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A B S T R A C T   

The use of three-dimensional (3D) bioprinting has been proposed for the reproducible production of 3D disease 
models that can be used for high-throughput drug testing and personalized medicine. However, most such 
models insufficiently reproduce the features and environment of real tumors. We report the development of 
bioprinted in vitro 3D tumor models for breast cancer, which physically and biochemically mimic important 
aspects of the native tumor microenvironment, designed to study therapeutic efficacy. By combining a mix of 
breast decellularized extracellular matrix and methacrylated hyaluronic acid with tumor-derived cells and non- 
cancerous stromal cells of biological relevance to breast cancer, we show that biological signaling pathways 
involved in tumor progression can be replicated in a carefully designed tumor-stroma environment. Finally, we 
demonstrate proof-of-concept application of these models as a reproducible platform for investigating thera
peutic responses to commonly used chemotherapeutic agents.   

1. Introduction 

Breast cancer remains a significant global health burden, with a high 
mortality rate for women, mainly due to inter-patient variations in 
prognosis, response to therapy, and clinical outcomes [1,2]. Among 
different tumor subtypes, triple-negative breast cancer (TNBC) is 
considered to be highly aggressive and heterogeneous, due to the lack of 
hormone receptor (HR) expression, basal-like cell phenotype, and ge
netic diversity. These factors enhance the challenge of developing 
effective treatments for this subtype of breast cancer [3]. Therefore, the 
development of prognostic preclinical in vitro models capable of 
mimicking tumor physiology would provide an interesting opportunity 
to identifying the most suitable treatment regimens for individual pa
tients in a personalized manner [4–6]. 

Patient-derived three-dimensional (3D) tumor organoids have shown 
promise as a tool for the development of personalized treatments [7]. 
Compared to traditional two-dimensional (2D) cell culture systems, 
organoids have various benefits, such as improved preservation of tissue 

architecture and cellular interactions, as well as the capability to repli
cate the tumor’s response to drugs. However, organoids often do not 
capture the complexity of the tumor microenvironment (TME) [8], 
which is a major challenge in the development of complex 3D in vitro 
models [9]. 

Breast tumors evolve in a complex niche, where the tumor cells core 
is surrounded and infiltrated by various types of stromal and immune 
cells, embedded within the extracellular matrix (ECM) [10]. The TME is 
characterized by a complex bidirectional communication network 
established between cancer cells, stromal cells, and ECM components, 
which is difficult to recreate in an artificial in vitro environment [11]. 

In this context, 3D bioprinting has shown promise toward creating 
realistic tissue models, by assembling various cell types and biomaterials 
with high spatial resolution [12]. This technology provides a means to 
recreate the tumor complexity, as well as its functional and structural 
hierarchies, for an accurate study of tumor growth, response to treat
ment, and other aspects of cancer biology [13,14]. 3D bioprinting can be 
used to create personalized tumor models that mimic the specific 
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characteristics of a patient’s cancer, potentially leading to the devel
opment of individualized treatment plans or evaluation of drug candi
dates at in vitro lab settings [15–17]. 

An essential component of 3D-printed organoids are bioinks, which 
must provide the mechanical properties necessary for cell adhesion, 
proliferation, and differentiation [18–20]. Common bioinks include 
natural and synthetic polymers and hydrogels, chosen on the basis of 
their mechanical stability and simplicity of processing. However, when 
used to recreate the tumor ECM, they have several drawbacks such as a 
lack of biological relevance and poor cell-matrix interactions [21]. An 
interesting alternative involves the use of decellularized extracellular 
matrices (dECMs), obtained by removing all cellular components from 
the tissue source. dECMs can better mimic the native biological and 
physiological ECM environment and crucially do not include immu
nostimulatory nucleic acids and tumor-stimulatory factors, which are 
often encountered in tumor-derived ECMs such as Matrigel [22,23]. 
Additionally, bioprinted tumor models often lack a proper representa
tion of the TME and its cellular heterogeneity [24–28]. 

We report herein the development of a 3D-bioprinted breast tumor- 
stroma model that mimics some of the complexity of breast tumors, 
including the tumor architecture, the location of tumoral and stromal 
cells, and the ECM signaling cues that make up the breast TME. Cells of 
relevance to the TME (human TNBC MDA-MB-231 tumor cells, stromal 
breast fibroblasts (HBF), and endothelial cells (EC)) are combined with a 
porcine breast tissue-derived dECM bioink and organized into a tumor 
core-stroma structure that closely resembles the architecture of breast 
carcinomas. Our 3D-bioprinted model can efficiently express several 
biomarkers associated with TNBC tumor biology, including the 
epithelial-to-mesenchymal transition (EMT) pathway, cancer stem cells 
(CSC), cancer-associated fibroblasts (CAFs), and the typical cytokine 
secretion pattern of the activated TNBC TME. We additionally investi
gated the potential of this model as a preclinical drug testing platform. 
We therefore generated an additional MCF-7 bioprinted tumor-stroma 
model, to determine variations in targeted therapy response between 
HR-expressing and TNBC tumor-stroma subtype models. Our results 
show that the MCF-7 3D model responds to Tamoxifen targeted therapy, 
whereas the TNBC MDA-MB-231 model is only slightly sensitive to the 
same drug. These findings reflect clinical responses typically observed in 
patients, thereby highlighting the value of bioprinted models toward 
testing the use of targeted therapies on tumor cells. The present study 
thus provides an in vitro platform that can be used to investigate tumor 
progression and therapeutic response, toward the development of more 
effective treatments for breast cancer. 

2. Materials and methods 

2.1. ECM decellularization and bioink formulation 

Porcine breast tissue was obtained from the slaughterhouse and 
stored at − 80 ◦C until needed. The entire breast tissue was utilized to 
create the dECM formulation, thawed in a water bath at 37 ◦C, minced 
into 1 cm3 cubes, frozen in liquid nitrogen and thawed again. The tissue 
was decellularized according to Mollica et al. with slight modifications 
[29]. Briefly, after exposing the tissue to 0.5% (w/v) SDS, a treatment of 
40 U/mL Denarase from S. marcescens (activity: 296U/μL; purity ≥99%) 
at 37 ◦C overnight was performed. Denarase is specialized for breaking 
the phosphodiester bonds connecting nucleotides, resulting in the for
mation of shorter fragments consisting of approximately 3–5 base pairs 
and displaying its activity on both DNA and RNA, single-stranded and 
double-stranded configurations, linear and circular structures, as well as 
those that are supercoiled, enabling a simpler, more efficient process. To 
enhance solubility and optical characteristics, the tissue was subjected 
to a delipidation step with absolute isopropanol (IPA) and acetone. The 
dECM was sterilized with 0.1% (v/v) peracetic acid (PAA) and 4% (v/v) 
ethanol (EtOH) for 2 h and subsequently washed twice with PBS and 
twice with distilled water. Freeze-drying for 72 h was carried out to later 

grind the dECM to powder. The bioink (dECM) was obtained by 
digesting 25 mg of dECM powder per mL of 1 mg/mL pepsin in 0.5 M 
acetic acid solution for 48 h. The pH was neutralized to pH 7.4 on ice and 
later diluted with DMEM supplemented with 10% (v/v) fetal bovine 
serum (FBS) to a final concentration of 20 mg/mL (2% w/v). A summary 
table of the protocols is available as Supplementary Table 1. 

