer metastasis a complex process. Breast 
cancer metastasis exhibits organotropisms, with the bone as one the 
most frequent sites, accounting for about 65–75% of advanced cases 
[2,3]. Different molecular breast cancer subtypes exhibit varying de
grees of propensity to develop bone metastasis [4,5]. The combination 
of cell-intrinsic features and the influence of the microenvironment, 
both at the primary and metastatic sites, guide dissemination to bone 
rather than to other organs [4,5]. Moreover, clinical evidence indicates 
that when breast cancer spreads to the bones, there is a high risk of later 
metastasis to multiple organs [6,7]. This appears to be driven by the 
interaction between cancer cells and resident cells, as well as to cyto
kines released within the bone microenvironment [8,9]. These in
teractions not only dictate the bone to support cancer cell survival but 
also strengthen metastatic cells, facilitating their further spread to other 
organs. Bone microenvironment is a highly heterogeneous and dynamic 
niche that hosts different bone cells (osteoblasts, osteoclasts and their 
precursors), stromal cells, hematopoietic and immune cells, adipocytes, 
endothelial and fibroblasts cells, which orchestrate the bone remodeling 
process and immune function during the development [10,11]. All these 
cells are surrounded by an extracellular matrix (ECM) which is 
composed of organic and inorganic components [12,13]. The main 
organic component is represented by type I collagen fibrils, which give 
the strength and stiffness to the bone matrix and the structural support 
for cell attachment. Collagen fibers are strictly organized in a hierar
chical and directional manner corresponding to cellular orientation. The 
most represented inorganic component of the bone matrix is the hy
droxyapatite crystals, which regulate the bone matrix mineralization. It 
has been shown that the structure and orientation of the hydroxyapatite 
crystals, in conjunction with the collagen fibrils, are critical for bone 
matrix organization [12,13]. In pathological conditions, the alignment 
of apatite crystals and collagen can be altered, affecting cell behavior 
and differentiation. Emerging evidence highlights the key role of the 
bone ECM in metastatic progression [14]. Its biochemical and me
chanical properties can affect the plasticity of disseminated cancer cells, 
which adapt to the hostile microenvironment and increase their growth 
and survival [15]. Moreover, tumor cells can disseminate early to bone, 
also during primary tumor formation and enter a state of dormancy in 
which they proliferate less and assume stem-like properties [16–18]. 
Microenvironmental conditions are key determinants of tumor-cell la
tency and stemness and, as a direct consequence, of sensitivity to drugs 
[19]. The identification of how the bone ECM influences these processes 
remains essential for developing effective treatment strategies for met
astatic patients [20]. Different experimental approaches have been 
attempted to model the interactions between tumor cells and microen
vironment during the sequential stages of tumor metastasis [21,22]. 
Here we developed an in vitro platform based on tailored three- 
dimensional matrices that reproduce the ECM composition of primary 
breast and bone metastatic lesions, enabling us to isolate the contribu
tion of organo-specific ECM to cancer cell behavior. Using this system, 
we demonstrated that the ECM is not merely a structural support but an 
active regulator of cancer cell adaptation, inducing lineage-dependent 
changes in breast cancer cell phenotype, transcriptional programs, 
crosstalk with osteoclasts, and responsiveness to bone-targeted 

therapies.

2. Results

2.1. Structural and physicochemical properties of ECM- mimicking 
scaffolds

To reproduce the native ECM of primary breast tumors we exploited 
a previously developed three dimensional (3D) collagen scaffold model, 
which recapitulates the aggressiveness and heterogeneity of breast 
cancer cells [23,24]. To reproduce the bone-like ECM, we next synthe
sized scaffolds composed of type I collagen and hydroxyapatite in a ratio 
of 30:70 reflecting the healthy bone tissue [12]. Both scaffolds were 
synthetized with a dimension of 9 mm of diameter and 2 mm of thick
ness (Fig. 1a). Attenuated total reflection Fourier Transform Infrared 
(ATR-FTIR) analysis confirmed the presence of collagen in the 3D scaf
fold by its characteristic amide bands and CH₂ stretching vibrations, 
with a broad –OH band around 3300 cm− 1. In the colla
gen–hydroxyapatite (coll-HA) scaffold, the spectrum was dominated by 
HA features, while collagen (coll) peaks showed a slight leftward shift 
and reduced intensity. Amide I, II, and III shifted to 1654, 1546, and 
1243 cm− 1, respectively, indicating stronger intermolecular interactions 
and reduced molecular flexibility (Fig. 1b). Field Emission Scanning 
Electron Microscope (FE-SEM) analysis confirmed that both materials 
exhibit a porous architecture, with pore sizes ranging approximately 
from 20 to 100 μm (Fig. 1c). The X-ray diffraction (XRD) patterns of the 
coll-HA scaffold matched with the standard International Centre for 
Diffraction Data (ICDD) database for calcium phosphate hydroxide (card 
#01–074-0565), confirming the successful incorporation of HA 
(Fig. 1d). The main diffraction peaks, suggesting the material's hexag
onal crystal structure, were observed at 2θ: 26.0◦ (002), 29.1◦ (210), 
31.9◦ (211), 32.3◦ (112), 33.1◦ (300), 40.0◦ (221), 46.8◦ (222), 49.6◦

(213), and 53.3◦ (004) [25]. The crystalline degree (XC) was 49.1% and 
the mean crystalline size was 39.52 nm, likely due to collagen presence, 
as pure HA typically shows approximately 52.0 nm crystallites. Finally, 
the interplanar distance for the lattice spacing of (211) was 2.803 Å, in 
excellent agreement with values reported in literature (2.81 Å) [26].

Micro-computed tomography (μCT) was utilized to quantitatively 
analyze the physical and architectural properties of the scaffolds 
(Fig. S1a). Incorporation of HA, led to a significant increase (174.0 ±
20.5 mm3) in the overall scaffold volume (Vtotal) compared to that of 
coll scaffold (126.8 ± 14.1 mm3) (Fig. 1e). Coll-HA scaffolds also 
showed a substantially greater solid volume (Vsolid), with a mean of 
104.2 ± 14.8 mm3, compared to 49.1 ± 15.8 mm3 for coll scaffolds. This 
represents the double solid material content when HA was incorporated 
into the matrix. Crucially, despite this marked increase in Vtotal and 
Vsolid, the absolute volume of void space (Pore Volume, Vpore) 
remained constant between coll and coll-HA scaffolds. Coll scaffolds had 
a mean porosity of 77.6 ± 6.6 mm3, while coll-HA scaffolds showed 69.8 
± 5.8 mm3, indicating that total void volume did not markedly change 
despite the larger overall scaffold size in coll-HA matrix (Fig. 1e). When 
analyzing the scaffold solid phase and the porosity as a percentage of 
Vtotal, the solid fraction increased significantly from 38.3 ± 8.2% in coll 
scaffolds to 59.8 ± 1.5% in coll-HA scaffolds, that also exhibited a lower 
percent porosity (ca 40.2% vs. 61.7%) and were notably denser (Fig. 1f). 
The observed constant Vpore despite an increased Vtotal and Vsolid 
suggests that the HA particles were successfully integrated into the 
collagen matrix rather than occupying existing void spaces. The porosity 
values of coll-HA were close to the range reported to support nutrient 
diffusion, cell penetration, and proliferation throughout the entire 
scaffold's structure [27].
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The swelling analysis over 24 h demonstrated that coll-HA scaffolds 
achieve full hydration rapidly, reaching a maximum swelling value of 
251.68% ± 5.41% within the first 10 min from their dried state (Fig. 1g). 
A slight decrease in swelling was observed shortly after the initial time 
points (237.22% ± 11.94% after 1 h), which is likely attributable to the 
dissolution of a small fraction of uncrosslinked material. Subsequently, 
the swelling ratio stabilized, maintaining 235.62% ± 9.8% after 24 h. 
The high level of swelling and water retention is a key functional 
property that enables effective hydration. The stability of the scaffolds in 
Phosphate-Buffered Saline (PBS) was robust, maintaining 93.02% ±
0.21% of their mass over the study period (Fig. 1h). Samples initially lost 
approximately 5% of their dry mass upon the submersion in PBS. This 
loss corresponds to the elution of the uncrosslinked collagen chains or 
low-molecular-weight oligomers. Then, scaffolds remained highly sta
ble, losing only an additional 1.6% of their dry mass over the subsequent 
21 days, with over 90% mass being preserved after 28 days, demon
strating an excellent long-term hydrolytic stability in a physiological 
environment. To further corroborate the stability of the crosslinked 
network and the potential release of residual crosslinker over time, a 
leachate assay was performed by monitoring 1, 4-butanediol diglycidyl 
ether (BDDGE) release from the scaffolds over time. No detectable 
chromatographic signal attributable to BDDGE at any investigated time 
point was found (data not shown) providing evidence that unreacted or 
weakly bound crosslinker was effectively removed during post-synthesis 
washing steps, while the fraction incorporated into the scaffold 
remained chemically bound within the matrix network. Compression 
testing of coll-HA scaffolds revealed stress-strain curves with a linear 
region (0% - 30% strain characteristic of the elastic deformation), fol
lowed by a plateau phase (30% - 65% strain, where the collagen struc
ture starts the permanently plastic deformation) and a densification 
phase (65% - 90%, characterized by the collapse of the structure due to 
excess tension) (Fig. S1b, c). The scaffolds presented a Young's modulus 
of 26.02 kPa ± 2.26 kPa in hydrated state corresponding to an elastic 
and porous matrix (Fig. 1i). This value is in the range reported for the 
bone tissue microenvironment surrounding breast cancer cells in an in 
vivo mouse model [28].

