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Abstract

The tumor microenvironment plays a critical role in drug resistance, with extracellular matrix
mechanics, cell-cell crosstalk, and transport barriers contributing to poor therapeutic outcomes.
Traditional two-dimensional (2D) cultures fail to capture these features, and drug efficacy in 2D
often does not translate to three-dimensional (3D) models or in vivo tumors. Here, we present a
3D tumor model integrated with a high-throughput biomechanical sensor array that enables sim-
ultaneous measurement of cellular forces and matrix remodeling. The platform, fabricated using
a scalable and cost-effective micro-milling approach, supports the parallel generation of multiple
tumor constructs within a single dish. To demonstrate feasibility, we formed in vitro tumors using
patient-derived pancreatic ductal adenocarcinoma organoids, cancer cells, and stromal fibroblasts.
The sensors were then applied to characterize the evolving biophysical properties of these tumors
(tissue force and stiffness) and to evaluate responses to chemotherapy drug, Gemcitabine, and the
investigational agent, all-trans retinoic acid. Drug responses in 3D tumors were compared with
those in 2D cultures. By combining biochemical and biomechanical readouts, this 3D platform
provides a more physiologically relevant tumor model and a powerful tool for preclinical drug test-
ing and personalized medicine.

© 2026 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Traditional two-dimensional (2D) culture systems
have been instrumental in cancer research and drug
development, but they poorly recapitulate the com-
plexity of in vivo tumor microenvironment [1].
In contrast, three-dimensional (3D) tissue mod-
els provide more physiologically relevant cell-cell
and cell-matrix interactions, and therefore hold
greater promise for drug screening and personalized
medicine [2, 3]. One major reason for this discrep-
ancy is that 3D tissues preserve mechanical and struc-
tural features of the tumor microenvironment such
as matrix stiffness, cell-generated forces, and dynamic
cell-matrix crosstalk that profoundly affect drug pen-
etration, signaling pathways, and therapeutic efficacy
[4-6]. These biomechanical interactions, absent in
2D cultures, highlight the need for methods that can
directly measure forces and mechanical remodeling
in 3D models. However, while current 3D models
capture biological and biochemical aspects, mechan-
obiological properties remain underutilized as facile
and precise measurement of cellular forces within
3D extracellular matrices (ECMs) have been a long-
standing challenge [7-12]. Moreover, existing plat-
forms that can measure such forces are often low-
throughput and technically complex, limiting their
scalability for systematic studies or clinical applica-
tions. Thus, there remains a critical need for access-
ible, high-throughput tools that integrate biomech-
anics into 3D disease models.

To address this, we introduced a 3D tumor model,
integrated with a biomechanical sensor, that enables
simultaneous probing of biochemical and biomech-
anical parameters, providing a comprehensive view of
how cellular forces, matrix stiffness, and remodeling
contribute to therapeutic response in 3D tumor mod-
els. The system is capable of quantifying: i) the force
exerted by cells within 3D matrices and ii) the stiffness
of the cell-matrix environment over time to assess
matrix remodeling by the cells [13, 14]. This sensor
circumvents the assumption of constitutive relations
by using force balance to measure traction forces gen-
erated by small cell clusters in complex matrices. The
sensors are made of polydimethylsiloxane (PDMS)
cast from a microfabricated silicon mold [13, 14].
Despite its successful implementation in research
labs, the sensor’s relatively high cost and complexity
have limited its widespread clinical adoption [15-17].
To enhance the sensor’s adaptability and ease of use,
here we developed a high-throughput sensor array
fabricated with PDMS using low-cost micro-milled
polymethylmethacrylate (PMMA) molds. Compared
to previous methods [7, 13, 18], this array of sensors
facilitates generation of multiple replicates with a
substantially faster workflow, enhancing versatility

B Emon et al

and enabling exploration of new avenues for applica-
tions beyond fundamental research, including poten-
tial integration into hospital drug screening protocols
for individualized medicine by enabling the obser-
vation and quantification of critical biophysical fea-
tures of the tumor microenvironment, including dif-
fusivity, alongside the assessment of cellular biochem-
ical signaling and viability, thereby providing valuable
insights into its therapeutic relevance.

This innovative fabrication approach offers sev-
eral advantages over other methods such as deep
reactive ion etching (DRIE) or stereolithography
[19]. Firstly, it allows the simultaneous generation
of numerous samples within a single dish in a high
throughput fashion, facilitating the exploration of
diverse culture conditions. Secondly, micro-milling
of PMMA significantly reduces production costs and
time compared to traditional silicon microfabrica-
tion techniques like DRIE [19-22]. Thirdly, micro-
milling enables greater depth of cutting and offers
a larger space compared to etching silicon wafers
with limited dimensions. Finally, milling techniques
are capable of creating variable depth and 3D struc-
tures without any additional steps. In contrast, DRIE
requires multiple etching steps and masks to achieve
similar complexity and depth, which can increase the
time and cost of the fabrication process. The main
limitation of micro-milling, compared to DRIE, is its
precision and resolution. However, the precision of
micro-milling is comparable to that of 3D printing,
making it a viable option for applications requiring
moderate to high resolution. The high-throughput
device, fabricated using micro-milled PMMA molds,
combines cost-effectiveness, precision, and the abil-
ity to generate multiple replicates simultaneously.
This approach significantly lowers production costs
and enhances accessibility to advanced biomechan-
ical tools. Despite the limitations in resolution, the
benefits of reduced cost, space, depth of cut and
three-dimensionality make micro-milling a prom-
ising method to fabricate precision equipment for
testing biomaterials and cell/tissue mechanics. To
demonstrate such capabilities, we utilized in vitro
cancer tumors as a model system, since the dynamic
interplay between cellular forces and the tumor
microenvironment plays a critical role in cancer
progression [23—28]. This approach allowed us to
showcase the device’s ability to measure biomech-
anical parameters, such as contractility and matrix
remodeling, providing valuable insights into cancer
mechanobiology.

To demonstrate the utility of this platform bey-
ond fabrication, we employed our high-throughput
sensor array to probe the mechanobiology of 3D
tumor tissues under drug treatment. Specifically, we
tested the effects of all-trans retinoic acid (ATRA)
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and Gemcitabine in patient-derived pancreatic ductal
adenocarcinoma (PDAC) organoids. The platform
allowed us to monitor drug-induced changes in con-
tractility and matrix remodeling over time within the
3D constructs. These biomechanical readouts provide
an added dimension of insight compared to conven-
tional viability-based assays, highlighting the import-
ance of integrating mechanics into drug testing and
discovery.

