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Abstract

Breast cancer progression is a consequence of intricate dynamics between cells and their matrix in
the tumor microenvironment. However, most in vitro models are not amenable to studying the
behavior of multiple cell types within a defined matrix architecture. In this study, we demonstrate a
microporous matrix where breast cancer cells and adipose derived stromal cells are integrated to
evaluate crosstalk between matrix parameters and heterotypic cell populations. To do this, we
leveraged two biofabrication techniques, granular suspension matrices and drop-on-demand
bioprinting, to deposit multiple cell types in a reproducible format amenable to high-throughput
screening. 3D gelatin-methacryloyl microgels were used to create a yield stress granular suspension
bath with tunable interstitial volume to mimic the porosity and densities of healthy and fibrotic
microenvironments. Invasive and non-invasive breast cancer cells (MCF-7 and MDA-MB-231)
were bioprinted at the interface of the ADSC-laden granular matrix to probe invasive processes and
heterotypic crosstalk as a tumor—stroma model. We focused on cancer cell migration through
model fibrotic tissue and ADSC transformations into cancer associated fibroblasts. a-smooth
muscle actin expression indicated that the high density microgel matrices are more conducive to
ADSC-CAF transformations, which in turn influenced the expression of molecular markers
associated with tumorigenicity and chemoresistance in the resident cancer cells. Treatment with
doxorubicin supported increased tumorigenicity in the co-cultures. Together, this work
demonstrates how defined microengineered matrices can serve as platforms to evaluate cell
behavior, with scope for translation to in vitro assays for biological discovery and drug

development.

1. Introduction

Breast cancer is profoundly influenced by the tumor
microenvironment, where cancer cells closely interact
with various non-cancerous cell types, shaping dis-
ease progression and therapeutic outcomes [ 1, 2]. The
crosstalk between microenvironment components
and cancer cells influences changes in both cancer
and non-cancer phenotypes [3]. Among the cellular
components of the tumor stroma, cancer-associated
fibroblasts (CAFs) are known to be crucial players,
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contributing to excessive extracellular matrix (ECM)
production and deposition, and to promote cancer
cell adhesion and migration, disrupting the normal
tissue homeostasis. This phenomenon, known as des-
moplasia, is particularly common in breast and pan-
creatic cancers [4]. Within CAFs, myofibroblasts are
largely present in breast cancer tissues, and known
to derive from different sources of healthy stromal
cells, such as resident fibroblasts, bone marrow
derived stromal cells, and adipose-derived stem cells
(ADSCs). CAFs that originate from myofibroblast
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transitions, result in high contractility and the
expression of markers like a-smooth muscle actin
(a-SMA) [5].

In the last decade, many studies highlighted the
importance of ADSCs in contributing to breast can-
cer progression. While some studies suggest pro-
tumorigenic effects, such as promoting invasion and
angiogenesis through paracrine secretion [6, 7], oth-
ers report anti-tumorigenic activities, by inducing
apoptosis in cancer cells [8, 9]. These contrasting
findings highlight the need for a better understand-
ing of the factors that govern ADSC behavior within
the tumor microenvironment and their potential dif-
ferentiation into CAF-like cells.

While emulating the natural architecture of liv-
ing matrices in the laboratory is challenging, advances
in biofabrication of three-dimensional (3D) tissue
analogues have enabled the development of in vitro
disease models [10, 11]. Among these technologies,
suspension bioprinting has emerged as a promising
approach for constructing physiologically and patho-
logically relevant 3D tissue models [12]. The support
bath in these techniques is most often a jammed sus-
pension of microscale hydrogels, providing a yield-
stress fluid for deposition of cells and materials,
thereby circumventing the requirement for high vis-
cosity inks. This format allows for precise spatial con-
trol over matrix composition and cell deposition,
which can be used to closely emulate the organiza-
tion of cells and materials in native tissue [13—15].
Furthermore, varying the composition of the suspen-
sion solution can be used to change the interstitial
space surrounding the microgels, which effectively
changes the intervening porosity. In this context, bio-
logical tissue can be viewed as a porous matrix filled
with interstitial fluid, while the tumor microenviron-
ment, being less permissive, has a different permeab-
ility from the healthy tissue [13, 16, 17].

Microgels have been increasingly used to recre-
ate tumor microenvironments and dissect cancer—
stroma and immune cell interaction. For instance,
guest—host interlinked PEG-MAL granular hydro-
gels have been applied to engineer cellular niches
for cancer cell studies [18], 3D bioprinted granu-
lar hydrogel system has elucidated spatiotemporal
T cell dynamics in immunotherapy models [19],
and microporogen-structured collagen microgels
have enabled embedded bioprinting of tumor con-
structs to assess immune infiltration and therapeutic
responses [20]. Zheng et al incorporated polylactic
acid into alginate microgels to achieve an extended
stiffness range without altering pore size, creating
a biomimetic microenvironment suited for in vitro
tumor analysis [21]

