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A B S T R A C T

Deciphering breast cancer treatment resistance remains hindered by the lack of models that can successfully 
capture the four-dimensional dynamics of the tumor microenvironment. Here, we show that microextrusion 
bioprinting can reproducibly generate distinct cancer and stromal compartments integrating cells relevant to 
human pathology. Our findings unveil the functional maturation of this millimeter-sized model, showcasing the 
development of a hypoxic cancer core and an increased surface proliferation. Maturation was also driven by the 
presence of cancer-associated fibroblasts (CAF) that induced elevated microvascular-like structures complexity. 
Such modulation was concomitant to extracellular matrix remodeling, with high levels of collagen and matri
cellular proteins deposition by CAF, simultaneously increasing tumor stiffness and recapitulating breast cancer 
fibrotic development. Importantly, our bioprinted model faithfully reproduced response to treatment, further 
modulated by CAF. Notably, CAF played a protective role for cancer cells against radiotherapy, facilitating 
increased paracrine communications. This model holds promise as a platform to decipher interactions within the 
microenvironment and evaluate stroma-targeted drugs in a context relevant to human pathology.

1. Introduction

Breast cancer continues to impose a critical burden on healthcare 
systems, maintaining its status as the most diagnosed and lethal cancer 
among females. In 2020 alone, it accounted for 2.3 million new cases 
and an estimated 685,000 deaths [1]. Mortality is mainly associated 
with treatment resistance, favoring local and distant recurrence [2]. 
Two decades of research increasingly emphasized the influence of the 
tumor microenvironment (TME) on these mechanisms [3,4]. Notably, 
cancer-associated fibroblasts (CAF), as major cellular components of the 
TME, play pivotal roles in radiosensitivity, targeted treatment efficacy, 
and metastatic risks [5–7]. Similarly, endothelial cells, that compose the 

TME microvasculature, have shown to modulate breast cancer cell 
aggressivity through paracrine signaling following therapy [8,9]. 
Despite advancements in the understanding of the intricacies and in
teractions within the TME, novel therapies leveraging this intercom
munication have often failed to progress toward clinical use in breast 
cancer [5,10–12].

This failure stems in part from the historical use of 2D culture and in 
vivo models for cancer drug discovery, gradually reaching its limits. 
Indeed, and despite successful pre-clinical trials, nearly 90 % of drug 
candidates fail to obtain approval for clinical use [13]. The inadequacy 
of complexity in 2D culture and the absence of a 3D structure organi
zation, coupled with the allogenic TME in in vivo models, has hindered 
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their relevance to human physiopathology, thereby escalating false 
positive rates [14,15]. The TME, composed by a dynamic set of cells and 
extracellular matrix (ECM), requires models that can capture its intri
cate complexity to further decipher the breast cancer niche. The rise of 
3D culture, as an answer to this problematic, revolutionized cancer 
research [16]. However, strategies such as spheroids and organoids, 
while leveraging cells self-organization and ECM secretion, often fall 
short in consistently reproducing an architecture that faithfully mimics 
tumor physiology.

Biofabrication has propelled the advancement of 3D tissue cultures 
by automating the production of spatially organized biological con
structs [17–20]. Among multiple biofabrication processes, bioprinting 
arose as a leading strategy to model breast cancer [21–23]. Micro
extrusion is the principal technology used in bioprinting [24], notably in 
the case of cancer, for its ability to combine millimeter-scale tissues and 
multimaterial printing, hardly achievable with other biofabrication 
technologies. Advancing toward the 3D bioprinting of stromal elements 
to recapitulate the TME is now a necessary step toward next generation 
tumor modeling [15,25]. Such models have been used to investigate the 
impact of fibroblasts [26–29], endothelial cells [26,28,30], macro
phages [31] and adipocytes [32–34] on TME intercommunications.

However, in these studies, authors rarely describe the dynamic 
evolution of their model properties related to the specificity of CAF. 
Notably, ECM composition and mechanical properties after the intro
duction and maturation with stromal cells, have been consistently 
overlooked, despite the established TME remodeling over time. Under
standing this 4th dimension in the presence of CAF appears critical to 
evaluate tumor progression in the context of treatment response.

In this study, we report a novel bioprinted breast cancer model 
(BpBCM) that adopts a holistic approach to faithfully replicate the 
three-dimensional spatial structure of breast cancer, while integrating 
stromal cells relevant to the TME. We not only establish the reliability of 
our methodology but also delve into a comprehensive understanding of 
how CAF influence the fate of the tumor as a dynamic four-dimensional 
entity. We meticulously characterize the changes occurring throughout 

the maturation process, shedding light on significant TME remodeling 
involving the microvasculature, ECM composition and mechanical 
properties, all specifically driven by CAF. We finally demonstrate that 
BpBCM can further replicate treatment response and paracrine 
communication in the TME.

2. Results

2.1. Bioprinting reproducibly generates spatially organized breast cancer 
models

Capturing the complexity of breast cancer ECM is essential to the 3D 
model development. Notably, type I collagen as well as hyaluronic acid 
are upregulated in breast cancer, and play crucial roles on tumor pro
gression and invasiveness [35,36]. We mimicked this composition by 
combining methacrylated collagen (ColMA) and hyaluronic acid 
(HAMA) based on a previous formulation [37]. We functionalized this 
hydrogel with the laminin-111 derived peptide IKVAV, already shown to 
enhance cancer cell migration, growth and metastasis [38,39](Fig. 1a). 
This functionalization induced a significant increase in metabolic ac
tivity of MCF-7 up to 1 mg/mL, while higher concentrations led to a 
decrease in ink homogeneity unsuitable for bioprinting application 
(Supplementary Figs. 1b,c,d). Consequently, the concentration was 
standardized at 1 mg/mL for the remainder of the study. This bioma
terial ink displayed expected mechanical properties, with a character
istic shear-thinning behavior, crucial for microextrusion, and a 
post-polymerization shear storage modulus G’ = 334 ± 82 Pa 
(Supplementary Figs. 1e and f). We also confirmed that the 
photo-polymerization protocol used in this study does not induce the 
apparition γH2Ax labeled DNA damage (Supplementary Fig. 2).