Finally, we compared the histology of coll-HA scaffolds cellularized 
with estrogen receptor positive (ER+) breast cancer cells with a bone 
metastatic lesion from an ER+ breast cancer patient. The coll-HA scaf
folds displayed a dense network of eosinophilic collagen fibers inter
connected with amorphous basophilic HA deposits, forming a porous, 
trabeculae-like structure. The metastatic lesion showed an infiltrative 
neoplastic process within the trabecular bone architecture which was 
extensively altered. Tumor cells were morphologically similar across 
both samples, forming nests and cords of epithelioid cells with moderate 
eosinophilic cytoplasm, round-to-oval nuclei with fine chromatin and 
small nucleoli, and infrequent mitoses, consistent with the indolent 
proliferative profile of ER+ breast cancer in metastatic contexts. Porous 
architecture facilitated tumor dissemination, with tumor occupying 
50–70% of fields and compressing residual native elements (marrow in 
patient; scaffold voids in models). Overall, these findings indicate that 
our model captures relevant architectural and structural features of the 
bone matrix and of cancer cells morphology and organization (Fig. 1j).

2.2. Organo-specific ECMs alter breast cancer cell growth dynamics and 
plasticity

We next investigated how different ECMs affect breast cancer cell 
behavior by comparing responses in coll (breast-mimetic) versus coll-HA 
(bone-mimetic) matrices. Four cell lines, representative of distinct 
breast cancer subtypes with different molecular patterns and clinical 
behavior, were selected: MDA-MB-231, a triple negative cell line con
nected to high grade and aggressive disease, the bone metastatic SCP2 
cell line, a subclone of MDA-MB-231 in vivo isolated to preferentially 
metastasize to bone [29], the ER+ luminal A MCF7 cell line, connected 
to a more indolent and less aggressive disease and the ER+, progester
one receptor-positive (PR+), and HER2/neu overexpressing luminal B 
BT-474 cell line. First, we compared their cell growth dynamics, 
morphology and disposition in a time course experiment of 10 days. In 
the coll scaffold MCF7, MDA-MB-231 and SCP2 aligned over the matrix 
fibers, while in 3D coll-HA cells appeared homogeneously dispersed 
(Fig. 2a). In contrast, BT-474 exhibited a nested organizational pattern 
in both scaffolds. All cell lines displayed a round epithelial-like 
morphology within the coll-HA scaffold as demonstrated by cell circu
larity analysis (Fig. S2a). In contrast, MDA-MB-231 and MCF7 cultured 
in the coll scaffold appeared to have a spindle-shaped mesenchymal-like 
morphology. Circularity analysis revealed a higher proportion of elon
gated cells (range < 0.4) on the coll scaffold compared to the coll-HA 
scaffold for MDA-MB-231 (P = 0.007), whereas MCF7 cells did not 
exhibit this difference. The proliferative capacity for MDA-MB-231, 
SCP2 and MCF7 cells was significantly reduced in the presence of HA 
at all time points following 72 h of culture. BT-474 proliferation was not 
significantly influenced by the different matrices, except at day 10, 
where increased growth was observed on the coll-HA scaffolds. This 
observation was supported by ATP quantification, which revealed 
significantly lower levels of metabolically active cells in MDA-MB-231, 
MCF7, and SCP2 cultured within the coll-HA scaffold compared with 
coll alone, particularly at later time points. BT-474 cells did not exhibit 
significant alterations in metabolic activity, with the exception of a 
transient decrease in active cells at day 7 (Fig. 2b). Interestingly, ATP 
production decreased after 72 h in cells cultured within coll-HA scaf
folds, suggesting also a potential shift to alternative metabolic pathways. 
RNA-sequencing data and gene expression analysis of key epithelial- 
mesenchymal transition (EMT) and mesenchymal-epithelial transition 
(MET) markers at 24 h, 72 h and 7 days of culture revealed distinct 
phenotypic shifts induced by coll-HA ECM compared to the coll matrix 
(Fig. 2c, Figs. S3a and S4). MDA-MB-231 cells, which are typically 
mesenchymal, exhibited at 7 days a significant upregulation of CDH1 (E- 
cadherin), that is associated with an epithelial phenotype (P = 0.0121), 
and a downregulation of VIM (vimentin), SNAI1 and THBS1 (P = 0.0379 
and P = 0.0216 for VIM at 24 h and 72 h, respectively, P = 0.0077 for 
SNAI1 at 72 h, and P = 0.027 at 72 h for THBS1) (Fig. 2c). RNA 
sequencing analysis of transcription factors (TFs)-dependent gene 
expression indicated significant activation of the GATA3 regulatory 
program, a master determinant of epithelial identity, alongside down
regulation of MYC- and HIF-1α–associated gene expression (Fig. S3a). 
SCP2 cells display a significant downregulation of mesenchymal 
markers as CD44 (P = 0.0085 at 7 days), VIM (P = 0.0427 at 24 h and P 

Fig. 1. Characterization of coll and coll-HA scaffolds. (a) Macroscopic images of coll and coll-HA scaffolds, showing shape and dimensions. (b) Attenuated total 
reflection Fourier-transform infrared (ATR-FTIR) spectrum of coll and coll-HA scaffolds, indicating their chemical composition. (c) Field Emission Scanning electron 
microscopy (FE-SEM) images of the scaffolds’ surface, highlighting the microstructure. For coll scaffold image scale bar = 200 μm, for coll-HA scale bar = 40 μm. (d) 
X-Ray Diffraction (XRD) analysis of coll-HA scaffolds. (e) Quantification of the total volume, solid phase volume and porosity volume, obtained for coll and coll-HA 
scaffolds with the microCT imaging and the ORS Dragonfly software, measured in mm3. Statistical analysis was performed using unpaired t-test and Mann–Whitney 
for porosity volume. (f) Percentage of the scaffolds’ solid phase and porosity with respect to the total volume. Statistical analysis was performed using unpaired t-test 
(with Welch’s correction). (g) Swelling of coll-HA scaffolds in PBS at 37 ◦C for 24 h (left) with zoom of the first 2 h (right). (h) Scaffold stability for 28 days. (i) 
Young’s modulus of coll-HA scaffolds obtained by compression test. (j) Histological comparison between the bone metastasis from ER+ breast cancer (left) and 
engineered 3D coll-HA scaffold seeded with ER+ MCF7 breast cancer cells (right), stained with hematoxylin and eosin (H&E). Images were taken at 4× magnifi
cation, with insets magnified to 40×. The scale bar represents 600 μm for 4× images and 60 μm for 40× images. The model enables to reproduce the bone structure 
and architecture. Statistical significance (n = 3) is indicated as *P < 0.05. Error bars show standard deviation (SD).
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Fig. 2. Breast cancer cell behavior in the coll-HA scaffold. (a) Immunofluorescence images of MDA-MB-231, SCP2, MCF7 and BT-474 cells cultured on the 3D coll 
and 3D coll-HA models. F-actin is stained in green (488 nm), and nuclei are stained with Dapi (blue, 355 nm). Scale bar = 100 μm. (b) Cell growth analysis over time 
(24 h, 72 h, 7 days, and 10 days) for MDA-MB-231, SCP2, MCF7 and BT-474 cells cultured on 3D coll (solid line) and the 3D coll-HA scaffold (dashed line); 
metabolically active cells normalized to the 24 h time point under the same conditions. Statistical significance (n = 3): **P < 0.01, Error bars show standard deviation 
(SD). (c) Gene expression analysis (relative quantification, RQ) of epithelial-mesenchymal transition (EMT)-related markers (CDH1, VIM, ZEB1, ZEB2, SNAI1, SNAI2, 
TJP1, THBS1) in MDA-MB-231, SCP2, MCF7 and BT-474 cells cultured in 3D coll and coll-HA model at different time points (24 h, 72 h, and 7 days). Expression levels 
in monolayer cultures at the same time point were used as calibrators. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. 
Statistical significance (n = 3): is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars show standard deviation (SD).
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= 0.0125 at 72 h), SNAI1 (P = 0.0148 at 7 days), ZEB1 (P = 0.0075 at 7 
days), and THBS1 (P = 0.0304 at 72 h), suggesting for SCP2 cells a 
plasticity toward an epithelial phenotype (Fig. 2c). Analysis of TFs- 
dependent gene expression revealed a combination of pro-stemness 
signals associated with TCF12, TCF7L2 and POU5F1, together with in
duction of epithelial-associated HBP1 and suppression of MYC- and HIF- 
1α–dependent transcriptional programs (Fig. S3a). Interestingly, MCF7 
cells, which already exhibit an epithelial phenotype, show a significant 
increase in VIM (P = 0.0351 at 7 days) and THBS1 (P = 0.0037 at 24 h, P 
= 0.0074 at 72 h and P = 0.0059 at 7 days), and the loss of expression of 
CDH1 (P = 0.012 at 7 days), consistent with an EMT shift (Fig. 2c). This 
suggests that while MDA-MB-231 and SCP2 may be partially acquiring 
epithelial features, MCF7 is transitioning toward a more mesenchymal 
phenotype. Analysis of TFs-dependent gene expression in MCF7 indi
cated activation of ZNF263, a promoter of EMT (Fig. S3a). Finally, BT- 
474 showed an increase in CD44 expression (P = 0.047 at 24 h) and a 
decrease in THBS1 (P = 0.0152 at 72 h and P = 0.019 at 7 days), while 
the other analyzed markers showed no significant changes (Fig. 2c). 
Analysis of TFs-dependent gene expression showed increased stemness 
and aggressiveness programs associated with TCF3, TFAP2C and E2F4, 
with concomitant repression of the EMT suppressor ZNF639 (Fig.S3a). 
Collectively, these data indicate that the ECM modulates the growth 
dynamics of breast cancer cells and influences their plasticity, inducing 
subtype-specific EMT or MET shift. Comparison of expression profiles 
across the different cell lines cultured in coll-HA showed that cell line 
specific programs remained the dominant determinant of gene expres
sion. The heatmap primarily segregated cell lines according to intrinsic 
transcriptional identity, distinguishing luminal/epithelial cells (MCF7, 
BT-474) with enriched estrogen response and apical junction pathways, 
from mesenchymal/invasive (MDA-MB-231, SCP2) with enriched IL-2/ 
STAT5, TNF-α via NF-kB, EMT and KRAS signalings (Fig. S3b).

