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Quantitative characterization of the 3D self-
organization of PDAC tumor spheroids reveals cell
type and matrix dependence through advanced
microscopy analysis
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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) is characterized by an abundant tumor-associated stroma composed from pancreatic stellate cells, which
play a critical role in tumor progression. Developing accurate in vitro models requires understanding the complex interactions between tumor cells
and their microenvironment. In this study, we present a quantitative imaging-based characterization of the three dimensional (3D) self-organization
of PDAC tumour spheroids using a microfluidic platform that mimics key aspects of the tumor microenvironment. Our model incorporates collagen
type I hydrogels to recreate the extracellular matrix, activated human pancreatic stellate cells (HPSCs), and various tumor cell types. Advanced imag-
ing techniques, including Lattice Lightsheet Microscopy, allowed us to analyze the 3D growth and spatial organization of the spheroids, revealing
intricate biomechanical interactions. Our results indicate that alterations in matrix properties—such as stiffness, pore size, and hydraulic permeabil-
ity—due to variations in collagen concentration significantly influence the growth patterns and organization of PDAC spheroids, depending on
tumor subtype and epithelial-mesenchymal phenotype. Higher collagen concentrations promoted larger spheroids in epithelial-like cell lines, while
mesenchymal-type cells required increased collagen for self-organization into smaller spheroids. Furthermore, coculture with HPSCs affected spher-
oid formation distinctly based on each PDAC cell line’s genetic and phenotypic traits. HPSCs had opposing effects on epithelial-like cell lines: one
cell line exhibited enhanced spheroid growth, while another showed inhibited formation, whereas mesenchymal-like spheroids showed minimal
impact. These results provide insights into tumor-stroma interactions, emphasizing the importance of the cell-specific and matrix-dependent factors
for advancing our understanding of PDAC progression and informing future therapeutic strategies.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0242490

INTRODUCTION However, without substantial advancements in diagnostic and thera-
Pancreatic cancer is a highly aggressive and devastating cancer. peutic methods, it is expected to ascend to the second position in the
Currently, it ranks as the third-leading cause of cancer-related death. near future.’ The most prevalent type of pancreatic cancer (> 90%) is
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pancreatic ductal adenocarcinoma (PDAC), an aggressive invasive
neoplasm characterized by a poor prognosis and a 5-year relative sur-
vival rate of only 12%.”

One of the main reasons for the high resistance of PDAC to both
chemotherapy and immunotherapy is its complex tumor microenvi-
ronment.” PDAC microenvironment is particularly fibrotic, with a
desmoplastic stroma that counts for up to 90% of pancreatic tumor
volume and supports tumor progression and immune evasion.”” This
desmoplastic reaction is characterized by a complex and dynamic
interplay of various components, including activated cancer-associated
fibroblasts (CAFs), immune cells, and extracellular matrix (ECM)
components.” * This intricate process entails the activation and
recruitment of different populations of CAFs, such as the pancreatic
stellate cells (PSCs), which results in the excessive deposition, remodel-
ing, and degradation of the ECM.” Simultaneously, PDAC desmoplasia
triggers exaggerated inflammatory responses, abnormal immune reac-
tions, and disruptions in angiogenesis and blood supply, contributing
to compromised drug delivery and efficacy.”"’

PSCs are one of the most abundant and active components of the
PDAC microenvironment. These cells maintain tissue structure, regu-
late the synthesis and degradation of the ECM, and participate in tissue
repair and regeneration in healthy tissue. When they interact with
tumor cells, PSCs are activated by several factors such as cytokines, che-
mokines, growth factors, and other molecules secreted by cancer cells,
immune cells, and endothelial cells. Activated PSCs undergo a signifi-
cant transformation resembling an activated myofibroblast-like pheno-
type. This transformation is marked by noteworthy alterations in
morphology, resulting in a spindle shape, elevated cell motility, and pro-
liferation rates."" Activated PSCs play a crucial role in the excessive syn-
thesis of ECM components, such as the various types of collagens,
proteoglycans, glycoproteins, and hyaluronic acid.'>'"” The dysregulated
stiffness, composition, and organization of the ECM can generate a
tumor-friendly microenvironment, which has been implicated in
PDAC initiation, progression, invasion, and metastasis.'*'° Therefore,
in recent years, pancreatic cancer research has focused on the dynamic
interplay between tumor cells and stromal components in the develop-
ment, progression, and metastatic capacity of PDAC. Despite significant
advancements in the understanding of the dynamics and heterogeneity
of the PDAC microenvironment, there remain many unknown aspects
of the relationship between the stroma components (cellular, chemical,
mechanical, and architectural properties) and tumor development in
PDAC."”"® Further insights into this complex interaction would help to
better understand key aspects of this disease, thus aiding in the develop-
ment of new therapeutic and diagnostic strategies. "’

In order to improve our understanding of the stromal-tumor inter-
action and assess the key factors in this interplay that promote the devel-
opment and malignancy of PDAC, it is necessary to use in vitro models
that allow us to recapitulate biological processes during tumor develop-
ment. In recent years, there has been a breakthrough in the development
of three-dimensional (3D) in vitro cultures that have overcome some of
the limitations of traditional two-dimensional (2D) cultures.”’ > This
approach offers a more physiological alternative, replicating the develop-
ment of solid tumors, an inherently three-dimensional process. One
such innovative 3D culture strategy is based on microfluidics. This tech-
nique allows for precise control over various chemical, mechanical, and
cellular variables, thereby more accurately mimicking the in vitro tumor
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envuonment.“4 *
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In this study, we aim to develop a humanized microfluidic
approach that closely mimics the intricate particularities of the PDAC
microenvironment, featuring a defined 3D architecture that is spatially
organized. For this aim, we have generated a simplified microfluidic-
based 3D model that integrates some key components of PDAC
microenvironment, such as collagen type I (Col I) hydrogels, to mimic
the ECM, activated human pancreatic stellate cells (HPSCs), and pan-
creatic tumor cells. For our model, we selected four human PDAC cell
lines (BxPC-3, Capan-2, Panc-1, and MIA PaCa-2) with different
genetic complexity and different tumor subtypes (classical and squa-
mous) regarding their histopathological differentiation grade and
expression of epithelial-mesenchymal transition (EMT) related
markers, i.e., the difference lies in the loss of polarity and adhesion
between cells and in the gain of migratory and invasive capacities.”’
Specifically, we analyzed the role of the interaction between the
mechanical characteristics given by the collagen concentration of the
ECM and the HPSCs population in triggering different cellular
responses related to the growth of the tumor cells in a 3D environ-
ment. These collagen-based hydrogels matrices present differences on
their mechanical and microstructural properties.”*”” By altering the
collagen concentration, we noticed differences in spheroid growth and
organization related to variations in mechanical and architectural
properties resulting from changes in the concentration of Col I within
the matrix. Moreover, the influence of HPSCs on direct coculture had
divergent outcomes based on the PDAC cell line under study concern-
ing tumor spheroid formation and growth. Our results demonstrate
the intricate, cell line-specific interactions between PDAC cells,
HPSCs, and the properties of the collagen matrix, highlighting the crit-
ical role of these elements in the tumor microenvironment. Therefore,
this model can help deepen our understanding of the biomechanical
stromal factors that regulate PDAC growth and progression.

METHODS
Microfluidic device fabrication

The geometry of the microfluidic devices was based on that used
by Farahat et al.,”® which consists of a central chamber (2.5 x 1.3 mm)
containing the hydrogel and two side media channels running parallel
to the central chamber. The height of the channels is 300 um all over
the geometry.

Microdevices were fabricated following the methodology
described by Shin et al.*" Briefly, microfluidic devices were prepared
using polydimethylsiloxane (PDMS, Dow Corning) at a 10:1 weight
ratio for the base to curing agent. The mixed solution was degassed to
remove air bubbles, poured in a SU-8 master, where the desired micro-
engineered geometry was patterned with a soft photolithography tech-
nique and cured overnight at 80 °C. Once the solution was cured, the
molded replica was perforated using disposable biopsy punches to cre-
ate the inlet and outlet ports. PDMS microdevices were autoclaved,
and finally bonded to a 35mm glass-bottom Petri dish (Ibidi) by
plasma treatment (PDC-32G Basic Plasma Cleaner, Harrick Plasma,
NY, USA). The formed microgeometry was then coated with 0.5 mg/
ml poly-dopamine solution in 10 mM Tris-HCI pH 8.5 (PDA, Sigma-
Aldrich, Spain) to enhance collagen adhesion onto the channel surface
as described in Ref. 31. The microfluidic devices were then ready to be
used after washing and drying overnight in an oven at 60 °C to restore
the hydrophobicity of the bonded surfaces.
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Three-dimensional culture in the microfluidic devices

Cell culture

The human pancreatic cancer cell lines BxPC-3, Capan-2, Panc-1,
and MIA PaCa-2 were purchased from the American Type Culture
Collection. Capan-2 and BxPC-3 are commonly associated with a more
epithelial phenotype, with Capan-2 typically characterized as a well-
differentiated tumor (Grade 1, G1) and BxPC-3 as a moderately differ-
entiated tumor (Grade 2, G2). Panc-1 and MIA PaCa-2 are considered
poorly differentiated tumor cell lines (Grade 2, G2-Grade 3, G3), both
of which are associated with a mesenchymal EMT status.””**** The
activated HPSCs was a kind gift of Dr. R. F. Hwang (University of
Texas MD Anderson Cancer Center, Houston, Texas, USA).34

All the cell lines were cultured using high-glucose Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, Spain) (4.5 g/l D-Glucose, L-
Glutamine, Pyruvate) supplemented with 10% fetal bovine serum
(FBS, Life technologies, Spain). Cell culture was maintained in a
humidified atmosphere incubator at 37 °C and with 5% CO,.