Primary breast cancer invasion into the stroma leads to an archi
tecture closely related to its function. To achieve a tumor-like spatial 
organization, we used microextrusion bioprinting to deposit the bioink 
encapsulating MCF-7 hormone-responsive breast cancer cells within a 3 
mm diameter disk. This first disk was then surrounded with a stromal 

Fig. 1. Microextrusion bioprinting reproducibly produces millimeter-sized breast cancer models with distinct cancer and stromal areas. 
a. Bioink formulation schematic. b. Schematic representation of the 3-step bioprinting process. c. Bioprinted breast cancer model (BpBCM) design. d. BpBCM 
epifluorescence imaging 4h post-printing with MCF-7 GFP+ (green) in the center and HUVEC mKate+ (red) in the periphery (left). Scale bar: 1000 μm. Cancer center 
and stromal periphery contour detection (right). e,f. Cancer center and stromal periphery contour distribution (e, scale bar: 1000 μm), and quantifications of contour 
diameter and roundness (f) (N = 3, n = 62). Shown as mean ± s.d.
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bioink encapsulating fibroblasts and endothelial cells (Fig. 1b, Supple
mentary Video 1). This process aimed to obtain a disk shaped BpBCM 
with a thickness of 500 μm, and a total diameter of 5 mm, containing 
distinct cancer center and stromal periphery (Fig. 1c). This design aimed 
to reproduce a relevant tumor size [40], with a cancer-stromal organi
zation relevant to low grade tumors [41].

To ensure the reliability and reproducibility of this approach, we 
conducted spatial segmentation of both GFP-tagged MCF-7 and mKate- 
tagged human umbilical vein endothelial cells (HUVEC) bioprinted as 
cancer and stromal bioink, respectively (Fig. 1d). The obtained contour 
distribution aligned with the intended bioprinting design, with a central 
diameter of 3.09 ± 0.28 mm and a peripheral diameter of 5.14 ± 0.22 
mm (Fig. 1e). Similarly, the circular geometry was respected and 
reproducible with a roundness score of 0.79 ± 0.05 and 0.78 ± 0.03 for 

the center and periphery, respectively (Fig. 1f). Such reproducibility was 
achieved with a medium throughput process, with one bioprinted model 
per minute, in 24 well plates (Supplementary Figs. 3c and d, Supple
mentary Video 2). Post-printing viabilities were also confirmed to be 
>70 % for all cell types (Supplementary Figs. 3a and b).

Altogether, these results indicate that our bioprinting strategy 
allowed the reproducible production of millimeter-sized BpBCM using 
an ECM-like bioink encapsulating viable cells relevant to breast cancer 
TME, easily adaptable to other cell types such as invasive MDA-MB-231 
(Supplementary Video 3).

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.bioactmat.2024.08.037

Fig. 2. BpBCM cancer center develops a necrotic-like hypoxic core with a proliferative surface 
a. BpBCM printed with MCF-7 cells in the cancer bioink and an empty ink for the periphery were incubated in Calcein-AM for live cells staining (green) and EthD-1 
for dead cells staining (red) on day 1 and day 7. Shown are representative confocal scanning layer in the surface (<200 μm from medium contact) and core (>200 μm 
from medium contact) areas from 3D confocal acquisitions. Scale bars: 100 μm. b. Live spheroid volume quantifications on day 1 and 7 (N = 3, n = 18). c. Percent of 
viable cells in the model, in the surface and the core on day 1 and 7 (N = 3, n = 18). d. Live and dead cells depths in the model on day 1 and 7. e. Linear regression 
between live spheroid volume and depth on day 1(slope = − 5.254) and day 7 (slope = − 25.10). f. Timelapse imaging of BpBCM printed with MCF-7 transduced with 
HRE-dUnaG hypoxia reporter (green) merged with brightfield image on day 1 and day 7. Scale bar: 1000 μm. g. Quantification of HRE-dUnaG reporter mean 
fluorescence intensity over time (left) and at day 7 (right), in 2D MCF-7 HRE-dUnaG cells (red) and printed in the center of BpBCM (blue) (N = 3, n = 15–24). h. 
Immunofluorescence for ki67 (gray). BpBCM models printed with MCF-7 HRE-dUnaG reporter (green), nuclei stained with DAPI (blue). Scale bar: 100 μm. j. 
Spheroid positivity to ki67 (left) and HRE-dUnaG reporter fluorescence, and (j) unique spheroid HRE-dUnaG fluorescence in function of ki67 status (N = 3, n = 8). All 
data represent mean ± s.d., and each datapoint represents a single spheroid (b, d, e, j). P-values were determined with two-tailed Mann-Whitney test (b,g,i,j) or 
Kruskal-Wallis test followed by Dunn’s post-hoc test (c, d). ns, not significant. **p < 0.01; ****p < 0.0001.
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2.2. BpBCM develop a tumor-like necrotic and hypoxic core

We then assessed the ability of the bioprinted matrix to sustain MCF- 
7 cells viability and maturation over time. On day 1 post-printing, we 
observed a homogenous distribution of live cells along the z-axis of the 
model. Conversely, on day 7, we noted an increased dispersion in terms 
of spheroid size at different regions of the model (Fig. 2a). As expected, 
we observed a significant increase in spheroid volume on day 7, 
compared to day 1 (Fig. 2b). To better discriminate the spatial distri
bution of both live and dead cells, we segmented the surface of the 

model, until 200 μm from the contact with media corresponding to the 
diffusion gradient limit described in solid tumors [42], and the core, 
deeper in the model (Fig. 2a). Although we could observe a viability 
superior to 85 %, we detected a significant decrease in viability in the 
core of the model compared to the surface on day 7, but not on day 1 
(Fig. 2c). We also noted a marginal difference in the distribution of live 
spheroids, which proved insufficient to account for the contrast. On the 
contrary, the distribution of dead cells was more informative (Fig. 2d), 
with an accumulation of dead cells at the surface on day 1, attributed to 
the gel syneresis following photo-polymerization. Interestingly, with the 

Fig. 3. BpBCM stromal compartment favors overtime maturation of cancer cells and microvascular structures 
a. Representative ki67 immunostaining (gray), and stained nuclei using DAPI (blue), of BpBCM models printed with MCF-7 GFP+ (green) in co-culture conditions. 
Scale bar: 100 μm. b,c. Spheroid volume (b) and ki67 spheroid positivity (c) on day 4 and 7 in the different culture conditions (N = 3, n = 10–13). d. Spheroid, either 
positive or negative for ki67, volume distribution (log scale). e. Representative 3D acquisition maximum intensity projection of the BpBCM stroma after 7 days of 
culture. BpBCM models were printed with HUVEC mKate+ (red) in the stromal periphery in different co-culture conditions. Scale bar: 100 μm. f. 3D network analysis 
and quantification of total vessel length, volume and number of branchpoints (N = 3, n = 10–14). g. Immunostaining of triCAF model for VE-Cadherin (yellow), 
HUVEC mKate+ (red), nuclei (blue), full model imaging (left), and close up on one representative vessel (right). Scale bars: 1000 μm (left), 50 μm (right). All data 
represent mean ± s.d. Each dot represents a single spheroid (d). P-values were calculated with Kruskal-Wallis test corrected by Dunn’s multiple comparison test. *P 
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

T. Desigaux et al.                                                                                                                                                                                                                               Bioactive Materials 42 (2024) 316–327 

319 



maturation of the model, we observed the accumulation of dead cells at 
the core of the model (Fig. 2d). A negative correlation between spheroid 
volume and model depth also appeared on day 7 (Fig. 2e). Together, 
these results indicated the apparition of a necrotic-like core and a pro
liferative region at the external surface.