Model validity in recapitulating molecular features of bone metas
tasis was assessed using patient-derived primary specimens. Expression 
of selected markers, as well as RANK and OPG, key regulators of bone 
remodeling, were compared between primary bone metastasis and 
breast cancer cell lines of the corresponding subtype cultured in 3D coll 
or coll-HA scaffolds. The analysis included three luminal A, one luminal 
B, and one triple-negative breast cancer bone metastasis specimens. 
Heatmap cluster analysis revealed that gene expression profiles in coll- 
HA scaffolds more closely matched those of primary specimens 
compared with coll scaffolds, with the exception of MDA-MB-231 cells 
(Fig. S3c). Overall, trends of expression were similar between cells in the 
scaffold models and primary specimens. The closest correspondence was 
observed for MCF7 and SCP2. Conversely, MDA-MB-231 showed 
marked differences compared with the matched primary sample, with 
some markers being downregulated in the tumor specimens but upre
gulated in the scaffolds, or vice versa.

2.3. Bone ECM induces lineage-specific molecular modulations related to 
metabolic programs and pathways related to bone metastasis

ECM-induced molecular alterations were determined through RNA 
sequencing analysis, comparing gene expression of breast cancer cells 
exposed to coll or coll-HA matrices. A clear separation was observed 
between the two conditions for all cell lines. Differential gene expression 
(DE) analysis revealed significantly upregulated and downregulated 
genes, visualized in the volcano plot and summarized in the accompa
nying table (Figs. 3b, 4b, 5b, 6b). We used EnrichR [30–32] or GSEA 
[33] to perform a gene set enrichment analysis to evaluate deregulated 
pathways, leveraging the MSigDB Hallmark 2020, KEGG and Reactome 
gene set library database. Significant alterations in metabolic pathways 
were observed across the different ECM conditions. When cultured in 
coll-HA scaffolds, MDA-MB-231 cells downregulated genes related to 
the ribosome pathway (NES -1.85, padj = 0.01) and other protein- 
synthesis related pathways such as translation (NES -1.91, padj =
0.03) (Fig. 3c). This suggests an adaptive response aimed at conserving 

energy by reducing protein synthesis, aligning with the observed 
reduction in proliferation. The SCP2 cell line similarly showed down
regulation of the ribosome pathway (NES -2.63, padj <0.05) and of two 
other metabolic pathways: the metabolism of aminoacids and de
rivatives (NES -2.42, padj <0.05) and the selenoamino acid metabolism 
(NES -2.52, padj <0.05) (Fig. 4c). MCF7 cells cultured in coll-HA scaf
folds demonstrated upregulation of lipid metabolism (NES 1.79, padj 
<0.05), aerobic respiration and the respiratory electron transport chain 
(NES 2.479, padj <0.05), alongside downregulation of aminoacids and 
derivatives metabolism (NES -2.31, padj <0.05), selenoaminoacids 
metabolisms (NES -2.59, padj <0.05) and the ribosome pathway (NES 
-2.58, padj <0.05), the last consistent with the other cell lines (Fig. 5c). 
These findings suggest that exposure to bone-mimetic environments 
may be associated with a common response involving reduced protein 
biosynthesis, together with lineage-specific metabolic changes that may 
contribute to differences in cancer cell adaptation [34–36]. Pathways 
implicated in bone metastasis were also modulated. In MDA-MB-231 
cells there was upregulation of IL2/STAT5 signaling (odds ratio 7.44; 
P = 0.03), apical junction (odds ratio 7.49; P = 0.03), EMT (odds ratio 
7.40; P = 0.03) and Hedgehog signaling (odds ratio 20.34; P = 0.051) 
(Fig. 3c). In SCP2 cells, axon guidance pathways, associated with Ephrin 
and Semaphorin signaling [37], which support metastatic cell survival 
and colonization, were upregulated (Fig. 4c). MCF7 cells showed 
increased activity in the MAPK signaling cascade (Fig. 5c). Notably, all 
the three cell lines demonstrated significant downregulation of the SLIT/ 
ROBO signaling axis, which plays a key role in bone homeostasis by 
inhibiting osteoclastogenesis and promoting osteoblast function [38]. 
No significantly altered pathways were detected in BT-474, further 
underscoring the limited adaptive response of this cell line to the bone- 
mimetic environment. Moreover, to focus on transcriptional programs 
involved in the communication between tumor cells and their sur
rounding microenvironment, we investigated Gene Ontology Biological 
Process (GO-BP) pathways associated with ECM interaction, organiza
tion, and related cellular signaling mechanisms (Fig. S4). No significant 
differences were observed between coll and coll-HA scaffolds in any of 
the analyzed cell lines. However, comparing exposure to coll or coll-HA 
scaffolds with two dimensional (2D) cultures revealed marked and cell- 
type-specific transcriptional responses. MDA-MB-231 showed a reduc
tion of ECM-interaction programs in 3D cultures, with coll–HA scaffolds 
inducing downregulation of extracellular matrix organization (NES 
-1.91, padj 9.72 × 10− 3) and cell–matrix adhesion (NES -1.53, padj 1.80 
× 10− 2), and with coll scaffolds similarly reducing cell–matrix adhesion 
(NES -1.49, padj 3.12 × 10− 2). SCP2 cells displayed a distinct response 
characterized by activation of cytoskeletal remodeling programs in both 
3D cultures. Coll-HA scaffolds promoted regulation of cytoskeleton or
ganization (NES 1.39, padj 2.38 × 10− 2), while reducing regulation of 
extracellular matrix disassembly (NES -1.87, padj 2.57 × 10− 2). Simi
larly, coll scaffolds induced regulation of cytoskeleton organization 
(NES 1.36, padj 2.63 × 10− 2) and actin filament organization (NES 1.35, 
padj 3.70 × 10− 2). BT-474 cells exhibited a strong ECM-engaged 
phenotype in both coll and coll-HA scaffolds, characterized by enrich
ment of collagen remodeling, matrix assembly, and adhesion-related 
programs. Coll-HA scaffolds induced enrichment of collagen fibril or
ganization (NES 2.01, padj 1.28 × 10− 3), cell–matrix adhesion (NES 
1.60, padj 3.51 × 10− 3), extracellular matrix assembly (NES 1.90, padj 
1.06 × 10− 2), extracellular matrix disassembly (NES 1.66, padj 3.46 ×
10− 2), positive regulation of extracellular matrix organization (NES 
1.81, padj 3.10 × 10− 2), positive regulation of cell–matrix adhesion 
(NES 1.64, padj 3.46 × 10− 2), while reducing cytoskeleton organization 
(NES -1.19, padj 3.46 × 10− 2). Similarly, coll scaffolds induced signifi
cant enrichment of extracellular matrix assembly (NES 2.20, padj 1.62 
× 10− 4), extracellular matrix disassembly (NES 1.69, padj 2.75 × 10− 2), 
collagen fibril organization (NES 2.06, padj 1.62 × 10− 4), cell–matrix 
adhesion NES 1.73, padj 1.62 × 10− 4), and regulation of extracellular 
matrix organization (NES 1.60, padj 2.75 × 10− 2). Conversely, MCF7 
cells did not exhibit significant transcriptional changes in the analyzed 
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Fig. 3. RNA sequencing analysis of MDA-MB-231 cells cultured in coll and coll-HA scaffold. (a) Gene expression heatmap: Differential gene expression between coll 
and coll-HA substrates. Colors represent scaled gene expression, with red indicating significant upregulated genes and blue indicating downregulated genes. (b) 
Volcano plot of differentially expressed genes (DEGs): The plot visualizes statistical significance (Y-axis, − log10 P-value) versus fold change in expression (X-axis, 
log2 fold change). Red dots indicate significantly differentially expressed genes (p-adj < 0.05). A table highlights the most upregulated and downregulated genes. (c) 
Pathway enrichment analysis: Bar plots show the most affected biological processes and pathways. On the left, downregulated pathways were identified by GSEA 
analysis and include signaling related to Slit and Robo receptors, ribosome pathway, translation pathway and cellular response to starvation. On the right, upre
gulated pathways were identified by EnrichR analysis and include the IL2/STAT5 signaling pathway, EMT, apical junction and Hedgehog signaling. Statistical 
significance: P-value<0.05 or *p-adj < 0.05.
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Fig. 4. RNA sequencing analysis of SCP2 cells cultured in coll and coll-HA scaffold. (a) Gene expression heatmap: Differential gene expression between coll and coll- 
HA substrates. Colors represent scaled gene expression, with red indicating significant upregulated genes and blue indicating downregulated genes. (b) Volcano plot 
of differentially expressed genes (DEGs): The plot visualizes statistical significance (Y-axis, − log10 P-value) versus fold change in expression (X-axis, log2 fold 
change). Red dots indicate significantly differentially expressed genes. A table highlights the most upregulated and downregulated genes. (c) Pathway enrichment 
analysis: Bar plots show the most affected biological processes and pathways analyzed with GSEA. On the left, downregulated pathways include ribosome, cellular 
response to starvation, regulation of expression of Slits and Robo pathways. On the right, upregulated pathways include the SLC mediated transmembrane transport 
and the axon guidance pathway.