Hydrogel preparation and cell seeding

The hydrogels used were prepared using a stock of rat tail collagen
type I (Corning, Spain) at a final collagen concentration of 2.5, 4, and
6 mg/ml with high-glucose DMEM medium, 10x Dulbecco’s phosphate
buffered saline (DPBS, Sigma-Aldrich, Spain) (1/10 of the final volume),
and NaOH 0.5M (Sigma-Aldrich, Spain), at pH 7.4.”* Individual pancre-
atic cancer cells (approximately 750 cells/device) were mixed with the col-
lagen hydrogel solution following the strategy presented by Plou et al.”
For coculture with HPSCs, a 2:1 ratio of HPSCs to tumor cells was used.
The mixing of the hydrogel with the cells was then pipetted into the central
chamber through the loading ports (Fig. 1), and the devices were placed in
humidity chambers in an incubator at 37°C and 5% CO, for 20 min to
allow the collagen polymerization. To prevent cell sedimentation during
polymerization and ensure homogeneous distribution within the hydrogel,
the microfluidic devices were rotated every few minutes during this pro-
cess. This method prevents gravitational settling, keeping the cells uni-
formly distributed and embedded within the central region of the
chamber. After that, the hydrogels were hydrated with culture medium
(high-glucose DMEM, Gibco) and stored in the incubator for 10 days. The
cultured medium was renewed every 48 h through the reservoirs (Fig. 1).

Microscopy and image analysis
Growth analysis of the 3D tumoral spheroids

The growth and morphology of the PDAC cell lines were monitored
over 10days by acquiring brightfield images at 4x magnification every
48h with an optical inverted microscope (DM IL LED, Leica, Wetzlar,
Germany) to characterize the formation of 3D tumor spheroids within the
collagen hydrogels. Tumor cell cluster and spheroid sizes were analyzed
using a custom semi-automated script designed for segmentation in
MATLAB based on active contour techniques. Additionally, the average
diameters of all the cell lines were measured at seeding using the automated
cell counting software of the Countess 3 cell counter (Thermo Fisher
Scientific). These measurements were used to calculate the cell radius,
which was rounded to the nearest whole number, to determine the mean
surface area for each cell line, as detailed in Table S.1. Segmented compo-
nents that exceeded the designated area of an isolated cell were considered
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potential cellular clusters capable of transforming into spheroids over time
within the microfluidic device during the culture period. It is important to
note that new spheroids may appear at any time, and we did not individu-
ally track them. This implies that spheroids at different stages of their evolu-
tion and therefore varying sizes are present by the end of the experiments.
Eccentricity was used as a measure to quantify the shape of cellu-
lar spheroids. It is calculated as the ratio of the distance between the
foci of the ellipse that has the same second moments as the region, and
its major axis length. The value of eccentricity ranges between 0 and 1,
with 0 representing a perfect circle and 1 indicating a line segment.

3D topographic analysis of spheroid organization

We employed a custom-made MATLAB script to perform the
3D topographic analysis of spheroid organization. The primary seg-
mentation of nuclei was achieved using basic thresholding techniques.
Then, to split overlapping objects, we utilized the segmented volume
and identified the nuclei centers by applying multiscale Laplacian of
Gaussian methods. Subsequently, a 3D watershed algorithm was
applied using these nuclei centers as markers.

For the analysis of spheroid topology and neighbor relationships, we
employed an increasing search radius in three dimensions, starting from
the nuclei centers, until all nuclei were connected into a single component
[see Figs. 9(d) and S.3]. This radius value, referred to as R1ICC, provided
an approximation of the compactness of the spheroid structure, offering
insights into the spatial organization and cohesiveness of the spheroids.
Thus, lower R1CC values indicated greater compactness. Additionally, to
analyze the total volume occupied by the overall spheroid, the alpha shape
(a generalization of the convex hull that allows for the creation of a tight-
fitting boundary around a set of points) was computed.

Fluorescence staining and Lattice lightsheet
fluorescence microscopy

Structural analysis of PDAC spheroids studied under the different
conditions was carried out using different fluorescent stains. Imaging
of the staining samples were taken using a Lattice Lightsheet 7 micro-
scope equipped with a 40x objective (Zeiss, Germany).

3D culture samples were fixed in 4% paraformaldehyde (PFA,
Sigma-Aldrich, Spain) for 20 min at room temperature, washed with
1x phosphate buffered saline solution (PBS, Gibco, Spain) and per-
meabilized with 0.1% Triton X-100 (Calbiochem, Spain) for 10 min at
room temperature (RT) in agitation. The samples were washed and
then blocked in 5% bovine serum albumin fraction V (BSA, Merck,
Spain), 0.01% Triton X-100 in PBS, (Gibco, Spain) overnight (o/n) at
4°C. Afterwards, they were incubated with rhodamine phalloidin
(0.125mg/ml, ChemCruz USA, dilution 1:100) to stain F-actin cyto-
skeleton and DRAQSTM 20uM for nuclei staining (5mM,
ThermoFisher Scientific, Spain). Finally, the samples were washed
three times with PBS and stored at 4 °C until image acquisition.

Immunofluorescence staining for HPSCs and tumor cell
colocalization analysis

To assess the spatial distribution of HPSCs in relation to tumor
spheroids, additional immunofluorescence staining was performed for
o-SMA (a marker of activated PSCs) and CK19 (a marker of PDAC epi-
thelial cells). After fixation, permeabilization, and blocking, samples were
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Microfluidic device seeding

FIG. 1. Tumor-on-a-chip experimental setup. (a) Hydrogel preparation and cell seeding inside the microfluidic device. Tumor PDAC cells and HPSCs were collected and mixed
with the Col | hydrogel solution. For monoculture, only PDAC cells were introduced. The hydrogel mixture with the cells was introduced through the loading port (1) of the micro-
fluidic device into the central chamber (2), where it polymerized. The cells were embedded three dimensionally in the hydrogel. Once the hydrogel had polymerized, medium
was added through the reservoirs (3) to hydrate the hydrogel and maintain the cell culture. (b) The PDAC cells, in monoculture or direct HPSCs coculture, formed self-
organized three-dimensional spheroids within the biomimetic Col | hydrogel from isolated cells.

incubated o/n at 4°C with primary antibody against CK19 (dilution
1:100, Abcam ab76539) in blocking buffer (1% BSA, 0.01% Triton X-100
in PBS). The next day, samples were washed with PBS and incubated
with Alexa Fluor 647-conjugated secondary antibody (dilution 1:200, Life
Technologies A31573) and o-SMA-Cy3 (dilution 1:100, Sigma C6198,
Spain) in blocking buffer for 2 h at RT in the dark. Samples were washed
with PBS and stored at 4 °C until imaging.

Images were acquired using a confocal microscope STELLARIS 5
DLS (Leica Microsystems CMS, Germany) equipped with a 10x objec-
tive. Some images were further magnified using a 2x digital zoom to
enhance visualization of specific cellular structures.

Image processing and colocalization analysis

To differentiate between HPSCs and tumor-derived o-SMA
expression, a colocalization analysis was performed. CK19 fluorescence
was used to generate a binary mask identifying tumor spheroids struc-
tures. This mask was then subtracted from the o-SMA signal to isolate
a-SMA expression in non-spheroids regions. The colocalization analy-
sis and image processing were carried out using Fiji software, allowing
for the precise localization of HPSCs within our microfluidic system.

Data and statistical analysis

Biological replicates of all conditions presented in this paper have
been carried out in duplicate with three technical replicates every time.