We hypothesized that the bioprinted model could support the crea
tion of a hypoxic core, contrasting with the normoxic surface. To assess 
this question, we transduced MCF-7 cells with the HRE-dUnaG hypoxia 
reporter [43] and subsequently bioprinted models integrating these cells 
in the center. Timelapse analysis revealed the emergence of HRE posi
tive cells after 5 days of culture, with incremental fluorescence levels up 
to day 7 (Fig. 2f and g, Supplementary Video 4). Notably, fluorescence 
levels were significantly increased in the BpBCM compared to control 
cells cultured in 2D under 21 % O2. To better understand the spatial 
distribution of these cells and the impact of hypoxia on cell proliferation, 
we conducted ki67 immunostaining on day 7 (Fig. 2h). Surface and core 
displayed opposite phenotype with a significantly higher ki67 index and 
low HRE-dUnaG fluorescence at the top, compared to high hypoxia re
porter signal and low proliferation in the core (Fig. 2i). The opposition 
between proliferation status and hypoxic phenotype was further 
confirmed with the significant decrease of HRE-dUnaG signal in ki67 
positive spheroids (Fig. 2j).

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.bioactmat.2024.08.037

2.3. BpBCM stromal maturation is under the control of CAF

To gain further insights on the impact of stromal cell components on 
breast cancer cell maturation, we investigated several BpBCM co-culture 
conditions for MCF-7 growth and proliferation (Fig. 3a). We observed 
similar ki67 profiles between MCF-7 monoculture and their tri-culture 
with HUVEC and either CAF (triCAF condition) or normal mammary 
fibroblasts (NMF, triNMF condition) (Fig. 3b). As expected, with 
increased cell density over time, we identified a significant decrease in 
MCF-7 spheroid proliferation from day 4 to day 7 in all conditions 
(Fig. 3b). Conversely, spheroid volume increased on day 7 in all con
ditions compared to day 4 (Fig. 3c). Bi-culture conditions, designed to 
isolate the distinct effect of HUVEC and fibroblasts, yielded similar re
sults (Supplementary Figs. 4a,b,c). As anticipated, ki67 positive spher
oids were significantly larger than non-proliferative ones in each 
condition, on both day 4 and 7 (Fig. 3d). However, no difference 
appeared between the conditions. Together, these results confirmed that 
cancer cells proliferation was not hindered in the presence of stroma.

Endothelial cells also play a central role in the tumor niche, not only 
for their vasculature function driving oxygen, nutrients, tumor and im
mune cells migration [44], but also for their paracrine communication 
with tumor cells regulating treatment response [9]. In this line, we 
interrogated the ability of endothelial cells to mature in the BpBCM 
depending on their stromal partners. We tested bi and tri-culture con
ditions of HUVECs with or without MCF-7 and CAF or NMF. Interest
ingly, while HUVEC monoculture or bi-culture with MCF-7 led to poor 
network maturation, the introduction of fibroblasts in the model 
increased 3D network complexity (Fig. 3e, Supplementary Fig. 4d). 
Notably, bi- and triCAF conditions showed a significantly increased total 
vessel length, volume and number of branch points compared to con
ditions in the absence of fibroblasts or with NMF, with a nearly 3-fold 
increase (Fig. 3f). However, the presence of MCF-7 in the cancer cen
ter of the BpBCM did not induce significant differences between 
bi-culture and their corresponding tri-culture conditions. The matura
tion of microvascular-like networks was also indorsed by the 
VE-Cadherin expression along cell-cell junctions (Fig. 3g).

Together, these results demonstrate a pathologically relevant matu
ration of the whole model, for both cancer cells and endothelial cells, 
with a CAF-mediated modulation of microvascular structures.

2.4. CAF actively remodel ECM composition and modulate its mechanical 
properties

We hypothesized that the interplay with endothelial cells was arising 
from CAF-mediated secretion and ECM remodeling. The CAF population 
used in this study was identified to be CD29pos and PDGFRβpos but 
αSMAneg and FAPneg (Supplementary Fig. 5a), suggesting a subtype S345, 
showing a secretory rather than contractile phenotype. To assess its 
protein secretory profile, we conducted a proteome analysis, comparing 
triCAF and triNMF conditions, evaluated their respective compositions 
on days 1 and 7, and examined remodeling differences and kinetics. 
Among the 5226 detected proteins, and the 2408 that were quantified, 
we observed an increase in protein abundance in triCAF models from 
day 1 to day 7. It appeared that CAF might overexpress specific proteins 
compared to the healthy fibroblasts after maturation (Fig. 4a). To better 
understand this difference, proteins were associated with their corre
sponding GO biological processes and cellular components [46,47] to 
conduct an enrichment analysis. Interestingly, the most overexpressed 
GO terms in triCAF BpBCM compared to triNMF on day 7 were ‘cell 
adhesion’, ‘secreted’ and ‘extracellular matrix’ (Fig. 4b), suggesting a 
matrisome remodeling. Among ECM proteins, similar behaviors were 
observed between NMF and CAF for the secretion of most collagen 
subtypes (Fig. 4c). Of note, it appeared that CAF degraded the chains 
COL1A2, COL5A2, COL5A3 during maturation, while secreting higher 
COL1A2 and COL15A1 compared to NMF. Laminin subunits were shown 
to be overexpressed by triCAF BpBCM with the exception of LAMB2 
(Fig. 4c). Similarly, digestion enzymes were increased at day 7 in both 
NMF and CAF conditions, with the notable secretion of MMP-2 and 
MMP-14 (Fig. 4c). Lastly, fibronectin (FN1) was secreted on day 7 by 
both cell types while other matricellular proteins, namely versican 
(VCAN), and thrombospondins (THBS-1/2) were specifically overex
pressed in CAF condition (Fig. 4c).

