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ABSTRACT Mechanical force exerted on cancer cells by their microenvironment have been reported
to drive cells toward invasive phenotypes by altering cells’ motility, proliferation, and apoptosis. These
mechanical forces include compressive, tensile, hydrostatic, and shear forces. The importance of forces is
then hypothesized to be an alteration of cancer cells’ and their microenvironment’s biophysical properties
as the indicator of a tumor’s malignancy state. Our objective is to investigate and quantify the correlation
between a tumor’s malignancy state and forces experienced by the cancer cells and components of the
microenvironment. In this study, we have developed a multicomponent, three-dimensional model of tumor
tissue consisting of a cancer cell surrounded by fibroblasts and extracellular matrix (ECM). Our results on
three different organs including breast, kidney, and pancreas show that: A) the stresses within tumor tissue
are impacted by the organ specific ECM’s biophysical properties, B) more invasive cancer cells experience
higher stresses, C) in pancreas which has a softer ECM (Young modulus of 1.0 kPa) and stiffer cancer cells
(Young modulus of 2.4 kPa and 1.7 kPa) than breast and kidney, cancer cells experienced significantly higher
stresses, D) cancer cells in contact with ECM experienced higher stresses compared to cells surrounded by
fibroblasts but the area of tumor stroma experiencing high stresses has a maximum length of 40 µmwhen the
cancer cell is surrounded by fibroblasts and 12 µm for when the cancer cell is in vicinity of ECM. This study
serves as an important first step in understanding of how the stresses experienced by cancer cells, fibroblasts,
and ECM are associated with malignancy states of cancer cells in different organs. The quantification of
forces exerted on cancer cells by different organ-specific ECM and at different stages of malignancy will
help, first to develop theranostic strategies, second to predict accurately which tumors will become highly
malignant, and third to establish accurate criteria controlling the progression of cancer cells malignancy.
Furthermore, our in silico model of tumor tissue can yield critical, useful information for guiding ex vivo
or in vitro experiments, narrowing down variables to be investigated, understanding what factors could be
impacting cancer treatments or even biomarkers to be looking for.

INDEX TERMS Cancer cells, cell mechanics, forces on cells, ECM, fibroblasts, malignancy, tumor microen-
vironment.

I. INTRODUCTION

CANCER is one of the leading causes of death worldwide
and in 2022 alone it accounted for about 10 million

deaths [1]. The low cancer survival rate stems partly from
the lack of capability, in both experimental and computational
models, to predict whether a treatment will work for a specific
patient. However, having knowledge on the malignancy state
of a tumor may guide the physicians to decide on a treatment

that will work [2], [3], [4], [5], [6], [7], [8], [9], [10], [11],
[12]. A defining characteristic of this capability is a quantita-
tive assessment of the malignancy state of a patient-specific
tumor rather than qualitative evaluation. Thus, there have
been intensive attempts to explore the indicators of tumors’
malignancywhich require models to replicate complexity and
heterogeneity of a tumor tissue as observed in a human tumor,
estimate alterations of individual components of tumor tissue,
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determine mechanisms driving these alterations, and leverage
this knowledge to link the components’ alterations to the
malignancy of the tumor. This study serves as an important
first step in developing a quantitative assessment of a tumor’s
malignancy state.