2. Results

2.1. Concept: 3D tumor model assembled on a
mechanical sensor

The unit sensor, housing a single in vitro tumor,
is designed based on our previous work [13]. In
concept, the sensor consists of three main compon-
ents: a soft spring, a stiff spring, and two grips con-
nected to the springs (figure 1(A)). The soft spring
is the force sensor, and the stiff spring stabilizes
the 3D tumor specimen that self-assembles in situ
from a capillary bridge made with cell-ECM mixture
between the grips (figure 1(A)). When cells generate
contractile force F, it deforms the soft spring by Js,
thus producing a force readout from the sensor of
Freadout = K¢ * 0¢. In addition, by stretching or com-
pressing the specimen, we can measure the mechan-
ical properties (e.g. stiffness, elastic or visco-elastic
moduli) of biomaterials and matrices. We designed
the springs as cantilever frames made of PDMS
(figure 1(A)). The spring frame, consisting of thin
beams, is designed and anchored at one end so that
the other end (connected to the specimen) can trans-
late along the length of the tissue sample. The spring
constant for n beams is K; = 12nEl / 13; where E is the
modulus of elasticity of PDMS, I is the moment of

inertia (I = hb? / 12> with b and h being the width and
depth of the beams), and L is the length of the beams.

In order to understand the relationship between
the force applied by the cell(s) within the matrix (F)
and the force detected by the sensor (Freadout), it is
important to consider how the applied force is trans-
mitted to the sensor spring. For example, a specimen
with muscle cells forms bundles of myotubes that
are attached to the grips on both ends (figure 1(B)).
Such muscle tissues apply contractile force directly
to the sensor springs through the grips and the total
force generated by the muscle is = (K¢ + Kiissue,c) * 0t
where Kijssue c 1S the stiffness of the tissue in compres-
sion. Typically, Kiissuec << K, to produce an applied
force F = K¢ * df = Freadout- Similarly, for neuronal tis-
sues (figure 1(C)), where cells are confined within
the grips and neuritis connect in the central region,
force is applied directly on the force sensing spring
which precisely detects the applied force. Here, F =
(Kt 4 Kinatrixc ) * 0, wWhere Kipaixc is the stiffness of

B Emon et al

the matrix in compression. Again, when Kpyaix,c <<
K is satisfied, F & Freadout 1S produced.

In specimens with single cells (figures 1(D) and
(E)), the cells apply force on the matrix that trans-
mits the force to the springs. When the cell is loc-
ated at the center (figure 1(D)), the matrix within
the force dipole is under compression. Matrices such
as collagen are composed of thin fibers (~0.1-1 pm
[29]) that are strong in tension but buckle under small
compressive stress. Therefore, any force on collagen
is transferred almost entirely to the sensor’s spring by
tension (figure 1(F)). It should be noted that a small
fraction of the applied force is used to buckle colla-
gen fibers, and this fraction is not transferred to the
sensor spring, even for cases where the cell is adhering
to the grips at one end (e.g. figure 1(E)) [14].

The sensor also enables mechanical testing of the
specimens allowing for the measurement of mech-
anical properties such as elastic modulus or stiffness
[13, 14]. As illustrated in figure 1(A), the method for
assessing tissue stiffness involves stretching or com-
pressing the tissue sample by moving the stiff spring
with a 3D linear stage equipped with micrometers or
piezo actuators. The change in length due to com-
pression or tension, along with the corresponding
force readout from the soft spring, provides inform-
ation to determine the tissue’s stiffness. For a linear
force-displacement response, tissue stiffness can be
calculated directly. In cases where the relationship is
non-linear, the force-deformation curve is fitted to an
appropriate non-linear model to determine the tissue
stiffness.

2.2. Micro-milling for the fabrication of sensors
with intricate structures
Leveraging recent progress in precision micro-milling
technology [19], we investigated the feasibility of
fabricating micron-scale structures and components
that comprise the biomechanical sensors. We fab-
ricated PMMA molds for the components of the
high-throughput sensor system (figure 2(A)). We
employed two different methods to make the PMMA
molds- direct and indirect milling. Direct milling uses
end-mills with diameters smaller than the smallest
feature in the design, creates grooves in the form of
sensors and the device parts are cast directly from the
PMMA mold (figure 2(B)). On the other hand, indir-
ect milling can utilize larger end-mills to create an
inverted model of the design (i.e. ridges in the shape
of sensors) by cutting out the surrounding mater-
ial (figure 2(C)). A secondary mold is then cast with
PDMS from the PMMA model and then silanized
with chlorotrimethylsilane to prevent adhesion with
PDMS cured in contact (figure 2(D)). These molds
are used to cast PDMS into arrays of sensors.

The performance of the fabricated sensor
components using these micro-milling techniques
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Figure 1. Concept and design of a sensor for measuring cell generated force in 3D matrices and tissue stiffness. (A) Schematic
illustration of specimen formation and working principles of the sensor. The tissue sample self-assembles on the sensor from a
capillary bridge of cell-ECM mixture between the grips. Over time, the cells activate, interact with the ECM fibers, and generate
contractile forces, which are transferred to and deform the soft spring (with a spring constant of K¢). Spring deformation and cel-
lular activity are monitored using a microscope. Cell force is determined by multiplying the spring constant by the deformation
(K¢ * d¢). Tissue stiffness is measured by applying axial compression or tension on the specimen with a micrometer attached to
a stiff beam, while spring deformation and grip movement are continuously tracked to measure force and strain. For the PDMS
sensor, soft springs are designed as thin beams, and wide beams represent stiff springs. Force transmission mechanism in tissues
with (B) high density muscle cells or fibroblasts, (C) neurons connected to both grips, (D) single cell located at the center, and
(E) single cell adherent to one grip. For cases in (B), (C), F = (K¢ + Kiissue,c) * 0¢ = K * 0¢ as Kijssue,c < Ke. For cases in (D), (E),
F= (K¢ 4 Kmatrix,c) * 0f & K¢ * 0¢ as Kmatrix,c < K¢, (F) For cases where regions of the matrix are under compression (e.g. (D) and
(E)), fibers within the matrix buckle under small compression, and thus Kyatrix,c < Kmatrix,e - Therefore, the force readout from the
$ensor, Fredout = K¢ ™ df is a precise estimate of cell-generated force.