Previously we demonstrated the use of extrusion-
based printers to deposit high density cell inks within
suspensions of microgels as a means to fabricate
3D cancer models [22]. This approach is useful
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for creating spatially organized cell populations but
suffers from feature uniformity and reproducibility
issues and is challenging to adapt to high throughput
cell cultures [23-25]. In this study, we adapted our
granular hydrogel platform [22, 26-28] for integra-
tion with a commercially available drop-on-demand
bioprinter (Rastrum™, Inventia Life Sciences), to cre-
ate a 3D microenvironment with tunable mechan-
ics and matrix density that would allow to study
cell-cell and cell-matrix interactions. By manipulat-
ing the properties of the microscale hydrogels (herein
referred to as ‘microgels’), we replicated key biophys-
ical parameters, such as matrix density, stiffness, and
structural organization, found in healthy and cancer-
ous breast tissues, to investigate bi-directional cross
talk between tumor cells and ADSCs. Specifically,
we aimed to elucidate the role of breast cancer cells
in guiding ADSC transformation into CAFs, and to
identify the biophysical and biochemical factors that
influence this process. The insights gained from this
work will not only enhance our understanding of the
tumor microenvironment but also offer new oppor-
tunities for the development of therapies aimed at tar-
geting the stromal compartment in breast cancer.

2. Materials and methods

2.1. Cell culture

Human ADSCs, purchased from ATCC (Catalogue
number PCS-500-011), were cultured in low-glucose
Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific), 10% fetal bovine serum
(FBS, Bovogen) and 1% penicillin/streptomycin
(P/S, Invitrogen). Cells were passaged at 70% con-
fluence using 0.05% trypsin-EDTA (Thermo Fisher
Scientific) and used for experiments between pas-
sage 3—5. Human breast cancer cell line MCF-7 was
purchased from ATCC (Catalogue number HTB-22).
The breast cancer cell line MDA-MB-231, purchased
from ATCC (Catalogue number HTB-26), was trans-
duced with a luciferase vector encoding EGFP (figure
S1) and exhibited stable EGFP expression throughout
the entire cell body following integration [29]. These
cells were kindly provided by Prof. Christine Chaffer
from the Garvan Institute of Medical Research. Both
MCF7 and MDA-MB-231 GFP were cultured in high-
glucose DMEM with 10% FBS and 1% P/S. We will
hereafter refer to such medium as complete medium.
When ADSCs and MCF-7 or ADSCs and MDA-MB-
231 were co-cultured, complete medium was used.

2.2. Material preparation and characterization
2.2.1. Gelatin methacryloyl (GelMA) synthesis and
microgel fabrication

GelMA was synthesized as previously shown [26, 30].
Briefly, type A gelatin from porcine skin, gel strength
300 (Sigma-Aldrich) was dissolved to 10 w/v% in
1x phosphate buffer solution (PBS) at pH 7.4 at
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Table 1. Microgel hydrogels formulation for each low, medium
and high microgel packing groups (100 mg microgels each).

DMEM 1 w/v% 2.5 w%
(ml) GelMA (ml) LAP (ml)
Low 5.69 1.27 0.140
Medium 0.84 3.76 0.094
High 1.80 0 0.037

50 °C under stirring. Methacrylic anhydride was
added (5 v/w% of the total mixture) and mixed for
90 min at 50 °C. The solution was then diluted two-
fold with PBS and centrifuged at 3000 rcf (3 min)
to pellet and remove excess methacrylic anhydride.
The obtained supernatant was dialyzed with a 14 kDa
cutoff at 40 °C for 5-7 d against distilled water, and
by daily changing water. The GelMA solution was
then lyophilized for 5 d before long term storage at
—20 °C. When needed to fabricate GelMA micro-
gels, lyophilized GeIMA was reconstituted in PBS to
a final concentration of 10 w/v%. An oil-emulsion
method was used to generate microgels of the aver-
age size of 100 pm in a natural oil bath (Sunflower
oil, Community Co.). The obtained microgels were
stored in 100% acetone solution at room temperat-
ure (RT) until the day of the experiment. For micro-
gel hydration, the acetone was removed via evapor-
ation, and appropriate volumes of DMEM, 1% w/v
GelMA solution in DMEM and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) photo-initiator
were added and incubated overnight at RT [28],
to ensure homogeneous hydration of the microgels
in the different groups. DMEM facilitated microgel
rehydration, while 1 w/v% GelMA served as a filler
to control the spacing between microgels, thereby
adjusting the overall packing of the hydrogels.

Each of the microgel hydrogel formulation was
loaded at the volume of 100 pl per well in a 96 well-
plate, photo-crosslinked with a torch emitting on the
visible light range of 405 nm and imaged on a con-
focal microscope (Zeiss LSM800) using a 488 nm
laser, at which microgels show autofluorescent signal.
The obtained microgel hydrogels were called low to
high microgel packing density based on the increas-
ing amounts of DMEM and 1 w/v% GelMA (table 1).
Compactness of each microgel hydrogel was quanti-
fied from 3D confocal renderings by calculating the
percentage of construct volume occupied by micro-
gels (microgel volume - total volume x 100). Imaris
software (version 9.9.1) was used to assemble the
images and perform the volume calculations.

2.2.2. Rheological analysis

Crosslinked microgel hydrogels were also character-
ized for their mechanical properties by using an
Anton Parr Modular Compact Rheometer (MCR
302e) equipped with a 25 mm parallel plate and
quartz stage. Pre-crosslinked microgel hydrogels were
placed on the stage and the gap was set to 1 mm. Strain

3
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sweep test was performed using a log ramp rate from
0.02% shear strain up to 200% at 1 Hz frequency over
8 min.