Based on these changes in matrix composition, notably in fibrillar 
proteins, we formulated the hypothesis that BpBCM could model the 
stiffness dynamics observed during tumor progression. We probed the 
stroma using force spectroscopy atomic force microscopy (Fig. 4d) to 
measure the substrate stiffness by recording force-distance curves 
(Supplementary Fig. 5c). Despite similar topographies (Supplementary 
Fig. 5b), scans of the stromal area revealed higher apparent Young’s 
modulus in the presence of CAF with mean measurements at approxi
mately 71 kPa and 27 kPa, respectively (Fig. 4e, Supplementary Fig. 5d).

These results express CAF ability to drastically remodel the ECM, 
changing not only the composition but also the mechanical properties of 
the BpBCM.

2.5. CAF modulate BpBCM response to radiotherapy

Due to these important changes in model dynamic maturation, we 
hypothesized that response to treatment could be affected. First, to 
confirm the model relevance in treatment response evaluation, we 
exposed triCAF models to increasing doses of radiotherapy and 
chemotherapy (Fig. 5a). We observed a significant decrease in mean 
fluorescence intensity, showing a reduction of GFP+ MCF-7 cells after 
10Gy and 15Gy irradiations, compared to non-irradiated controls 
(Fig. 5b, Supplementary Fig. 6a). Response to chemotherapy was also 
characterized by a dose-effect relationship (Fig. 5c, Supplementary Fig. 
6a). Together, these experiments confirm the ability of BpBCM to 
respond to radio/chemotherapy.

To further evaluate CAF impact on treatment response, we applied 
the same irradiation protocol for triCAF and triNMF conditions and then 
quantified spheroid volume and proliferative status by ki67 immuno
staining (Fig. 5d, Supplementary Fig. 6b). We observed a significant 
decrease in spheroid volume in the triNMF condition, at 72h post- 
irradiation, compared to non-irradiated control, while triCAF models 
showed no significant difference (Fig. 5e). Concurrently, spheroid pro
liferation % significantly increased in the irradiated triNMF models, but 
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not in the triCAF models (Fig. 5f), and we confirmed that a decreased 
ki67 positive spheroid volume was observed only for the triNMF con
dition (Fig. 5g). We attribute the volume reduction for triNMF condition 
to a treatment induced growth inhibition, while the increased prolifer
ation is likely associated with the inverse relationship between spheroid 
volume and ki67 expression, as illustrated in Fig. 3b and c.

These findings collectively suggest a differential response to radio
therapy between triNMF and triCAF models, with a potential protective 
effect associated with the latter.

Lastly, we further evaluated this differential response by assessing 
the secretion of a 105-cytokine panel through a cytokine array, for 
triNMF or triCAF models in control or irradiated conditions 
(Supplementary Figs. 7a and e). We could detect 35 cytokines in all 
conditions and replicates, and clustered them based on their modulation 
between the different conditions (Fig. 5h). Overall, the exposure to 10Gy 
induced a decreased cytokine secretion, attributed to the effect of 
radiotherapy on metabolic activity. When comparing triNMF or triCAF 
secretome, in basal conditions without irradiation, we observed signif
icant higher levels for endoglin, IGFBP-2, IL-8, TNFα, lipocalin-2, PDGF- 
AA and PDGF-AB/BB (Supplementary Fig. 7b). We also demonstrated 
that CXCL-1 (GROα), a predictor for poor prognosis [48] and linked to 
radioresistance [49], was overexpressed by CAF compared to NMF and 
secreted at higher doses in models implementing CAF (Supplementary 
Figs. 7c and d).

These results indicated the potential of the BpBCM to model treat
ment response and study paracrine intercommunication in the TME.

3. Discussion

Bioprinting potential for tumor microenvironment modeling is now 
well established [15,22,23,25,50], notably for breast cancer [26–28,30,
33,51,52]. In this line, our research indorses the relevance of micro
extrusion bioprinting in generating reproducible models in a 
medium-throughput fashion.

In this work, we used a ColMA-HAMA bioink, functionalized with a 
laminin-derived peptide, recapitulating breast cancer ECM. Other bio
printed breast cancer models preferred the use of decellularized ECM 
from animal or human breast tissues bioinks [28,52,53], but our find
ings support that CAF quickly induces major ECM remodeling, over
riding the role of initial matrix. Our work describes a novel aspect of the 
maturation of bioprinted models through matrix recomposition. 
Notably, laminins remodeling appears relevant to human pathology, 
with the overexpression of LAMA4/5 and LAMB1/C1 which is consistent 
with the roles of laminins-411 [54] and − 511 [55] in pro-tumor 
mechanisms. The undetected α1 subunit necessary to laminin-111 
assembling, could mimick the downregulation observed in breast can
cer tissues [56]. We also observed the crucial implication of CAF in the 
secretion of versican [57] and thrombospondins [58,59] matricellular 

Fig. 4. CAF remodel ECM protein composition and mechanical properties 
a. Proteomics heatmap of the relative abundance of 2408 quantified proteins in BpBCM in tri-culture with either CAF or NMF on day 1 and day 7. b. Enrichment 
analysis of overexpressed GO biological processes and cellular components in triCAF compared to triNMF condition on day 7. Processes are ordered in decreasing p- 
values. c. Heatmap of extracellular matrix specific proteins: collagen subtypes, laminin chains, restriction enzymes and other fibrillar and matricellular proteins (N =
3). d. Schematic representation of the atomic force microscopy force-spectroscopy protocol. Stromal area was probed using a colloidal probe after 7 days of 
maturation in triNMF or triCAF conditions. e. Stromal region scan by atomic force microscopy in force spectroscopy representing local apparent Young’s modulus. 
Scale bar: 5 μm. f. Mean region apparent Young’s modulus in NMF and CAF BpBCM stroma (N = 2). Shown as mean ± s.d. P values were calculated with Fisher’s 
exact test (b), and Mann-Whitney two-tailed test (f).**P < 0.01.