exhibits distinct characteristics. Direct milling (height/width of beams) attainable with direct
often results in wall slopes and achieving a beam milling is approximately two, which limits the height
width smaller than 80 pm is challenging since of the features relative to their width.

smaller end-mills easily break while cutting hard In contrast, with indirect milling, it is possible
PMMA. Additionally, the maximum aspect ratio to achieve a beam width as small as 50 pm, and

4
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Figure 2. Direct and indirect molding techniques in creating structures and components for biomechanical sensors. (A) The
design can have an array of devices in a wide range of dimensions, up to the scale of a 96-well plate, (B) Schematic illustrating the
direct molding method by micro-milling a PMMA mold and casting PDMS sensors from this mold. The force sensor arrays used
in this study were fabricated using this method. (C), (D) Schematic illustrating the indirect molding method. A positive mold is
created by micro-milling of PMMA. By pouring PDMS on the positive mold, curing, removing and silanizing, the final negative

beams fabricated using indirect micro-milling method.

mold is created. PDMS sensors are cast on this mold. (E) Scanning electron microscope images of 100 um beams and 50 pm

a remarkable aspect ratio of up to fifteen, allow-
ing for the creation of much taller features relative
to their width (figure 2(E)). Moreover, the sidewalls
produced through indirect milling are nearly ver-
tical, contributing to more precise and defined cross-
sections (figure 2(E)). Another advantage of indirect
milling is that the cutting volume is smaller when fab-
ricating molds of sensor arrays. As a result, it takes
less time to complete, making it a more efficient pro-
cess. Furthermore, molds created using this technique
can be utilized to make many replicates of the sensor
array in PDMS, since PMMA resists wear for repeated
use. Therefore, Tool wear and machining time are
no longer significant concerns with this approach, as
each mold only needs to be machined once.

However, a key limitation is that the gap between
beams cannot be made smaller than the size of the
tool bit used, which may restrict the design possib-
ilities for certain applications. These differences in
performance make indirect milling a more suitable
choice for applications requiring high aspect ratios,
finer resolution, and faster fabrication times, whereas
direct milling is more appropriate for simpler designs
with lower aspect ratio requirements.

2.3. Assembly and operational setup

To make a functional high-throughput system from
the micro-milled molds, we fabricated an array of
precision sensors (figures 3(A) and (B)) and the
top/bottom layers (figure 3(C)) that create inde-
pendent wells for each sensor. The sensor layer is
sandwiched between the top and bottom layers and
attached to a glass slide to construct the functional
high-throughput device (figures 3(C)—(E)). The com-
ponents are joined with PDMS to ensure a proper seal

that prevents leakage and contamination between the
wells.

Figure 4 illustrates the process and out-
comes of forming tissues on a sensor array. To
enhance the sensor’s attachment with the matrices
(e.g. collagen), the surfaces are treated with (3-
aminopropyl)triethoxysilane (APTES) and glut-
araldehyde, which improve hydrophilicity and
enhance the bond between the grips and the ECM
(figure 4(A)). This surface treatment also facilitates
the flow of ECM into the micro-channels on the grips
improving mechanical anchoring. Tissues are cre-
ated by forming capillary bridges between the grips
using a cell-ECM mixture, which self-assembles into
structured tissues upon polymerization (figure 4(B)).
Brightfield (BF) microscopy verified the success-
ful formation of sixteen tissue samples, comprising
collagen I and pancreatic stellate cells (PSCs), dis-
tributed across a 4 x 4 sensor array (figure 4(C)).
Subsequent second harmonic generation (SHG) ima-
ging provided insights into collagen organization
within the tissues (figure 4(D)). The analysis revealed
that PSCs significantly remodel collagen, as evidenced
by increased SHG signal intensity (figures 4(E)) and
a pronounced alignment of collagen fibers across the
grips (figure 4(F)), underscoring their role in ECM
remodeling.

3. Research and clinical applications

3.1. 2D drug-response data indicate that co-culture
reduces drug efficacy

The mechanical properties of the ECM support can-
cer development and contribute to treatment failure
and immune evasion, making it a significant target
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Figure 3. Fabrication and assembly of a high-throughput sensor array. (A) CAD of the sensor array shows typical dimensions

of a sensor. (B) Molds for the device components are made by micro-milling PMMA sheets using computer-aided design and
manufacturing. Liquid PDMS is carefully cast into the PMMA molds, cured, and peeled to make three separate components—
top, bottom, and the middle sensor layers. Brightfield images of the sensor layer underscore the precision of fabrication. (C), (D)
Assembling the different layers on a glass slide creates the device with separate wells containing unit sensors. To bind all three
layers together and ensure a complete seal, uncured PDMS is applied between the layers, as indicated by the gray shading. (E)
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for cancer therapies [16, 23, 24, 30]. Traditional 2D
culture models fail to capture these critical mechan-
ical and structural cues, and numerous studies have
shown that drug efficacy in 2D often does not trans-
late to 3D models or in vivo tumors [31-35]. In con-
trast, patient-based in vitro models, such as 3D tumor
spheroids, have advanced our ability to predict drug
response. However, better mimics of the complex
interactions between the ECM and primary cancer
cells are still highly needed. Consistent with previ-
ous findings [31-35], our results on PDAC models
show that therapeutic responses differ substantially

between 2D and 3D, underscoring the relevance of
biomechanical context in drug evaluation (figure 5).
To establish the appropriate drug concentrations
for assessing cell viability in both 2D and 3D culture
systems, we performed half-maximal inhibitory con-
centration (ICsp) assays to determine the cytotoxicity
profiles of the drugs (figures 5(A) and (B)). Dose-
response to ATRA was examined due to its reported
capacity to suppress PSC proliferation and viability
and its emerging role as an investigational agent tar-
geting the desmoplastic stroma [36-39]. We determ-
ined its ICsq as 12.5 M in inhibiting PSCs viability by
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Figure 4. Forming tissues on the sensor array. (A) Sensors are treated with 2% APTES (v/v in ethanol) for 12 h and then 0.5%
glutaraldehyde (v/v in water) for an hour, to make the surfaces hydrophilic and to strengthen grip-ECM bonds. (B) Tissue spe-
cimens are formed by creating capillary bridges between the grips with cell-ECM mixture that self-assembles into a tissue upon
polymerization. (C) Brightfield images of 16 tissue samples (collagen I + pancreatic stellate cells (PSCs) on a single device with
4 X 4 sensors. (D) Second harmonic generation (SHG) images of collagen in an acellular control sample and a PSC tissue, con-
taining only PSCs at a concentration of 660 000 cells ml~?, consistent PSCs count in co-culture experiments. (E) SHG intensity
and (F) fiber orientation histogram reveals that PSCs remodel collagen by compaction and fiber alignment.
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50% in 2D PSC monoculture (figure 5(A)). In addi-
tion, dose-response analysis with MIA PaCa-2 cancer
cells indicated an ICsq of 250 nM for Gemcitabine
(a standard chemotherapeutic agent for pancreatic
cancer [40-42]) (figure 5(B)).