C. Spadazzi et al.                                                                                                                                                                                                                               Chemical Engineering Journal 546 (2026) 179800 

8 



Fig. 5. RNA sequencing analysis of MCF7 cells cultured in coll and coll-HA scaffold. (a) Gene expression heatmap: Differential gene expression between coll and coll- 
HA substrates. Colors represent scaled gene expression, with red indicating significant upregulated genes and blue indicating downregulated genes. (b) Volcano plot 
of differentially expressed genes (DEGs): The plot visualizes statistical significance (Y-axis, − log10 P-value) versus fold change in expression (X-axis, log2 fold 
change). Red dots indicate significantly differentially expressed genes. A table highlights the most upregulated and downregulated genes. (c) Pathway enrichment 
analysis: Bar plots show the most affected biological processes and pathways, analyzed with GSEA. On the left, downregulated pathways include translation pathway, 
ribosome, regulation of expression of Slits and Robo, cellular response to starvation pathways. On the right, upregulated pathways include MAPK family signaling 
cascades, the metabolism of lipids pathway, the respiratory electron transport, the aerobic respiration, and respiratory electron transport pathway.
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ECM-related pathways following transition from 2D to 3D culture. 
Overall, these findings indicate that, while the presence of mineraliza
tion has a negligible impact, exposure to 3D culture conditions induces 
subtype-dependent transcriptional reprogramming of matrix interaction 
pathways and ECM organization programs.

2.4. ECM modulates sensitivity of breast cancer cells to bone targeted 
drugs

We next examined whether different ECMs modulate breast cancer 
cell sensitivity to bone-targeted drugs. Cells were treated with Zole
dronic Acid (Zol, ZOMETA®) and Denosumab (Deno, an anti-RANKL 
inhibitor) at their respective plasma peak concentrations. Compared 
the respective untreated condition, MDA-MB-231 cells cultured in the 
coll-HA scaffold exhibited 98% survival following Deno treatment (P =

ns) and 92% survival following Zol treatment (P = 0.002), while survival 
in 2D and in coll scaffolds was not affected, as these cells are intrinsically 
insensitive to both drugs (Fig. 7a). The osteotropic subclone SCP2 dis
played an intrinsic sensitiveness to Zol in 2D (77% survival compared 
the respective no-treated condition, P = 0.004), which was confirmed in 
coll-HA scaffold (85% survival, P = 0.0004), whereas they showed 
reduced sensitivity to treatment when cultured in coll scaffold (95% 
survival, P = ns) (Fig. 7b). Interestingly, SCP2 cells exhibited significant 
sensitivity to Deno treatment when cultured in coll-HA scaffolds, with a 
survival rate of 70% (P < 0.0001). In contrast, Deno treatment showed 
minimal efficacy in 2D and coll scaffold, with survival rates of 95% (P =
ns) and 93% (P = 0.01), respectively, compared to their untreated 
controls. A similar result was observed for MCF7 cells that, when 
cultured in the coll-HA scaffold, demonstrated a significant increase in 
sensitivity to both drugs, with survival rates of 85% (P = 0.0001) 

Fig. 6. RNA sequencing analysis of BT-474 cells cultured in coll and coll-HA scaffold. (a) Gene expression heatmap: Differential gene expression between coll and 
coll-HA substrates. Colors represent scaled gene expression, with red indicating significant upregulated genes and blue indicating downregulated genes. (b) Volcano 
plot of differentially expressed genes (DEGs): The plot visualizes statistical significance (Y-axis, − log10 P-value) versus fold change in expression (X-axis, log2 fold 
change). Red dots indicate significantly differentially expressed genes. A table highlights the most upregulated and downregulated genes.
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Fig. 7. Effects of Bone Targeted Drugs (Denosumab and Zoledronic Acid) on Breast Cancer Cell Survival in Different Culture Conditions. Bar graphs represent the 
survival percentage to treatment under different culture conditions (2D, 3D coll, and 3D coll-HA scaffold). (a) MDA-MB-231 cell line survival; (b) SCP2 cell line 
survival; (c) MCF7 cell line survival; (d) BT-474 cell line survival. Statistical significance (n = 3): *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars 
show standard deviation (SD).
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following Deno treatment and 59% (P < 0.00001) following Zol treat
ment (Fig. 7c). Conversely, this cell line exhibited low intrinsic sensi
tivity to both Deno and Zol in 2D culture (survival percentage: 91%, P =
ns and 90%, P = ns, respectively), with no significant change in the coll 
model (92% survival, P = ns and 87% survival, P = 0.005 survival). BT- 
474 cells were refractory to both treatments, with the exception of Zol, 
which exhibited modest yet statistically significant activity when 
administered in 2D cultures (P = 0.0054). Notably, BT-474 cells dis
played increased resistance to Zol when cultured in coll scaffolds (P =
0.0323) (Fig. 7d).

To further investigate the response to Denosumab, we analyzed 
protein expression of RANK and RANKL in breast cancer cells cultured in 
2D or within 3D scaffolds. 3D culturing resulted in a marked increase in 
RANKL expression compared to monolayer cultures in all cell lines, with 
the highest RANKL levels detected in the coll-HA scaffolds (Fig. S5c). 
Quantification of fluorescence intensity showed an upregulation of 
RANKL in 3D scaffolds, particularly in the coll-HA matrix (P < 0.0001 
for all four cell lines) (Fig. S5b). These findings may provide a potential 
mechanistic explanation for the increased sensitivity to Deno observed 
in the coll-HA scaffolds. RANK protein was not detected in any of the cell 
lines (data not shown).

2.5. ECM-breast cancer cell interactions influence osteoclast 
differentiation

To evaluate the influence of the different ECM conditions on osteo
clastogenic potential, we examined the ability of conditioned medium 
(CM) containing soluble factors secreted by breast cancer cells cultured 
in 2D, coll, and coll-HA scaffolds to induce osteoclast differentiation 
from PBMCs (Fig. 8). Factors secreted by ER- cell lines, MDA-MB-231 
and SCP2, similarly promoted osteoclastogenesis. The mean number 
(n◦) of osteoclasts (OC) per field induced by MDA-MB-231 cultured in 
coll scaffolds was 76.2, while it was 80.7 when cultured in coll-HA 
scaffolds (Fig. 8b). These values were significantly higher than the 47 
OCs/field observed when MDA-MB-231 cells were cultured in the 2D 
condition (P = 0.0007 and P = 0.0001, respectively), while no signifi
cant difference was observed between the two scaffolds. Compared the 
positive control (Ctrl+), in which differentiation was induced only by M- 
CSF and RANKL (32.63 OCs/field), osteoclastogenesis was significantly 
increased in both coll and coll-HA scaffolds (P < 0.0001for both com
parisons), but not when cultured in 2D.

Similarly, SCP2 cells, induced a significantly higher number of os
teoclasts when cultured in coll (86.25 OCs/field) or coll-HA scaffolds 
(91.13 OCs/field), compared to 2D culture (60.13 OCs/field) (P =
0.0002 and P < 0.0001, respectively). Again, no significant difference 
was found between the two scaffolds. Compared to the Ctrl+, all three 
SCP2-derived conditions showed significantly increased osteoclasto
genesis (P < 0.0001 for all comparisons) (Fig. 8b).

In contrast, the luminal A breast cancer cell line MCF7 exhibited 
limited osteoclastogenic activity when cultured in 2D, with only 14.9 
OCs/field, significantly lower than the Ctrl+ (32.6 OCs/field, P =
0.0152). However, when MCF7 cells were cultured in 3D, osteoclasto
genesis was markedly enhanced: 67.5 OCs/field in coll scaffold and 84.4 
OCs/field in coll-HA scaffold. These increases were statistically signifi
cant both compared to the Ctrl+ (P < 0.0001 for both scaffolds) and to 
2D conditions (P < 0.0001 for both). Additionally, the difference be
tween coll and coll-HA scaffolds was also significant (P = 0.0129) 
(Fig. 8b).

In contrast, BT-474 cells cultured both in 2D and 3D conditions did 
not show the capability to induce osteoclast differentiation (Fig. S5a).

To investigate which soluble factor correlates with the increased 
osteoclastogenic potential observed in the coll and coll-HA scaffolds, we 
analyzed the secretion of TNF-α, IL-6, and IL-8, inflammatory cytokines 
that mediates monocyte-to-osteoclast differentiation (Fig. 8c). Cytokine 
expression patterns differed across breast cancer subtypes when 
comparing 3D scaffolds (coll and coll-HA) to 2D cultures. A consistent 

upregulation of TNF-α was observed in both 3D conditions for MDA-MB- 
231 and MCF7 cells. Specifically, TNF-α levels significantly increased, 
compared to 2D culture, in coll (P = 0.0108 for MDA-MB-231 and P =
0.00132 for MCF7) and were further elevated in coll-HA scaffolds (P <
0.0001 for MDA-MB-231 and P = 0.0052 for MCF7). In MDA-MB-231, 
TNF-α levels significantly increased in coll-HA scaffolds compared 
with coll scaffolds (P < 0.0001). In contrast, SCP2 cells showed a sig
nificant reduction in TNF-α secretion in coll scaffolds compared to 2D (P 
= 0.006), while no significant difference was observed in coll-HA scaf
folds. IL-6 and IL-8 expression showed a lineage- and matrix-specific 
modulation. In both 3D conditions, compared to 2D, SCP2 cells exhibi
ted a robust upregulation of IL-6 (P = 0.0008 for coll and P < 0.0001 for 
coll-HA) and IL-8 (P < 0.0001 for both). The increase in IL-6 was 
significantly higher in coll-HA scaffolds compared with coll scaffolds, 
whereas the opposite trend was observed for IL-8 (P = 0.001 for IL-6 and 
P = 0.0004 for IL-8). Similarly, MCF7 cells upregulated IL-6 in coll-HA 
scaffolds (P = 0.0041) and IL-8 in both coll (P = 0.0002) and coll-HA 
conditions (P = 0.0005). Conversely, MDA-MB-231 cells displayed a 
distinct response. Despite the upregulation of TNF-α, both IL-6 and IL-8 
were significantly downregulated in coll-HA scaffolds compared to 2D 
(P < 0.0001for both), while IL-8 was significantly increased in coll 
scaffold (P < 0.0001). Both cytokines were significantly downregulated 
in the coll-HA scaffolds relative to the coll scaffolds (P < 0.0001for both 
comparisons).