T. Desigaux et al.                                                                                                                                                                                                                               Bioactive Materials 42 (2024) 316–327 

321 



proteins, identified during breast cancer progression. Conversely, our 
results point to a lower remodeling capacity from NMF, even when in 
co-culture with MCF-7 cells, indicating that the supposed cancer 
cell-induced phenotype shift, created by placing healthy fibroblasts in 
contact with cancer cells [60,61], was not sufficient to mimic CAF 
impact, reinforcing the need for patient derived CAF in 3D models. Our 
study is based on a subtype S3 CAF cell line, present in juxta-tumoral 
tissues [45], relevant to our model geometry and poorly described 
until now. Thus, and with a different methodology, our findings diverge 
with studies reporting αSMApos CAF cells, nonetheless cultured in 2D, 
that showed attenuated collagen secretion in medium [62]. Here, we 
show an increased collagen deposition by CAF, consistent with the 
fibrotic changes reported during breast cancer progression. Addition
ally, our results highlights the stiffness increase that follows this ECM 
deposition, with relative quantifications in the range of patient benign 
and cancer tissues stiffness measurements, for NMF and CAF, respec
tively [63–65]. Notably, to our knowledge, we provide the first report of 
a difference in matrix elastic modulus induced by CAF and NMF, in 
bioprinted models. This specificity might offer perspectives in the study 
of CAF-driven fibrosis mechanisms.

Our approach showed the development of a hypoxic and necrotic- 
like core, exhibited by other models of this size [26,28,66]. While this 
aspect can be overlooked or lacking in smaller models, it is highly 
important to tumor angiogenesis, progression [67] and treatment 
response [68]. In this work, we did not only assess the qualitative 
apparition of such a gradient, but quantified thoroughly its 3D organi
zation, and relation to the proliferative surface. Our disk-shaped model 
allowed the apparition of a gradient mimicking tumor pathophysiology 

[42], while keeping essential readout capacities. In this line, our design 
accounts for the obstacle posed by stromal tissues, which can impede 
data collection from sphere-shaped models.

Along the maturation, we were able to keep high proliferation in 
stromal containing BpBCM, but we did not observe an increase in cancer 
cell proliferation in the presence of CAF, despite consequent evidence on 
this subject [69–71]. We hypothesize that the CAF subtype used in our 
study, different from the αSMApos phenotypes usually used, might not 
have the capacity to upregulate cancer cell proliferation. These results 
open new avenues for the study of subtype-specific CAF mechanisms.

Despite the lack of donor pairing between healthy and cancer- 
associated cells, this CAF line shows pro-angiogenic capacities in 
accordance with previous studies comparing paired cells [72,73]. ECM 
composition in fibronectin [74], type XV collagen [75], MMP-2 [74,76] 
and mechanical properties modulation [77] might partly explain this 
phenomenon, along with the basal increase in pro-angiogenic cytokines 
we demonstrated, namely PDGF-AA, -AB/BB [78] and lipocalin-2 [79]. 
Our findings also indicate that the direct influence of cancer cells might 
be marginal compared to the indirect effect mediated by CAF.

We lastly found that our model responds to chemotherapy and 
radiotherapy. CAF-induced radioresistance and paracrine communica
tion in our BpBCM is in accordance with the growing consensus in the 
field [80,81], suggesting CAF-S3 implication in these mechanisms. We 
identified the secretion by CAF of cytokines correlated with tumor 
progression, notably endoglin [82], related to endothelial activation 
[83], IGFBP2 [84] and IL-8 [85] that can both promote proliferation in 
cancer and endothelial cells. The observed differential cytokine secre
tion profiles in our triNMF and triCAF breast cancer models underscores 

Fig. 5. BpBCM response to radiotherapy is modulated in the presence of CAF 
a. Schematic representation of the treatment protocol. Models matured for 4 days before treatment application and analysis 72h post-treatment. b, c. BpBCM in 
triCAF co-culture conditions. MCF-7 GFP + Fluorescence Mean Intensity (FMI) after irradiation (b, N = 3, n = 12–16) and paclitaxel (c, N = 3, n = 24–27) 72h post- 
treatment at specified doses, compared to non treated control. d. Representative immunostaining for ki67 (gray), MCF-7 GFP+ (green), nuclei (blue) of triNMF and 
triCAF models after 0 or 10 Gy irradiations. Scale bar: 100 μm. e,f. Quantifications of mean spheroid volume (e) and ki67 positivity (f). g. ki67 positive spheroids 
volume distribution (N = 3, n = 15–16). h. Clustered heatmap of detected cytokines in conditioned medium from day 4 to day 7 (N = 4). All data represent mean ± s. 
d., each datapoint represents a single spheroid (g). P-values were calculated with Kruskal-Wallis test followed by Dunn’s post-hoc test. *P < 0.05; **P < 0.01; ****P 
< 0.0001; ns: not significant.
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the critical importance of replicating the breast cancer niche in vitro. In 
future work, our model could incorporate fully patient derived primary 
cells to assess patient-specific treatment response, as done for glioblas
toma [66] and pancreatic cancer [26] notably, as well as other cell types 
from the TME such as macrophages, lymphocytes and adipocytes.

Overall, our findings contribute to the better understanding of CAF 
implication in breast cancer physiopathology. This bioprinted model, 
capturing the holistic complexity of breast cancer tissues, may have a 
substantial interest for the screening of new drugs targeting the tumor 
microenvironment to improve standard patient care.

4. Methods

4.1. Cell culture

The human hormone-responsive breast cancer cell line MCF-7 was 
purchased from ATCC (HTB-22) and grown in Dulbecco’s modified Ea
gle’s High Glucose medium (DMEM HG, Gibco) supplemented with 10 % 
(v/v) Foetal Bovine Serum (Dutscher, S1900-500C). Primary human 
CAF (HC-6071) and NMF (H-6071) were purchased from Cell Biologics 
and amplified in a 1:1 mix of supplemented DMEM HG and EGM-2 MV 
(Lonza). Primary HUVECs were isolated based on previous protocols 
[86], and grown in EGM-2 MV. Cells were maintained at 37 ◦C in a 
humidified incubator with 5 % CO2. Primary cells were used until pas
sage 10. All cells were tested negative for mycoplasma infection 
following regular PCR testing.

All transductions were based on lentiviral infection. HUVECs and 
MCF-7 were transduced for mKate and GFP, respectively, under the 
control of the EF1a promoter (Flash Therapeutics). MCF-7 were also 
transduced with a dUnaG fluorochrome under the control of HRE pro
moter, as previously described [43] (Vector Builder).