We first verified that the reduction in CellTiter-
Glo 3D luminescence observed during ICsy determ-
ination was consistent with the response meas-
ured in monocultures treated with Gemcitabine
or ATRA at their respective IC5y concentrations.
Specifically, treatment of 3,300 MIA PaCa-2 cells
with Gemcitabine resulted in a ~19%—20% decrease
in luminescence (figure 5(C)), consistent with the
~19.4% reduction observed during ICsy determina-
tion (figure 5(B)). Similarly, 1600 PSCs treated with
ATRA exhibited a ~5%—6% decrease in luminescence
(figure 5(C)), comparable to the ~5.2% reduction
measured in the ICsq assay (figure 5(B)). These res-
ults confirm the consistency of experimental readouts
(i.e. luminescence) in response to individual and
combination of the drugs in both MIA PaCa-2 and
PSCs.

Next, we confirmed that the luminescence sig-
nal of the untreated co-culture matched the summed
luminescence of the corresponding untreated mono-
cultures, verifying that signal contributions from the
two cell types are additive (figure 5(D)).

Finally, we compared the summed luminescence
reduction of the treated monocultures to the lumin-
escence reduction observed in the treated co-culture.
The treated co-culture exhibited a significantly higher
residual signal, indicating that the establishment of
the co-culture attenuated drug efficacy and resulted
in a markedly smaller ATP signal drop relative to the
monoculture conditions (figure 5(E)).

3.2. Drug and Biomechanical response in 3D

To assess whether this effect was maintained in 3D
cultures, micro-tumor models (co-culture of MIA
PaCa-2 and PSCs (2:1 ratio)) were created on the
microarray devices and allowed to compact for 24 h
prior to treatment. They were then exposed for 24 h
to Gemcitabine, ATRA, or Gemcitabine + ATRA at
their respective ICsy concentrations, with untreated
tissues as controls (figure 6(A)). Viability was meas-
ured using the CellTiter-Glo 3D assay, after 24 h
of tissues being treated with all drug regimens
(figure 6(F)). Specifically, there was no statistic-
ally significant change in viability due to ATRA, or
Gemcitabine alone. Gemcitabine + ATRA reduced
viability by about 13.5%.

Utilizing our high-throughput sensor system with
cancer models in vitro (figure 6), we investigated the
biomechanical response of the 3D cancer tissue con-
sisting of MIA PaCa-2 and PSCs to the drugs. To
establish a model that recapitulates key features of the
pancreatic cancer microenvironment, we developed a
co-culture system consisting of pancreatic cancer cells
(MIA PaCa-2) and PSCs with 2:1 ratio (figures 6(A)—
(E)). The tumor models exhibit uniform distribution
of different cells (figures 6(C)—(E)). The cells were
allowed to compact for 24 h prior to any treatment.
In this setting, cancer cells act as the primary drivers
of PSC activation, while PSCs contribute to ECM
remodeling, a critical process in pancreatic tumor
progression. Within 24 h, PSC-mediated contractile
activity generated force (figure 6(G)) and increased
scaffold stiffness by approximately 2-fold, indicating
ECM remodeling (figure 6(H)).

Drug treatment for 24 h revealed distinct mechan-
obiological outcomes. Treatment with ATRA, either
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trast, following treatment with drug combination, the luminescence signal measured in the co-culture was significantly greater
than the summed signal from the treated mono-cultures of MIA PaCa-2 and PSCs (n = 10). In mono-culture conditions, 3300
MIA PaCa-2 cells or 1600 PSCs were seeded per well, whereas co-culture samples contained both cell types at the same respect-
ive numbers. Statistical significance was determined by student’s T-test (*p < 0.05, **p < 0.01, ***p < 0.001). Column plots:

mean + SD.

alone or in combination with Gemcitabine, signi-
ficantly decreased tumor force (figure 6(G)) and
administration of a combination of Gemcitabine
and ATRA attenuated matrix stiffness significantly
(figure 6(H)). In contrast, Gemcitabine monotherapy
failed to induce any significant change in either force
or stiffness. These findings suggest that Gemcitabine-
ATRA-mediated stromal reprogramming exerts a
pronounced influence on the properties of the pan-
creatic cancer microenvironment, an effect not rep-
licated by Gemcitabine alone.

3.3. Patient-derived 3D PDAC organoids for
biomechanical response to chemotherapy

To evaluate the effect of drug treatment on patient-
derived organoids (PDOs), we first examined
whether combining Gemcitabine with ATRA
enhances therapeutic efficacy relative to Gemcitabine
alone. Apoptosis was quantified by assessing cleaved