Overall, these findings highlight that the 3D microenvironment may 
differentially modulate inflammatory signaling in a lineage-specific 
manner. IL-6 and IL-8 are generally upregulated in bone-tropic SCP2 
and epithelial-like cell line MCF7, while TNF-α expression appears 
upregulated in MDA-MB-231 and MCF7 cells (Fig. 8c).

2.6. ECM-Breast cancer cell interactions modulate osteoclast sensitivity to 
bone-targeted therapies

We next investigated whether tumor-derived cytokines influence 
osteoclast sensitivity to bone-targeted agents Deno and Zol (Fig. 8d). To 
assess this, we employed an indirect co-culture system in which osteo
clast precursors were treated with CM collected from MDA-MB-231, 
SCP2, or MCF7 breast cancer cells cultured in 2D and 3D models 
(Fig. S6b). Osteoclast precursors exposed to CM from MDA-MB-231 cells 
cultured in coll-HA scaffolds exhibited significantly increased sensitivity 
to Deno compared to those treated with CM from 2D (P = 0.0015) or coll 
scaffold cultures (P = 0.0019). Notably, MDA-MB-231 cells grown in 
coll-HA scaffolds showed reduced expression of IL-6 and IL-8 compared 
to 2D and coll conditions, which may underline this increased drug 
responsiveness. In contrast, osteoclasts exposed to CM from MDA-MB- 
231 cells grown in both coll and coll-HA scaffolds showed greater 
resistance to Zol compared to 2D (P < 0.0001 for both conditions) 
(Fig. 8d). Osteoclasts induced by SCP2 CM from coll-HA scaffolds 
exhibited increased resistance to both Deno and Zol compared to CM 
from monolayer culture (P < 0.0001 for both conditions). Similarly, 
SCP2 CM from coll scaffolds also conferred resistance to Deno (P <
0.0001) and Zol (P = 0.0135) compared to 2D. The resistance to Zol 
induced by CM from coll-HA scaffolds was significantly higher than that 
induced by CM from coll scaffolds (P < 0.0001) (Fig. 8d). Osteoclasts 
induced by MCF7 did not show significant changes in responsiveness to 
Deno depending on the CM used. However, osteoclasts induced by CM 
from MCF7 cultured in coll-HA scaffolds showed increased resistance to 
Zol relative to 2D (P = 0.0052) (Fig. 8d). Collectively, these findings 
suggest that tumor cell-ECM interactions contribute to shaping the 
paracrine environment that regulates osteoclast differentiation and 
responsiveness to bone-targeted therapies.

3. Discussion

Bone metastasis from breast cancer is a complex process affected not 
only by the intrinsic genetic properties of cancer cells but also by the 
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interaction of disseminated cells with the bone microenvironment [39]. 
This study underscores the critical role of the “soil”, the bone micro
environment, focusing on the surrounding ECM, in guiding breast cancer 
cell phenotypes and behavior. This reprogramming may involve epige
netic remodeling [40], stemness acquisition [41], and metabolic shifts 
[42,43], all of which contribute to increased metastatic potential. 
Modeling these pathological events may enhance our mechanistic un
derstanding of bone metastasis and reveal microenvironment-dependent 
vulnerabilities. To this aim, we developed and validated a coll-HA 
scaffold that reproduces key features of the bone ECM, allowing the 
specific contribution of matrix composition to be explored in a 
controlled setting. The developed materials exhibited interconnected 
pores of 20–100 μm that facilitates efficient nutrient and oxygen diffu
sion while allowing cells to infiltrate throughout the scaffold, thereby 
overcoming key limitations of dense or poorly interconnected 3D 
matrices [44]. The scaffolds rapidly absorbed water and retained stable 
hydration, sustaining cell viability throughout the 3D structure. 
Together, these physicochemical parameters are critical for the estab
lishment of supportive and relevant microenvironments [45]. Incorpo
ration of HA into collagen enhanced matrix stiffness and promoted 
intermolecular interactions. These composite materials demonstrated 
high mechanical stability and long-term structural integrity, enabling to 
reproduce biomechanical cues that are critical regulators of key breast 
cancer cell phenotypes such as adhesion, proliferation, invasion and 
stem-like properties. These effects are not captured in standard 2D 
cultures or in matrices with suboptimal stiffness [46]. Finally, incor
poration of HA also provided a mineralized interface that is capable of 
directly influencing cancer cell behavior [47].

These materials were challenged with four cell lines, representative 
of clinically relevant breast cancer subtypes: MDA-MB-231, a triple- 
negative cell line associated with high-grade, aggressive disease, SCP2, 
a bone-metastatic subclone of MDA-MB-231 selected in vivo for pref
erential bone tropism [29], MCF7, an ER-positive luminal A cell line 
associated with a more indolent phenotype, and BT-474, an ER-positive, 
PR-positive, HER2/neu-overexpressing luminal B cell line. These sub
types also have different metastatic propensity. Indeed, despite a less 
aggressive phenotype and less propensity for migration, hormone 
receptor-positive tumors show a predilection for bones as the first site of 
relapse compared to hormone-receptor-negative tumors, which have a 
propensity to develop visceral metastasis [48,49]. Here, we observe that 
bone ECM induces molecular and phenotypic changes in breast cancer 
cells. When cultured within a bone-mimetic matrix, all tested cell lines 
exhibited reduced proliferation compared to those grown in a coll 
scaffold, indicating an adaptive response to a hostile microenvironment. 
This observation is consistent with findings by Choi et al., who reported 
that matrix mineralization promotes the emergence of a less prolifera
tive phenotype in breast cancer cells [50]. Such behavior likely reflects a 
survival mechanism in response to environmental stressors character
istic of the mineralized bone niche [51]. Although all cell lines displayed 
reduced proliferation within the coll-HA scaffold, their subsequent 
adaptive responses differed according to molecular subtype. This in
dicates that exposure to the same ECM context does not elicit a uniform 

response but rather reveals lineage-dependent programs of adaptation. 
Triple negative breast cancer cells, MDA-MB-231 and SCP2, when 
cultured in coll-HA scaffold undergo a partial MET [52], confirmed by 
the acquisition of an epithelial-like morphology, a decreased prolifera
tion and the upregulation of epithelial markers alongside the down
regulation of mesenchymal markers. In particular, the concurrent 
downregulation of MYC and HIF-1α signalings indicates a coordinated 
suppression of proliferative and hypoxia-driven EMT programs, which 
may contribute to epithelial stabilization. This reversion has been 
demonstrated to be fundamental for the colonization of metastatic sites 
and the establishment of subsequent metastasis [53]. While EMT 
[54,55] is necessary to escape from the primary tumor, these cells must 
revert to an epithelial state to successfully colonize an organ [56,57]. In 
contrast, MCF7 cells, luminal A breast cancer cells that inherently 
exhibit an epithelial phenotype, not only demonstrated reduced prolif
eration but also showed a marked upregulation of mesenchymal markers 
and a loss of CDH1 expression, indicative of a transition toward a 
mesenchymal phenotype. This phenotypic shift warrants further inves
tigation as it may be associated with the acquisition of a dormant 
phenotype in the bone niche, which is characteristic of luminal breast 
cancer [58,59]. Dormancy in this context may serve as a survival 
strategy, characterized by a reversible growth arrest in which cells enter 
a quiescent, non-proliferative state with reduced metabolic activity, 
altered gene expression profiles, and increased resistance to conven
tional therapies. This allows tumor cells to evade immune surveillance, 
potentially contributing to late metastatic relapse [60]. To better un
derstand the molecular basis of these phenotypic differences, we 
examined transcriptional changes induced by the coll-HA scaffolds. RNA 
sequencing data revealed that bone-mimetic ECM induces modulation of 
bone remodeling and metabolic pathways, underscoring the adaptive 
responses of cancer cells to this microenvironment. Regardless of the 
subtype, we observed a significant downregulation of the SLIT and 
ROBO pathway induced by the bone-mimetic matrix, compared to the 
collagen one. This signaling participates in the maintenance of bone 
metabolism by inhibiting osteoclasts formation and activity and pro
moting bone formation [35]. This suggests that the bone-mimetic matrix 
can modulate bone-related pathways involved in bone remodeling to
ward an increase in osteoclasts formation. We next focused on metabolic 
pathways, recognizing that metabolic rewiring is a key enabler of met
astatic progression and may arise in response to environmental stressors 
such as hypoxia and nutrient deprivation [61]. Our findings reveal a 
complex picture. While previous studies have shown that amino acid 
and selenoamino acid metabolism support metastasis [62] and are 
upregulated in bone-tropic breast cancer cells [63], our data indicates 
that these pathways are significantly downregulated in SCP2 and MCF7 
cells cultured in coll-HA scaffolds. This apparent contradiction may in 
fact reflect a context-dependent adaptation. The downregulation of 
amino acid and selenoamino acid metabolism in our models is consistent 
with a cellular response aimed at conserving energy and resources. In a 
bone-mimetic microenvironment, characterized by limited oxygen and 
nutrient availability, reducing protein synthesis and metabolic activity 
may enhance cellular survival. This interpretation is further supported 