Data and statistical analyses, including the segmentation analysis of
spheroid area and eccentricity, were performed using the statistical
software GraphPad Prism v8.0.1 in combination with Microsoft Excel
software. First, the normality of the data was assessed with the
Shapiro-Wilk or Kolmogorov tests, depending on the amount of data.
Also, Levenés test was performed to analyze the homogeneity of the
variance. After normality and homogeneity of the variance test, analy-
sis of variance (ANOVA) was performed to determine statistical signif-
icance among the studied continuous variables in the different
conditions. Depending on the information raised from the normality
and homogeneity of variance analyses, different parameters for the
ANOVA test were applied: Welch ANOVA with Games-Howell as
post hoc tests, ordinary ANOVA followed by post hoc Tukey-Kramer
tests, Kruskal-Wallis tests with post hoc Dunn’s test. In some cases, a
t-test was used followed by a Mann-Whitney U test. A p value ()
below 0.05 was considered a significant result. Results presented in vio-
lin plots show median (continuous line), quartiles Q1 and Q3 (dash
lines), and the maximum and minimum values.

RESULTS
Collagen concentration regulates PDAC spheroid
morphology and growth by tumor cell type

To examine the impact of varying concentrations of collagen on
the 3D growth pattern of PDAC, an analysis on the 3D self-
organization capability of tumor spheroids using different human
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PDAC (hPDAC) cell lines was conducted. The objective was to
enhance comprehension regarding the influence of ECM structural
and mechanical factors on tumor growth by assessing the capacity of
different PDAC cell lines (BxPC-3, Capan-2, Panc-1, and MIA PaCa-
2) to develop spheroids. To test this, we embedded the cell lines into
hydrogels containing different concentrations of Col I (2.5, 4, and
6 mg/ml) in our microfluidic devices. Using this approach, tumor cells
organized into 3D tumor spheroids from single cells, due to prolifera-
tion driven by biomechanical cues from their environment.

By modifying the collagen concentration of the matrix, different
fates were observed in cell aggregation and spheroid formation in all
the tested cell lines (Fig. 2). Cells distribution within the hydrogel was
analyzed 24 h after seeding to confirm that these effects were not due
to differences in initial cell distribution caused by sedimentation. Our
analysis of the first 50 um of the central chamber revealed that the
number of cells in the region closest to the glass surface (0-20 um) was
very low across all cell lines and conditions [Figs. S5(c) and S5(e)].
This confirmed that our chamber rotation method during hydrogel
polymerization effectively prevents sedimentation, ensuring that cells
remain embedded within the hydrogel rather than accumulating at the
bottom. Additionally, cells were predominantly located at depths fur-
ther from the glass (Z > 10 um) [Figs. S5(c) and S5(e)]. This confirmed
that they were distributed within the hydrogel rather than in the
regions where 2D growth typically occurs. To further confirm that ini-
tial cell numbers were comparable across conditions, we also per-
formed an Alamar Blue assay 24hours after the seeding. The
fluorescence intensity values showed no significant differences between
conditions, indicating that all groups started with a similar number of
cells [Fig. S5(b) and S5(d)].

We observed that only cell lines exhibiting a moderate and well
differentiated histomorphology grade related to an epithelial pheno-
type, BxPC-3 and Capan-2, were able to form spheroids in all the
matrices tested after 10 days of culture [Fig. 2(a), top panel]. As the
grade of differentiation is lost and the cell lines express mesenchymal
markers, such as Panc-1 and MIA Paca-2 cells, higher concentrations
of collagen were required to observe the ability for 3D self-assembly,
resulting in spheroid formation [Fig. 2(a), bottom panel]. Significantly,
the Panc-1 cell line, which is recognized in the literature as being in an
intermediary stage between the epithelial and mesenchymal pheno-
types, can produce certain spheroid-like structures in lowest collagen
matrices. However, increased collagen is necessary for proper spheroid
formation.

Investigating how ECM mechanical factors, such us collagen type
I concentration, affect PDAC growth, we analyzed spheroid growth by
measuring its area over a 10-day culture period. Given that our study
involved a population analysis rather than individual spheroid track-
ing, relying solely on the median could introduce bias, particularly in
cases where many new and smaller spheroids were generated over
time. To provide a more accurate representation of the PDAC cell
lines’ ability to form larger spheroids under each culture condition, we
also analyzed the 90th percentile (p90) values. Notably, the examina-
tion of collagen concentrations’ effect revealed diverse growth
responses among all tested PDAC cell lines, each exhibiting distinct
growth patterns [Fig. 2(b)]. The growth of BxPC-3 spheroids was
more uniform in matrices with lower collagen concentration (2.5
mg/ml), although these matrices had reduced spheroid formation, as
evidenced by lower median and p90 values [Fig. 2(b), BxPC-3]. As
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collagen concentration increased, this cell line exhibited a tendency to
form spheroids with more pronounced growth [Fig. 2(b), BxPC-3]
and increased size variability [Fig. S1(a)], especially in the first days of
culture in the higher collagen matrix (6 mg/ml). The increased p90 val-
ues in higher collagen matrices (4 and 6 mg/ml) suggested a height-
ened potential for larger spheroid formation [Fig. 2(b), BxPC-3]. For
the Capan-2 cell line, increased collagen concentration correlated with
a more homogeneous population [Fig. S1(a)]. However, the growth
trend over time was similar across matrices [Fig. 2(b), Capan-2], indi-
cating comparable spheroid growth regardless of collagen concentra-
tion. The consistently high p90 values, particularly in the 6 mg/ml
matrix, suggest a high potential for larger spheroid formation
[Fig. 2(b), Capan-2].

The Panc-1 cell line showed high spheroid growth rates in both
collagen matrices (4 and 6 mg/ml), with increasing median and p90
values over time. The 6 mg/ml matrix had slightly slower but more
uniform growth [Fig. S1(a)], while the 4 mg/ml matrix had greater
potential for larger spheroids at culture endpoints [Fig. 2(b), Panc-1].
Finally, the MIA PaCa-2 cells exhibited results similar to Panc-1. At
early culture times, the 6 mg/ml matrix led to faster growth and slightly
larger spheroids, but over time, the median and p90 values decreased
compared to the 4 mg/ml matrix, where growth remained more con-
sistent, and the potential for larger spheroids increased [Fig. 2(b), MIA
PaCa-2]. This cell line also showed an increase in size variability
with higher collagen concentration, similar to BxPC-3 spheroids
[Fig. S1(a)]. It is noteworthy that the Panc-1 and MIA PaCa-2 cell lines
were not suitable for examination in the 2.5 mg/ml matrices, as these
cell types lacked the ability to self-organize in 3D within lower collagen
matrices [Fig. 2(a), bottom panel]. Particularly, in the Panc-1 cell line,
spheroid-like structures were observed at the end point; however,
quantification over time was not feasible due to 2D cell proliferation.

To further investigate the growth patterns of different human
PDAC cell lines in varying collagen concentrations, we analyzed the
size and morphology of the spheroids formed at day 10 (Fig. 3).
Morphological analysis was conducted using the concept of eccentric-
ity, which indicates whether the spheroids are more spherical or ellipti-
cal in shape. The BxPC-3 cells were able to form spheroids in all the
matrices used. There was a dual population of spheroids of different
sizes, which polarized toward the larger spheroids as the collagen con-
centration increased [Fig. 3(a), BxPC-3]. As the concentration of colla-
gen in the matrices increased, the spheroids generated by this cell line
grew in size significantly [Fig. 3(b), BxPC-3), and they showed a more
irregular morphology [Fig. 3(c), BxPC-3]. For the other epithelial phe-
notype cell line, Capan-2, observations suggested that spheroids in the
4 mg/ml collagen concentration matrix were slightly smaller [Fig. 3(a),
Capan-2]. Although quantification of spheroid areas and eccentricity
in each matrix condition revealed no significant differences [Figs. 3(b)
and 3(c), Capan-2].

For the quasi-mesenchymal phenotype cell line Panc-1, it was
found that the mechanical properties of the 2.5 mg/ml collagen matrix
were insufficient to facilitate proper 3D self-organization [Fig. 3(a),
Panc-1]. In this low-collagen matrices, spheroids formed were more
similar to cell aggregates, and over time, most cells tended to migrate
to a 2D layer at the bottom of the glass device [Fig. 3(a), Panc-1]. In
other words, higher collagen concentrations were required for the for-
mation of proper tumor spheroids. In this particular cell line, a slight
difference in size distribution was observed in the spheroids when
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comparing matrices with collagen concentrations of 4 and 6 mg/ml
[Fig. 3(b), Panc-1], although no significant differences in morphology
were observed [Fig. 3(c), Panc-1]. The mesenchymal cell line MIA
PaCa-2 [Fig. 3(a)] also needed increased collagen concentration to pro-
duce spheroids. In this case, the same Panc-1 trend was observed, the
spheroids formed in the 4 mg/ml matrix were larger compared with
the 6 mg/ml [Fig. 3(b), MIA PaCa-2]. This condition also produced
statistically fewer round spheroids compared to 6 mg/ml [Fig. 3(c),
MIA PaCa-2].

To achieve further insights into the understanding of how sphe-
roids self-organize according to the biophysical properties of the
matrix, we carried out a preliminary study of its structural topography.