2.2. Histology of the ECM and dECM 

The tissues were fixed in Histofix overnight at 4 ◦C, washed thrice in 
PBS and left overnight in 30% (w/v) sucrose solution at 4 ◦C, prior to 
embedding them in OCT tissue freezing medium. Frozen blocks were 
stored at − 80 ◦C until needed. 7 μm tissue sections were stained with 1 
μg/mL DAPI for 30 min after re-hydration and permeabilizing the tissue 
with 0.3% (v/v) Triton X-100 for 30 min and mounted in Fluoromount- 
G. Hematoxylin/Eosin staining protocols were optimized for each tissue 
and mounted in DPX. Cryo-sections of 7 μm were hydrated in water and 
submerged in propylene glycol for 2 min. Subsequently, tissue sections 
were stained with Oil Red O and developed with 85% (v/v) propylene 
glycol for 1 min for delipidation evaluation. Prior to mounting in 
Mowiol 4–88, 2 washings with distilled water were performed. 

2.3. DNA quantification 

5 mg of each tissue was digested in 500 μL of digestion buffer (100 
mM Tris, 2 mM EDTA, 150 mM NaCl, 1% (w/v) SDS, and 200 μg/mL of 
proteinase K) for 48 h at 56 ◦C. DNA was manually precipitated with 
ethanol as described in Green et al. [30] Double stranded DNA in both 
ECM and dECM was analyzed with a Quant-iT PicoGreen dsDNA assay 
kit following the manufacturer instructions and including calf thymus 
DNA in 1× Tris-EDTA buffer as a standard. Samples in 96-well plates 
were excited at 492 nm and emission was recorded at 535 nm in an 
Appliskan microplate reader. 

2.4. Proteomic analysis 

Samples were processed by the Proteomic Platform Service at CIC 
bioGUNE (Derio, Spain) for the relative quantification of the peptides by 
label free LC-MS/MS, following the protocol described by Wisniewski 
et al. [31] with minor modifications, and analyzed in a hybrid trapped 
ion mobility spectrometry – quadrupole time of flight mass spectrometer 
(timsTOF Pro with PASEF, Bruker Daltonics) coupled online to a nano
Elute liquid chromatograph (Bruker). Protein identification and quan
tification were carried out using MaxQuant software with default 
settings [32]. Searches were carried out against a database consisting of 
pig protein entries (Uniprot/Swissprot + TrEMBL), with precursor and 
fragment tolerances of 20 ppm and 0.05 Da. Only proteins identified 
with at least two peptides at FDR <1% were considered for further 
analysis. Intracellular and membrane proteins were discarded, and only 
ECM-related proteins were plotted and analyzed according to Matriso
meDB [33]. 

2.5. Rheological characterization 

Measurements for assessing rheological properties of cell-free bio
inks were performed on a MCR302 rheometer (Anton Paar) equipped 
with a 25 mm diameter cone/plate and parallel plate geometries, and a 
Peltier plate. A humidity chamber was used to keep the samples hy
drated during the measurements and excess material was trimmed 
before the start of any measurement. The gap for measurements was 
adjusted to the type of sample analyzed in each case. Amplitude sweeps 
were performed to determine the linear viscoelastic region, where both 
the storage (G′) and loss (G″) moduli are independent of frequency 
(Figs. S2 and S7). Frequency sweeps of the cross-linked samples were 
performed at constant amplitude (0.15% for dECM, 0.005% for cross- 
linked dECM, and 0.05% for HAMA/dECM), previously determined 
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from the amplitude sweeps and at constant temperature: 37 ◦C for cross- 
linked gels, 10 ◦C for dECM. For the dECM ink, a temperature ramp was 
performed from 10 to 40 ◦C at constant frequency (1 Hz) and a heating 
rate of 1 ◦C/min. Flow curves were also performed from 0.1 to 1000 s− 1 

to monitor the viscosity of the material at 10 ◦C. 

2.6. Scanning electron microscopy 

dECM/HAMA bioinks were cross-linked for 5 s under UV light. 
Samples were freeze-dried before coating them with a thin gold/palla
dium layer by magnetron sputtering and then imaged with a JSM- 
6490LV microscope (JEOL), with a working distance of 10 mm and 
15 kV acceleration voltage. 

2.7. Cell culture 

Primary human breast fibroblasts (HBF) were purchased from 
Innoprot (Derio, Spain) and human breast MDA-MB-231 and MCF-7 cell 
lines were obtained from American Type Culture Collection (ATCC, 
HTB-26 and HTB-22, respectively). These cell lines were cultured in 
DMEM supplemented with 10% FBS with 1% penicillin/streptomycin 
(Fisher Scientific). Human aortic endothelial cells (TeloHAEC) were 
purchased from the ATCC and cultured in vascular cell basal medium 
(VCBM) supplemented with Endothelial Cell Growth Kit-VEGF (ATCC; 
PCS-100-030, PCS-100-041). All cell lines cultures were grown in stan
dard tissue culture conditions at 37 ◦C with 5% CO2. 

2.8. Cytotoxicity tests 

The cytotoxicity of dECM on HBF, MDA-MB-231, MCF-7, and ECs 
was estimated by a lactate dehydrogenase (LDH) assay kit (CyQuant 
assay, ThermoFisher). Cells were seeded at a density of 5,000 cell/cm2 

on 96-well plates and the cross-linked dECM was incubated overnight 
with DMEM supplemented with 10% FBS, according to the ISO- 
10993–5:2009, to obtain the extractive medium. 24 h later the seeding, 
medium was replaced with the conditioned medium and incubated for 
additional 24 h. Cell medium (50 μL) was transferred to an optically 
clear 96-well plate and mixed with reaction buffer (50 μL) for 30 min, 
prior to addition of stop reactant and measurement of the absorbance at 
490 nm and 680 nm. All measurements were performed in triplicates at 
different time points. 