Fig. 8. Indirect Co-culture between Breast Cancer Cells and Osteoclasts (differentiated from hPBMCs). (a) Representative pictures for each condition of hPBMCs and 
differentiated osteoclasts after 15 days of differentiation with M-CSF and RANKL (Ctrl+) or with conditioned medium (CM) from breast cancer cells cultured in 2D or 
3D coll or 3D coll-HA. CM was collected at 7 days of culture and added to complete α-MEM to obtain a CM with 20% cancer cell medium and 80% α-MEM. (b) Mean 
number of osteoclasts/field for each condition (MDA-MB-231, SCP2 and MCF7). Differentiated osteoclasts were identified as cells positive to TRAP staining and with 
>4 nuclei. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. For all comparisons, statistical significance (n = 3) is indicated 
as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars show standard deviation (SD). (c) Gene expression analysis (relative quantification, RQ) of pro- 
inflammatory cytokines (TNF-α, IL-6, IL-8) in MDA-MB-231, SCP2, and MCF7 cells cultured in different conditions (2D, 3D coll, 3D coll-HA scaffold) at 7 days. 
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. For all comparisons, statistical significance (n = 3) is indicated as 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars show standard deviation (SD). (d) Osteoclasts survival percentage (%) after Denosumab and 
Zoledronic Acid treatment. Osteoclasts differentiation was induced by tumor cells CM collected at 7 days of cultures and added to complete α-MEM to obtain a CM 
with 20% cancer cell medium and 80% α-MEM. Percentage was evaluated compared to the respective no treated control. Statistical analysis was performed using 
two-way ANOVA followed by Tukey’s post hoc test. For all comparisons, statistical significance (n = 3) is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. Error bars show standard deviation (SD).
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by the concurrent downregulation of the ribosome pathway observed 
across all four cell lines, and by the associated reduction in proliferation 
rates. It is important to note that this analysis considers only the role of 
the extracellular matrix. In vivo, interactions with bone-resident cells 
such as osteoblasts, osteoclasts, and immune cells may further influence 
metabolic adaptation and could account for some of the discrepancies 
with other published findings. Interestingly, MCF7 cells demonstrated a 
distinct adaptation strategy by upregulating lipid metabolism, the TCA 
cycle, and the respiratory electron transport chain. This shift toward 
mitochondrial respiration and lipid oxidation is aligned with previous 
reports linking these pathways to enhanced metastatic potential and 
survival in hostile microenvironments [64,65]. Together these findings 
highlight that exposure to the bone-mimetic matrix coincided with 
breast cancer cells undergoing specific, lineage-dependent metabolic 
reprogramming. These metabolic shifts may not only facilitate survival 
and dormancy in bone but also represent potential therapeutic vulner
abilities. On the other hand, transcriptional programs related to matrix 
interaction and remodeling were found to be primarily influenced by the 
transition to a three-dimensional environment, with no significant 
additional effect of scaffold mineralization. The phenotypic and mo
lecular differences observed in the coll-HA scaffold were accompanied 
by changes in responsiveness to clinically relevant bone-targeted ther
apies (Zoledronic Acid, Denosumab). Despite the subtype, all the cell 
lines show a significantly increased sensitivity to Zol and Deno when 
cultured in coll-HA scaffolds. This finding, along with the specific 
modulation of inflammatory cytokines and RANKL, suggests that a bone- 
mimetic milieu can increase tumor cell susceptibility to bone-targeted 
therapies, a phenomenon that may also occur in vivo during bone 
metastasis. Supporting this, previous studies have shown that RANKL 
expression is markedly higher in breast cancer metastasis to bone 
compared with primary tumors [66]. Enhanced sensitivity to Deno may 
be associated by the increased RANKL expression observed in 3D scaf
folds, particularly in the coll-HA culture condition. The higher response 
to Zol is likely mediated by mechanisms independent of the RANK/ 
RANKL axis. Notably, HA is known to exhibit a high affinity for 
bisphosphonates [67]; thus, its presence within the scaffold may 
enhance local Zol accumulation and prolong cellular exposure, thereby 
potentiating its anti-tumor activity. Investigating how these sensitivities 
are modulated within different microenvironments could reveal poten
tial strategies to enhance treatment efficacy.

The influence of the bone ECM extended beyond cancer cells them
selves. Because metastatic progression depends on reciprocal in
teractions between tumor cells and the bone microenvironment, we 
investigated whether ECM-induced tumor cell reprogramming also 
affected osteoclast differentiation and therapeutic responsiveness. When 
cultured in both 3D models, breast cancer cells upregulate the release of 
soluble factors, like IL-6 and IL-8, involved in the osteoclast differenti
ation and activation compared to the monolayer, in a matrix- and 
lineage-specific fashion, inducing a pro-tumorigenic bone environment 
[69]. Moreover, depending on the CM, osteoclasts exhibited resistance 
either to Zol or to Deno. Differences in cytokine composition among 
culture conditions may shift osteoclast dependence on specific differ
entiation signaling pathways, thereby altering treatment sensitivity. 
This suggests that spatial organization, cellular confinement and matrix 
composition within a 3D context may play a key role in regulating 
cytokine expression, potentially by influencing factors that are not 
recapitulated in traditional 2D cultures. Such insights underscore the 
importance of 3D models in faithfully mimicking in vivo tumor biology. 
These results also support the hypothesis that breast cancer cells 
modulate bone cells also at early stages, creating a pre-metastatic niche 
conducive to subsequent colonization [68,69]. Also, they outline that 
tumor-ECM interactions can amplify osteolysis, contributing to disease 
progression. Notably, BT-474 exhibited no osteoclastogenic potential 
and no sensitivity to bone targeted drugs. This finding is consistent with 
the infrequent use of BT-474 in bone metastasis models and aligns with 
previous in vivo xenograft studies reporting predominantly osteoblastic 

bone growth rather than osteolytic remodeling [70]. Collectively, these 
observations further underscore the validity of our model in accurately 
capturing differences between breast cancer subtypes and indicate that 
BT-474 may have restricted relevance for modeling osteoclast-driven 
bone metastasis and for evaluating therapeutics targeting bone resorp
tion pathways.

This study has two main contributions. First, we developed and 
validated a biomimetic collagen–hydroxyapatite scaffold that re
produces key structural, physicochemical and mechanical characteris
tics of the bone tissue establishing a platform to investigate ECM- 
dependent regulation of breast cancer cell behavior [71]. The novelty 
and added value of our model lies in its flexibility and adaptability 
which enables the mimicking of different organo-specific microenvi
ronments by modulating the scaffold properties and composition. Sec
ond, by using this platform, we identified subtype-dependent differences 
in how breast cancer cells adapt to a bone-like environment, affecting 
cell plasticity, molecular programs, osteoclast-related functions and 
responsiveness to bone-targeted therapies. Importantly, validation 
against primary breast cancer bone metastasis samples confirmed that 
this scaffold model faithfully recapitulates key expression patterns 
associated with bone metastasis, supporting its use for investigating 
underlying molecular mechanisms. Together, these findings support the 
use of organo-specific ECM models to investigate microenvironment- 
dependent mechanisms of bone metastasis. The modular and scalable 
design of the scaffolds will enable its adaptation to high-throughput 
drug screening and, when combined with patient-derived cells, offers 
the potential to evaluate patient-specific responses to bone-targeted 
therapies.

This study has some limitations that should be considered. Although 
the coll-HA scaffold reproduces key structural, physicochemical and 
mechanical features of the bone ECM, it is designed to model selected 
aspects of the bone metastatic niche and therefore does not fully capture 
its biological complexity. In particular, the present system isolate the 
contribution of the extracellular matrix and therefore does not include 
the dynamic interactions with bone-resident cells, such as osteoblasts, 
osteoclasts, endothelial, stromal and immune cells, which are known to 
influence metastatic progression. Moreover, while the comparison be
tween coll and coll-HA matrices demonstrates that organo-specific ECM 
is associated with distinct adaptive responses, the individual contribu
tions of matrix composition, architecture and mechanical properties 
cannot be fully distinguished in the current model. Future studies should 
further refine the model by incorporating additional ECM components 
such as bone-resident cells, and by independently tuning the biomaterial 
properties, to enable a more comprehensive understanding of the rela
tive contribution of matrix and stromal composition, architecture and 
mechanics to breast cancer adaptation within the bone niche.

4. Material and methods

4.1. 3D coll and 3D coll-HA scaffold synthesis

Coll scaffolds were synthesized as follows: a 1 wt% suspension of 
type I collagen (Cod. C9879 Sigma Aldrich) in acetic acid was prepared 
and precipitated to pH 5.5. The material was cross-linked through a 1 wt 
% BDDGE (Cat. 220,892 Sigma Aldrich) to stabilize the collagen matrix 
and to control porosity. Scaffold's porosity and pore size were obtained 
through an optimized freeze-drying process, consisting of an established 
freezing and heating ramp (from 25 ◦C to − 25 ◦C and from − 25 ◦C to 
25 ◦C in 50 min under vacuum conditions, p = 0.20 mbar), ultimately 
ensuring proper pore interconnectivity and orientation. For coll-HA 
scaffolds, collagen solution was mixed and cross-linked with hydroxy
apatite (Cod. 677,418 Sigma Aldrich) in a ratio of 30:70 respectively, to 
mimic the healthy bone structure since the bone matrix is composed of 
30% of collagen and 70% of minerals. All scaffolds were sterilized by 
immersion in 70% ethanol for 1 h, followed by three washes in sterile 
Dulbecco Phosphate Buffered Saline (DPBS) (Thermo Fisher Scientific, 
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Waltham, MA USA).

4.2. Field-emission scanning electron microscopy (FE-SEM)

FE-SEM of 3D coll-HA scaffold was performed by a ZEISS Gem
iniSEM500 at 5 kV. The sample was placed on specimen stubs and 
coated with gold by sputtering with an AGAR Auto Sputter Coater. 
Before the measurement, the sample was deposited with a chromium 
thin film (5 nm) by sputter-coating using a QUORUM Q 150 T ES plus 
coater.

4.3. Attenuated total reflection Fourier transform infrared (ATR-FTIR) 
spectroscopy

ATR-FTIR spectroscopy of 3D coll-HA scaffold was performed at 
room temperature, by using Agilent Cary 630 FTIR spectrometer 
equipped with an ATR-IR cell (UATR unit cell). IR spectra were recorded 
by averaging 32 scans, with a resolution of 4 cm− 1.