2.3.3D bioprinting

3D cell culture models were bioprinted using a
custom-designed drop-on-demand 3D bioprinter
(manufactured by Inventia Life Science). The
bioprinter incorporates a flyby printhead, allowing
high-throughput printing in 96-well and 384 well-
plates. The Rastrum printer was previously described
in detail by Utama et al [23]. A high-density solution
of cells, containing either MCF-7 or MDA-MB-231 at
a concentration of 107 cells ml~!, was primed into the
nozzle from a bioprinting cartridge. Five droplets per
well of around 19 nl each, were printed for each con-
struct at a pressure of 30 kPa, in either a 96 or 384 well
plate, depending on the purpose of the experiment,
where microgels solutions were pre-loaded before
cell printing. Other bioprinting parameters were
defined in a custom-made software from Inventia
Life Science. At the end of the printing process, the
entire 96 or 384 well-plate, was exposed to UV light
(405 nm) for 90 sec, to allow photo-crosslinking of the
microgel hydrogels or bulk hydrogels. The plate was
then incubated at 37 °C and 5% CO, for 5 min, after
which 100-200 pl of culture media was added to each
well and placed back in the incubator for the required
time of each experiment. The experimental setup,
including the cancer cell lines, microgel packing con-
ditions, and CAF activation groups, is illustrated in
figure S2.

2.4. Immunohistochemistry and confocal imaging
analysis

Samples were fixed in 4% paraformaldehyde (Bio-
Strategy Ltd) solution overnight at 4 °C at the desired
time point. Following, cell membranes were per-
meabilized by incubation in 0.1% Triton X-100 for
3 h. Primary antibodies were diluted 1% bovine
serum albumin (BSA) (1:100; Invitrogen) and incub-
ated for 24 h at 4 °C. Appropriate secondary antibod-
ies were diluted in 1% BSA (1:200) and incubated for
24 h at 4 °C. Nuclei were counterstained with DAPI
(Invitrogen). Samples were incubated in CUBIC-2
solution for 24 h at room temperature before being
imaged with Zeiss LSM 800 confocal microscope.
Images analyses were performed using Imaris soft-
ware (x64 9.9.1).

2.5. Total RNA isolation and quantitative reverse
transcription polymerase chain reaction
(qQRT-PCR) for miRNA expression analysis
Conditioned medium from each group was collected
and used to analyze their miRNA content. Briefly,
total RNA was isolated with miRNeasy Micro Kit
(Qiagen, Catalog number 217084), which was
subsequently retro-transcribed into c¢DNA with
miRCURY LNA RT Kit (Qiagen, catalog number
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Table 2. List of primers used to detect miRNA expression through
qRT-PCR. miRNAs are listed based on their names on the
miRbase and their corresponding product code from Qiagen.

miRNA name Product code

SNORD44 (used as reference) YP00203902
U6 snRNA (used as reference) YP02119464
hsa-miR-125b-5p YP00205713
miR-146a-5p YP00204688
hsa-miR-125b-1-3p YP00204400
hsa-miR-222-3p YP00204551

339340) according to the manufacturer’s instruc-
tions. Real time gqRT-PCR was then performed
using Quantstudio 12 K Flex Real-Time PCR sys-
tem (Applied Biosystems). The thermocycling condi-
tions were 95 °C for 2 min, followed by 40 cycles of
95 °C for 15 sec and 60 °C for 1 min. Normalization
of the data was performed using two micro-RNAs
(miRNAs) recognized as being stable US6 and
SNORD44. The primers used in this study are lis-
ted in table 2. The specificity of the SYBR PCR signal
was confirmed by melt curve analysis. Ct values were
transformed into relative quantification data using
the 2~ AACt ethod, and data were normalized to the
average of US6 and SNORD44 expression.

2.6. Proteomic analysis of cell secretome
Conditioned medium from each group was col-
lected and used to analyze their secretome profile
through LCS-MS, as previously established by the
Bioanalytical Mass Spectrometry Facility the Mark
Wainwright Analytical Centre at UNSW [31]. Peak
lists were generated using Mascot Distiller (Matrix
Science) and submitted to the database search
program Mascot (version 2.8.3, Matrix Science).
Search parameters were: precursor tolerance 4 ppm
and product ion tolerances + 0.05 Da; Met(O)
carboxyamidomethyl-Cys specified as variable modi-
fication, enzyme specificity was trypsin, 1 missed
cleavage was possible, and the UniProt database
searched. Scaffold 5 software (version 5.3.3) was used
for data analysis.

2.7. Drug response study

High-throughput 3D bioprinting in 384 well-plate
was performed to allow a drug response study without
using too much material. 3 d post-print, samples were
exposed to increasing concentrations of doxorubi-
cin (up to 100 M), a well-known chemotherapeutic
drug used in patients with aggressive breast cancers.
Doxorubicin stock solution was prepared by dissolv-
ing doxorubicin hydrochloride (Sigma-Aldrich) in
PBS at 5 mg ml™! concentration. Working solutions
were prepared by mixing doxorubicin stock solu-
tion with complete medium. Ethanol 30% diluted
in complete medium was used as negative control.
A 50 pl aliquot of drug supplemented medium was
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replaced after 2 d of culture. At day 5, doxorubicin
effect was assessed by using CellTiter-Glo® (Promega
Corporation) following the manufacturer instruc-
tions. Dose response curve and ICs, calculation for
each experiment were generated in GraphPad Prism
software (version 10.3.1.). In order to detect doxor-
ubicin diffusion in the matrices, increasing concen-
trations of the drug (10 and 100 M) were added to
the constructs through media, and its presence was
detected by confocal microscopy with laser settings at
470 nm excitation and 560 nm emission.