Several models—-including in vitro [13], [14], [15], [16],
[17], [18], in vivo [16], [17], [18], ex vivo [15], [19], math-
ematical, and in silico [20], [21], [22], [23], [24], [25], [26],
[27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37],
[38]—-have been developed to replicate human tumor tissue.
Unfortunately, these models are limited because in vitro mod-
els still have the main challenge of fabricating an appropriate
extracellular matrix (ECM) for specific tumors [13], [14],
[15], [16], [17], [18]; in vivo models must recapitulate a
human-like tumor progression and present a similar stroma
as observed in human patients [16], [18]; ex vivo models
with fixed tissues must be informative of the behavior of live
tissue [15], [19]. In mathematical models, the main challenge
is in translating results to human clinical treatment because
they are not calibrated to a particular type of cancer [16], [18],
[20], [21], [22], [23], [24], [25], [26], [27]. Mathematical
models mostly apply the same criteria for tumor regression
patterns across a wide range of tumor types, and differences
between tumor sites and treatment modalities are not consid-
ered [24], [28], [29], [30], [31]. While mathematical models
allow for safe and efficient control of features and parame-
ters influencing tumor progression, their reproducibility and
cost efficiency are limited by the initial tumor geometry
and the calibration to a specific human tumor [32]. One
additional note is that the selection of the modeling method
is guided by the system’s required observations (e.g., tissue
behavior, drug particles’ penetration, activation of adhesion
proteins between tissue components) or measurements (e.g.,
components’ remodeling, size, shape, forces experienced by
components). While in vitro and ex vivo models enable the
study of only a few factors of interest at any one time, in
silico models enable a better understanding of the different
factors individually as well as their interactions. In silico
models of tissues have served as investigational platforms
for a wide range of human diseases from wound healing to
cancer [24], [30], [31], [33], [34], [35], [36], [37], [38]. Many
of these platforms display unique and tunable capability such
as mechanical properties of individual tissue components.
In this study, we have developed a multicomponent, three-
dimensional model of tumor tissue consisting of a cancer cell
surrounded by fibroblasts and ECM.

Several studies have tried to identify biomarkers that are
correlated with the malignancy degree of cancer cells [2],
[3], [4], [5], [6], [7], [8], [9], [10], [11], [12]. Cancer cell
migration, cancer cell volume, and compressive forces expe-
rienced by cancer cells are among the major biomarkers;
for example, malignant cancer cells have shown increased
expression of genes involved in cell motility compared to
non-malignant cancer cells [2], [3], [4], [5], [6], [7], [8],
[9], [10], [11], [12]. Cell migration requires many factors,

such as the cytoskeleton, cell-matrix adhesion and cell vol-
ume regulation [6]. Cell volume regulation and the ion/water
transport systems are main factors in cell migration because
A) transport proteins, such as ion channels, ion carriers,
and aquaporins, are indispensable for cell volume regulation
under steady-state conditions and during exposure to osmotic
stress, and B) several studies have revealed that cell volume
regulation also plays an important role in the process of cell
migration [7], [11], [12]. On the other hand, compressive
stresses exerted on a cancer cell (mammary epithelial cell)
by its microenvironment have been shown to drive cancer
cells toward amalignant phenotype by altering cells’ motility,
cell proliferation, and cell apoptosis [5], [39], [40], [41],
[42], [43], [44], [45], [46], [47], [48]. Over the past two
decades, the role of mechanical phenotype of the cancer
cells, their stroma, and ECM has been more appreciated [5],
[39], [40], [41], [42], [43], [44], [45], [46], [47], [48]. These
phenotypes are reflected in both cells and stroma’s structure
and mechanics and in the biophysical properties of the cells’
microenvironment, such as the mechanics and topology of
the ECM. The dynamic interactions between the biophysical
properties of cells, stroma, and ECM establishes a dynamic,
mechanical reciprocity between the cells and their surround-
ings in which the cells are able to exert contractile stresses
against the extracellular environment. These forces, in turn,
will regulate a wide range of cellular properties that are
all critical to tumorigenesis, including size, shape, volume,
motility, proliferation, and differentiation.