4.4. X-Ray Diffraction (XRD)

Powder XRD patterns were obtained using a D8 Discover diffrac
tometer in reflection mode with Cu Kα radiation (45kV, 40mA). The 
crystallinity degree (XC) was calculated with Equation X, where V112/ 
300 described the minimum intensity between two reflections from 
crystal planes (112) and (300) and I300 was the intensity reflection for 
plane (300). The mean crystalline size (Xhkl) was calculated with the line 
broadening of the (211) reflection (Equation X), where Xhkl is the 
crystallite size (nm), λ is the wavelength of monochromatic X-ray beam 
(nm) (λ = 0.15418 nm for CuKα radiation), β ½ is the full width at half 
maximum for the diffraction peak under consideration (rad), ‘θ’ is the 
diffraction angle (◦), and ‘K' is a constant varying with crystal habit and 
chosen to be 0.9. Interplanar distance for the lattice spacing of (211) was 
calculated with Equation X. 

Xc = 1 −
V112\300

I300 

Xhkl = Kλ
/

β1/2 Cosθ 

2dsinθ = nλ 

4.5. Swelling and stability

Scaffolds were incubated in PBS at 37 ◦C, and their weight at 
different timepoints was recorded. Swelling was calculated as the ratio 
between the wet hydrogel mass (wwet) and the initial, dry weight (wdry).

Scaffolds were incubated in PBS at 37 ◦C, lyophilized overnight to 
record the dry weight and rehydrated in PBS at 37 ◦C. The experiment 
was conducted for 28 days, recording the dry weight at different time
points. Stability was calculated as the ratio between the dry weight at 
each timepoint (wdry) and the initial dry weight (wdry,0).

4.6. MicroCT imaging (μCT)

Samples were imaged using the SkyScan 1172 high-resolution μCT 
system (Bruker; hardware version F). The machine was equipped with a 
Hamamatsu 100/250 X-ray source and an 11-megapixel Hamamatsu 
C9300 CCD camera. In the case of coll-HA scaffolds, scans were acquired 
at 48 kV and 200 μA, using a 0.5 mm aluminum filter to reduce beam 
hardening. On the other hand, coll scaffold images were acquired at 48 
kV and 167 μA, without the use of an external filter. The voxel size in 
both cases was 6.85 μm. A step-and-shoot acquisition protocol was used 
with a 0.30◦ rotation step, covering a total angular range of 192.6◦

(counter-clockwise rotation). Frame averaging (4×), random movement 
(10), flat-field correction, geometrical correction, and median filtering 

were applied during acquisition to improve signal-to-noise ratio. Lastly, 
reconstruction was performed using NRecon v1.7.4.2 (NReconServer 
engine v1.7.4), followed by 3D volume rendering and analysis using 
Dragonfly software, Version 2022.2 (Object Research Systems Inc).

4.7. Leachate assay

Gas chromatography–mass spectrometry (GC–MS) was employed to 
investigate residual BDDGE in washing waters and leachates from coll 
and coll-HA scaffolds, following a previously reported protocols for 
BDDGE cross-linked collagenous matrices [72]. GC–MS analyses were 
carried out using a PerkinElmer Clarus 690 gas chromatograph coupled 
to a Clarus SQ8 T single quadrupole mass spectrometer, operated in 
electron ionization (EI) mode at 70 eV. The GC system was equipped 
with a (5%- phenyl)-methylpolysiloxane capillary column (30 m × 0.25 
mm i.d., 0.25 μm film thickness). The injector temperature was set at 
250 ◦C and operated in split mode (1:10). The ion source and transfer 
line temperatures were maintained at 200 ◦C and 280 ◦C, respectively. 
Hydrogen was used as the carrier gas at constant flow. Mass spectra were 
acquired in full scan mode over the m/z range 50–650, with a solvent 
delay of 2.8 min. Chromatographic separation was achieved using the 
following oven temperature program: 100 ◦C for 2 min, ramp at 
10 ◦C⋅min− 1 to 250 ◦C (20 min), followed by a ramp at 5 ◦C⋅min− 1 to 
280 ◦C (25 min). A reference solution of BDDGE in ethyl acetate was 
analyzed under identical GC–MS conditions to establish its retention 
time and EI fragmentation pattern, which were used as diagnostic 
criteria for compound identification. BDDGE identification was based on 
retention time matching and on the characteristic EI mass spectrum 
dominated by fragment ions at m/z 57 (base peak), 69, 73, and 129, in 
agreement with NIST library data and literature reports.

4.8. Mechanical properties

Compression testing was performed using an Instron 6800 Series 
Universal Testing System, equipped with a 100 N load cell. Scaffolds 
measuring 10 mm in diameter and 1.8 mm in height were compressed at 
1 mm/min displacement rate. The test was terminated at 100% 
compression or 97 N force, the latter to prevent damaging the load cell. 
The Young's modulus was calculated as the slope of the stress-strain 
curve in the linear region (30% strain).

4.9. Tumor cell seeding and culture

The experiments were performed on four human breast cancer cell 
lines: the triple negative cell line MDA-MB-231 (obtained from the 
America Type Culture Collection, ATCC, Rockville, Maryland, USA), the 
SCP2 cell line, an osteotropic cell line originating from MDA-MB-231 
kindly provided by Yibin Kang's laboratory, the hormonal receptor 
positive MCF7, obtained from ATCC, and BT-474 representative of the 
estrogen receptor positive, progesterone receptor-positive, and HER2/ 
neu overexpressing luminal B breast cancer subtype. All cells were 
maintained in DMEM medium supplemented with 10% fetal bovine 
serum, 1% penicillin-streptomycin and 1% glutamine at 37 ◦C in a 5% 
CO2 atmosphere. For standard cultures, 1 × 10^6 cells were maintained 
as a monolayer in 25 cm2 flasks in 4 mL of culture medium. For 3D 
cultures, each scaffold (2 × 9 mm) was placed in a 6-multiwell plate and 
seeded with 1 × 10^6 cells by adding 50 μL of cell suspension on the 
scaffold upper surface. Seeding was reached by simple soaking of the cell 
suspension in the dry scaffolds. Cells were incubated for 1 h at 37 ◦C to 
allow adhesion, after that 4 mL of culture medium were carefully added. 
After 24 h, the scaffolds were gently moved in a new 6-multiwell plate to 
avoid any contribution of cells that might have attached on the plate 
surfaces. The medium was replaced every two days.
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4.10. IHC staining

Scaffolds have been washed with PBS and fixed in 4% formalin 
overnight at 4 ◦C. The day after samples were processed for paraffin 
embedding. 4 μm thick histological sections were obtained by formalin- 
fixed, paraffin-embedded tumor samples and stained with hematoxylin 
& eosin (H&E) in an automatic slides stainer. Paraffin-embedded bone 
metastatic tissue was collected and cleared in 4 μm thick sections. 
Staining with H&E was performed. Samples were collected retrospec
tively under the study protocol approved by IRST-Area Vasta Romagna 
Ethics Committee (approval no. 4751, 31 July 2015, Amendment 1 05/ 
10/2016). All the procedures were performed in accordance with GCP 
and Helsinki declaration. Stained sections were digitized using the 
Aperio scanning system (Leica Biosystems) for detailed histological 
analysis.

4.11. Osteoclastogenesis assay

Human osteoclasts were obtained from the differentiation of pe
ripheral blood mononuclear cells (hPBMCs) of healthy donors who gave 
written informed consent to take part in the study. Monocytes were 
isolated from buffy coats by Lymphosep™ density gradient [73]. Briefly, 
EDTA whole blood (50 mL) was diluted 1:1 with phosphate-buffered 
saline (PBS), layered on lymphocyte separation medium (Lympho
sep™, Biowest LLC, Riverside, MO, USA) and centrifuged without 
brakes at 2200 rpm for 10 min. The hPBMCs layer was collected and 
washed twice with PBS and treated for 4 min on ice with ACK solution. 
After having washed them twice with phosphate-buffered saline, cells 
were suspended in complete α-MEM (LONZA, Basel, Switzerland). Cells 
were counted and plated at a concentration of 1.5 × 10^6 PBMCs per 2 
cm^2/well. After 4 h, the medium was removed and differentiation into 
osteoclasts was induced by α-MEM supplemented with 20 ng/mL of M- 
CSF (Cod. 300–25; Peprotech, Rocky Hill, NJ, USA). From Day 7 of 
culture, RANKL (20 ng/mL) (Cod. 310–01; Peprotech, Rocky Hill, NJ, 
USA) was added with M-CSF (control positive condition, Ctrl+). The 
medium was changed every 2–3 days and TRAP+ multinucleated cells 
were observed after 15 days of differentiation. Each condition was 
performed in triplicate and experiments were run at least three times. 
Schematic Representation in Fig. S6a.

4.12. Indirect co-culture of tumor cells and osteoclasts

To evaluate tumor cells' effects on osteoclasts differentiation, indi
rect co-culture was optimized by adding in osteoclasts' medium culture 
20% of CM by breast cancer cell lines (schematic representation in 
Fig. S6a). CM was collected at 7 days of breast cancer cells' culture in 2D 
or 3D models. Briefly, cancer cells were seeded at a concentration of 1 ×
10^6 cells per 25 cm2 in a 2D model or in 3D scaffolds. Then, cells were 
cultured in α-MEM complete medium and at day 6th medium was 
replaced with fresh medium and collected at day 7th.

4.13. Quantification of TRAP-positive multinucleated cells

Differentiated osteoclasts, cultured in 2D plates, were fixed after 15 
days of differentiation by incubation in 4% Paraformaldehyde (PFA, 
Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min at room 
temperature and then stained for tartrate resistant acid phosphate 
staining (TRAP kit, Cod. 3879 A; Sigma-Aldrich, Darmstadt, Germany). 
Osteoclasts were counted with a magnification of 10× in Nikon Eclipse 
Ci microscope in 5 fields/well as multinucleated cells (more than 4 
nuclei) TRAP-positive cells. Images of differentiated osteoclasts were 
acquired at different magnifications with Nikon Eclipse Ci microscope. 
Each experiment was performed in triplicate and repeated at least three 
times.