A BXPC-3
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The study involved 3D spheroid reconstructions based on Lattice light-
sheet microscopy [Fig. 4(a)] that allowed us to make a first analysis of
the connectivity of the nuclei forming the spheroids obtained at differ-
ent collagen matrices by nuclear segmentation techniques [Fig. 9(a)].
The overall size and shape of the BxPC-3 spheroid segmentation
[Fig. 9(a)] agrees with the size quantification in these conditions
(Fig. 3). The individual segmentation of nuclei, however, suggests that
bigger spheroids, produced within the 6 mg/ml collagen matrices, are
composed of many (>100), highly compacted cells [Fig. 4(b)]. In fact,
we observed a rapid decrease in the number of connected components
as the search radius increases, with 14.7 um being the radius at which
all the nuclei are connected (RICC) [Fig. 4(b), BxPC-3]. In other
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FIG. 2. 3D culture of PDAC tumor spheroids in collagen-based microfluidic devices over time. (a) Brightfield images of different tumor PDAC cell line spheroid growth over time
(up to 10days) in 2.5, 4, and 6 mg/ml collagen matrices (scale bar 200 xm). (b) Evolution over time of the PDAC spheroids area in the different collagen-based matrices.
Continuous lines show the median values, and dashed lines represent the 90% percentile (p90) of the different cell lines in each culture condition.
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words, the average distance between cell nucleus was lower than
14.7 um in this condition, with R1CC values of 16.24 ym and 19.6 um
for the 4 and 2.5 mg/ml conditions, respectively. The average number
of cell nuclei neighbors at this distance is ~4 for the denser matrices,
and ~2 for the 2.5 mg/ml case, as the number of nuclei is significantly
lower [Figs. 9(a) and 9(c)]. The Capan-2 cell line, which produced sim-
ilar spheroid sizes across the different collagen matrices [Fig. 3(b),
Capan-2], showed, however, some differences regarding nuclei organi-
zation, with the largest amount (>70) and more aggregated nuclei
(RICC = 15.4 um) corresponding to the 4 mg/ml case, as opposed to a
less dense structure in the case of 6 mg/ml (note the slower fall of the
curve until RICC=20.86 um) [Fig. 4(b), Capan-2]. The number of
neighbors at R1CC varied mostly between 3 and 5 for the different col-
lagen concentrations [Fig. 9(c)].

Data obtained for the more mesenchymal cell lines, Panc-1 and
MIA PaCa-2, shows similar trends. A quantity of 6 mg/ml collagen
matrices produce more compacted spheroids (smaller RICC values)
compared to 4mg/ml cases [Fig. 4(b), Panc-1 and MIA PaCa-2].
Specifically, Panc-1 resulted in R1CC =20.86 um and 22.4 um for 6
and 4mg/ml, respectively, while MIA PaCa-2 resulted in
R1CC=16.24 um and 22.4 um for 6 and 4 mg/ml. It is worth noting
that all these spheroids contain about 50 cells each [Fig. 4(b)], except
for the MIA PaCa-2 at 6 mg/ml, which contains only 29 [Fig. 4(b)].

Overall, our observations suggest that in our tumor model, the
effects of the ECM mechanical characteristics on cell growth and pro-
liferation vary according to the tumor cell subtype and the collagen
composition of the matrix. Under identical conditions, some cell lines
exhibited enhanced growth and proliferation, while others did not.

Pancreatic stellate cells promote differential effects on
spheroid growth dynamics depending on PDAC tumor
subtype

To investigate the interaction between stromal components and
tumor cells beyond the intrinsic properties of the ECM, we developed
a more complex microfluidic-based 3D model. This advanced model
included -SMA™ positive activated HPSCs™® in addition to biomi-
metic matrices, better mimicking the complex PDAC stroma microen-
vironment. By incorporating these HPSCs into our model, we aimed
to simulate the activated state of PSCs and replicate the ECM remodel-
ing dynamics that contribute to the PDAC tumor microenvironment.
We selected the 6 mg/ml collagen matrices for this model because
PDAC is characterized by a dense and fibrotic ECM, primarily com-
posed of Col I secreted by PSCs.”” A higher concentration of collagen
provides mechanical properties more similar to those found in the
PDAC stroma. This approach allows us to better understand the com-
plex interplay between cancer cells and stromal components, providing
a more faithful representation of the PDAC stromal niche in our
experimental setting.

Considering the abundant stroma present in PDAC, we opti-
mized the incorporation of HPSCs in a ratio to tumor cells of 2:1 in
our microfluidic device (data non shown). It was observed that the
activated HPSCs were distributed throughout the hydrogel, acquiring
a spindle shape, characteristic of their myofibroblast-like phenotype
[Fig. 5(a)]. In contrast, PDAC cells continued to self-organize in 3D,
forming tumor spheroids [Figs. 6(a) and 7(a)]. To further characterize
the distribution of HPSCs within the hydrogel, we performed immu-
nofluorescence staining for «-SMA and CKI19, followed by a

pubs.aip.org/aip/apb

colocalization analysis. «-SMA is commonly used as a marker for acti-
vated PSCs; however, its expression was also detected in tumor sphe-
roids, both in monoculture (data non shown) and in coculture
conditions [Fig. 5(a)]. To differentiate stromal a-SMA expression from
tumor-derived o-SMA signal, CK19 immunostaining was performed,
as this marker is exclusively expressed in PDAC cells [Fig. 5(a)].
Fluorescence images showed that HPSCs were distributed throughout
the hydrogel and did not integrate into the tumor spheroids. Instead,
they remained within the matrix, surrounding the spheroidal struc-
tures of PDAC cells [Fig. 5(b)]. In contrast, CK19-positive tumor cells
were exclusively confined within the spheroids, indicating that only
PDAC cells formed these 3D structures [Fig. 5(b)].

As done for the previous conditions, we measured spheroids’
areas over 10 days, and we observed the effect on the behavior of the
different PDAC cell lines with and without HPSCs [Fig. 6(a)].
Representation of growth curves revealed interesting patterns in the
behavior of the different cell lines [Figs. 6(b) and S1(b)]. For example,
for the epithelial BxPC-3 cells, the presence of the HPSCs reduced the
formation of spheroids. In monoculture, at initial stage of the culture
period, a cluster population of cells with a median size of approxi-
mately 500 um? was observed. As culture time progressed, this popula-
tion persisted and larger spheroids became visible, resulting in a mixed
culture with two different-size populations [Figs. 6(a) and S1(b)].
However, when HPSCs was introduced into culture, this double popu-
lation was polarized to the smaller one. The growth of the cell clusters
formed on day 1 was not affected [Fig. 6(b), BxPC-3]. The p90 area
values with and without HPCS were 998.2 and 3330.0, respectively. In
contrast, in the case of the other epithelial cell line, Capan-2, we
observed a significant increase in the size of the spheroids after cocul-
ture with HPSCs [Fig. 6(b), Capan-2], presenting p90 area values of
6850.0 and 3804.0, respectively. For the two cell lines with a more mes-
enchymal phenotype, Panc-1 and MIA PaCa-2, we observed a very
similar exponential growth of spheroid area over time in both culture
conditions [Fig. 6(b), Panc-1 and MIA PaCa-2]. A slight increase in
the p90 values of MIA PaCa-2 cells was observed in coculture from
day 6 onward [Fig. 6(b), MIA PaCa-2]. The p90 area value was 3305.0
for monoculture and 3500.0 in coculture, suggesting a modest increase
in the growth potential of larger spheroids under coculture conditions.

To better observe these differences, we closely evaluated the size
and morphology of the spheroids obtained from all cell lines at the end
point of both conditions. For the BxPC-3 epithelial cell line, there was
a greater trend toward the formation of smaller and more circular cell
spheroids (median of 368.2 um?) compared to spheroids formed in
monoculture (median of 1237.0 um?) [Figs. 7(b) and 7(¢)]. In fact,
spheroids larger than 1000 um?* were rarely observed in the presence
of the HPSCs [Fig. 7(d), BxPC-3]. The percentage population distribu-
tion under coculture conditions showed a marked shift toward smaller
spheroids, with 80.2% of spheroids being small (<600 yim?) compared
to only 21.2% in monoculture [Fig. 7(d)]. This suggested that the pres-
ence of HPSCs significantly inhibits the growth of larger spheroids in
BxPC-3, resulting instead in cell clusters with areas similar to those
observed in the initial days of the culture [Figs. 6(b) and 7(a)].