In this study, using our model of tumor tissue, we have
first investigated how location of a cancer cell influences the
stresses on fibroblasts and ECM, then quantified the impact
of cancer cell stiffness on its microenvironment, and finally
determined how these stresses may change in different organ-
specific ECMs’. Our study examines and quantifies, for the
first time, the impact of cancer cell location and its stiffness
on local stresses within three different organs (breast, kidney,
and pancreas. We have conducted simulations by developing
an idealized geometry of tumor tissue consisting of a cancer
cell, fibroblasts, and ECM to investigate the local stresses
around a cancer cell within a tumor tissue. The model’s
input parameters, which depend on the tumor’s malignancy,
will be determined for each tumor tissue, based on ECM,
fibroblasts, and the cancer cell’s mechanical properties. This
study assumes that the ECM is as a homogeneous media not
including important microvascular structures seen within the
ECM, such as fiber-forming elements (collagen and elastin)
surrounded by various filling molecules (glycoproteins and
proteoglycans), growth factors, and adhesion molecules.
Moreover, the same properties were used for fibroblasts in all
organ-specific tissues due to lack of available experimental
data. To the best of our knowledge, no previous study inves-
tigated organ-specific stresses in a tumor tissue by isolating
the impact of a cancer cell, stromal cells, and ECM. We have
examined three different ECMs representing kidney, breast,
and pancreatic tissues. For each organ, we studied two differ-
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ent cancer cell lines with different invasiveness status: A) for
kidney, ACHN (kidney-adenocarcinoma) andA-498 (kidney-
carcinoma) where ACHN is more invasive [49], [50], B) for
breast, MCF-7(breast adenocarcinoma) and T47D (breast-
ductal carcinoma) where T47D is more invasive [8], [52],
C) for pancreas, PDAC, PANC-1(pancreas-pancreatic duc-
tal adenocarcinoma) and MIA PaCa-2 (pancreas-pancreatic
ductal adenocarcinoma) where PANC-1 is more invasive [2],
[3], [53], [54], [55]. The importance of forces, as the indica-
tors of a tumor’s malignancy state, is hypothesized to be an
alteration of the components’ biophysical properties and their
surrounding microenvironment. The findings of the current
study shed light on critical role of tumor malignancy on the
physical stresses experienced by tumor tissue components
and potential role of stresses as a biomarker to assess a
tumor’s malignancy state.

II. METHODS
Figure 1A shows a schematic representation of a human
tumor and its components [1], [22], [24], [25], [56], [57],
[58]. In the present study, the geometric model included a
single cancer cell, fibroblasts and the ECM. The geometric
model is depicted in Figures 1B-E, and Movie 1. Each cell
(either a cancer cell or fibroblasts represented as fibroblasts)
within the tumor is represented as a hexagonal shape [59],
[60], [61], [62], [63], [64], [65], [66]. Each individual cell has
a length of 8.1µm (X-axis), a width of 7.54µm (Y-axis), and
a height of 8.0 µm (Z-axis) [62], [63], [64], [65], [66], [67],
[68], [69]. The ECM has a length 100 µm, 100 µm width,
and 100 µm depth [1], [22], [56], [57], [58], [59], [60], [61],
[62]. The cancer cell was either placed on the outside region
of the tumor structure to depict cell-ECM interactions as seen
in Figures 1B-C or the cancer cell was placed within the
tumor completely surrounded by fibroblasts to depict cell-cell
interactions as shown in Figures 1D-E. Since organ-specific
cancer sites have various mechanical properties depending
on location and organ function, we examined three different
organ-specific sites, breast, kidney, and pancreas. The test
ranges and the reference values of al mechanical parameters
applied in the model are summarized in Table 1 [67], [68],
[69], [70], [71], [72], [73], [74], [75], [76], [77], [78], [79],
[80], [81]. All parameters used in this study are based on
values reported by previous studies which provided a range
of parameters for the cancer cells, fibroblasts, and ECM
of different tissue types. We attempted to use references
which use atomic force microscopy (AFM) to measure the
Young’s modulus because the mechanical testing method
may significantly affect the overall values for reported param-
eters. Here are few examples of our references and their
mechanical testing method: one study used AFM to assess
the Young’s modulus of pancreas ECM [76], another study
used AFM to measure the Young’s modulus of kidney cell
lines from different tumor types (carcinoma (A-498) and
adenocarcinoma (ACHN)) [44], another study used AFM
to measure the Young’s modulus of breast ECM [73], and
another study used AFM to measure the Young’s modulus of