2.9. Biocompatibility of dECM gels 

To assess cell viability within the dECM bioink, cells were mixed with 
the dECM bioink at a concentration of 5 × 105 cells/mL, seeded in Ibidi 
8-well plates, and maintained in culture for 5 days. Then, cell viability 
was monitored using a live/dead cell assay. 3D cell cultures were 
incubated with Calcein AM (1/100) and PI (1/50) for 20 min. The 
corresponding confocal images were analyzed and the percentage of live 
cells was quantified and represented as the number of live cells with 
respect to the number of total cells using ImageJ software. To assess cell 
proliferation within the dECM cultures, cells were prelabelled with 
CellTracker™ Green CMFDA Dye, CellTracker™ Deep Red, or Cell
Tracker™ Blue CMF2HC Dye (ThermoFisher) before embedding them in 
the dECM 3D culture, and maintained for 7 days. Confocal images were 
acquired at different timepoints and the total fluorescence intensity of 3 
random image sections was measured using ImageJ software. Cell pro
liferation for each cell population was assessed by normalizing fluores
cence intensity of images acquired at day 7 related to fluorescence 
intensity displayed at day 1. 

2.10. dECM/HAMA bioink formulation 

Hyaluronic acid (HA) was functionalized with methacrylate groups. 
HA (hyaluronic acid sodium salt from Streptococcus equi (MW ≈

1.5–1.8 × 106 Da) (500 mg) was dissolved in 50 mL of Milli-Q-water and 
the pH of the solution was adjusted to 8 using 0.5 M NaOH, while 
keeping the solution in ice. Then, methacrylic anhydride was added in 
20-fold excess under continuous stirring and the pH was readjusted to 8. 
After 24 h of reaction at room temperature, the reaction was stopped, 
and the mixture precipitated in 500 mL of ethanol. The resulting pre
cipitate was filtrated and dialyzed against water using cellulose dialysis 
membranes (MW cut-off 14 kDa), to remove the unreacted reagent. 
Methacrylated hyaluronic acid (HAMA) was recovered after freeze- 
drying. The degree of methacrylation was estimated by 1H NMR by 
comparing the integration of the signals of the methyl groups around 
1.8 ppm with the ones corresponding to the methylene group at 6 and 
5.6 ppm, resulting in a degree of methacrylation of 75%. Lyophilized 
HAMA was mixed with the dECM at a final concentration of 2% (w/v) 
and with Irgacure photoinitiator (0.1% w/v) and stored at 4 ◦C until use. 

2.11. Bioprinting of 3D tumor model 

A multi-headed 3D Discovery bioprinter (RegenHU, Switzerland) 
equipped with a biosafety cabinet was used. MDA-MB-231 cells prela
belled with CellTracker™ Green CMFDA Dye were mixed with the 
dECM/HAMA bioink at a 1.5 × 107 cells/mL concentration. Tumor cores 
were printed as 4-layered circular structures with a printing design of 1 
mm in diameter in Ibidi 8-well chamber slides (Ibidi). Bioinks were 
extruded through a dispensing stainless steel needle with an internal 
diameter of 0.3 mm (Nordson) at 10 ◦C, pressures of 0.06–0.08 MPa, and 
speeds of 4–6 mm/s. The constructs were then cross-linked by UV light 
(365 nm, output power of 500 mW) for 20 s and placed in a cell incu
bator for 15 min at 37 ◦C. Resulting tumor constructs had dimensions of 
2.5 mm in diameter and 1 mm in height. Cell media was then added to 
the well plates and 3D tumor models were maintained under standard 
culture conditions. 

2.12. Bioprinting of tumor-stroma model 

The tumor compartment of the constructs comprised 100% MCF-7 or 
MDA-MB-231 cells. The stromal compartment comprised 50% HBF and 
50% EC (cell number ratio). Prior to bioprinting, cells were fluorescently 
labeled with different fluorescent cell trackers (CellTracker™, Ther
moFisher). Cancer cells were stained with CellTracker™ Green CMFDA 
Dye, HBFs with CellTracker™ Deep Red, and ECs with CellTracker™ 
Blue CMF2HC Dye. For the tumor compartment, cancer cells were mixed 
in the dECM/HAMA bioink at a 1.5 × 107 cells/mL and printed as 
previously described. For the stromal compartment, HBF and EC were 
mixed in the appropriate proportions in the dECM ink at a concentration 
of 1 × 107 cells/mL. The stromal compartment was printed surrounding 
the tumor core compartment as a 4-layered circular structure of 2 mm 
diameter. The 1 cm2 well served as the container before the matrix was 
cross-linked by heating. dECM bioinks were extruded through a 
dispensing needle with an internal diameter of 0.3 mm (Nordson) at 
10 ◦C, pressures of 0.010–0.012 MPa, and printing speeds of 0.5–1 mm/ 
s. Immediately following bioprinting, tumor-stroma models were placed 
at 37 ◦C to promote dECM bioink cross-linking. Resulting tumor-stroma 
constructs measured 1 cm × 1 cm × 3 mm. After 20 min, a 50:50 mix of 
supplemented DMEM and VCBM was added to the culture plates. Con
structs were then incubated for up to 7 days. 

2.13. 3D model imaging 

All confocal images were recorded in a Zeiss LSM 880 confocal laser 
scanning microscope, equipped with 405 nm (blue fluorophore excita
tion), 488 nm (green fluorophore excitation) and 633 nm (far red fluo
rophore excitation) lasers, and Plan-Apochromat 10 × (0.45 N A.) and 
Plan-Apochromat 20 × (0.8 N. A.) objectives. In the case of 3D char
acterization of tumor models, Z-stacks (ca. 50 μm thick) were obtained, 
and a post-imaging maximum intensity projection (MIP) filter was 

P. González-Callejo et al.                                                                                                                                                                                                                     



Materials Today Bio 23 (2023) 100826

4

applied. 

2.14. Viability of 3D models 

Cell survival in the bioprinted tumor and tumor-stromal models was 
evaluated with live/dead staining assay. 3D models were incubated with 
Calcein AM (1/100) and PI (1/50) for 20 min. Resulting confocal images 
were analyzed using ImageJ software. 

2.15. Histological analysis of the tumor-stroma model 

For histological analysis, tissues were fixed in 4% paraformaldehyde 
(Electron Microscopy Sciences, Hatfield, PA) for 20 min at 37 ◦C and left 
overnight in 30% (w/v) sucrose solution at 4 ◦C, prior to embedding 
them in OCT tissue freezing medium. Frozen blocks were stored at 
− 80 ◦C until needed. Tissue sections (7 μm) were stained with Hema
toxylin/Eosin and mounted in DPX. 

2.16. Immunofluorescence assays 

For immunofluorescence images, 3D tumor-stroma models were 
washed twice with PBS, fixed with paraformaldehyde 4% (20 min, RT), 
permeabilized with 0.5% Triton X-100 (20 min, RT), and blocked with 
2% BSA + 0.1% Triton X-100 in PBS overnight. 3D models were then 
incubated with primary antibodies for 3 days (1:50, 4 ◦C), washed and 
incubated with secondary antibodies for 48 h, (1:500, 4 ◦C), and DAPI 
(20 min, RT). The list of antibodies is detailed in Table S2. Immuno
fluorescence images were acquired on a Zeiss LSM 880 confocal mi
croscope with Zen software (Zeiss Microscopy) and image analysis was 
performed using ImageJ software. 