4.2. CAF cytometry phenotyping

The cancer-associated fibroblasts were assessed for the expression of 
CD29 (Biolegend, 303015, 5 μL/106 cells), α-smooth muscle actin 
(αSMA, R&D Systems, IC1420T, 5μL/106 cells), and Fibroblast activa
tion protein (FAP, R&D Systems, FAB3715G, 0.25μL/106 cells) by flow 
cytometry. Cells cultured in flasks were detached by incubation in 0.05 
% trypsin-EDTA, and 2.106 cells were resuspended in PBS before fixation 
in 4 % paraformaldehyde (PFA) (v/v) for 15 min. After rinsing in PBS, 
the cells were incubated for 30 min in PBS supplemented with 3 % (w/v) 
bovine serum albumin (BSA). Cells were then rinsed in PBS and resus
pended at 1.106 cells/mL before being analyzed by flow cytometry on 
the AccuriTM C6 Flow cytometer (BD Biosciences). Data were analyzed 
on floreada.io (https://floreada.io). Doublets and cellular debris were 
filtered out by a first gate based on FSC-H and SSC-H, before plotting 
fluorescence intensity histograms.

4.3. Bioink formulation

Methacrylated type 1 bovine collagen (ColMA) and methacrylated 
hyaluronic acid (HAMA) were obtained as previously described [37]. A 
6 mg/mL ColMA solution, diluted in 0.02 M acetic acid, and a 30 mg/mL 
of HAMA, diluted in DMEM HG, were combined to obtain final con
centrations of 2 mg/mL and 10 mg/mL, respectively. pH and osmolarity 
were neutralized using NaOH 0.1 M and 10X PBS (Gibco). When indi
cated, the laminin-derived peptide Cys-(Beta-Ala)-IleLys-Val-Ala-
Val-(Beta-Ala)-Cys (IKVAV, Biomatik) was combined with the previous 
formulation, diluted to a final concentration of 1 mg/mL from a stock 
solution at 25 mg/mL in 0.02 M acetic acid. The photonitiator lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, TCI Chemicals) was 
added to a final concentration of 1 mg/mL. The ink was prepared 
extemporaneously before printing and kept at 4 ◦C protected from light.

Cancer bioink was obtained by adding MCF-7 at a concentration of 
5.106 cells/mL to the biomaterial ink, and stromal bioink by the addition 

of fibroblasts and/or HUVECs at a concentration of 5.106 cells/mL each. 
HUVECs concentration was increased to 20.106 cells/mL for microvas
cular maturation experiments.

4.4. Bioprinting

This work was performed on the commercial 3D Discovery bio
printing platform (RegenHU). A design comprising a 1.2 mm circle 
surrounded by a 3.3 mm diameter circle was elaborated on the inte
grated computer assisted design software (BioCAD, RegenHU).

The printing procedure started with a pneumatic microextrusion 
printhead loaded with cancer bioink printing the first circle, followed by 
a 5 s UV photo-polymerization. Then, the second printhead loaded with 
stromal bioink followed the surrounding circle, with a final photo- 
polymerization of 30s, equivalent to a fluence of 2.37 kJ/m2. Micro
extrusion printheads were mounted with a 0.41 mm diameter conical 
nozzle. Velocity was set at 25 mm/s and pneumatic pressure at 2–6 kPa. 
Models were printed onto 12 mm coverslips in 24-well plates. For con
venience, a third inkjet printhead was used occasionally to dispense 
media in wells.

4.5. Model maintenance and treatment

Models were maintained in EGM2-MV at 37 ◦C in humid conditions 
with 5 % CO2. Models were treated on day 4 post-printing. Radiotherapy 
was conducted by ƴ-irradiation (IONISOS) in a single dose at a rate of 
3.07 Gy/min, with total doses of 5 Gy (1min37s), 10 Gy (3min15s), and 
15 Gy (4min52s). Paclitaxel diluted in DMSO at 2.5–50 ng/mL was 
added into the medium and kept from day 4 to day 7.

4.6. Stainings

Live/Dead stainings (Invitrogen) based on calcein-AM (1 μL/mL) and 
EthD-1 (4 μL/mL) were incubated with models for 25 min and rinsed 
with PBS directly before imaging. For immunohistology, models were 
fixed in paraformaldehyde 4 %, permeabilized in 0.05 % (v/v) Triton 
X100 and blocked with 2.5 % (w/v) Bovine Serum Albumin (BSA, VWR 
Life Science). Models were incubated overnight in rabbit anti-ki67 
antibody (1 μg/mL, ab15580, Abcam) in 1 % BSA and 0.1 % Triton 
X100, and rinsed before another overnight incubation with DAPI (1 μg/ 
mL, Fisher Scientific) and secondary donkey anti-rabbit antibody 
coupled with Alexa Fluor 647 (2.5 μg/mL, ab150075, Abcam). The same 
protocol was used with a primary rabbit antibody directed toward VE- 
Cadherin (1:400, D87F2, Ozyme) for endothelial cells maturation 
study. Models were rinsed and kept at 4 ◦C in the dark in a Fructose- 
Glycerol solution, used to homogenize refraction indexes and improve 
imaging resolution as previously described [87]. 2D MCF-7 cells irra
diated with UV were stained using a rabbit antibody directed to human 
γH2Ax, coupled with Alexa Fluor 647 (1:500, ab195189, Abcam) for 2h 
following the same fixation, permeabilization and blockage protocols.

4.7. Imaging

Models were imaged over time on the Lumascope LS720 timelapse 
microscope (Etaluma) in humid conditions at 37 ◦C with 5 % CO2. 
Confocal microscopy (SPE7, Leica Microsystems) was used to acquire 
single 500 μm thick stacks in the center of the model for Live/Dead 
experiment. For ki67 and microvascular acquisitions we performed 200 
μm thick stacks in 3 distinct fields per model, in the central and stromal 
area, respectively. Tilescan images of the model were acquired using a 
Stellaris confocal microscope (Leica Microsystems).

4.8. Mechanical testing

Ink viscometry was tested with a Kinexus pro + rheometer (Malvern 
Instruments). Rotational shear-viscosity measurements were performed 
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in flow mode with shear rate ranging from 0.01 to 500 s-1. Measure
ments were performed in triplicate and at 25 ◦C.

Ink rheology was tested with the same instrument on fully photo- 
polymerized hydrogels stabilized at 37 ◦C before and during measure
ments. Frequency sweeps at 0.1 % constant strain with an angular fre
quency of 0.1–100 rad/s were performed to determine storage and loss 
moduli (G’ and G”, respectively).