fibroblasts [35], [36], [69]. In some cases, we used a specific
value for a parameter which has been widely used previously,
even though a range was given by few studies. In other
cases, we used an average value for a parameter to best
represent the impact of one parameter. ECM is modeled as
a viscoelastic material using the Standard Linear Model [74],
[75], [76], [77], [78], [79], [80] whereas fibroblasts and
the organ-specific cancer cell lines are modeled as elastic
material [34], [35], [68], [69], [70], [71], [72], [73], [74],
[75]. We considered two distinct cancer cell lines for each
of the organ-specific sites, as: 1) adenocarcinoma (MCF-7)
[30], [37], [8], [52], 2) invasive ductal carcinoma (T47D)
[8], [30], [37], [38], [52], 3) carcinoma (A-498) [24], [30],
[49], [50], [51], 4) adenocarcinoma (ACHN) [24], [30], [49],
[50], [51], 5) PANC-1 [2], [3], [30], [52], [53], [54], [55], 6)
MIA PaCa-2 [2], [3], [30], [52], [53], [54], [55]. Note that
A498 has been reported to be non-metastasis whereas ACHN
are known as metastatic RCC cells, T47D is reported to be
slightly more invasive than MCF7, and PANC-1 is reported
to be more invasive than MIA-PaCa2. As seen in Table 1,the
breast cancer cell line T47D has aYoung’smodulus of 1.2 kPa
whereasMCF-7 has a Young’smodulus of 0.4 kPa, the kidney
cancer cell line ACHN has a Young’s modulus of 7.41 kPa
whereas A-498 has a Young’s modulus of 2.48 kPa, and the
pancreatic cancer cell line PANC-1 has a Young’s modulus
of 2.41 kPa whereas MIA-PaCa-2 has a Young’s modulus of
1.7 kPa.

A MATLAB code (MATLAB v. R2021b) is applied to
generate the geometry of the sinusoidal surface o cells.
Model geometries are exported to the finite-element method
solver via COMSOL MULTIPHYSICS v. 5.6 (COMSOL
AB, Stockholm, Sweden). The models are solved using a
stationary solver where simulations were performed on a
Dell PRECISION, 16 processor computer, with 128 GB
RAM. Post-processed results for stresses experienced by
tumor tissue components are obtained and exported to MAT-
LAB_R2021b for postprocessing.

All cellular components were assigne with material prop-
erties and mesh specifications. The computational results
for the von Mises stress was determined and examined
for independence of mesh density. Mesh independency was
achieved by using a finer computational mesh consisting
of 464,690 tetrahedral elements, 26,808 edge elements and
108,228 boundary elements for cells (including both fibrob-
lasts and cancer cell) whereas ECM had 991,925 tetrahedral
elements, 27,024 edge elements, and 112,920 boundary ele-
ments. At the upper side of ECM, a boundary load was added
to the model to represent the blood pressure in capillaries as
10 mmHg or 20 mmHg (1,333 Pa and 2,666 Pa, respectfully)
[82] whereas the lower boundary is set as fixed constraint.

All stress components are computed and applied to calcu-
late the von Mises stresses (σVMS) a stress invariant usually
referred as [59], [60], [61]

σVMS = {
1
2
[(σxx − σyy)2 + (σxx − σzz)2 + (σyy
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FIGURE 1. A) Schematic representation of a tumor tissue and its components. B) Three-dimensional model
of the tumor microenvironment when a cancer cell is in contact the surrounding fibroblasts, C) when a
cancer cell is in contact with the ECM.
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TABLE 1. Model parameters.
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TABLE 1. (Continued.) Model parameters.