2.17. Cytokine profiling 

Proteome Profiler Human XL Cytokine Array assays (R&D Systems, 
ARY022B) were performed according to the manufacturer’s protocol. In 
brief, culture supernatants from cross-linked dECM, and two biological 
replicates of bioprinted 3D tumor, stroma, and tumor-stroma models, 
were collected and added to the array membranes, incubating overnight 
at 4 ◦C. Membranes were washed, incubated with a streptavidin-HRP- 
coupled antibody (1:2000) for 30 min at RT and developed using 
Chemi-Reagent Mix. Images were captured and visualized using the LI- 
COR Odyssey Fc imaging system and dot integrated densities were 
measured using ImageJ software. Integrated density was calculated as 
the product of the area of a selected region of interest (ROI) and its mean 
pixel intensity. ROI areas were manually selected by drawing a region 
around each dot of the membrane. Further, each sample’s dots inte
grated density values were normalized to each membrane’s control dots 
integrated density. Original membranes images are depicted in Fig. S14. 

2.18. Drug treatment and therapeutic response studies 

Doxorubicin, Paclitaxel and Tamoxifen were purchased from Merck 
(Original stocks: Tamoxifen 50 mM in DMSO with 1% methanol, 
Paclitaxel 1.17 mM in milli-Q water, and Doxorubicin 1.8 mM in milli-Q 
water). MCF-7 and MDA-MB-231 tumor models were sequentially bio
printed in a 48-well high-throughput testing plate and then exposed to 
increasing concentrations of Tamoxifen, Paclitaxel or Doxorubicin for 
72 h. Control groups were non-treated cells cultured with complete 
media. Cell media was collected, and drug cytotoxicity was measured 
using the LDH assay according to manufacturer instructions. Data shown 
in graphs are the summary of a minimum of three biological replicates in 
three independent experiments. LDH assays data were normalized to 
negative (control) and positive (Triton-X 100) cell death controls. 
Resulting dose-response curves were calculated using GraphPad Prism 
software through non-linear regression analysis. 

2.19. Statistical analysis 

Bar graphs and point graphs display mean value ± SEM. Statistical 
analysis consisted of normality data distribution assessment by the 
Kolmogorov-Smirnov test. Data fitting into a normal distribution was 
submitted to unpaired Student’s t-test, for single comparison of means, 
or one-way ANOVA for multiple comparisons. Otherwise, nonpara
metric Bonferroni’s test was employed for multiple mean comparisons. 
The significance threshold was established at P < 0.05, and significance 
levels were schematically assigned *(0.01 ≤ P < 0.05), **(0.001 ≤ P <
0.01), ***(0.0001 ≤ P). All analyses and graphs were performed using 
GraphPad Prism 6 software (GraphPad, San Diego, CA). 

2.20. Schemes and cartoons 

Schemes and cartoons were produced with Biorender.com (License 
agreement number: ZK255JNUOL). 

3. Results and discussion 

3.1. dECM ink production and characterization 

Creating a biologically and physiologically accurate environment 
that mimics the native breast ECM is crucial for developing efficient in 
vitro breast tumor models. We chose to work with porcine breast tissue 
due to its abundance, similarity with human breast tissue regarding ECM 
composition, and biocompatibility with human-derived cells [34]. We 
thus proceeded to decellularize and delipidate porcine breast tissue, 
using a protocol adapted from Mollica et al. [29], and described in detail 
in the Supporting Information (SI) Table S1. A schematic illustration of 
the dECM bioink production process is provided as Fig. S1. To assess the 
effectiveness of the decellularization process, we performed histological 
analysis to evaluate and compare the presence of cells and lipids within 
the native ECM and the dECM (Fig. 1A). The histological examination 
demonstrated that the dECM preserved the general structure of the 
original ECM yet being free of cellular material, as demonstrated by 
Hematoxylin and Eosin (H&E), as well as DAPI staining. In addition, the 
dECM displayed a significant decrease in lipid content as compared to 
the native ECM, which was confirmed by Oil Red O staining. Histolog
ical staining methods were also employed to assess both collagen and 
glycosaminoglycan distribution (Fig. S2). To further assess the residual 
DNA content in the dECM, DNA quantification analysis was conducted. 
As shown in Fig. 1B, the dECM contained significantly less DNA 
compared to the ECM samples, indicating that the decellularization 
process met common acceptance criteria (<50 ng/mg tissue) [35]. The 
dECM was subsequently ground into a powder, digested under acidic 
conditions, and finally the pH neutralized to produce the dECM bioink. 

To evaluate the gelation properties of the bioink, we conducted 
rheological tests monitoring the storage (G’) and loss (G’′) moduli of the 
samples within a temperature range from 10 up to 40 ◦C (Fig. 1C). At 
lower temperatures, G″ was over G′, indicating liquid-type behavior. 
However, as the temperature increased, both G′ and G″ increased as a 
consequence of the thermal cross-linking of collagen in the samples and 
G′ started surpassing G″ at approximately 25 ◦C, which pointed out the 
start of gelation. Above 30 ◦C, both moduli increased significantly, 
showing a typical gel-like behavior that was monitored over time at 
constant temperature (37 ◦C) and reached a maximum value after ca. 5 
min (Fig. S3). Frequency sweeps recorded before and after cross-linking 
showed the characteristic gel-like behavior as G′ was greater than G″ in 
the linear viscoelastic region. Both values were higher for the cross- 
linked samples and had a similar modulus to that of the native tissue 
[36]. The resemblance of the dECM moduli to the native breast tissue 
ensures an adequate 3D milieu for breast tissue-derived cell culture 
because it replicates the natural microenvironment. The gelation pro
cess was also compatible with the bioprinting approach, as the material 
could be extruded at lower temperatures and cross-linked after printing 
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under mild temperatures. These rheological studies revealed the 
compatibility of the bioink with extrusion printing, under conditions 
compatible with cell viability. 