2.8. Statistical analysis

Results are expressed as mean + standard deviation
of mean of n > 3 independent experiments. Statistical
analyses were performed using GraphPad Prism (ver-
sion 10.3.1.) software. One- or two-way analysis of
variance (ANOVA) were used for ANOVA to compare
between groups.

3. Results and discussion

3.1. Tuning microgel properties to mimic normal
and cancerous breast tissue in vitro

Breast tissue displays heterogeneity with soft and stiff
regions and intervening fluid phases [32]. ECM dens-
ity is in fact a key feature distinguishing healthy and
cancerous breast tissues. In cancerous tissues, ECM
density increases significantly compared to healthy
tissue. To mimic the matrix heterogeneity of native
healthy and cancerous breast tissues, we used gran-
ular suspensions of GelMA microgels with different
packing densities to tune individual microgels and
bulk mechanical properties [26-28]. Modulating the
packing of GelMA microgels with a soft interstitial
GelMA phase to create space between the spheres,
allowed us to generate a range of tissue mimics
(figure 1(c)). Microgel hydrogels compositions are
detailed in table 1 in the materials and methods
section. As illustrated in figure 1(a), healthy breast
tissue is generally characterized by a soft and low
dense matrix where cell interaction and signaling are
regulated and occur in a highly controlled manner
to support physiological functions. On the contrary,
breast cancer tissue is defined by higher matrix dens-
ity, due to the increased secretion and crosslinking of
ECM components, such as collagen fibers and pro-
teoglycans. Women with high-density breast tissue
are 4-6 times more likely to develop malignant tumor
than women with less dense tissue [33]. We trans-
lated this into an in vitro model by preparing compos-
ite hydrogel solutions containing microgels at a dif-
ferent distance from each other (packing), designed
to mimic healthy and cancerous breast tissue envir-
onments. The tightly packed condition contained a
higher proportion of microgels with limited space
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Figure 1. Tuning microgel suspension properties to mimic breast ECM in vitro. (a): schematic representation of proposed rational
for using microgels to mimic healthy (left) and cancerous (right) breast tissue; (b): representative confocal (top) and brightfield
(bottom) images of increasing packing of microgels” %; (c): microgel content vs interstitial GelMA (1% w/v); (d): porosity of
microgel composites quantified through analysis of void space; (e): schematic of mechanical testing (compression) of crosslinked
microgel matrices and corresponding Young’s Modulus (#n = 5). Scale bars = 100 pm.
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in between, so that we could mimic the dense mat-
rix of cancerous tissue and was confirmed by bright-
field and confocal imaging (figure 1(b), right), while
the hydrogel with low packing of microgels condi-
tion presented more dispersed microgel distribution
(figure 1(b), left). In order to achieve a structural
condition where microgels were highly dispersed,
we filled the space between microgels with a bulk
GelMA 1% w/v hydrogel (figure 1(c)). Adding GelMA
to these constructs leads to differences in microgel
packing density but also changes the interstitial con-
tent, likely introducing some nanoscale mesh in the
pore space. However, we have previously shown that
the addition of a low GelMA content (1% w/v) to
the interstitial space does not significantly affect cell
migration in these microporous scaffolds [22, 26].
This suggests that while the interstitial GelMA will
also affect cell movement, some microscale pore space
remains accessible to allow migration through the
material. Nevertheless, it is important to note that
we are changing both microgel spacing and void con-
tent in the cancerous mimic. Quantification of micro-
gels percentage confirmed the differences in composi-
tion, with 35 and 80% packing conditions, for healthy
and cancerous tissues, respectively (figure 1(d)). To
further characterize microgel hydrogel conditions, we

measured their mechanical properties by determining
the Young’s modulus of the hydrogels through com-
pression testing. The cancer hydrogel mimic resulted
in a significantly higher Young’s modulus (25 kPa)
compared to the healthy hydrogel mimic (10 kPa)
(figure 1(e)). The range of Young’s moduli found
in literature for breast cancer and healthy breast tis-
sues ranges between 9—12 kPa for the cancer tissue,
and between 0.5-1 kPa for the healthy tissue [34]. It
should be noted that these heterogeneous hydrogels
will have phases with variable moduli; for instance,
while the average modulus of the healthy mimic is
10 kPa, the high content interstitial GelMA phase (1%
w/v) is 64 Pa while the stiffness of the microgel phase
is 34.9 kPa. Therefore, the modulus experienced by
the cells within the material will vary broadly, akin
to what cells might experience in real tissue. The
absolute stiffness values of our healthy and cancer-
ous constructs exceed the physiological ranges repor-
ted for native tissues, in part due to materials lim-
itations and the need for stable scaffolding for long
term cultures. Nevertheless, the differences in mech-
anics and architecture elicit variations in cell behavior
that align with native activities. To assess the effect
of microgels on cellular mobility and distribution,
we compared high cell suspensions printed in both
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Figure 2. Aggressive breast cancer cells respond to different microgel packing content. (a): schematic representation of the
experimental setup: cancer cells were printed using a drop-on-demand printer into either low-density (healthy) or high-density
(cancerous) microgel hydrogels; (b): 3D scatter plots of MDA-MB-231 breast cancer cells x-y-z positions in microgel hydrogels
mimicking healthy (top) and cancerous (bottom) tissues right after printing (0 h) and after 24 h and 72 h; (c):
immunofluorescence images of breast cancer cells in healthy mimic and (d): in cancerous tissue mimic, stained for CD44
(orange); nuclei were counterstained with DAPI (blue); (e): quantification of CD44 expression levels in both healthy and
cancerous groups; ***p < 0.001, **** p < 0.0001; Scale bars =200 pm.