− σzz)2 + 6(σ 2
xy + σ 2

xz + σ 2
yz)]} (1)

III. RESULTS
Figure 2 demonstrates the von Mises stress distribution for
breast cancer cell lines, MCF-7 and T47D, the kidney cancer
cell lines, ACHN and A-498, and the pancreatic cancer cell
lines, PANC-1 and MIA PaCa-2. The boundary load applied
to these studied cases is 10 mmHg (1,333Pa). Figure 2A, 2B,
2C show the stresses along the tissue width (x-axis) where the
analysis domain is limited to the cancer cell’s length (y-axis)
and thickness (z-axis). Here, the cancer cell is in vicinity of
ECM; Figure 2D shows the stresses along the tissue length
(y-axis) when the cancer cell is in vicinity of ECM. Here, the
analysis domain is limited to the cancer cell’s width (x-axis)
and thickness (z-axis); Figure 2E shows the stresses along the
tissue thickness (z-axis) when the cancer cell is in vicinity
of ECM. Here, the analysis domain is limited to the cancer
cell’s width (x-axis) and length (y-axis); Figure 2F, 2G, 2H
show the stresses along the tissue width (x-axis) when the
cancer cell is surrounded by fibroblasts; Figure 2I shows the
stresses along the tissue length (y-axis) when the cancer cell
is surrounded by fibroblasts; and Figure 2J demonstrates the
stresses along the tissue thickness (z-axis) when the cancer
cell is surrounded by fibroblasts.

Figures 3A-F show the von Mises stress distribution for
MCF-7, T47D, ACHN, A-498, PANC-1, and MIA-PaCa-2
with an applied boundary load of 20 mmHg. Results are
demonstrated for same panels shown in Figure 2-J.

A comparison between Figure 2B,2G and Figure 3B,
and 3G shows that the pancreatic tissue with PANC-1 experi-
enced stresses up to about 3,750 N/m2 at 10 mmHg and once
the pressure was doubled to 20 mmHg, the stress magnitude
increased to about 7,500 N/m2. This is also seen for tissues
with MCF-7, T47D, ACHN, A-984, and MIA-PaCa-2, which
increased from 1,400 to 2,800 N/m2, 1,250 to 2,500 N/m2,
600 N/m2 to 1,200 N/m2, 800 N/m2to 1,600 N/m2, and
3,800 to 7,700 N/m2. This was also seen for the y-axis and
z-axis depicted in Figures 2D, 2E, 2I, 2J, 3D, 3E, 3I, and 3J.
Figure 4 demonstrates the von Mises stress distribution

across the tumor tissue, when the boundary load is set to
10 mmHg and the cancer cell is in vicinity of ECM. Note
that Figures 4A-F show the stress distribution on one surface

which passes through the cancer cell center at z-axis. Fig-
ures 4A-F demonstrate the von Mises stress distribution for:
MCF-7 with a stiffness of 0.4 kPa, where the stiffness of the
ECM is 3.25 kPa, B) T47D with a stiffness of 1.2 kPa where
the ECM’s stiffness is 3.25 kPa, C) ACHN with a stiffness
of 7.41 kPa where the ECM’s stiffness is 7.5 kPa, D) A-498
ECM with a stiffness 2.48 kPa where the ECM’s stiffness is
7.5 kPa, E) PANC-1 with a stiffness of 2.4 kPa where the
ECM’s stiffness is 1.0 kPa, F) MIA-PaCa-2 with a stiffness
1.7 kPa where the stiffness of the ECM is 1.0 kPa.

Figure 5 demonstrates the von Mises stress magnitude
averaged over whole tumor tissue. The x-axis is the ratio
of ECM stiffness to cancer cell stiffness which is calculated
based on the stiffness of for each organ and the stiffness of
corresponding cancer cell type.

A. DISCUSSION
In this study, in silico models of pancreas, breast, and kid-
ney tumor tissues were developed to investigate the physical
forces exerted on a cancer cell by the ECM and fibroblasts,
and how these forces are influenced by malignancy of the
cancer cell. In silico models of tissues can serve as investi-
gational platforms displaying unique and tunable capabilities
such as the mechanical properties of tissue components [63],
[83], [84], [85]. In silico models are the most commonly
used computational approaches in clinical practice in which
using patient-derived tumor model parameters could enhance
the sensitivity and accuracy of the models [33], [36]. How-
ever, for personalized models, a deeper understanding of
tumor physiology and dynamics is required. This demands
the incorporation of a tumor tissue’s cellular heterogeneity
into the in silico models.