Contrary to other conventional materials used for bioink formula
tions (e.g., gelatin, collagen, and alginate) containing a single natural 
component, dECMs have a more complex biochemical composition. The 
proteins contained in this molecular network are responsible for the 
ECM assembly itself, but they also have an influence on cellular pro
cesses such as adhesion, differentiation, growth, and signal trans
duction. Precisely one of the main drawbacks of 2D cultures, regarding 
correlation with in vivo systems, is the absence of the matrix biochemical 
and physical cues. Hence, to assess the similarity of the developed bioink 
to the original tissue composition, we conducted a thorough liquid 
chromatography–mass spectrometry (LC-MS/MS) analysis of the pep
tides present in the original breast tissue ECM, dECM, and dECM bioink 
(Fig. 1D). The results suggest that the total number of identified proteins 
was reduced by half during the entire bioink processing (213 vs. 193 vs. 
99 in the ECM vs. dECM vs. dECM bioink), albeit with few changes in the 

number of collagens or proteoglycans. The major proteomic loss from 
dECM to dECM bioink can be attributed to the acidic digestion of the 
dECM powder with pepsin, which cleaves phenylalanine-phenylalanine 
and phenylalanine-tyrosine bonds. The exact proportion of each ECM 
component in all three materials is represented in Fig. S4. The list of the 
genes codifying for the identified proteins was submitted to ENRICHR, 
classified on the basis of their function, and plotted according to their 
main contribution in cellular biology (Fig. 1E) [37]. Most of the iden
tified proteins were related to collagen formation, assembly and trime
rization, in addition to cell-matrix interactions, platelet-derived growth 
factor (PDGF) signaling, and neural cell adhesion molecule (NCAM1) 
interactions [38–40]. Many other proteins involved in ECM organization 
and cell adhesion were also identified, such as von Willebrand factor 
(VWF), fibronectin, fibrinogen, and lumican, all of which are key for 
integrin function and known to promote endothelial and epithelial cell 
adhesion [38,41,42]. Different laminins present in the dECM matrix are 
known to contribute to hemidesmosome formation, and hence, to cell 
attachment, cell movement and maintenance of phenotype, but also to 

Fig. 1. dECM production and characterization. (A) Histological analysis of ECM/dECM, showing the tissue structure by H&E staining (left), nuclei by DAPI 
(center) and delipidation by Oil Red O (right) staining. Scale bars: 150 μm. (B) DNA content of ECM and remnant DNA in dECM after decellularization treatments. 
Threshold for acceptance criterion set at 50 ng/mg. (C) Rheological characterization including temperature ramp and frequency sweep tests of the dECM ink before 
(black) and after cross-linking (purple). (D) Quantification of the number of proteins identified by LC-MS/MS in the native ECM, dECM and dECM ink. (E) Clas
sification by function of the identified proteins within the dECM matrisome (blue, synthesis and assembly of collagenous fibers; green, ECM organization and cell/ 
ECM interaction molecules; pink, cell signaling and regulation). 
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c-MET/integrin complex-related signal transduction [43]. Proteins such 
as P4HB, FBN1, fibrinogens, fibronectin, LGALS1, serpins, or MMP2 
were found to be related to insulin-like growth factor (IGF) signaling 
[42,44–46]. Some of these proteins are also related to MAPK or FAK 
(PTK2) signaling cascades, which are relevant in tumorigenesis because 
they determine cell proliferation, locomotion and spreading processes 
[47–50]. Overall, the presence of such signaling molecules and other 
components in the final dECM bioink supports its use as a biologically 
relevant ECM over other materials such as collagen hydrogels or 
Matrigel. One notable advantage is their ability to provide a highly 
customizable and natural environment for cells retaining not only the 
native biochemical but also the biophysical properties of the source 
tissue. In addition, dECM hydrogels have been shown to have better 
long-term stability compared to Matrigel, which is usually degraded by 
cells. However, the preparation of dECM-derived hydrogels can be a 
complex and time-consuming process, which may limit their widespread 
use. Nonetheless, their potential advantages over other commonly used 
hydrogels highlight the importance of considering the specific needs and 
goals of the research when selecting a biomaterial for certain 

applications. 

3.2. dECM supports cells viability and proliferation 

Upon confirmation that the dECM bioink retains multiple biological 
signaling cues from the original ECM tissue, we aimed at studying the 
dECM-based bioink biocompatibility. We selected the TNBC cell line 
MDA-MB-231, together with stromal cells that are typically found in 
breast tissue, namely HBFs and ECs. HBFs represent the most abundant 
non-neoplastic stromal cell type within breast tumors, whereas ECs play 
an important role in the supply of nutrients [51]. To study any possible 
cytotoxic effects from components that may leach from our dECM bio
ink, the lactate dehydrogenase (LDH) cytotoxicity assay was applied to 
cells cultured in contact with the dECM bioink. We observed that the 
dECM exerted background levels of cytotoxicity on all three cell pop
ulations, after 72 h in culture. Notably, EC displayed reduced levels of 
cytotoxicity compared to the control. This observation suggests that the 
soluble factors secreted by dECM into the media might foster EC growth 
and viability, as compared to the control media. (Fig. 2A). To assess cell 

Fig. 2. Evaluation of dECM bioink biocompatibility. (A) Bar plot representing cell cytotoxicity for HBF, MDA-MB-231, and ECs, cultured in contact with the 
dECM and assessed using the LDH assay. (B) Bar plot depicting the cell viability of each cell type embedded in the dECM bioink after 5 days in culture. (C) 
Representative maximum intensity projection (MIP) images of HBF, MDA-MB-231, and ECs (labeled in pink, green, and cyan, respectively) in the 3D dECM bioink at 
days 1 and 7 in culture. 
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viability, cells were embedded in the dECM bioink and subsequently 
incubated at 37 ◦C to allow dECM gelation. After 7 days in culture, the 
samples were stained with live/dead fluorophores to determine the 
proportion of each population, indicating that cell viability was above 
80% (Fig. 2B and S5). Additionally, by staining cells with CellTracker 
fluorophores prior to embedding in the bioink, cell proliferation and 
distribution could be studied over time. Cells were homogeneously 
distributed in the gels and demonstrated increased proliferation and 
expansion over time within the dECM 3D culture, thereby confirming 
the biocompatible nature of this material (Fig. 2C, Fig. S6A). For 
completion, we examined the behavior of cells inside the dECM bioink. 
Cells embedded in dECM bioink featured cellular filopodia extending 
towards the surrounding matrix, a clear sign of cell-dECM interactions, 
which is crucial to correctly mimic the TME (Fig. 6B). Overall, our data 
suggest that the dECM bioink formulation provides a natural scaffold for 
cells to adhere and proliferate, thereby enabling a more accurate repli
cation of the cell-matrix interactions found in vivo and offering a phys
iologically relevant, complex platform for recreating the behavior of 

tumor cells. 