Atomic Force Microscopy scans were done on day 7 fixed models in 
stromal areas. AFM experiments were performed on a Bruker Resolve 
AFM mounted on a Zeiss Axio Observer inverted microscope. The 
hydrogels matrix was deposited in a 50 mm glass bottom dish (Willco 
Wells HBST-5040). For apparent Young Modulus measurements, 
custom-made colloidal probes were used. To prepare them, NPO10-C 
tipless AFM probes (Bruker) were put in contact with a bit of Norland 
NOA 63 UV curable glue, deposited only at the end of the cantilever. 
Next, the cantilever was approached to a silica microsphere (diameter =
7.75 μm) to stick a single sphere at the end of the cantilever. The probe 
was then put under UV illumination overnight to cure the glue. AFM 
measurements with these probes were performed in PeakForce Tapping 
mode with Quantitative Nanomechanical analysis (PFQNM). The probe 
spring constant was calibrated by performing a force-distance curve on a 
clean glass surface combined with thermal noise method. The sample 
was visualized with the optical microscope to differentiate between the 
two zones of the model. The probe was then positioned on the region of 
interest and the sample was probed at several locations. PeakForce 
setpoint was typically set to few nN with typical PeakForce amplitude of 
500–1000 nm and with a peak force frequency of 0.25 kHz. The sample 
was scanned with 256 x 256 resolution and a scan rate of 0.1 Hz. All 
PeakForce curves of an image were saved and later analyzed using the 
software Nanoscope Analysis (Bruker). For the fit of the apparent Young 
Modulus, a Hertz spherical indenter model was used. The baseline was 
corrected, the tip radius was modified to match the dimension of the 
sphere and the fitting was done on the extended curve, only for inden
tation below 2 μm. The apparent Young Modulus values fitted were then 
extracted and plotted after exclusion of aberrant values and filtering of 
extreme values in the highest and lowest 2.5 % of the datasets. Over 5 
different area were measured from 3 to 5 independent samples, with 
over 4000 force curves obtained for each different sample.

4.9. Protein extraction

Extraction protocol was adapted from Hill et al., 2015 [88]. Briefly, 
we pooled 120 models rinsed with PBS 1X and mixed in High Saline 
solution buffer (50 mM Tris-HCL, 0.25 % CHAPS Sigma-Aldrich, 3 M 
NaCl, protease inhibitor at 10 μL/mL Sigma-Aldrich, pH 7.4), repeated 3 
times to solubilize the cellular fraction proteins. The extracellular frac
tion that we used in further analysis was obtained after another solu
bilization in Urea Buffer (8 M urea, 100 mM Amonium Bicarbonate 
Sigma-Aldrich, 25 mM Tris(2-carboxyethyl)phosphine hydrochloride 
Sigma-Aldrich, pH 8.0) followed by an overnight digestion in 100 mM 
CNBr (Sigma-Aldrich) solubilized in 86 % trifluoroacetic acid. After 
rinsing in H2O and lyophilization, a last solubilization in urea buffer 
recovered extracellular matrix proteins, to complete the extracellular 
fraction. Samples were kept at − 80 ◦C until quantifications.

4.10. LC MS/MS proteomics

Three independent extracellular fractions from triNMF and triCAF 
conditions extracted on day 1 and day 7 were analyzed by mass spec
trometry to compare the protein composition. Proteins were loaded on a 
10 % acrylamide SDS-PAGE gel and visualized by Colloidal Blue stain
ing. Migration was stopped when samples had just entered the resolving 
gel and the unresolved region of the gel was cut into only one segment. 
The steps of sample preparation and protein digestion by trypsin were 
performed as previously described [89]. NanoLC-MS/MS analyses were 
performed using an Ultimate 3000 RSLC Nano-UPHLC system (Thermo 

Scientific, USA) coupled to a nanospray Orbitrap Fusion™ Lumos™ 
Tribrid™ Mass Spectrometer (Thermo Fisher Scientific, California, 
USA). Each peptide extracts were loaded on a 300 μm ID x 5 mm PepMap 
C18 precolumn (Thermo Scientific, USA) at a flow rate of 10 μL/min. 
After a 3 min desalting step, peptides were separated on a 50 cm Easy
Spray column (75 μm ID, 2 μm C18 beads, 100 Å pore size, ES903, 
Thermo Fisher Scientific) with a 4–40 % linear gradient of solvent B (0.1 
% formic acid in 80 % ACN) in 57 min. The separation flow rate was set 
at 300 nL/min. The mass spectrometer operated in positive ion mode at 
a 1.9 kV needle voltage. Data were acquired using Xcalibur 4.4 software 
in a data-dependent mode. MS scans (m/z 375–1500) were recorded at a 
resolution of R = 120000 (@ m/z 200), a standard AGC target and an 
injection time in automatic mode, followed by a top speed duty cycle of 
up to 3 s for MS/MS acquisition. Precursor ions (2–7 charge states) were 
isolated in the quadrupole with a mass window of 1.6 Th and frag
mented with HCD@28 % normalized collision energy. MS/MS data were 
acquired in the Orbitrap cell with a resolution of R = 30000 (@m/z 200), 
a standard AGC target and a maximum injection time in automatic 
mode. Selected precursors were excluded for 60 s.

4.11. Secretome quantifications

For each condition, samples were collected 72 h post-treatment and 
mediums from 4 models of the same condition were pooled to obtain the 
desired final volume. Proteome profiler Human XL Cytokine Array Kit 
(R&D Systems) was used to quantify cytokine secretion following the 
supplier’s protocol. Briefly, membranes were incubated in a blocking 
buffer before an overnight incubation at 4 ◦C in conditioned mediums. 
Membranes were then washed and revealed. Signal was acquired on the 
ImageQuant LAS 4000 Mini (GE Healthcare) with incrementation from 1 
to 10 min. The experiment was replicated 4 times with different mem
brane batches and normalization for further quantifications was based 
on background signal.

CXCL-1 quantification in conditioned media was performed using the 
ProQuantumTM Human GROα immunoassay Kit (Invitrogen, A42896), 
following the supplier’s instructions. Briefly, medium conditioned from 
day 4 to day 7 of the model culture were mixed with antibody- 
conjugates and fluorescence levels were compared to a standard for 
quantifications.

4.12. Metabolic activity evaluation

Printed models were incubated in 500 μL of EGM2-MV with 10 % 
resazurin (v/v) for 3 h on day 0 and day 7. The fluorescence of the 
conditioned media was then measured (excitation: 530 nm; emission: 
590 nm; Victor X3, PerkinElmer), before rinsing the models in PBS and 
renewing their medium.