In contrast, the Capan-2 cell line exhibited an opposite effect. At
the end point, the population of larger spheroids significantly increased
under coculture conditions (median 2517.0 um?) compared to mono-
culture (median 1354.0 um?) [Fig. 7(b)]. The coculture condition led
to a higher proportion of larger and more elongated spheroids
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FIG. 3. Quantification of PDAC spheroids in collagen-based matrix at day 10. (a) Brightfield images of PDAC spheroids after 10 days of growth in the indicated collagen matri-
ces (scale bar 100 um). (b) PDAC spheroids area at day 10 of culture in different collagen concentration hydrogels. (c) Spheroids eccentricity in different collagen matrices at

day 10.

[Fig. 7(c), Capan-2]. The percentage population distribution revealed
an increase in large (>>3000 um?®) spheroids under coculture condi-
tions, with the proportion increasing from 16.4% in monoculture to
42.5% in coculture [Fig. 7(d)]. This suggested a notable enhancement
in spheroid size due to interaction with HPSCs. Nevertheless, in the
results obtained for the Panc-1 and MIA PaCa-2 cell lines, we did not
observe significant differences in the size or eccentricity of the sphe-
roids formed in both conditions [Figs. 7(b) and 7(c), Panc-1 and MIA
PaCa-2]. For the Panc-1 the majority of spheroids remained in the
large category (>3000 um?) under both conditions, with 77.4% in

monoculture and 75.3% in coculture, and in the intermediate size cate-
gory (600-3000 ym?) for the MIA PaCa-2 with 85.9% in monoculture
and 84.5% in coculture 2 [Fig. 7(d)]. This suggested that the growth
dynamics of spheroids for these cell lines are relatively unaffected by
HPSCs.

In view of these results, and in order to have a better understand-
ing of the role of the HPSCs in the 3D self-organization process of
these cell lines, we made an initial evaluation of the organization of
spheroids coculture conditions [Figs. 8(a) and S3(a)]. The data
obtained seemed to corroborate the fact that the impact of the HPSCs
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FIG. 4. Cellular organization of PDAC tumor spheroids depending on the mechanical environment given by the difference in collagen concentration of the hydrogel matrices.
(a) Fluorescent Lattice Lightsheet (scale bar of 20 um, 40 x magnification) maximum projection images of the different PDAC cells after 10 days of growth in the indicated colla-
gen matrices. (b) Relationship between the number of connected components and the search radius, reflecting the compactness of the spheroids. The plot indicates the R1CC
values, the distance at which all nuclei are connected into a single component.

on PDAC tumor spheroid development appeared to depend on the
cellular subtype with which they interact. We found that the presence
of the HPSCs appeared to alter the BxPC-3 spheroid organization,
resulting in the formation of smaller spheroids with fewer cells
(approximately 20) and less intercellular connectivity [ ,
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BxPC-3]. As we increased the search radius, the number of nuclei con-
nected to form a single object decreased rapidly, with a RICC of
147 um in comparison with the coculture (RICC 1624 um).
However, the average number of cell nuclei neighbors was the same
for both conditions, ~4 [

]. In the case of the Capan-2 cell line,
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we got the opposite result. We found that this cell line contains a
higher number of cell nuclei (>60) with higher connectivity (R1CC
19.6) in coculture [Fig. 8(b), Capan-2] comparing with the monocul-
ture condition (50 cells and R1CC value of 20.86 um). The number of
neighbors at R1CC increased from 4 in monoculture to 6 in coculture
[Fig. 9(c)]. Therefore, the increase in size [Fig. 7(b)] was likely due to
an increase in cell proliferation resulting in spheroids with a higher
number of connected cells [Figs. 8 and 9(c)] compared to the mono-
culture condition.

For the Panc-1 cell line, the spheroids in both conditions
appeared to be of similar size [Fig. 7(b)], but in the coculture, we found
higher number of cells (=100) opposed to the monoculture condition
(~50). The radius at which all cell nuclei connect to form a single
object was 20.86 um in the case of monoculture, while it increased
slightly to 22.40 um in the presence of the HPSCs [Fig. 8(b), Panc-1],
suggesting a slightly less nuclei connectivity in the presence of the
HPSCs. The number of neighbors at R1ICC distance also decreased
slightly compared to monoculture spheroids [Fig. 9(c)]. Though this
effect was not observed in the MIA PaCa-2 cell line. Initially, similar to
Panc-1, the presence of the HPSCs resulted in a greater number of cells
(>25) in the spheroids generated. However, the nuclei connectivity
and the number of neighbors of these spheroids had a similar tendency
[Fig. 8(b), MIA PaCa-2 and Fig. 9(c)] with an average distance between
cell’s nucleus (R1CC) of 16.24 um for both culture conditions.

Overall, these results demonstrated that the interaction with
HPSCs led to cell line-specific effects on spheroid growth dynamics,
likely as a consequence of specific molecular signatures and PDAC
subtype. In particular, in the presence of HPSCs in the culture, we
found inhibition of growth in BxPC-3 cells, enhanced growth for
Capan-2, and relatively stable growth patterns for Panc-1 and MIA
PaCa-2.

DISCUSSION

PDAC is highly aggressive and characterized by an abundant
complex and fibrotic tumor microenvironment,””” primarily com-
posed of ECM and stromal cells, notably CAFs like PSCs.”* These cells
are the main source in the generation of solid stresses and in the depo-
sition of an ECM with altered properties and composition, which con-
tribute to the tumor’s progression and immune evasion.'*” Given the
dynamic nature of the tumor-associated stroma, effective treatments
must target both cancer cells and their supportive stromal ele-
ments.'”"” To explore this complexity, we developed a humanized
microfluidic 3D model that incorporates key components of the
PDAC microenvironment, including collagen I hydrogels (ECM),
hPDAC cells, and HPSCs. This system provides quantitative 4D infor-
mation (3D spatial and temporal evolution of cells) of how tumor cells
interact with the microenvironment, specifically with the stromal cells
and the surrounding matrix.

We have studied the impact of the matrix collagen concentration
on the 3D self-organization of PDAC cells. Previous studies have
shown that varying collagen concentration alters the mechanical and
microstructural properties of hydrogels regarding the stiffness, pore
size, fiber distribution, and permeability,zs’29‘38 affecting tumor cell
behavior in terms of tumor growth and migration.””””*' Beyond these
factors, collagen concentration also significantly influences the rheol-
ogy of tumor spheroids, affecting their mechanical stability and defor-
mation capacity. Tumor spheroids must adapt to ECM constraints,
balancing cell-cell and cell-matrix interactions, which are directly

pubs.aip.org/aip/apb

influenced by the viscoelastic properties of the surrounding collagen
network. "’

In order to evaluate different PDAC tumor subtypes (classical
and squamous/basal-like), we used four human PDAC cell lines with
different genetic and molecular profiles.”” PDAC is a highly heteroge-
neous cancer, and its classification has evolved from traditional histo-
logical grading (G1-G3) to more refined molecular subtypes that
impact prognosis and treatment response. The classical subtype cell
lines such us Capan-2 and BxPC-3 are characterized by strong epithe-
lial marker expression and generally better clinical outcomes.
However, despite both belonging to the classical subtype, BxPC-3 dif-
fers from Capan-2 in its degree of histopathological differentiation (G2
vs G1), which may influence its interaction with stromal components.
In contrast, Panc-1 and MIA PaCa-2 represent the squamous or basal-
like subtype, which exhibits a more mesenchymal markers” expression
and is associated with poorer prognosis.”*** Understanding these
molecular and phenotypic differences is essential when interpreting
the variability in tumor-stromal interactions and their impact on
in vitro models. We have seeded them into Col I hydrogels of varying
concentrations (2.5, 4, and 6 mg/ml), leading to the onset and growth
of tumor spheroids from single cells within the microfluidic devices
(Fig. 1), driven by the biomechanical matrix factors (mainly stiffness
and microarchitecture and permeability of the hydrogel matrices) and
the cellular activity (mainly tumor cell proliferation and migration). In
addition, other cellular actions could occur, such as matrix degrada-
tion, production and deposition, and cell contractility. Our approach
represents a clear advantage over other 3D culture models that rely on
pre-formed multicellular aggregates without an ECM interaction to
regulate the spheroid growth."® ** Therefore, our strategy is an impor-
tant step to advance in the understanding of how matrix regulates the
morphogenesis of tumor spheroids.