4.14. Tumor cell growth assay

Tumor cell growth was assessed by MTT assay. Briefly, at different 
time points cells within the scaffolds or in monolayer cultures were 
incubated with 0.5 mg/mL of MTT solution (Sigma Aldrich, Darmstadt, 
Germany) in PBS for 2 h at 37 ◦C and the absorbance was determined at 
550 nm with a multimode microplate reader, BioTek Synergy H1 
(Agilent).

To determine metabolically active cells, the CellTiter-Glo® 3D assay 
(Promega) was performed. Briefly, the scaffold with 500 μL of culture 
media were transferred into a new plate and 500 μL of CellTiter-Glo® 3D 
reagent was added into each well. Plates were protected from light and 
shaken for 5 min (room temperature) to induce cell lysis. Samples were 
incubated for additional 25 min in the dark, at room-temperature, to 
stabilize the bioluminescent signal. The luminescence was recorded by a 
multimode microplate reader, BioTek Synergy H1 (Agilent).

4.15. Drug exposure and dose selection

Zoledronic Acid (Zol, Zometa®), was solubilized at a concentration 
of 50 mM in sterile water, filtered and stored at − 20 ◦C. Denosumab 
(Deno) 120 mg in 1.7 mL (XGEVA®) was stored at 4 ◦C. Drugs were 
diluted in complete α-MEM. Doses of Zol and Deno were selected based 
on plasma levels from pharmacokinetic clinical data. We used 24 μg/mL 
concentration for Deno and 10 μM for Zol, as it was reported to accu
mulate in bone tissues at a higher concentration than plasmatic peak 
[67]. Osteoclasts were treated with Deno and Zol for 72 h at day 7 (in the 
latest stages of osteoclasts differentiation). To determine osteoclasto
genesis inhibition, the number of osteoclast cells in treated wells was 
normalized to untreated wells. Inhibition of osteoclastogenesis after 
drug exposure was reported as percentage (%) of osteoclastogenesis 
normalized to the untreated control (schematic representation in 
Fig. S6b).

4.16. Immunofluorescence staining

For immunofluorescence staining, cells were fixed 20 min in 4% PFA 
and permeabilized with PBS + 1% BSA + 0.3% Triton X-100. Then, cells 
were stained with Phalloidin antibody (Alexa Fluor™ Phalloidin; Life 
Technologies) to detect filamentous actin (F-actin). Dapi staining was 
used to counterstain the nucleus. In addition, the following antibodies 
were used: CD254 (RANKL) -PE (Miltenyi Biotec) and CD265 (RANK) 
-APC (Miltenyi Biotec) each at a dilution of 1:200 in PBS with 1% BSA. 
Antibody incubation was performed for 2 h at room temperature, fol
lowed by Phalloindin and Dapi staining. Images were taken by Nikon 
A1R laser confocal microscope N-SIM technology (Nikon Corporation, 
Tokyo, Japan) at 20× or 40× of magnification. The images were then 
analyzed using ImageJ software (Version 1.52a) by selecting one cell at 
a time in an image and measuring the area, perimeter and integrated 
density. For the fluorescence intensity of RANKL positivity, four 
different areas were randomly selected in five different images, and the 
median of integrated density was calculated by Excel, for each condi
tion. Fluorescence intensity for RANKL positivity in 2D cultured cells 
was used as the normalizing reference for 3D conditions.

Based on Phalloidin positivity, the circularity of tumor cells was 
calculated. For each image, at least eighty cells were randomly selected, 
drawing the perimeter, and calculating area and perimeter. Three im
ages for each condition were analyzed. The circularity was calculated 
through the expression [74]: 

Circularity =
4πA
2p2 

The cells were divided in two groups based on the following ranges: 
circularity <0.4, indicating a spindle-like morphology, and circularity 
between 0.4 and 0.7 indicating an epithelial-like morphology [75].
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4.17. Quantitative real time reverse transcription PCR (qRT-PCR)

The scaffolds were fragmented into small pieces, while 2D culture 
cells were collected by trypsinization. Total mRNA was isolated using 
TRIzol Reagent (Invitrogen) following the manufacturer's instructions. 
Five hundred nanograms of RNA were reverse transcribed using the 
iScript cDNA Synthesis Kit (BioRad, Hercules, CA, USA). The final 
mixture was incubated at 25 ◦C for 5min, at 42 ◦C for 20min, at 47 ◦C for 
20min, at 50 ◦C for 15min and 5min at 85 ◦C. Real-Time PCR was 
performed on the 7500 Real-Time PCR System (Applied Biosystems, 
Waltham, MA, USA) using the TaqMan gene expression assay mix 
(Applied Biosystems, Waltham, MA, USA). Amplification was performed 
from 2μL of cDNA, in a final volume of 20μL containing 2× Gene 
expression master Mix (Applied Biosystems, Waltham, MA, USA). The 
stably expressed endogenous HPRT was used as a reference gene. The 
following markers were analyzed: E-Cadherin (CDH1), Vimentin (VIM), 
SNAI1, SNAI2, ZEB1, ZEB2, CD44, TJP1, THBS1,TNF-α, IL-6, IL-8, RANK 
and OPG. The amount of transcripts was normalized to the endogenous 
reference genes and expressed as n-fold mRNA levels relative to a cali
brator using a comparative threshold cycle (Ct) value method (ΔΔCt).

4.18. RNA sequencing

RNA-seq libraries were prepared using the Illumina Stranded Total 
RNA Prep with Ribo-Zero Plus (Illumina, San Diego, CA, USA), starting 
with 0.5 μg of total RNA. In brief, RNA was subjected to Ribosomal RNA 
Depletion, then it was fragmented and annealed with random hexamers, 
which prime the sample for cDNA synthesis. The hexamer-primed RNA 
was transcribed using both actinomycin-D (during the first-strand cDNA 
synthesis), and dUTP (during the second-strand synthesis) to achieve 
strand specificity. Then, the libraries were end-repaired and adenylated 
before being ligated with single-indexed adapters (IDT for Illumina 
DNA/RNA UD Indexes Set B; Illumina, San Diego, USA) and amplified by 
PCR for 12 cycles. The last purification step was performed with 
Agencourt AMPure XP beads (Beckman Coulter). The prepared libraries 
were quantified using both Agilent 2100 Bioanalyzer and Invitrogen 
Qubit Fluorometer and pooled in equimolar amounts. Sequencing was 
performed on Illumina NextSeq 550 System using NextSeq 500/550 
High-Output v2.5 Kit - 150 cycles (Illumina, San Diego, CA, USA). Raw 
sequencing reads were quality-controlled using FastQC and MultiQC, 
then processed to remove adapter sequences and low-quality bases using 
trimming software. Tables S1 and S2 summarize the number of biolog
ical replicates, sequencing depth, and mapping quality metrics. The pre- 
processed reads were pseudo-aligned and quantified using Kallisto using 
the GRCh38 transcriptome. Read counts were analyzed using the 
DESeq2 R package to detect differentially expressed genes (DEGs) with 
an adjusted P-value (p-adj) less than 0.05. Gene Set Enrichment Analysis 
was performed with clusterProfiler (R package). All graphical repre
sentations were performed using ggplot2, EnhancedVolcano and com
plexHeatmap (R packages). Transcription factor (TF) activity was 
inferred using the decoupleR R package (v2.12.0). Differential expres
sion results from the coll-HA vs coll comparison were first obtained 
using DESeq2, and the Wald test statistic (stat) was used as input for TF 
activity inference. TF–target interactions were derived from the DoR
othEA regulons as implemented in decoupleR, restricting the analysis to 
high- and medium-confidence interactions (confidence levels A, B, and 
C). TF activity scores were computed using the VIPER method, which 
infers regulator activity based on the coordinated enrichment of signed 
TF targets within the differential expression signature. Regulons were 
required to contain a minimum of 25 expressed target genes to ensure 
robust activity estimation. P-values were adjusted for multiple testing 
using the Benjamini–Hochberg procedure, and TFs with an adjusted p- 
value <0.05 were considered statistically significant [76].

4.19. Statistical analysis

Each experiment was performed in at least three biological repli
cates, with three technical replicates per condition. Data are presented 
as mean ± SD (standard deviation) or as percentage (%) of osteoclas
togenesis or percentage (%) of survival. GraphPad Prism was used to 
perform all statistics. The differences between groups were assessed by 
two-tailed Student's t-test, Mann-Whitney test, or one-way/two way 
ANOVA followed by Tukey's post hoc test for multiple comparison as 
appropriated, and accepted as significant when *P < 0.05.

5. Conclusion

In conclusion, our study highlights the fundamental role of the ECM 
in regulating cancer cell behavior and indicates the utility of our model 
in elucidating its multifaceted contributions to tumor metastasis. Our 
findings show that the bone mineral matrix induces in breast cancer cells 
specific metabolic shifts, alters drug responses, and drives changes in 
cellular plasticity-both in terms of proliferation and phenotypic features. 
This underscores the importance of considering ECM-driven mecha
nisms in the progression of bone metastasis and highlights the need for 
advanced in vitro models capable of faithfully recapitulating these in
teractions. Our 3D bone-biomimetic model provides a powerful platform 
to dissect the intricate crosstalk between breast cancer cells and the bone 
microenvironment, offering a valuable tool for identifying key molec
ular drivers of metastasis and testing microenvironment-targeted ther
apeutic strategies. While further validation with patient-derived clinical 
samples is necessary to enhance its translational relevance, this model 
represents a crucial step toward a more comprehensive understanding of 
the natural history of breast cancer bone metastasis, capturing the 
complexity of tumor-ECM interactions.
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[75] M. Schöchlin, S.E. Weissinger, A.R. Brandes, M. Herrmann, P. Möller, J.K. Lennerz, 
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