microgel and bulk hydrogel systems (figure S3(a)).
Using the Rastrum™ bioprinter, a high-density cell
solution was 3D printed on the surface of either a
microgel suspension or continuous GelMA hydro-
gels, with the same GelMA weight content. After
3 d of culture, cells printed in microgel suspensions
showed more uniform infiltration in all directions, as
evident from the 3D confocal images, whereas those
printed in a uniform GelMA hydrogel of equival-
ent w/v% were not able to migrate within the mat-
rix and remained clustered near the original print-
ing site (figure S3(b)). Cells in the bulk hydrogel also
did not penetrate into the matrix, travelling no more
than 100 pm from the top surface of the gel, while
cells in the microgel system, were able to penetrate up
to 300 pm in 3 d, confirming a more cell-permissive
environment compared to uniform hydrogels (figure
S3(c)). These results demonstrate how microgel sus-
pensions can be used to study cell infiltration.

3.2. Breast cancer cells respond to different matrix
microenvironments

Here we evaluate the use of the Rastrum™ drop-on-
demand bioprinter to deposit high density cell pop-
ulations at the surface of the microgel suspensions,
where printing parameters can be varied to modify

droplet size, cell density and 3D penetration, towards
using this platform for high throughput biology.

To investigate the impact of varying microgel
density content on breast cancer cell behavior, we
dispensed and then cultured aggressive breast cancer
cells, GFP labeled MDA-MB-231, in microgel hydro-
gels with either low or high microgel packing con-
tent (figure 2(a)). We monitored cell spatial distribu-
tion, and expression of CD44 over time. CD44 expres-
sion has been associated with tumor severity and
tumor recurrence in patients with breast cancer and
has been also correlated to metastasis [35] and drug
resistance [36].

3D image reconstructions and the 3D scatter
plot revealed significant differences in cell infiltration
between healthy mimic and cancerous mimic hydro-
gels over 72 h from printing (figure 2(b)). Moreover,
in the healthy mimic, cancer cells remained clustered
with limited spatial dispersion and infiltration over
time, while in the cancerous mimic, cells showed
a dispersed and deeper migration into the matrix
(figure 2(b)). Interestingly, in the healthy mimic,
cell infiltration initially reached a 300 pum depth
in Z direction but gradually migrated toward the
hydrogel surface (—100 pm). This is attributed to
the initial cell infiltration due to the pressure applied



10P Publishing

Biofabrication 17 (2025) 045019

a Drop-on-demand printer b

9

\

cancercells,

~
/DSCS

i.3h

Healthy

ii. 24 h

Cancerous

ADSCs

@®

Healthy

Cancerous

S Romanazzo et al

Healthy Cancerous
=100 -1000-
- ~B0 = BOD-
s s
S 60 5 600-
E E 400
4
N2 N 200
0- o
3h 24h 72h 3h 24h 72h
d 2500
2000 200
>
S 15001 b A 400
® A -
@ 10004 500
-
500
0 T T T 1
500 1000 1500 2000
25004
)
= 2000 .
o . »
=
@ 1500 '
Q .
S 1000 o - Y *a
8 L] e oo N
500] g0 e % -
-
o T T T T o
500 1000 1500 2000 2500

24h
2.5+ 5 2.5 *okokk
2 &
£ =
é 2.0 § 207
c
'é 1.59 ¢ 1.5
- dkkk 'ﬁ
<104 ™ ° 1.0
2 2
= o i
£ 054 % 0.5+
2 3
0.0- 0.0~

Healthy Cancerous Healthy Cancerous

Figure 3. ADSCs transition to a CAF phenotype when in co-culture with MDA-MB-231 in cancerous mimic matrices. (a):
Schematic representation of the experimental setup: cancer cells were printed using a drop-on-demand printer into either low or
high microgels content where ADSCs were introduced and their transformation into cancer-associated fibroblasts (CAFs)
expressing a-SMA was evaluated; (b): 3D reconstruction images showing the spatial positioning of ADSCs within the tissue
mimics at different time points (3 (i), 24 (ii), and 72(iii) h) following the printing; (c): violin plots quantifying the Z position
(depth) of ADSCs within the low (healthy) and high (cancerous) microgel density conditions at different time points; (d): 3D
scatter plots of cancer cell x-y-z positions at 72 h; (e): representative confocal microscope images from healthy and cancerous
tissue mimics at 24 h post-printing, showing CAF marker a-SMA (red), nuclei (DAPI), MDA-MB-231 cancer cells (green) and
ADSC:s (orange), scale bars: 100 pm; (f): quantification of x-SMA expression at 3 h (left) and 24 h (right) post-print; ****

p < 0.0001.