Several studies have tried to identify biomarkers that are
correlated with the malignancy degree of cancer cells [2],
[3], [4], [5], [6], [7], [8], [9], [10], [11], [12]. Cell migration,
cell volume, and compressive forces experienced by cancer
cells are among the major biomarkers; for example, malig-
nant cancer cells have shown increased expression of genes
involved in cell motility compared to non-malignant cancer
cells [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12]. Cell
migration requires many factors, such as the cytoskeleton,
cell-matrix adhesion and cell volume regulation [6]. Cell
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FIGURE 2. The von Mises stress distribution within tumor tissue when the cancer cells is surrounded by
fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast cancer cell lines,
MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic cancer cell lines,
PANC-1 and MIA PaCa-2. Figures 2A,2B, 2C, 2F, 2G, and 2H show the stresses along the tissue width
(x-axis); Figures 2D and 2I demonstrate the stresses along the tissue length (y-axis); Figures 2E and 2J
show the stresses along the tissue thickness (z-axis). Note that a boundary load of 10 mmHg (1,333 Pa)
is applied.
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FIGURE 2. (Continued.) The von Mises stress distribution within tumor tissue when the cancer cells is
surrounded by fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast
cancer cell lines, MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic
cancer cell lines, PANC-1 and MIA PaCa-2. Figures 2A,2B, 2C, 2F, 2G, and 2H show the stresses along the
tissue width (x-axis); Figures 2D and 2I demonstrate the stresses along the tissue length (y-axis);
Figures 2E and 2J show the stresses along the tissue thickness (z-axis). Note that a boundary load of
10 mmHg (1,333 Pa) is applied.
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FIGURE 2. (Continued.) The von Mises stress distribution within tumor tissue when the cancer cells is
surrounded by fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast
cancer cell lines, MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic
cancer cell lines, PANC-1 and MIA PaCa-2. Figures 2A,2B, 2C, 2F, 2G, and 2H show the stresses along the
tissue width (x-axis); Figures 2D and 2I demonstrate the stresses along the tissue length (y-axis);
Figures 2E and 2J show the stresses along the tissue thickness (z-axis). Note that a boundary load of
10 mmHg (1,333 Pa) is applied.
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FIGURE 2. (Continued.) The von Mises stress distribution within tumor tissue when the cancer cells is
surrounded by fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast
cancer cell lines, MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic
cancer cell lines, PANC-1 and MIA PaCa-2. Figures 2A,2B, 2C, 2F, 2G, and 2H show the stresses along the
tissue width (x-axis); Figures 2D and 2I demonstrate the stresses along the tissue length (y-axis);
Figures 2E and 2J show the stresses along the tissue thickness (z-axis). Note that a boundary load of
10 mmHg (1,333 Pa) is applied.
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FIGURE 2. (Continued.) The von Mises stress distribution within tumor tissue when the cancer cells is
surrounded by fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast
cancer cell lines, MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic
cancer cell lines, PANC-1 and MIA PaCa-2. Figures 2A,2B, 2C, 2F, 2G, and 2H show the stresses along the
tissue width (x-axis); Figures 2D and 2I demonstrate the stresses along the tissue length (y-axis);
Figures 2E and 2J show the stresses along the tissue thickness (z-axis). Note that a boundary load of
10 mmHg (1,333 Pa) is applied.
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FIGURE 3. The von Mises stress distribution within tumor tissue when the cancer cells is surrounded by
fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast cancer cell lines,
MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic cancer cell lines,
PANC-1 and MIA PaCa-2. Figures 3A, 3B, 3C, 3F, 3H, and 3G show the stresses along the tissue width
(x-axis); Figures 3D and 3I demonstrate the stresses along the tissue length (y-axis); Figures 3E and 3J