Our results have highlighted the importance of matrix stiffness,
microarchitecture, and fluid transport dynamics in regulating tumor
spheroid morphogenesis. We have observed differences related to
tumor subtype, degree of differentiation, and EMT phenotype among
all the analyzed cell lines. Interestingly, classical subtype cells with well-
differentiated (Capan-2) and moderately differentiated (BxPC-3) mor-
phology and expression of epithelial markers showed the ability to self-
organize into 3D spheroids, regardless of collagen concentration. This
ability was not observed in the more mesenchymal phenotype cell lines,
Panc-1 and MIA PaCa-2 [Figs. 2(a) and 3(a)], probably due to their
migratory capacity. The differences observed in cell behavior according
to their classification could suggest that variations in initial cell distribu-
tion influenced the results. Specifically, it had to be consider whether
differences in cell settling or spatial distribution within the hydrogel
could explain the distinct behaviors observed in low (2.5 mg/ml) and
high (6 mg/ml) collagen concentrations. To address this, we quantified
cell distribution 24 h after the seeding, and confirmed that cell distribu-
tion was comparable between low and high collagen concentrations
within the same cell line. This analysis revealed that the number of cells
in the region that could be in direct contact with the glass surface
(Z <10 um) was practically zero across all conditions and cell lines,
confirming that sedimentation was not a contributing factor. Cells were
predominantly located at greater depths (20-50 um), reinforcing that
they were embedded deeper within the hydrogel rather than in the
regions where 2D growth typically occurs [Figs. S5(c) and S5(e)]. The
only significant difference in distribution was observed in Panc-1 cells
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FIG. 5. Inmunostaining analysis of HPSCs distribution within the 3D collagen hydrogel after 10 days of culture. (a) Representative fluorescence images showing the distribution
of HPSCs and PDAC spheroids. Left: overview of the cocultured cells within the hydrogel (10, scale bar 200 um). Right: zoomed-in view illustrating the colocalization of
o-SMA (yellow, marking activated HPSCs) and CK19 (red, marking PDAC cells). Scale bar: 100 um. (b) Colocalization analysis of the HPSCs and PDAC spheroids. Individual
fluorescence channels for «-SMA and CK19 are shown separately, followed by the binary CK19 mask used to identify PDAC spheroid structures. The final panel shows the
subtraction of the CK19-positive mask from the «-SMA signal, isolating the «-SMA expression of HPSCs from potential tumor-derived o-SMA expression. All fluorescence

images represent maximum intensity projections.

in the 6 mg/ml collagen condition, where a greater proportion of cells
were found in the 20-50 sm range. [Fig. S5(e)]. However, given that the
Panc-1 cells are larger than the other cell lines analyzed, their distribu-
tion toward the lower part of the chamber is not surprising. Moreover,
this effect was mainly observed in the high-concentration collagen
hydrogels (6 mg/ml), where cell growth in 2D was not seen.
Importantly, this variation did not affect the critical near-glass region
(0-20 um), confirming that sedimentation did not impact our
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experimental conditions [Fig. S5(e)]. Additionally, the Alamar Blue
assay confirmed that initial cell numbers were comparable across all
conditions [Figs. S5(b) and S5(d)]. These findings validated that the
observed differences in the spheroid behavior were primarily driven by
intrinsic tumor cell properties and their interaction with the ECM,
rather than by initial cell distribution within the collagen hydrogel.

To better understand the role of the matrix in this behavior, we
characterized the hydraulic permeability of the hydrogels, considering
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FIG. 6. Growth of PDAC spheroids over time in 6 mg/ml collagen-based matrix with/without HPSCs. (a) Brightfield images of tumor spheroid development over time (up to
10 days) of BxPC-3, Capan-2, Panc-1, and MIA PaCa-2 cell lines in monoculture and coculture with the HPSCs (scale bar 200 um). (b) Evolution over time of BxPC-3, Capan-
2, Panc-1, MIA PaCa-2 spheroid area in monoculture (pink) and coculture (purple). Continuous lines show the median values, and dashed lines represent the 90% percentile

(p90) of the different cell lines in each culture condition.

it as a key factor that influences how fluids and soluble factors move
through the matrix. While stiffness and microarchitecture are well-
established factors in 3D cell behavior, hydraulic permeability may
also play a crucial role. Hydraulic permeability, as measured using
Darcy’s law [Figs. S2(a) and S2(b)], reflects the resistance of the gel to
fluid flow, which in turn affects the tumor cell environment. In low-
collagen matrices (2.5 mg/ml), the literature emphasizes that the pore
size is considerably larger and stiffness is extremely low.””” We
observed that the permeability was higher with minimal steric hin-
drance, allowing easier fluid transport and reducing the physical con-
straints on cell migration, compared with 4 and 6 mg/ml collagen
hydrogels [Figs. S2(c) and S2(d)]. This may facilitate the ability of the
more mesenchymal phenotype cell lines to migrate to the lower part of
the microfluidic device, adhering to the glass and proliferating there in
two dimensions, which is a clear limitation of one approach in gels of
low collagen concentration. The formation of spheroid-like structures
in these two cell lines was only observed when we increased the colla-
gen concentration of the hydrogels. In contrast to the results obtained
in the epithelial spheroids by increasing collagen in the matrix, the

spheroids of Panc-1 and MIA PaCa-2 formed in matrices with higher
collagen (6 mg/ml) were smaller in size and more regular in shape
[Figs. 3(b) and 3(c)], and presented a more nuclei connectivity
[Fig. 4(b)] if we compared them with the 4 mg/ml formed spheroids.
These cells exhibit reduced cell-cell adhesions and rely more on cell-
matrix interactions for migration. The increased fibrillar density and
reduced hydraulic permeability [Figs. S2(c) and S2(d)] that increases
steric hindrance imposed by narrow pores in the matrix, may be hin-
dering the ability of mesenchymal cells to migrate.”” Crawford et al.
described a subdued proliferative response to increase collagen concen-
tration led to a higher cell-ECM friction in 3D tumor breast spheroids
that may explain the smaller size of the spheroid observed. This
mechanical stress impose for the higher stiffness and the smaller pore
size on this type of cells, which are less adapted to such environments
compared to epithelial cells, may be inhibiting cell proliferation and
spheroid growth, resulting in smaller spheroids."””’ In addition to
these physical constraints, the effect of ECM viscoelasticity and stress
relaxation must also be considered. Elosegui et al. demonstrated that
tumor spheroids embedded in highly viscoelastic ECMs formed more
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the distance at which all nuclei are connected into a single component.

compact and mechanically reinforced structures, where cell-cell adhe-
sion became dominant over cell-ECM interactions.”~ This aligns with
our observations that in denser matrices, mesenchymal spheroids were
smaller and more compacted [ and ], suggesting that
reduced ECM stress relaxation enhances internal mechanical tension,
reinforcing intercellular interactions and limiting spheroid deformabil-
ity. Furthermore, this slow-relaxing ECM environment found in higher
collagen concentrations, reinforce cytoskeletal tension, promoting
enhanced nuclear translocation of YAP/TAZ and activating mechano-
transduction pathways that contribute to tumor progression.”” These
facts create a more mechanically confined microenvironment, thereby
enhancing cell-cell interactions, increasing cytoskeletal tension and
reducing single-cell motility. Consequently, these cell types form collec-
tive spheroids rather than individual migration [ ]. In the case of
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the present study, the observed growth of the tumor spheroids, particu-
larly in the MIA PaCa-2 cell line, may be attributable to a combination
of these two factors. First, mechanical confinement that induces a tran-
sition to collective migration. Second, an increase in intercellular adhe-
sion that stabilizes the spheroid-like structure.

In general, in the classical cell lines (BxPC-3 and Capan-2), a sim-
ilar effect was observed in terms of the enhancement of spheroid area
growth with increasing collagen concentration. It should be noted,
however, that the BxPC-3 spheroids exhibited a greater response to
collagen concentration [ and ]. Greater variability and
larger spheroid sizes were observed at higher collagen concentrations
[ and ], suggesting that higher collagen concentration
promotes greater growth in these spheroids, although the response is
not uniform. Not all cells respond similarly to the surrounding
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mechanical environment. BxPC-3 spheroids also displayed a more
irregular shape, indicating a significant influence on both size and
shape at higher collagen concentrations [Fig. 3(c)]. These changes
have been observed in other types of tumors, such as lung and
breast tumors, where there is an increase in the stiffness of the
matrix due to an increase in collagen concentration.”””" In these
tumors, the spheroids formed by the cell lines grew larger and
more invasive, and branch-shaped spheroids were observed. It
appears that an increase in collagen concentration results in a
series of changes in the stiffness and microstructure of the biomi-
metic hydrogels used, which promote a more aggressive growth
and morphology of the epithelial cells.”"”* However, topographical
analysis of the formed spheroids appears to indicate some differ-
ences between BxPC-3 and Capan-2. The BxPC-3 spheroids, as
well as the mesenchymal PDAC cell lines, had a more connected
structure when compared to Capan-2 spheroids at 6 mg/ml matrix
[Fig. 4(b)]. It must be noted that changes in collagen concentration
affect several ECM properties including elastic modulus, pore size,
fiber alignment, and cell speed.”” These parameters can have dif-
ferent and even opposite effects on spheroid cell organization.