during printing, which allowed cancer cells to penet-
rate further in the low-density healthy mimic where
the void space is higher compared to high density
cancerous mimic. Cell migration results correlated
well with CD44 expression, with overall CD44 levels
being higher in cancerous mimic (figures 2(d) and
(e)) when compared to those in the healthy mimic
(figures 2(c) and (e)). Similar results were observed
when the non-aggressive breast cancer cells, MCF-7,
were printed in the same conditions (figure S4).
Cells cultured in the dense matrix mimick-
ing cancerous tissue, show adhesion and migration
along the microgel surfaces, which also corresponded
with increased expression of CD44 (figure S5, top),
whereas in the healthy mimic they remained roun-
ded and clustered (figure S5, bottom). These observa-
tions align with previous findings where strong cell-
matrix adhesions have shown to enhance invasive
traits and downstream signaling [37-39]. Although
we did not isolate stiffness as an independent vari-
able, we acknowledge that matrix stiffness can mod-
ulate cell adhesion, contractility, and migration, as
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demonstrated in previous mechanobiology studies
[39, 40]. On the contrary, cells embedded in the
healthy mimic faced adhesion limitations due to the
interstitial GeIMA 1% phase. Together, these results
show how drop-on-demand printing is amenable to
granular materials and that varying matrix density
and interstitial content can be used to mimic invas-
ive pathways to study cancer cell migration.

3.3. Both cells and matrix contribute to ADSC
transitions to CAF phenotypes

To explore the role of matrix density in ADSCs trans-
formations to CAFs phenotypes, ADSCs were co-
cultured with aggressive breast cancer cells (MDA-
MB-231) in healthy and cancerous tissue mimics
(figure 3(a)). Initially, we evaluated ADSCs behavior
in mimics alone, to determine whether mechano-
physical differences themselves influenced their dif-
ferentiation into CAFs. It is well-established that
ADSCs are highly plastic and responsive to phys-
ical stimuli. However, ADSCs showed no positive
expression for «SMA, a CAF marker, in either healthy
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or cancerous conditions when cultured alone (figure
S6). We then evaluated the cancer cell penetration
into the matrix in the presence of uniformly dispersed
ADSCs over the period of up to 3 d. We noticed that
breast cancer cells penetrated to a greater depth when
presented with the cancerous mimic despite an ini-
tial resistance to infiltration, as previously observed in
mono-culture (figures 3(b)—(d)). Interestingly, can-
cer cells showed significantly greater migration in
the presence of ADSCs, suggesting a strong signaling
interaction between the two cell types. This interac-
tion reveals potential mechanisms by which ADSCs
contribute to cancer cell invasion and metastasis.
Notably, MDA-MB-231 cells were found at distances
up to 1000 pm from the printing site, in contrast to
<350 pum when cultured without ADSCs, suggest-
ing the stromal cells are secreting factors to stimulate
cancer cell migration. To determine whether ADSCs
were differentiating into CAFs, we evaluated a-SMA
expression through immunofluorescence staining. At
24 h, ADSCs cultured in the cancerous mimic dis-
played a significantly higher expression of a-SMA,
suggesting this microenvironment is conducive to
CAF transformations. In contrast, a-SMA expres-
sion was minimal in the healthy mimic hydrogels,
where ADSCs showed little evidence of differenti-
ation into CAFs, and only when in direct contact
with cancer cells (figure 3(e)). Quantitative analysis
resulted in significantly higher a-SMA presence in
cancerous versus healthy mimics at 3 h post-print
(figures 3(f) and S7(a)). The same trend persisted at
24 h (figures 3(e) and (g)).

Similar findings were observed when ADSCs were
co-cultured with the non-aggressive breast cancer
MCE-7 cells (figure S8), where a-SMA was overex-
pressed both at 3 h and 24 h post-print in ADSCs cul-
tured in cancerous mimic, compared to the healthy
mimic (figures S8(a), (b—i), (c—1)). Higher expression
of x-SMA corresponded with higher cell volume and
more elongated cell and nuclear shapes (figures S8,
(b—ii), (b-iii), (c—ii), (ciii)), a phenotypic charac-
teristic of myofibroblastic CAF subpopulations [41].
This trend was also observed in co-cultures of ADSCs
and MDA-MB-231 (figure S7(b)). It has been previ-
ously demonstrated that during CAF transition, cells
change their morphology at the nuclear and cellular
level [42].

The significant differences in cancer cell migra-
tion distances in the presence and absence of ADSCs
in the cancerous mimic suggest a complementary
interaction between the two cell types, consistent
with findings reported in the literature. It has been
reported that ADSCs secrete paracrine factors, that
enhance cancer cell motility or degrade the sur-
rounding matrix, facilitating deeper infiltration [43].
Promny et al found that irradiated MCF-10 A, a
non-malignant breast epithelial cell line, exposed
to conditioned medium from ADSCs underwent an
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epithelial-to-mesenchymal (EMT) transition, with
increased matrix secretion/deposition, suggesting a
pro-tumorigenic effect of ADSCs [44]. CAFs have
also been shown to induce local matrix stiffening [45,
46], which may further influence cancer cell inva-
sion; however, investigating matrix stiffening within
embedded microgels presents technical challenges
and remains an avenue for future study. This co-
dependence further emphasizes the importance of
having a system capable of replicating tumor—stroma
crosstalk in vitro to better analyze its role in shaping
the invasive potential of cancer cells.