caspase-3 (c.c.3) expression in EpCAM™T tumor
epithelial cells, allowing differentiating between epi-
thelial and stromal populations. PDAC models were
generated by co-culturing PDOs with PSCs and
treated with vehicle control, Gemcitabine (at its ICs
concentration), or a combination of Gemcitabine
and ATRA (at their respective ICsy concentrations)
for 48 h. One-way ANOVA revealed a signific-
ant overall treatment effect on the percentage of
c.c.3-T/EpCAM™ epithelial cells (F(2,6) = 29.3,
p = 0.0008). While Gemcitabine alone produced
a modest increase in apoptosis, the combination
of Gemcitabine and ATRA resulted in a markedly
greater apoptotic response. Pairwise comparison
using Welch’s t-test confirmed that the combina-
tion treatment significantly increased epithelial cell
death compared to Gemcitabine alone (mean + SD:
62.6% + 6.2% vs. 27.8% £ 85%; t = — 4.49,
p =0.019) (figure 7(A)).
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Figure 6. Configuration of 3D co-culture tissues consisting of a co-culture of MIA PaCa-2 and PSCs with a concentration of
1.32 million cells ml~* and 0.66 million cells ml~?, respectively. (A) Experimental setup for drug administration after the ini-
tial compaction of the tissues and brightfield (BF) images of tissue specimens containing a co-culture of MIA PaCa-2 and PSCs
in 2 mg ml~* of Collagen Type I and 1 mg ml~! Matrigel, before compaction. (B) Fluorescence microscopy image of a tissue,
with PSCs marked with Green CellTracker and MIA PaCa-2 cells secreting tdTomato fluorescent protein. (C-D) 3D fluores-
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cence images of the tissue construct between the grips. The tissue was fixed after two hours of tissue formation, and fluorescence
confocal microscopy was performed directly after fixation. (C) Isometric and orthogonal views along (D) X-axis and (E) Y-axis
show the 3D distribution of cells. (F) Viability of the cells in 3D tissue shows no significant effect with Gemcitbaine or ATRA
monotherapy but a significant decline in viability with the treatment of Gemcitabine + ATRA, with all drug treatments being
performed at their ICso concentrations. (N = 8). (G) Administration of ATRA alone or in combination with Gemcitabine signi-
ficantly reduced tumor-generated forces. The blue bars represent forces measured after 24 h of culture without drug treatment,
while the orange bars represent forces measured after an additional 24 h of treatment. (H) Matrix remodeling induced by the co-
culture was attenuated by ATRA and by the combination of ATRA and Gemcitabine. Tissue stiffness was measured at three time
points: 0 h (green bars; baseline stiffness), 24 h (blue bars, after tissue compaction without drug treatment), and 48 h (orange
bars, after 24 h of drug treatment). All drug treatments were applied at their respective ICso concentrations, and stiffness values
were normalized to the initial stiffness (at 0 h) of each tissue. Statistical significance was determined by one-way ANOVA followed

by Fisher’s test post hoc (*p < 0.05, **p < 0.01, ***p < 0.001). Column plots: mean = SD. Scale bar: 500 pm.

As force is the key mechanical parameter, we first
characterized the forces generated by monocultures of
pancreatic cancer cellsand PDOs. Samples containing
1.32 million cells ml~! were prepared, and the total
contractile forces were measured. Both MIA PaCa-
2 cells and PDOs generated forces of approximately
~1 pN (figure 7(B)). Such low force levels are expec-
ted, as these epithelial cancer cells exhibit limited
intrinsic contractility compared to stromal cells such
as fibroblasts. We also measured PSC generated force
with samples containing 0.66 million cells ml~!. In
contrast to the cancer cell- or PDO-specimens, PSC-
only constructs generated forces at 25.2 + 7.1 uN
(figure 7(B)). This large disparity demonstrates that
cancer cells or PDOs do not contribute significantly
to the force readout in our PDAC biomechanical
models, where PDOs are co-cultured with the PSCs
(figure 7(C)).

We utilized our high-throughput sensor array to
investigate PDAC mechanics in vitro (figure 7(C)).
PDAGCs, in general, have an active stroma, with some
tumors exhibiting mechanical stiffness up to ten
times greater than normal tissue [23, 25, 27]. This
pronounced stromal remodeling underscores their
potential as models for individualized cancer therapy
targeting biomechanics [43, 44].

In our PDAC model, PSCs are the key drivers
of stromal remodeling and mechanical stiffening
in pancreatic tumors. We found that inclusion of
PSCs significantly increased mechanical forces in the
PDAC models (figure 7(D)), compared to mono-
cultures. Given that increased force elevates stromal
stiffness impairing drug penetration and efficacy,
we hypothesized that targeting PSCs with ATRA
would reduce tissue contractility and thereby enhance
Gemcitabine response. Indeed, combined treatment
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Figure 7. Biomechanical effects of drugs on patient-derived organoids. (A) Organoid viability under chemotherapeutic treat-
ment. Organoids were treated with Gemcitabine or Gemcitabine 4+ ATRA, each applied at its respective ICso concentra-

tion. Viability was quantified following treatment. The cancer-on-a-chip platform used for assessing drug efficacy was ori-
ginally developed by Haque et al [43] (B) Mechanical force generated by monocultures of PSC, MIA PaCa-2 and PDOs. (C)
Experimental setup for drug administration and brightfield images of in vitro PDAC tissues with patient-derived organoids
and PSCs. (Inset) Some of the organoids (blue arrows) and PSCs (black arrows) are highlighted. (D) Comparison of tissue
force at 24 and 42 h. (E) Change of tissue stiffness in these patient-specific tumor models. Stiffness of the tissues were normal-
ized with respect to Day 1 stiffness of the same sample. Gemcitabine and ATRA both inhibit matrix stiffening and contractil-
ity; however, combination treatment is more efficient (statistical significance in table S4 of supplementary information). Error
bars: SD. Statistical significance was determined by one-way ANOVA followed by Fisher’s test post hoc (*p < 0.05, **p < 0.01,
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with Gemcitabine and ATRA led to a greater reduc-
tion in tissue contractility and stiffness over time
compared to either treatment alone (figures 7(D)
and (E); table 1). These findings demonstrate that
the high-throughput platform can capture both bio-
chemical and biomechanical drug responses and
hig].K.Renhlight its potential utility for mechanics-
informed, patient-specific therapeutic testing.

4. Performance comparison and future
directions

Despite the significant advancements presented by
our high-throughput sensor array, some limitations
suggest scope for improvement. While micro-milling
offers a cost-effective and scalable alternative to
traditional microfabrication methods, our current
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Table 1. Biomechanical outputs of drug treatment of in vitro PDAC models.
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Treatment Dose Force ECM remodeling Key observations
Control — High force sustained at  Stiffness progressively Represents baseline with
24and 42 h increases no drug treatment; both

contractility and stiffness
increase significantly
over time (~400%
increase in stiffness**).