It seems that the observed differences in spheroid formation,
growth, and organization among PDAC cell lines with varying colla-
gen concentrations may be attributed to the unique interaction
between each cell line and the ECM properties, which influence cellu-
lar adaptation to biochemical facts, suggesting differing mechanisms of
cell-matrix and cell-cell interactions under the same conditions, which
also translates into different downstream consequences. Increasing evi-
dence suggests that the ECM itself is not just a passive scaffold but an
active regulator of tumor behavior. In highly fibrotic tumors, cells
undergo mechanotransduction-driven adaptations that shape their
responses to ECM stiffness and viscoelasticity, influencing prolifera-
tion, migration, and overall organization within the matrix.”” This is
consistent with our findings, where changes in collagen concentration
resulted in differences in spheroid morphology and organization, sug-
gesting that ECM mechanical properties play a fundamental role in
directing tumor cell morphogenesis. One key mechanism through
which cells sense and respond to ECM is integrin-mediated adhesion.
For instance, alterations in the expression patterns of o,f3; integrin, the
principal integrin that interacts with collagen type I, have been
observed to modulate adhesion, proliferation, and migration. The
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basal-like cell lines analyzed in our study (Panc-1 and MIA PaCa-2)
lacked expression of this integrin, whereas in the BxPC-3 line, where it
was present, Col I promoted maximum adhesion and proliferation.”””
All of this highlights the importance of considering specific receptor-
ligand interactions in in vitro studies of mechanotransduction to
understand how stiffness, composition, and architecture of the ECM
act together to regulate cell-specific 3D development.”°

To expand the investigation into the interaction between stromal
components and tumor cells beyond the mechanical and structural
characteristics of the extracellular matrix in PDAC, we have designed a
more complex 3D in vitro model. To this aim, another important ele-
ment of the stroma, o-SMA ™ HPSCs, was included in this model. The
addition of these cells in their activated state would allow us to partially
replicate the interaction between stromal and tumor cells, along with
the ECM remodeling dynamics that contribute to the PDAC microen-
vironment. For this purpose, we have designed a direct coculture sys-
tem within our microfluidic device, facilitating direct interaction
between tumor and stromal cells, as well as direct interaction of both
cell types with the ECM. Our model can replicate a real-time physical
and biochemical interaction between the two cell populations being
examined, within a more physiologically relevant 3D microenviron-
ment. Consequently, it could replace other traditional, less physiologi-
cal models such as indirect coculture methods that rely on transwell or
conditioned-media approaches.”””” This advantage holds true even
when compared with alternative microfluidic models, where the two
cell populations are separated into distinct chambers.”® *’ A key
advantage of our model over ULA plates or indirect coculture systems
is that HPSC:s are distributed within the ECM, rather than forcing their
integration into tumor spheroids.”””” Immunofluorescence analysis
(Fig. 5) confirmed that in our system, z-SMA™ HPSCs remain embed-
ded within the hydrogel, surrounding the tumor spheroids but not
becoming part of their structure. This distribution is particularly rele-
vant as it allows HPSCs to actively interact with the matrix, exerting
contractile forces and remodeling the ECM. The mechanical influence
of HPSCs on the ECM is a critical factor often overlooked in conven-
tional in vitro models. While conditioned media approaches capture
the paracrine signaling effects of stromal cells, they fail to account for
the biomechanical interactions that occur in vivo. In our model, the
spatial arrangement of HPSCs within the ECM means that their effects
on tumor spheroid growth and organization result not only from bio-
chemical signaling but also from mechanical factors. The forces and
remodeling processes induced by HPSCs could alter fiber organization
and mechanical properties of the hydrogel, ultimately influencing the
mechanotransduction pathways of tumor spheroids and modulating
their growth dynamics.”’ ®* Therefore, our model provides a more
comprehensive representation of the PDAC microenvironment, offer-
ing a physiologically relevant platform for studying stromal-tumor
biochemical and mechanical interactions in 3D.

The coculture engineered was optimized with the objective of
achieving a balanced coexistence of the two cell types within the cen-
tral chamber of our devices, thereby ensuring the viability of the cocul-
ture over an extended period of time. By selecting a 2:1 ratio of
activated HPSCs to hPDAC cell lines and incorporating both cell types
intro high-collagen matrices (6 mg/ml), we have generated a simplified
yet more accurate representation of the desmoplastic reaction observed
in PDAC tumors, which is primarily driven by PSCs.'>"* Although we
recognize that the PSCs-tumor cell ratios found in vivo are typically

ARTICLE

pubs.aip.org/aip/apb

much higher, this deliberate adjustment allows us to develop an
in vitro tumor model where the ratio can evolve over time in response
to microenvironmental conditions, enabling extended coculture
periods.

The differential effects observed across the various PDAC cell
lines have highlighted the complexity and cell-specific nature of the
stroma-tumor interactions, particularly in the moderate and well-
differentiated cell lines (BxPC-3 and Capan-2). We observed a dual
effect of the stromal HPSCs in these two PDAC cells. It is well known
that pancreatic stromal cells have a positive effect on PDAC progres-
sion. In both in vitro and in vivo models, these cells have been shown
to improve tumor growth and promote the migratory and metastatic
capacity of tumor cells.”**”” Both of these effects have been observed
in our model, but distinctively depending on the cell type. HPSCs may
secrete growth factors and cytokines’*®” that may influence cell-cell
adhesion, growth, proliferation, and migration differently in these cell
lines. The presence of this stromal cells with Capan-2 cells led to a sig-
nificant increase in both the median and p90 values of spheroid size,
spherical morphology [Fig. 7(c)], and nuclear connectivity (Fig. 8),
suggesting a stimulatory effect of HPSCs on Capan-2 growth
[Fig. 6(b)] that promotes a more regular and cohesive cellular organi-
zation within Capan-2 spheroids. Interestingly, when HPSCs were
introduced into the collagen matrix, they had opposite effects, signifi-
cantly inhibited the formation of larger spheroid structures by BxPC-3
cells. This effect was supported by statistical data showing lower
median and p90 values in coculture, indicating reduced capacity for
spheroid enlargement [Fig. 6(b)]. Moreover, the presence of HPSCs
led to a polarization toward smaller, less spherical [Figs. 7(b) and 7(c)]
and less connected cell spheroids (Fig. 8), suggesting that HPSCs might
be altering spheroid proliferation, formation, and integrity in this
PDAC cell line. The BxPC-3line appeared to be more sensitive to
growth inhibitory or EMT and migratory signals. The less connected
structures observed in coculture in the BxPC-3 line might be due to a
loss of tight junctions, a characteristic feature of the EMT process.””
HPSCs may act as EMT effectors, shifting toward more invasive and
mesenchymal phenotypes. In other coculture models, this phenome-
non has also been seen in a cell line-specific manner, with a decrease
in epithelial markers like E-cadherin and an increase in mesenchymal
markers such as vimentin.””®” Moreover, proliferation-inhibiting effect
appears to be related to EMT stimulation by CAFs in coculture.”””’
Regarding the role of CAFs in the proliferation, recent studies have
elucidated their key role in tumor cell proliferation by modulating
mechanotransduction through YAP, which may also explain the effect
observed in the BxPC-3 cell line. It has been shown that CAFs present
in other solid tumors generate a capsule, formed by excessive ECM
production, which actively compresses tumor cells. This force leads to
changes in the localization of the transcriptional regulator YAP, possi-
bly resulting in decreased proliferation rates.”"

Nevertheless, we have observed the distinct responses of PDAC
cell lines when they grew under matrices with similar properties. PSCs
are known to actively participate in matrix deposition and remodeling
processes.”” Other studies have shown their ability to modify the fiber
alignment and pore size of collagen matrices.”**>’* This modification
of some biomechanical properties by HPSC activity may impact the
growth and organization of PDAC cell spheroids differently, as indi-
cated in the analysis of collagen concentration effects. Studies have
shown the importance of the orientation of Col I fibers in the
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progression and metastasis of cancer.”*”* Further research on cocul-
ture matrix properties and composition is necessary to determine
HPSC’s effect on mechanical properties of hydrogels in our model,
and to establish a potential correlation between differences in 3D cell
lines growth and property modifications in monoculture vs coculture
conditions. These results have demonstrated a differential effect of
HPSCs on spheroid formation and growth in these two PDAC cell
lines, possibly attributed to genetic or phenotypic differences in these
cells, which make their interaction with HPSCs mediated by cell-
specific  signaling pathways or ECM remodeling processes.
Interestingly, the BxPC-3 cell line lacks one of the most common
KRAS gene mutations found in PDAC. This differential feature, given
that the KRAS mutation is a key driver of this disease, could potentially
contribute to the distinctly different effects we have observed in its
interaction with the HPSCs stromal cell line, particularly in compari-
son with the Capan-2 well-differentiated epithelial cell line.”””