3.4. Secretory profiles align with cancer-stroma
bi-directional communications

We next sought confirmation of the heterotypic
phenotypical changes observed through confocal
microscopy, by investigating the secretome pro-
files in order to correlate cell behavior with their
secreted factors. A key messenger involved in cellular
communication is the secreted regulatory molecules
miRNAs. miRNAs play a crucial role in regulat-
ing gene expression at the post-transcriptional level,
transiting cells and microenvironments through exo-
/endo-cytosis via extracellular vesicles, impacting key
processes such as proliferation, apoptosis, differen-
tiation, and metastasis [47]. Dysregulated miRNAs
expression has been implicated in breast cancer devel-
opment and progression, influencing tumor growth,
invasion, and tumor response to therapies [48].
Specific miRNAs are known to inhibit crucial pro-
teins in cancer cell survival, and even the same miRNA
can have both pro- or anti-tumor activity, depend-
ing on the specific target they are considered for.
We focused in particular on the miRNAs associated
with CAF appearance in breast cancer [49]: miR-
125, miR-222 and miR-146 families. By exploring
miRNA profiles, we tried to gain deeper insights
into the molecular mechanisms driving ADSC activ-
ation into CAF. We analyzed conditioned media
from co-cultures of aggressive (MDA-MB-231) and
non-aggressive (MCF-7) breast cancer cells with
ADSCs under healthy and cancerous matrix condi-
tions (figure 4).

In the MDA-MB-231/ADSC co-culture system,
miRNA analysis revealed significant upregulation of
several miRNAs in ADSCs cultured in the cancer-
ous mimic compared to those cultured in the healthy
mimic hydrogels. Specifically, miR-125b-1-3p, miR-
222-3p, miR-125b-5p, and miR-146a-5p were all sig-
nificantly elevated in the cancerous mimic, with
miR-125b-5p and miR-146a-5p showing the highest
fold changes (approximately 15-20 fold). In contrast,
miRNA expression in the healthy mimic remained
consistently low across all targets, suggesting that
culture in the dense fibrous cancerous mimic pro-
motes the release of miRNAs associated with cancer
aggressiveness and stromal remodeling (figure 4(a),
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top). Similarly, in the MCF-7/ADSC co-culture sys-
tem, miRNA expression was significantly upregulated
in the cancerous mimic compared to the healthy
mimic. miR-125b-1-3p, miR-222-3p, miR-125b-5p,
and miR-146a-5p exhibited increased expression,
with miR-222-3p and miR-125b-1-3p showing the
highest fold changes (10-15 fold) from cells cultured
in the cancerous mimic (figure 4(a), bottom). As seen
with the aggressive MDA-MB-231 cells, the healthy
mimic fostered low expression of these miRNAs
from resident cells, indicating that this microenvir-
onment suppresses the secretion of these key regulat-
ory miRNAs. Moreover, when comparing the secreted
medium of co-cultures to monocultures of MDA-
MB-231 under the cancerous and healthy conditions,
the latter co-culture group had the lowest expres-
sion levels of all the analyzed miRNAs, suggesting
that ADSCs may acquire anti-cancer properties when
exposed to the appropriate environment, such as
the healthy mimic hydrogels (figure S9). The miR-
125 family has been associated with cell prolifera-
tion, invasion, differentiation, and drug resistance.
In particular miR-125-b induces resistance of breast
cancer cells to paclitaxel by suppressing the apop-
tosis, regulates EMT and induces metastasis [50].
miR-222-3p also promotes proliferation of cancer
cells, EMT transition [51] and metastases [52]. MiR-

146a-5p promotes cell proliferation [53], regulates
CAF formation and subsequent cancer metastasis
[54].

When we analyzed the conditioned medium for
their protein content, we found 16 proteins uniquely
secreted from cells cultured in the healthy mimic, 8
proteins exclusively secreted from cells cultured in
the cancerous mimic, and 9 proteins shared between
the two conditions (figure 4(b)). Proteins specific to
the cancerous mimic include those involved in matrix
remodeling and tumor—stroma interaction, such as
MUCIL, which is associated with cancer progression
[55]. In contrast, proteins unique to the healthy
mimic system, such as ACTBL2 and KRTAP, may
indicate a more stable or constrained environment
that suppresses aggressive cancer behaviors (table S1).
Proteins expressed in both systems, including cyclin
K (CCNK) and guanine nucleotide-binding protein-
like 3 (GNL3L) were found upregulated in the cancer-
ous mimic relative to the healthy tissue mimic. CCNK
controls cell cycle and transcriptional activities by
forming complexes with cyclin-dependent kinases
CDKO9 and 12. CDKO9 has recently emerged as a poten-
tial therapeutic target for cancer, because of their high
presence in triple negative breast cancer types [56,
57]. Together, these panels confirm that culture in
the cancerous mimic promotes a secretome consistent
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with aggressive cancer behavior and stromal remod-
eling, whereas the healthy tissue mimic maintains a
less permissive and more stable environment. This
demonstrates the interconnected roles of miRNA reg-
ulation and protein secretion in controlling tumor—
stroma crosstalk under different matrix conditions.