Gemcitabine At ICs concentration Significant reduction Stiffening inhibited Inhibits contractility and

(i.e. remains unchanged
compared to initial)

matrix stiffening
significantly (~70%
reduction in
contractility®, and
complete inhibition of

stiffening™*).
ATRA At ICsq concentration Greater reduction Greater stiffness Stronger inhibition of
reduction than contractility and matrix
Gemcitabine stiffening (~80%-90%
reduction in force* and
10%-30% softening of
ECM**).
Gemcitabine + ATRA Both at ICso Most significant Most significant The highest efficacy
concentration reduction reduction in stiffness reduction in both

contractility and matrix
stiffening. (~80%—-90%
reduction in force* and
50%—60% softening of

ECM**).

*Estimates are made from figure 7(C). Force comparisons are made with respect to the control sample.

**Estimates are made from figure 7(D). Stiffness comparisons at different time points are made with respect to the initial stiffness (0 h)

of the same samples. Compared to the control, stiffness reduction with drugs is substantially larger (~80%—90% lower stiffness

compared to control).

technology lacks the ultra-high precision (~1 pm),
particularly when compared to lithographic tech-
niques like DRIE that can achieve feature sizes down
to the sub-micron level and aspect ratio of ~20:1
[45, 46]. In contrast, using micro-milling, we cre-
ated 50(+5) micron features with a 15:1 aspect
ratio. Widely available 3D printers, capable of pro-
ducing large objects (e.g. 128 mm x 85 mm for
a 96-well plate), can achieve the similar features
[47]. However, achieving consistent performance for
PDMS casting often requires specialty resins, extens-
ive post-processing, and surface treatments to mitig-
ate resin inhibition or leaching, which can increase
time and material costs. In this context, micro-milling
represents a cost-competitive [19-21] alternative
that enables direct fabrication of PDMS-compatible
molds with minimal post-processing, making it well
suited for scalable, high-throughput biomechanical
assays. In addition, it enables deeper structures (depth
>1 mm), that are not feasible with DRIE. Moreover,
creating 3D features with micro-milling is consider-
ably faster (one-step process) than with lithography,
which requires multiple steps adding to time and cost.

Another limitation stems from the constraints
associated with using smaller-sized endmills in the
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micro-milling process. As the diameter of the end-
mills decreases to achieve finer features, there is an
increased susceptibility to tool wear and breakage,
which can compromise the dimensional accuracy and
consistency of the fabricated sensors. Additionally,
smaller endmills require longer machining times,
which can lead to thermal effects that potentially dis-
tort the PMMA molds. Hence, it is important to use
endmills suitable for the instrument and material.
Also, the system should have a mechanism for chip
removal and temperature control.

There are several avenues for future research and
development. One direction is to refine the micro-
milling process to enhance the precision of the sensor
components, potentially through the integration of
advanced milling techniques or hybrid fabrication
approaches that combine micro-milling with other
high-resolution methods. Another promising direc-
tion is the development of more complex tissue mod-
els on the sensor array, incorporating multiple cell
types, ECM components, and dynamic biochemical
gradients to better mimic in vivo conditions. This
could involve the integration of vascular networks
or immune cell populations, providing a more com-
prehensive understanding of how different cell types
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interact within a 3D matrix under various mechanical
and biochemical cues.

Furthermore, expanding the application of the
sensor array beyond basic research to include more
clinically relevant scenarios, such as patient-specific
drug screening or real-time monitoring of tissue-
engineered constructs, could significantly enhance its
utility. Collaborations with clinical researchers and
industry partners could facilitate the translation of
this technology into routine clinical practice, poten-
tially revolutionizing the way we assess tissue mech-
anics and drug efficacy in personalized medicine.

Moreover, this system enables more comprehens-
ive investigations of the tumor microenvironment.
By incorporating key cell types involved in cancer
progression, it facilitates fundamental studies of the
underlying mechanisms of tumor development. The
findings presented here highlight the potential of this
platform for probing biophysical cues relevant to can-
cer research. In particular, the system offers a direct
means to examine how cells and the ECM interact
and collectively drive biophysical alterations within
the tissue.

Therefore, while our high-throughput sensor
array represents a major step forward in the field of
mechanobiology, ongoing improvements in fabrica-
tion techniques, model complexity, and clinical integ-
ration will be crucial to fully realize its potential in
both research and clinical applications.

5. Discussion

The high-throughput sensor array provides versatile
and scalable technology to probe mechanobiology,
particularly in the context of healthy or diseased tis-
sues reliant on cellular forces and matrix mechanics.
This innovation addresses long-standing challenges
in quantifying the forces exerted by cells or tissue
constructs in vitro, as well as assessing the dynamic
remodeling of the cell-matrix environment. By lever-
aging micro-milling techniques to fabricate low-cost,
scalable, and versatile PDMS molds, we have created
a system that not only facilitates high-throughput
experiments but also holds the potential for integ-
ration into clinical settings, such as drug screen-
ing protocols. The sensor array’s ability to generate
multiple 3D samples simultaneously within a single
dish enhances the experimental throughput, while
the cost-effectiveness and time efficiency of micro-
milling make it an attractive alternative to more
expensive and time-consuming lithographic tech-
niques. Additionally, the capacity to create deeper,
3D structures with variable depths, without requir-
ing multiple processing steps, provides a level of ver-
satility that is particularly valuable for complex tumor
modeling.
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However, there are limitations inherent to the
current micro-milling technology that must be
addressed. The precision and resolution achiev-
able with micro-milling, while similar to 3D print-
ing, do not yet match the ultra-high precision
offered by DRIE, especially for applications requir-
ing micrometer-scale features. The challenges asso-
ciated with using smaller-sized endmills, includ-
ing tool wear, breakage, and thermal distortion of
PMMA molds, further highlight the need for ongo-
ing refinement of the fabrication process. Future
research should focus on optimizing these pro-
cesses, possibly through the integration of hybrid
fabrication techniques that combine the strengths of
micro-milling with other high-resolution methods.
Nonetheless, regardless of the specific fabrication
strategy employed or the used material, the devel-
opment of a versatile high-throughput sensor array
remains critical for advancing mechanobiology and
enabling systematic, clinically relevant studies in 3D
tumor models.

It is important to mention that PDMS has a well-
documented absorption and adsorption characterist-
ics which should be considered when using PDMS
for device fabrication. These interactions can influ-
ence local drug concentration, diffusion and assay
readouts if not carefully controlled [48]. To minim-
ize these effects, all PDMS layers within each device
should be produced using an identical and care-
fully controlled fabrication protocol, ensuring that
any material-related properties remained uniform
across the device. Additionally, consistency should be
maintained in the application of drugs and reagents
to reduce variability associated with the inherent
absorption/adsorption behavior of PDMS.