3.3. Bioprinted 3D breast tumor constructs 

We have shown so far that our dECM bioink has suitable rheological 
properties for extrusion printing, in addition to providing a suitable 
setting for cell growth and expansion. However, while attempting to 
print the dECM into a 3D construct, the formulation showed poor shape 
fidelity, i.e., it failed to retain the shape of the printed construct. We thus 
explored the addition of various rheological modifiers to improve the 
viscosity of the ink, such as methacrylated hyaluronic acid (HAMA), 
because HA is known to be overexpressed in breast tumors [52], while 
being biocompatible with mammalian cells. The incorporation of HAMA 
into the dECM bioink formulation resulted in an increase of viscosity and 
improved printability, compared to the pure dECM (Fig. 3A and S7), in 
addition to allowing a method to rapidly cross-link the dECM material 
under UV light irradiation. Rheological characterization of the 
cross-linked dECM/HAMA bioink showed a higher storage modulus than 

Fig. 3. Development of TNBC 3D bioprinted tumor. (A) Flow curves for non-cross-linked dECM and for a dECM/HAMA bioink. (B) Frequency sweep for cross- 
linked dECM/HAMA gels at 37 ◦C. (C) Representative SEM image of a dECM/HAMA cross-linked gel. (D) Diagram and photographs showing the 4-layered printing 
design and replicates of 3D-bioprinted and cross-linked tumor core structures inside 1 cm2 wells. Scale bar: 2.5 mm. (E) Confocal live MIP fluorescence images of 3D 
bioprinted tumor core structures, showing green CellTracker labeled MDA-MB-231 cells distributed within the 3D structure. Scale bars: 1 mm. (F) 3D image 
reconstruction of MDA-MB-231 cells growing in a dECM/HAMA bioink. Axis marks: 200 μm. Inset scale bar: 100 μm (G) Confocal MIP fluorescence images of 3D- 
bioprinted tumor model viability, at days 1, 4, and 7 in culture, assessed by live/dead (green/red) assay staining. White arrows indicate the formation of the necrotic 
core. Scale bars: 1 mm. 
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the one obtained after cross-linking the pure dECM. According to the 
reported storage modulus values for healthy breast tissue, the higher 
values recorded for the cross-linked dECM/HAMA bioink rendered it 
suitable to reproduce stiffer tumoral tissue. SEM images of the 
cross-linked dECM/HAMA mixture showed a homogeneous porous 
matrix, providing a suitable environment for 3D cell growth (Fig. 3C and 
S8A,B). Indeed, viability tests showed that dECM/HAMA was biocom
patible for MDA-MB-231 cells (Fig. S8C). 

To produce the 3D tumor model, MDA-MB-231 tumor cells sus
pended in dECM/HAMA bioink were printed by extrusion printing in the 
center of a 1 cm2 well (Ibidi 8-well imaging slides) and exposed to UV 
light for cross-linking. The printing design consisted of a 4-layered circle 
structure with a diameter of 1 mm. Detailed information on the tumor 
core bioprinting design and dimensions is shown in Fig. S9A. Live 
fluorescence microscopy showed MDA-MB-231 cells homogenously 

distributed within the bioink. Additionally, bioprinted replicates 
showed high similarity in size, shape and morphology, indicating the 
efficiency of the bioprinting technology to render reproducible struc
tures (Fig. 3D and E). MDA-MB-231 cells were observed, both as single 
cells and forming 3D aggregates (Fig. 3F). Again, we used live/dead 
fluorophore staining to determine the viability of MDA-MB-231 cells, 1, 
4, and 7 days post printing. A necrotic core containing dead cells (red, 
positive for propidium iodide) was identified at the center of the tumor 
constructs, whereas the cells found in the outer ca. 1 mm area were alive 
(green, positive for Calcein) (Fig. 3G). This necrotic core might be 
attributed to different parameters such as low oxygen and nutrient 
supply to the cancer cells remaining in the inner part of the tumor [53]. 

Fig. 4. 3D-bioprinted breast TNBC tumor-stroma model. (A) Schematic illustration of the main components of a breast tumor niche. (B) Diagram illustrating the 
preparation of a bioprinted tumor-stroma construct. (C) Representative examples of bioprinted and cross-linked tumor (top) and tumor-stroma (bottom) models. 
Scale bars: 2 mm (core) and 1 cm (stroma). A diagram of the entire model is also depicted. (D) Live-cell confocal MIP fluorescence images depicting an inner core 
composed of MDA-MB-231 breast tumor cells (green), surrounded by HBF (pink) and EC (cyan) stromal cells. (E) Representative H&E images of 3D printed tumor 
tissue sections after 7 days in culture. Images show both the stromal and tumor core compartments. 
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3.4. Bioprinted 3D tumor-stroma models recapitulate cellular components 
and tissue architecture of breast TME 

The tumor stroma, whose functions are orchestrated by precise 
spatial organization of specialized cells, plays a pivotal role in tumori
genesis, metastatic spread, and response to therapies [10,11]. Aiming at 
faithfully recreating the complexity of breast TME, we developed a 
bioprinted TNBC tumor-stroma 3D model encompassing both tumor and 
stromal cell types, within pre-defined architectures. The design of the 
model was inspired by the spatial arrangement of breast carcinomas, 
comprising a central core made of tumor cells, surrounded by a stromal 
cell compartment, closely mirroring the breast tumor niche (Fig. 4A) 
[54]. For the desired architecture of the model to be created, we 
employed two different bioinks (Fig. 4B). Bioink 1, made of dECM/
HAMA, was selected to create the tumor core because of its better 
printability, required to maintain the shape of the tumor prior to adding 
the stromal compartment. Bioink 2, comprising the unmodified dECM, 
was used to recreate the stromal compartment, which did not require as 
much shape fidelity to surround the cancer core. The 3D TNBC 
tumor-stroma model was thus produced by first printing the 
MDA-MB-231 tumor cells core embedded in the Bioink1 and 
cross-linking with UV light, followed by addition of HBF and EC stromal 
cells mixed with Bioink 2 to envelop the cancer core (Fig. 4B). Specifi
cations of the printing design and constructs architecture are detailed in 
Materials and Methods section and in Fig. S9A. The bioprinted models 
were then incubated at 37 ◦C to promote dECM bioink cross-linking. 
When necessary, cells were pre-labeled with CellTracker probes to 
study their morphology and proliferation in live cultures. The printed 
models, with approximate dimensions of 1 cm × 1 cm × 5 mm, could be 
reproduced in a variety of cell culture slides and plates. Representative 
photographs of the cancer core (after UV cross-linking) and 
tumor-stroma models (after temperature cross-linking) are presented in 
Fig. 4C. Confocal MIP fluorescence images of various replicates of the 
final model and magnifications of both compartments revealed the 
native cellular morphology, suggestive of an optimum ECM environ
ment for each cell type (Fig. 4D and Figs. S9 and S10). More specifically, 
tumor cells within the core grew into aggregates mirroring typically 
observed tumor 3D growth, whereas HBFs and ECs displayed elongated 
fibroblast and endothelial cell morphologies, respectively. Viability tests 
at day 7 in culture revealed that the majority of cells remained viable, 
with the exception of the necrotic core (Fig. S11). These observations 
were confirmed using histological staining techniques, which revealed 
high cell densities in all three dimensions and the expected cell mor
phologies (Fig. 4E and Fig. S12). Altogether, these findings highlight the 
ability of our 3D-bioprinted in vitro model to recapitulate important 
pivotal aspects of the breast TME. 