3.5. Breast cancer cells exposed to Doxorubicin
show signs of resistance in cancerous matrix
mimics

To validate our 3D model, we next tested aggressive
breast cancer cell line with a commonly used chemo-
therapeutic drug, doxorubicin, to evaluate relation-
ships between cancer-stroma interactions and drug
sensitivity. As a first step, we scaled-down the con-
structs size into 384 well-plates and verified that
cell behavior did not change compared to previ-
ous experiments performed in 96 well plates. The
drop-on-demand printing technology allowed accur-
ate printing on this scale, providing scope for trans-
lation to high throughput pipelines. Representative
images in figure 5(a), illustrated the macroscopic

morphological differences in tumor constructs under
conditions of our healthy and cancerous mimics, both
with and without ADSCs, with cancer cells forming a
more localized cluster when cultured in the healthy
mimic compared to the ones cultured in the cancer-
ous mimic, similarly to the previously tested 96 well
plate samples. Within the normal tissue groups, in the
absence of ADSCs, cancer cells exhibited a defined
and localized migration pattern at day 1, which over
time slightly expanded (highlighted in yellow in figure
S$10). However, when ADSCs were added, the bound-
aries of the cancer cell migration became less distinct,
with a more dispersed and diffuse pattern observed,
particularly by day 3 (figure 5(a) + ADSC, figure
S10). Results from the quantitative analysis of the cell
clusters observed in healthy mimic hydrogels con-
firmed that the cell density was higher in the absence
of ADSCs compared co-culture (figure S10, bottom).
This indicates a noticeable impact of ADSCs on the
reorganization and behavior of the cancer cells.
When samples were subjected to increasing
concentrations of doxorubicin, the cancerous mimic
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cultures resulted in a higher IC5q value (3.556 ©M)
compared to the healthy cultures (1.306 M), indicat-
ing that cells in the high microgel packing group were
more resistant to doxorubicin treatment (figure 5(c)).
When ADSCs were present (figure 5(d)), both
conditions showed a shift in the IC;5y values. The
ICsg increased to 5.492 puM and to 1.942 uM for
the cancerous and healthy mimic conditions respect-
ively, suggesting that the presence of ADSCs con-
ferred additional resistance to doxorubicin across
both conditions (figure 5(b)). Overall, the results
demonstrate that cancerous mimic hydrogels pro-
mote cancer aggressiveness and that the presence of
ADSCs further enhances the resistance of cells to
chemotherapy. To ensure that differences in treat-
ment response were not driven by variable drug dif-
fusion across matrices, we assessed doxorubicin pen-
etration in both microgel constructs by exploiting the
compound’s intrinsic autofluorescence. Constructs
were incubated with either 10 uM or 100 uM doxor-
ubicin for 24 h, followed by z-stack confocal imaging.
Quantitative analysis of fluorescence intensity profiles
revealed a nearly identical distribution of doxorubi-
cin in low- and high-packing matrices at all depths
examined (figure S11). These results demonstrate
that drug diffusion is equivalent under both matrix
conditions, indicating that the observed differences
in cell viability arise from genuine variations in cell—
matrix interactions and mechanotransduction rather
than from altered drug penetration.

4. Conclusion

In this study we demonstrate a 3D biofabricated
model combining tunable granular matrices with
drop-on-demand bioprinting, which was able to
reproducibly replicate cancer cell and ADSC co-
culture to mimic key aspects of the tumor microen-
vironment. We demonstrated that a high dens-
ity microgel culture without interstitial matrix—
containing an interconnected pore network—(so-
called ‘cancerous mimic’) promotes breast can-
cer cell invasion, stemness, and chemoresistance,
while low density microgels with a soft intersti-
tial matrix (so called ‘healthy mimic’) discourages
invasive spreading and adoption of chemoresist-
ant stem cell-like states. These model microenvir-
onments allowed co-culture of ADSCs with breast
cancer cells to be monitored, which revealed dif-
ferent behavior of each population. In the cancer-
ous mimics, ADSCs adopted an enhanced myofibro-
blast phenotype, confirmed by increased a-SMA
expression and a CAF-like secretome, that corrobor-
ates the phenotypical changes observed in the mat-
rix model. In addition, these microenvironments
containing ADSCs promoted adoption of an invas-
ive cancer stem cell-like state in the breast cancer
cells. When breast cancer cells were treated with
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doxorubicin, the co-occurrence of CAF phenotypes
and cancer stem cell-like states in the cancerous
mimic lead to increased drug resistance. These res-
ults emphasize how structural properties of the
matrix influence cancer cell behavior through a
combination of mechanical and biochemical cues.
While our study did not directly quantify prolif-
eration, it is important to note that variations in
matrix compactness and mechanical properties will
influence cell division over extended culture peri-
ods and across different cancer and stromal cell
types.

Integrating this platform into a prototype drug
screen demonstrated drug sensitivity corresponding
to distinct microenvironments, providing the first
platform where matrix, cancer cell state and CAF
activity can be controllably assayed in a single exper-
iment. Assaying the secretome from the co-cultures
in conjunction provides information on the soluble
signals that regulate cancer-stromal cell crosstalk, and
opens up avenues for discovering novel biomarkers
associated with progression. This platform provides
a tool for fundamental discovery and for develop-
ing new therapeutic interventions that target spe-
cific cancer cell phenotypes as well as tumor—stroma
interactions.
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