4.13. Gene expression

The total RNA extraction was performed using the RNeasy® Plus 
Micro Kit (Qiagen) according to the manufacturer’s protocol. The final 
concentration and purity of the RNA (OD260/280) were determined 
using a NanoPhotometer® P 330 (Implen GmbH, Munich, Germany). 
RNA was transcribed into cDNA using the Maxima Reverse Transcriptase 
Kit (Thermo ScientificTM, Thermo Fisher Scientific, Waltham, MA, 
USA), following the manufacturer’s protocol and using 300 ng of total 
RNA. RT-qPCR experiments were carried out using a CFX ConnectTM 
real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, 
USA) and analyzed with CFX ManagerTM software, version 3.0 (Bio-Rad 
Laboratories).

The expression of target genes was quantified using cycle threshold 
(Ct) values, and relative mRNA expression levels were calculated as 
follows: 2̂(Ct reference gene - Ct target gene). The reference genes used 
were human ribosomal protein lateral stalk subunit P0 (Rplp0) and 
glyceraldehyde 3-phosphate dehydrogenase (Gapdh).
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The primers used were the following: Gapdh: GGCATTGCTCT
CAATGACAA/TGTGAGGGAGATGCTCAGTG; Rplp0: CACTGGCTGAAA 
AGGTCAAGG/GTGTGAGGGGCTTAGTCGAA; CXCL-1: AGGCAGGG
GAATGTATGTGC/AAGCCCCTTTGTTCTAAGCCA.

4.14. Bioinformatics analysis

Image analysis was computed using custom Python 3.8 [90] algo
rithms available in supplementary materials. Briefly, image 3D seg
mentation was achieved with pyclesperanto library [91] for label 
counting and quantification. Microvascular network analysis was 
computed using the Qiber3D package [92]. FIJI [93] and Imaris 8.0 
(Oxford Instruments) were used for visual representation. For image 
quantifications, 3 distinct acquisitions from different areas in the model 
were meaned to obtain one value per model when possible.

Protein identification and Label-Free Quantification (LFQ) were 
done in Proteome Discoverer 3.0. CHIMERYS node using prediction 
model inferys_2.1 fragmentation was used for protein identification in 
batch mode by searching against a Uniprot Homo sapiens database 
(82408 entries, release September 2023) and an UniProt Bos taurus 
database (37500 entries, release November 2023). Two missed enzyme 
cleavages were allowed for the trypsin. Peptide lengths of 7–30 amino 
acids, a maximum of 3 modifications, charges between 2 and 4 and 20 
ppm for fragment mass tolerance were set. Oxidation (M) and carba
midomethyl (C) were respectively searched as dynamic and static 
modifications by the CHIMERYS software. Peptide validation was per
formed using Percolator algorithm [94] and only “high confidence” 
peptides were retained corresponding to a 1 % false discovery rate at 
peptide level. Minora feature detector node (LFQ) was used along with 
the feature mapper and precursor ions quantifier. The normalization 
parameters were selected as follows: (1) Unique peptides, (2) Precursor 
abundance based on intensity, (3) Normalization mode: total peptide 
amount from Homo sapiens, (4) Protein abundance calculation: summed 
abundances, (5) Protein ratio calculation: pairwise ratio based and (6) 
Missing values are replaced with random values sampled from the lower 
5 % of detected values. Quantitative data were considered for master 
proteins, quantified by a minimum of 2 unique peptides, a fold changes 
≥2 and a statistical p-value adjusted using Benjamini-Hochberg 
correction for the FDR lower than 0.05. Data were further analyzed 
and displayed using a custom Python algorithm adapted from Schnesser 
et al. [95]. Specifically, the enrichment analysis was done by matching 
identified proteins Entry names with GO Database’s annotations [46,47] 
(Uniprot Homo sapiens database, November 2023). Fisher’s exact test 
was conducted to compute the p-values for overexpression of biological 
processes and cellular components.

Cytokine array spot intensities quantification was done using a pre
viously developed FIJI macro [96] and raw data were normalized and 
processed in Python. Other data types were also pre-processed and 
formatted in Python before statistical analysis.

4.15. Statistical analysis

Mean ± standard deviation is displayed for all data. Statistical 
comparisons were performed in GraphPad Prism 8.0. Kurskal-Wallis 
non-parametric one-way ANOVA test was used for multiple hypothesis 
testing, followed by a post-hoc Dunn’s test. Mann-Whitney non-para
metric t-test was used for single hypothesis testing. Differences are 
considered significant for p < 0.05.
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[35] S. Kauppila, F. Stenbäck, J. Risteli, A. Jukkola, L. Risteli, Aberrant type I and type 
III collagen gene expression in human breast cancer in vivo, J. Pathol. 186 (1998) 
262–268.

[36] M. Wu, et al., A novel role of low molecular weight hyaluronan in breast cancer 
metastasis, Faseb. J. 29 (2015) 1290–1298.

[37] H. Oliveira, et al., Extracellular matrix (ECM)-derived bioinks designed to foster 
vasculogenesis and neurite outgrowth: characterization and bioprinting, 
Bioprinting 22 (2021) e00134.

[38] K. Tashiro, et al., A synthetic peptide containing the IKVAV sequence from the A 
chain of laminin mediates cell attachment, migration, and neurite outgrowth, 
J. Biol. Chem. 264 (1989) 16174–16182.

[39] Y. Kikkawa, et al., Laminin-111-derived peptides and cancer, Cell Adhes. Migrat. 7 
(2013) 150–159.

[40] H.G. Welch, P.C. Prorok, A.J. O’Malley, B.S. Kramer, Breast-cancer tumor size, 
overdiagnosis, and mammography screening effectiveness, N. Engl. J. Med. 375 
(2016) 1438–1447.

[41] E.S. Seo, et al., Decoding spatial organization maps and context-specific landscapes 
of breast cancer and its microenvironment via high-resolution spatial 
transcriptomic analysis, 2023.10.25.563904 Preprint at, https://doi.org/10.110 
1/2023.10.25.563904, 2023.

[42] G. Helmlinger, F. Yuan, M. Dellian, R.K. Jain, Interstitial pH and pO2 gradients in 
solid tumors in vivo: high-resolution measurements reveal a lack of correlation, 
Nat. Med. 3 (1997) 177–182.
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