3.5. 3D tumor-stroma models recapitulate the biological activity of the 
TNBC TME 

Reciprocal reprogramming of tumor cells and the surrounding stro
mal cells towards a tumor-promoting state drives cancer progression 
[11,55,56]. Therefore, we sought to study whether our model could 
mirror the activation of a tumor promoting TME, which required more 
in-depth functional and biological characterization. 3D tumor-stroma 
models were cultured for 7 days and evaluated by immunofluores
cence (IF). IF staining confirmed that MDA-MB-231 cells within the 
tumor core expressed SLUG and TWIST-1 biomarkers, whereas no signal 
for these markers was detected in the stromal compartment (Fig. 5A). 
Since multiple studies have shown that SLUG and TWIST-1 factors play 
important roles in promoting the EMT process, tumor progression and 
metastasis in TNBC cells [57,58], we conclude that our model does 
reflect the aggressive nature of TNBC tumors. Indeed, the expression of 
these factors is usually associated with CSCs within tumors, which are 
particularly overrepresented in TNBC [59]. Immunofluorescence imag
ing revealed that certain tumor cells exhibited co-staining for the 

stemness markers OCT-4, NANOG, and ALDH1A1, as would be expected 
for the formation of CSC-like populations in the model (Fig. S13). 
Additionally, we detected high levels of TGF-β1 in both the tumor and 
the stromal compartments. The TGF-β1 signaling pathway plays a 
crucial role in the communication between breast cancer cells and 
cancer-associated fibroblasts (CAFs), because it can activate the 
expression of EMT-related factors [60–62]. The TGF-β1 expression 
pattern suggested the development of an active paracrine signaling loop 
between cancer cells and CAFs, where TGF-β1 produced by CAFs would 
stimulate tumor cell growth through EMT induction. We additionally 
evaluated the expression of vimentin, an intermediate filament protein 
that is commonly used as a marker of increased malignancy in breast 
tumors [63]. Vimentin was found to be widely expressed in the tumor 
core compartment, which is consistent with the presence of tumor cells 
presenting EMT phenotype in TNBC cells [64–66]. Additionally, exten
sive expression of vimentin and α-smooth muscle actin (α -SMA) bio
markers of CAF activation [63,67], was identified in the stromal 
compartment (Fig. 5B). Detailed image analysis of the stroma showed 
fibroblast-like populations with double staining for vimentin and α-SMA 
biomarkers, indicating the formation of CAFs in the 3D model (Fig. 5C, 
Fig. S14). CAFs play crucial roles in tumor progression because they are 
key mediators of processes such as tumor growth, invasion, angiogen
esis, and immunosuppression. Indeed, the increased expression of 
α-SMA and vimentin in the TME has been correlated with poor prognosis 
in breast cancer [63]. To study the presence of ECs, we next analyzed the 
expression pattern of CD31, an adhesion molecule involved in cell-cell 
interaction for endothelial cells, which also plays an important role in 
neovascularization [68]. CD31 was expressed in both control 2D cul
tures and in the 3D stroma model, showing EC clustering, suggestive of 
angiogenic processes (Fig. 5D). 

To characterize the functionality of the model, cell culture media 
supernatants were collected from four different conditions: acellular 
dECM, stroma alone (HBF + EC in dECM), core alone (MDA-MB-231 in 
dECM/HAMA), and the complete 3D tumor-stroma model. The samples 
were analyzed using a microarray cytokine-profiler composed of 96 
conjugated antibodies. Image of the membranes used for analysis are 
depicted in Fig. S14D. Detected cytokines were then categorized ac
cording to their effects on tumor biology, with important differences 
being observed for different conditions (Fig. 5E). For example, upregu
lation of IL-8 was clearly identified in both the tumor and tumor-stroma 
models, compared to the dECM (3-fold increase) and stroma (1.4-fold 
increase). Of note, dECM rendered no signal for any of the analyzed 
cytokines, except for IL-8, which plays a crucial role in the breast TME 
by attracting proinflammatory immune cells, promoting angiogenesis 
and tumor cell invasion, regulating CSC populations, and increasing 
resistance to therapy [69–72]. In agreement with IF analysis, we also 
observed an upregulation of CD31 in the tumor-stroma model, 
compared to stroma (2-fold increase). This enhancement likely results 
from the interaction between tumor cells and ECs, which triggers EC 
proliferation to support the tumor’s nutrient supply. Extracellular Ma
trix Protein-1 (EMPRIN), closely linked to breast tumor invasion [73, 
74], was upregulated by 1.2 and 14.7 times in the tumor-stroma model, 
compared to stroma and tumor core models, respectively, indicating the 
importance of the 3D stroma in the secretion of cytokines involved in 
ECM remodeling. Finally, macrophage migration inhibitory factor 
(MIF), granulocyte-macrophage colony-stimulating factor (GM-CSF), 
and PENTRAXIN, all cytokines that promote breast tumor growth 
through immune cell proliferation and activation [75,76], were upre
gulated in the 3D tumor-stroma model, reproducing the inflammatory 
nature of the TNBC TME. 

We therefore conclude that the model effectively recapitulates key 
features of TNBC tumors biology and replicates the biological activity 
and molecular pathways typically observed in the activated TME. 
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Fig. 5. Biological characterization of bioprinted breast MDA-MB-231 tumor-stroma model. (A) Representative IF images of the 3D model stained for TWIST 2 
(red), SLUG (green), and TGF-B (pink), for the analysis of EMT progression in tumor cells, and with DAPI (cyan) for cell nuclei. Magnifications of both the core (top) 
and stromal (bottom) compartments are included. Scale bars in the insets: 100 μm. (B) Representative IF images of the 3D model stained for α-SMA (green), vimentin 
(pink), and DAPI (cyan). Scale bars: 2000 μm. (C) Representative magnified image of the stromal compartment, stained for α-SMA (green) and vimentin (pink) to 
identify CAF populations, and with DAPI (cyan) for cell nuclei. Scale bars: 200 μm. (D) Representative IF images against CD31 (pink) for EC identification in 2D 
culture (top) and in the 3D stromal compartment (bottom). (E) Heat-map indicating the cytokine secretion pattern in dECM, stroma, core, and tumor-stroma 3D 
models, measured using a microarray cytokine profiler. Integrated density values are represented as Mean ± Standard deviation. 
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3.6. Bioprinted tumor models to assess therapeutic efficacy 