In terms of impact, the potential applications
of this sensor array extend far beyond fundamental
research. Our results in the successful demonstra-
tion of its use with patient-derived cancer organoids
underscore its utility in faithfully modeling tumor-
stroma interactions in 3D and in individualized
drug efficacy testing. This was exemplified in stud-
ies with ATRA, which effectively reverses PSC-
induced matrix stiffening by reducing contractility
and enhancing proteolytic remodeling, thereby nor-
malizing the tumor microenvironment [39]. These
findings open the possibility of reducing matrix stiff-
ness with ATRA to enhance tissue permeability and
amplify the efficacy of chemotherapy when used
in combination. While promising, this hypothesis
warrants further investigation to validate its thera-
peutic potential. The ability to assess mechanobi-
ological responses in real time within 3D tumor
models presents a powerful tool for personalized
medicine, offering insights that could guide thera-
peutic decision-making. Consequently, our high-
throughput sensor array represents a promising
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advance for both research and clinical applications in
the emerging field of mechanobiology.

6. Materials and methods

6.1. Cell culture

Human (PSCs, ScienCell Cat# 3830) were cultured in
Stellate Cell Medium (SteCM, Cat #5301) as previ-
ously described by Haque et al [43]. Cells were grown
at 37 °C in a humidified incubator with 5% CO,.

The MIA PaCa-2 cell line was received as
a gift from the Paul J. Hergenrother lab at the
Department of Chemistry, University of Illinois
Urbana-Champaign. The transfected MIA PaCa-2
cells used for fluorescence imaging were purchased
from ATCC (Cat# CRL-1420) and subsequently
transfected with tdTomato.

MIA PaCa-2 cells were grown in a high-
glucose Dulbecco’s Modified Eagle’s Medium
(DMEM) (Corning, Cat#: 10-013) supplemented
with 10% FBS (Gibco, Cat#: A5670701) and 1%
Penicilin/Streptomycin (Gibco, Cat#: 15 140 122).

6.2. Fabrication and assembly of PDMS sensors
The sensors were cast from micro-milled PMMA
molds. These molds were designed in Fusion 360,
and G-code was generated for milling them from
clear PMMA. 6 mm thick scratch- and UV-resistant
PMMA sheets (McMaster-Carr) were machined with
a micro-end mill (Harvey Tool, USA) with a cut-
ter diameter and length of cut of about 0.508 mm
and 1.524 mm, respectively. A desktop computer
numerical control (CNC) machine (Bulkman 3D
Ultimate Bee) equipped with precision ball screws
and driven by four closed-loop stepper motor using
GRBL Mega v1.1 motion control firmware [49] was
employed for this task. 24 000 rev min~! spindle
speed was used along with a maximum feed rate of
45.72 cm min~! for positioning after manual collet
adjustment to minimize tool runout. The dimensions
of the machined cross-sections were measured using
Image]J software.

PDMS (Sylgard 184) was prepared by mixing
the base and cross-linker at a 10:1 ratio by weight.
Next, PDMS was pipetted into the molds, allowed to
fill all the features and trenches by capillary micro-
molding [50], and then cured at 60 °C for 24 h.
Using sharp tweezers, these device components were
carefully peeled off the molds. For assembling the
setup, the three layers of the device were joined by
uncured PDMS, ensuring minimal air entrapment
and a proper seal. Next, the assembled part was
autoclaved, treated with 2% (v/v in ethanol) APTES
(Sigma-Aldrich) for 12 h (and three times wash in
ethanol after) and 0.5% (w/v in water) glutaraldehyde
(Electron Microscopy Sciences) for 1 h (and 3 x wash
in water after). This part was then dried and glued
to a large microscope slide (Ted Pella) using uncured
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PDMS. The device was ready to use after the PDMS
glue was cured at 60 °C.

6.3. Tissue formation

High-concentration rat-tail collagen I (Corning,
Cat#: 354249) solution was prepared on ice by neut-
ralizing 9.5 mg ml~! stock with 1 N sodium hydrox-
ide, 10x PBS, and deionized water with proportions
recommended in Corning protocol [51] to achieve a
concentration of 4 mg ml~! ECM with pH 7.2. The
tissue precursor solution was prepared by mixing cell
suspension (in media) with collagen at a 1:1 ratio to
achieve a final collagen concentration of 2 mg ml~!
and cell density of 150 x 10? cells m1~. This density
results in <10 cells in the tissue. To produce a higher
number of cells, we increased density linearly based
on the desired number of cells in the final tissue con-
struct. For this study, we used 1.32 million Cells ml~}
and 0.66 million cells ml~! for MIA PaCa-2 and PSCs,
respectively.

Next, cell-ECM mixture was pipetted onto the
grips of the sensors, and a capillary bridge was
formed. With time, the solution filled the channels
in the grips and polymerized at 37 °C for 45 min. It
is important to add a small volume of media to the
corners of each well before forming tissues, to pre-
vent drying of tissues. After polymerization, culture
media was carefully added to the wells with sensors
so that the assembled tissues were inundated and then
the array was placed in the incubator or microscope
for experimentation.

Matrigel (Corning, Cat#: 354237) was incorpor-
ated in selected experiments. In these cases, the cell
suspension in culture medium was combined with
Matrigel to achieve a concentration of 2 mg ml~!. The
resulting cell-Matrigel suspension was subsequently
mixed with collagen at a 1:1 ratio, resulting in a final
concentration of 1 mg ml~! for Matrigel.

6.4. Chemicals and drugs

Gemcitabine (MedChemExpress, Cat #: HY-17026)
was reconstituted in dimethyl sulfoxide (DMSO) to
a stock concentration of 10 mm and stored at —80 °C
until use. ATRA (Sigma, Cat#: R2625) was prepared
similarly in DMSO at 10 mm and maintained at
—80 °C until experimental application.

6.5. IC5¢ determination, cell viability, and
microplate reading

The ICsy assay was conducted using CellTiterGlo-
3D by seeding 5000 MIA PaCa-2 cells and 5000
PSCs per well in 96-well opaque plates, followed by
48 h treatment with serial dilutions of Gemcitabine
and ATRA at the following concentrations—50 uM,
10 uM, 2 uM, 400 nM, 80 nM, and 16 nM. Next, all
the samples were incubated with the Cell-TiterGlo-
3D (at 1:1 ratio of Medium to CellTiter-Glo-3D)
for 30 min and then the luminescence (indicator
of viability) was recorded on the GloMax Explorer
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(Promega Corporation). Based on the luminescence,
dose-response curves were plotted (figures 5(A) and
(B)) and we determined an ICsy of 250 nM for
Gemcitabine in MIA PaCa-2 cells and 12.5 uM for
ATRA in PSCs.