It should be emphasized that the coculture effect observed on the
mesenchymal-like Panc-1 and MIA PaCa-2 cell lines has not been so
relevant. They showed similar growth patterns of spheroids in both
monoculture and coculture conditions [Fig. 6(b)]. It is true that MIA
PaCa-2 spheroids seemed to show a modest increase in p90 values in
coculture, indicating a slight enhancement in the growth potential of
larger spheroids [Fig. 6(b)] and a slightly more regular morphology
[Fig. 7(c)]. The observation that no significant effect of coculture was
observed in these cell lines may be due to the cells having lost their dif-
ferentiation to a greater degree, and they already have a more aggres-
sive capacity in terms of proliferation and migration. The role of the
stroma in PDAC remains highly controversial. While some studies
suggest a protective role for HPSCs, containing tumor cells, others
emphasize their pro-tumoral effects, favoring tumor growth and
increased aggressiveness.””’® This dual nature could be observed in
our model when comparing epithelial and mesenchymal PDAC cells.
The different cell lines studied may secrete factors that differentially
impact the activity of the stromal HPSCs, leading to variable effects on
each tumor subtype. In the case of epithelial lines, we may observe a
more malignant role, where the interaction with the HPSCs promotes
greater growth (Capan-2 cells), metastatic capacity, and tumor pro-
gression (BxPC-3 cells). Conversely, in the mesenchymal lines (Panc-1
and MIA PaCa-2), we may see a protective role of the stroma, contain-
ing these more aggressive tumor cells.

These findings highlight the importance of the ECM’s properties
and the HPSCs role in influencing the growth and organization of
tumor spheroids. They suggest that PDAC’s cell-specific differences
(genetic and phenotypic) mark a unique response to changes in matrix
mechanical and structural characteristics, as well as to direct interac-
tion with other stromal cell types such as HPSCs. This could have sig-
nificant implications, optimizing the growth conditions for different
tumor cell lines, potentially enhancing the efficacy of in vitro tumor
models and leading to more accurate predictions of in vivo behavior.

To better understand the translational relevance of our findings,
it is important to compare them with more complex PDAC preclinical
models, such as patient-derived organoids and in vivo models. These
systems provide a broader representation of PDAC progression, cap-
turing the full heterogeneity and complexity of the tumor microenvi-
ronment. Organoid models have emerged as powerful ex vivo
platforms to study PDAC biology, as they preserve genetic heterogene-
ity, tumor architecture, and microenvironmental responses.”” Studies
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have demonstrated that PDAC organoids exhibit distinct morphologi-
cal and phenotypic traits depending on their genetic background and
ECM interactions.”” Additionally, branched organoid models have
shown that intratumoral heterogeneity and epithelial-to-mesenchymal
plasticity are strongly influenced by ECM composition and mechanical
constraints.”’ These findings illustrate the complex role of PDAC des-
moplasia, showing that collagen properties may influence tumor
progression.

Beyond organoids, in vivo models provide a more comprehensive
representation of PDAC progression, as they include tumor-stroma
interactions, immune responses, vascularization, and progressive ECM
remodeling.” In these models, increased collagen deposition has been
correlated with enhanced tumor stiffness, impaired drug penetration,
and altered invasion patterns, primarily due to the influence of CAFs
and activated PSCs.”'* Furthermore, studies by Hwang et al. and
Orozco et al. have demonstrated the key role of HPSCs in modulating
PDAC progression. Hwang et al. used xenografts to show that HPSCs
promote tumor growth, enhance invasion, and contribute to chemore-
sistance. Tumors co-injected with the HPSCs exhibited larger sizes and
altered structural organization.” Their findings align with our results,
as we observed that HPSCs coculture significantly influenced the
growth and morphology of tumor spheroids, reinforcing the concept
that PSCs actively shape tumor architecture through biochemical and
mechanical interactions. Similarly, Orozco et al. investigated the role
of depleting galectin-1 (a stromal-derived glycan-binding protein) in
PSCs on tumor development. Orthotopic co-injection with BxPC-3
pancreatic tumor cells demonstrated that depletion of Galectin-1 in
HPSCs reduces tumor size, angiogenesis, stroma activation, and metas-
tasis.” Their findings emphasize the importance of the stromal micro-
environment in determining PDAC progression.

These insights are also supported with our study by showing that
PDAC tumor cells dynamically adapt their growth and 3D organiza-
tion based on surrounding stromal cues such collagen concentration
and HPSCs’ presence. Despite, in vivo and patient-derived in vitro cul-
tures represent a more physiologically complex model with intricate
tissue-like organization, our system offers a distinct advantage through
the precise control and real-time quantification of tumor structural
responses to the impact of specific key stromal components of the
PDAC microenvironment. This makes our approach particularly valu-
able for investigating the biomechanical characteristics and the influ-
ence of stromal cell lines on the patterns of cellular growth,
morphology, and organization for each PDAC subtype. While our
microfluidic tumor model presents significant advantages in studying
stroma-driven tumor behavior, it is crucial to consider some current
limitations in order to delineate the underlying biological mechanism
behind our results. I vivo models provide a more comprehensive rep-
resentation of PDAC progression, including immune-tumor interac-
tions and vascular contributions, which our system does not yet
integrate. Likewise, organoid models capture the heterogeneity and cel-
lular complexity of PDAC, making them the ideal system for studying
tumor evolution and treatment responses over time. Therefore, our
efforts are currently being directed at using our platform to develop
more complex patient-derived models that better recapitulate the het-
erogeneity of PDAC, which will be reflected in future publications.
Importantly, we must emphasize that the controlled microenviron-
ment and real-time monitoring capabilities of the system presented in
this work provide a valuable framework to refine and optimize these
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advanced models, offering a complementary approach to dissect the
mechanical and structural influences of the stroma on tumor growth.

All the results observed in our study pave the way for future
research to deepen into the exact mechanisms underlying the observed
effects. Elucidating the precise mechanism by which specific ECM
components and stromal cells modulate tumor cell behavior and out-
comes, will not only enhance our comprehension of PDAC progres-
sion, but also contribute to the development of novel therapeutic
strategies and diagnostic approaches. Our future efforts will focus on
overcoming current limitations to enable more detailed mechanistic
studies at the molecular level.

CONCLUSIONS

We have developed a simplified and validated novel 3D
microfluidic-based model that allows the study of tumor-stroma inter-
action. The findings of the study have demonstrated the complex cell
line-specific interplay between pancreatic ductal adenocarcinoma
(PDAC) cell lines, human pancreatic stellate cells (HPSCs), and colla-
gen matrix characteristics, pointing to the importance of these compo-
nents in tumor microenvironment interactions. Our results have
demonstrated that variation in the concentration of collagen present in
the extracellular matrix (ECM) critically and differently affects the
growth patterns and architectural organization of PDAC cell spheroids
depending on the tumor subtype and its epithelial-mesenchymal phe-
notypes. We observed that increasing collagen concentration in the
biomimetic matrix promotes the growth of larger spheroids in lines
with more epithelial characteristics. While this increase is necessary for
mesenchymal cells to self-organize into spheroids, these spheroids are
smaller compared to those in lower collagen matrices. These changes
were associated with alterations in the mechanical properties of the
hydrogels, particularly in terms of stiffness, microstructure, and
hydraulic permeability. Similarly, the presence and interaction with
stromal HPSCs profoundly influenced the formation of PDAC sphe-
roids in our microfluidic devices. The differences appeared to be
dependent on the unique genetic and phenotypic characteristics of
each PDAC cell line. Only in the spheroids of the more epithelial-like
cell lines was an opposite effect of the stromal cells observed.

Our work highlights the key role that the matrix plays in the
morphogenesis of the tumor spheroid, depending on the character-
istics of each cell within the tumor, and other conditions such as
the presence of other stromal cell types present in the tumor. These
findings open avenues for further investigation to unravel the pre-
cise molecular pathways and cellular interactions mediating these
effects. Our model should facilitate the study of further insights of
tumor-stroma 3D crosstalk, and it opens the door to the generation
of other more complex but more physiopathological models of
human PDAC, which are already ongoing in our laboratory. These
models will incorporate other stromal cell types in a 3D microenvi-
ronment formed by more components of the ECM, which will
allow a more exhaustive study of the PDAC tumor microenviron-
ment and will allow us to advance in the development of new ther-
apeutic strategies for PDAC.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional tables and figures
to support the findings presented in the manuscript. Tables SI-S3 pro-
vide approximate values for the mean diameters and areas of individ-
ual PDAC cells, as well as median and p90 values of spheroid area

pubs.aip.org/aip/apb

(um?) over time under various culture conditions. Figures S1-S5 illus-
trate the evolution of spheroid growth area over a 10-day period in
collagen-based microfluidic devices, the quantification of permeability
in type I collagen hydrogels through Darcy’s Law, a visualization of the
search process to achieve a single connected component in the analysis
of cellular nuclei, the viability of the PDAC spheroids in the high-
collagen hydrogel (6 mg/ml) within the microfluidic device and cell
distribution analysis after the hydrogel polymerization, respectively. In
addition, the methods section shows the protocols followed for the
experimental work presented in these figures.
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