The TME is an essential factor for adequate evaluation of the 
response of cancer cells against drugs [77]. Therefore, it is crucial to 
maintain the natural TME characteristics when designing in vitro tumor 
models for pre-clinical drug testing. Aiming to establish a drug testing 
platform, we employed various 3D tumor-stroma models representing 
distinct clinical tumor subtypes (Fig. 6A). We therefore developed a new 
hormone-dependent 3D breast tumor model containing MCF-7 cells, as 
opposed to MDA-MB-231 cells, in the tumor core compartment. A 
representative multilabeled fluorescence image of the MCF-7 tumor-
stroma model is depicted in Fig. S15. Both MDA-MB-231 and MCF-7 
3D-tumor-stroma models were bioprinted in 48-well microplates to 
simultaneously test their sensitivity to different drug compounds. Bio
printing allowed us to automatically and sequentially print a large 
number of 3D tumor-stroma models, resulting in a high-throughput drug 
testing platform (Fig. 6B). After 1 day in culture, 3D models were 
exposed to increasing concentrations of Doxorubicin and Paclitaxel, two 
prominent chemotherapeutic compounds in breast cancer. After 72 h of 

treatment, cytotoxicity tests were applied to study drug efficacy in each 
3D tumor-stroma model subtype. The results showed that Paclitaxel and 
Doxorubicin showed cytotoxic effects in both MDA-MB-231 and MCF-7 
bioprinted tissue models (Fig. 6C and D). However, whereas MCF-7 
models showed a positive correlation between drug concentration and 
cell cytotoxicity, MDA-MB-231 models did not show any clear trend in 
response to varying drug concentrations. This result could be explained 
by the molecular heterogeneity of the MDA-MB-231 cell line, because 
TNBC is known to present different subclones with different drug 
resistance profiles within the same tumor [78]. Finally, we tested the use 
of targeted therapies in our bioprinted model, with the example of 
Tamoxifen, a selective estrogen receptor (ER) modulator that inhibits 
growth and promotes apoptosis in ER + tumors. Whereas MDA-MB-231 
cells lack ER, MCF-7 cells express the ER and thus depend on estrogen to 
proliferate. As shown in Fig. 6E, MCF-7 tumor-stroma models were 
Tamoxifen dose-dependent, with a clear cytotoxic response to increasing 
drug concentration. On the contrary, MDA-MB-231 3D tumor-stroma 
models did not show a dose-dependent cytotoxicity, maintaining 
values around 25% regardless of the drug concentration. Indeed, 

Fig. 6. Bioprinted 3D tumor-stroma models as a drug screening platform. (A) Schematic design of the development of a high-throughput drug testing platform 
based on 3D-bioprinted tumor-stroma models. (B) Representative photograph showing 3D-bioprinted tumor models in a high throughput 48-well plate, prior to the 
addition of stromal cell compartment. (C–E) Graphs depicting the drug dose-response curves in terms of cell toxicity (%) in MDA-MB-231 and MCF-7 3D tumor- 
stroma models, exposed for 72 h to increasing concentrations of Paclitaxel (C), Doxorubicin (D), and Tamoxifen (E). (F) Representative live confocal fluores
cence images of live/dead viability tests on MCF-7 tumor models exposed to Tamoxifen (200 μM) for 72 h. 
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MDA-MB-231 models were significantly (p = 0.006) more resistant to 
Tamoxifen at the highest drug concentration (300 μM) than the MCF-7 
3D models. As such, we verified that ER + breast tumor models 
(MCF-7) are more susceptible to the toxic effects of Tamoxifen, 
compared to ER-breast tumor models (MDA-MB-231). We additionally 
visualized this cytotoxicity trend by using live/dead staining of the 
MCF-7 3D model exposed to Tamoxifen, at a concentration equivalent to 
its IC50 (i.e., 200 μM). As shown in Fig. 6F, rather than the typical 
necrotic core, higher Propidium Iodide staining was seen at the outer 
edge of the core, suggestive of a significant drug gradient, which may 
hinder successful chemotherapeutic treatment of compact tumors. In 
summary, our findings confirm the ability of different 3D models to be 
used as a drug screening platform to predict the effectiveness of a given 
therapy. This approach could be used for the efficient screening of many 
compounds in a short period of time, leading to faster and more 
cost-effective drug discovery. 

4. Conclusions 

This study presents a 3D breast tumor-stroma in vitro model based on 
bioinks derived from porcine breast tissue, to imitate the structure and 
key features of the natural breast TME. The model captures essential 
characteristics, such as the complexity of the TME structure, the me
chanical and biological properties of the ECM, and the heterogeneous 
nature of the cell populations and tumor-promoting pathways. Indeed, 
preclinical application of this model has been demonstrated toward 
screening targeted therapies for different tumor subtypes. However, to 
overcome the models limitations and increase the clinical significance of 
our bioprinted 3D model, further advancements are imperative. By 
incorporating extensive biomolecular characterization, immune cells, 
and patient-derived tumor samples into the model, we can generate a 
more accurate representation of the TME, its interactions with the im
mune system, and individual patient responses to treatment. Ultimately, 
this enhanced bioprinted model could have the potential to accelerate 
drug discovery, optimize treatment strategies, and improve patient 
outcomes in the field of cancer research and clinical practice. 
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[74] P. Gómez-Contreras, J.M. Ramiro-Díaz, A. Sierra, C. Stipp, F.E. Domann, R. 
J. Weigel, G. Lal, Extracellular matrix 1 (ECM1) regulates the actin cytoskeletal 
architecture of aggressive breast cancer cells in part via S100A4 and Rho-family 
GTPases, Clin. Exp. Metastasis 34 (2017) 37–49, https://doi.org/10.1007/s10585- 
016-9827-5. 

[75] C. Thomas, W. Henry, B.G. Cuiffo, A.Y. Collmann, E. Marangoni, V. Benhamo, M. 
K. Bhasin, C. Fan, L. Fuhrmann, A.S. Baldwin, C. Perou, A. Vincent-Salomon, 
A. Toker, A.E. Karnoub, Pentraxin-3 is a PI3K signaling target that promotes stem 
cell-like traits in basal-like breast cancers, Sci. Signal. 10 (2017) eaah4674, https:// 
doi.org/10.1126/scisignal.aah4674. 

[76] X. Su, Y. Xu, G.C. Fox, J. Xiang, K.A. Kwakwa, J.L. Davis, J.I. Belle, W.-C. Lee, W. 
H. Wong, F. Fontana, L.F. Hernandez-Aya, T. Kobayashi, H.M. Tomasson, J. Su, S. 
J. Bakewell, S.A. Stewart, C. Egbulefu, P. Karmakar, M.A. Meyer, D.J. Veis, D. 
G. DeNardo, G.M. Lanza, S. Achilefu, K.N. Weilbaecher, Breast cancer-derived GM- 
CSF regulates arginase 1 in myeloid cells to promote an immunosuppressive 
microenvironment, J. Clin. Invest. 131 (2021), e145296, https://doi.org/10.1172/ 
jci145296. 

[77] H. Li, L. Zhou, J. Zhou, Q. Li, Q. Ji, Underlying mechanisms and drug intervention 
strategies for the tumour microenvironment, J. Exp. Clin. Cancer Res. 40 (2021) 
97, https://doi.org/10.1186/s13046-021-01893-y. 

[78] C. Kim, R. Gao, E. Sei, R. Brandt, J. Hartman, T. Hatschek, N. Crosetto, T. Foukakis, 
N.E. Navin, Chemoresistance evolution in triple-negative breast cancer delineated 
by single-cell sequencing, Cell 173 (2018) 879–893.e13, https://doi.org/10.1016/ 
j.cell.2018.03.041. 
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