To evaluate the effect of the combination treat-
ment of Gemcitabine + ATRA (both at their IC50
concentrations) on the different cell lines (monocul-
ture), we seeded 10 wells containing 3300 MIA PaCa-
2 cells and treated them with Gemcitabine + ATRA.
In parallel, we seeded ten wells containing 1600
PSCs and treated them with the same drug com-
bination. For each monoculture condition, ten addi-
tional wells at the same cell densities were maintained
as untreated controls. CellTiter-Glo3D luminescence
signal reduction was quantified after 48 h of treat-
ment by applying the CellTiter-Glo3D reagent in 1:1
(Medium:CellTiterGlo-3D) ratio (figure 5(C)).

To evaluate the effect of the combination treat-
ment of Gemcitabine + ATRA on the co-culture
of MIA PaCa-2 and PSC, we prepared 10 samples
consisting of 3,300 MIA PaCa-2 cells + 1600 PSCs
and treated them with Gemcitabine + ATRA at their
1Cso concentrations, with ten untreated co-culture
samples serving as controls. CellTiter-Glo3D lumin-
escence signal reduction was quantified after 48 h of
treatment, by applying the CellTiter-Glo3D reagent in
1:1 (Medium:CellTiterGlo-3D) ratio.

For quantifying the viability of cells in 3D, tissues
were formed on the micro-array devices, resulting in
8 samples per each drug regimen, using two micro-
array devices in parallel. The tissues were allowed to
compact and remodel the matrix for the first 24 h. The
tissues were then treated with Gemcitabine, ATRA,
and Gemcitabine + ATRA, all at their ICs, concentra-
tions, with 8 samples being kept as controls and not
treated with any drugs. For viability measurement, 3D
tissues were incubated with the reagent at a 1:1 ratio
(Medium: CellTiter Glo3D reagent) and shaken for
30 min. The supernatant was then transferred to an
opaque-walled plate, and luminescence was recorded
on the GloMax Explorer (Promega Corporation).

6.6. PDAC organoids

PDOs was generated as described in previous studies
[43, 52]. Organoids were generated from biopsies of
untreated pancreatic cancer tissue at Rush University
Medical Center. In brief, the biopsy tissues were diges-
ted using collagenase II, Dispase II, and DNase I,
then washed multiple times. They were subsequently
plated in 50 pl Matrigel domes on a 24-well plate with
500 ul of organoid medium. The growth medium
consisted of Advanced DMEM/F12, N2 Supplement,
N-acetyl cysteine, B27, PGE2, HEPES, nicotinamide,
gastrin, hEGF, A83-01, Y-27 632, hFGE, and Wnt3A-
R-spondin 1-Noggin conditioned media (50% of the
final volume).
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6.7. Imaging

The experiment was run in an environment-
controlled chamber enclosing an inverted optical
microscope  (Olympus IX81, 10X objective,
Olympus) mounted on a vibration isolation table
(Newport Corporation). The chamber maintains cell
culture conditions at 37 °C temperature, 5% CO, and
70% humidity. Moreover, a motorized stage (Prior
Scientific Inc.) was programmed to track multiple
specimens at preset locations at multiple time points.
Images of both the tissues were acquired in BF mode
with a Neo sCMOS camera (Andor Technology).
For calculating spring displacements, images of the
sensor gauges were analyzed using a template match-
ing plugin in Image] with sub-pixel resolution. Force
and stiffness calculations were made from the spring
displacements, according to a previously described
protocol [14].

SHG images were acquired subsequently using a
LSM 710 (Zeiss) two-photon excitation microscope
and 20X objective lens. Maximum intensity projec-
tion of the acquired confocal z-stacks was constructed
using the Image]J (U.S. National Institutes of Health)
software.

Fluorescence microscopy of the 3D cancer tissue
constructs was performed using a LSM 980 confocal
microscope (Zeiss) equipped with a 20X objective
lens.

6.8. Viability assessment of PDOs using the
cancer-on-a-chip microfluidic system

PDOs were co-cultured with stromal PSCs on a
microfluidic system [43]. Tumors were treated for
48 h with one of the following conditions: (i) con-
trols; (ii) Gemcitabine at its experimentally determ-
ined ICsp; or (iii) Gemcitabine at ICs5y combined with
ATRA also at its ICsq. Following treatment, cultures
were fixed and stained for EpCAM to label epithelial
tumor cells and c.c.3 to identify apoptotic cells. For
each well, multiple independent fields of views were
imaged. Quantification of epithelial apoptosis was
calculated as the ratio of c.c.3% cells to total EpCAM™
cells.

6.9. Statistics and reproducibility

Data are presented as mean &+ standard deviation
(SD) unless otherwise stated. Statistical analyzes were
performed using standard parametric tests. For com-
parisons involving more than two groups, one-way
analysis of variance (ANOVA) was used to assess
overall differences among group means. When the
ANOVA indicated statistical significance, post hoc
pairwise comparisons were performed using Fisher’s
least significant difference (LSD) test. For compar-
isons between two groups, either Student’s ¢-test or
Welch’s t-test was applied, depending on variance
homogeneity. A p-value of less than 0.05 was con-
sidered statistically significant. Statistical significance



10P Publishing

Biofabrication 18 (2026) 025015

of pairwise means comparison is provided in table
S1-5 (supplementary information). All statistical ana-
lyzes and graphical representations were performed
using OriginPro 2025b.

For mechanical characterization of tissue con-
structs, three independent experimental replicates
were performed. For each experimental condition
(control, Gemcitabine-treated, ATRA-treated, and
combined Gemcitabine + ATRA), a minimum of
nine valid samples were included in the final analysis.
For PDO experiments, all samples from two inde-
pendent microarray devices were analyzed, includ-
ing eight control samples, eight Gemcitabine-treated
samples, eight ATRA-treated samples, and eight
Gemcitabine + ATRA treated samples. All experi-
ments were repeated independently, and consistent
results were obtained across replicates.
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