show the stresses along the tissue thickness (z-axis). Note that a boundary load of 20 mmHg (2,666 Pa)
is applied.
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FIGURE 3. (Continued.) The von Mises stress distribution within tumor tissue when the cancer cells is
surrounded by fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast
cancer cell lines, MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic cancer
cell lines, PANC-1 and MIA PaCa-2. Figures 3A, 3B, 3C, 3F, 3H, and 3G show the stresses along the tissue
width (x-axis); Figures 3D and 3I demonstrate the stresses along the tissue length (y-axis); Figures 3E
and 3J show the stresses along the tissue thickness (z-axis). Note that a boundary load of 20 mmHg (2,666
Pa) is applied.
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FIGURE 3. (Continued.) The von Mises stress distribution within tumor tissue when the cancer cells is
surrounded by fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast
cancer cell lines, MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic
cancer cell lines, PANC-1 and MIA PaCa-2. Figures 3A, 3B, 3C, 3F, 3H, and 3G show the stresses along the
tissue width (x-axis); Figures 3D and 3I demonstrate the stresses along the tissue length (y-axis);
Figures 3E and 3J show the stresses along the tissue thickness (z-axis). Note that a boundary load of
20 mmHg (2,666 Pa) is applied.
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FIGURE 3. (Continued.) The von Mises stress distribution within tumor tissue when the cancer cells is
surrounded by fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast
cancer cell lines, MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic cancer
cell lines, PANC-1 and MIA PaCa-2. Figures 3A, 3B, 3C, 3F, 3H, and 3G show the stresses along the tissue
width (x-axis); Figures 3D and 3I demonstrate the stresses along the tissue length (y-axis); Figures 3E
and 3J show the stresses along the tissue thickness (z-axis). Note that a boundary load of 20 mmHg (2,666
Pa) is applied.
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FIGURE 3. (Continued.) The von Mises stress distribution within tumor tissue when the cancer cells is
surrounded by fibroblasts and when the cancer cell is in vicinity of ECM. Results are shown for breast
cancer cell lines, MCF-7 and T47D, the kidney cancer cell lines, ACHN and A-498, and the pancreatic
cancer cell lines, PANC-1 and MIA PaCa-2. Figures 3A, 3B, 3C, 3F, 3H, and 3G show the stresses along the
tissue width (x-axis); Figures 3D and 3I demonstrate the stresses along the tissue length (y-axis);
Figures 3E and 3J show the stresses along the tissue thickness (z-axis). Note that a boundary load of
20 mmHg (2,666 Pa) is applied.
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FIGURE 4. The von Mises stress distribution across the tumor stroma with boundary load of 10 mmHg for A) breast tissue with
MCF-7, B) breast tissue and T47D, C) kidney tissue with ACHN, D) kidney tissue with A-498 ECM, E) pancreas tissue with PANC-1, F)
pancreas tissue with MIA-PaCa-2.

volume regulation and the ion/water transport systems are
main factors in cell migration because A) transport pro-
teins, such as ion channels, ion carriers, and aquaporins, are
indispensable for cell volume regulation under steady-state
conditions and during exposure to osmotic stress, and B)
several studies have revealed that cell volume regulation also
plays an important role in the process of cell migration [7],
[11]. Another study has shown that the cell volume is a
strong biomarker for tumor malignancy and how a tumor
will respond to treatments where larger cells were resistant to
chemotherapy [12]. On the other hand, compressive stresses
exerted on a cancer cell (mammary epithelial cell) by its
neighboring cells and ECM have been shown to drive cancer
cells toward amalignant phenotype by altering cells’ motility,
cell proliferation, and cell apoptosis [5], [46], [47], [48],
[49], [50], [51]. Over the past two decades, the role of the

mechanical phenotype of the cancer cells, their stroma, and
ECM has been more appreciated [5], [43], [44], [45], [46],
[47], [48]. These phenotypes are reflected in both the cell
and stroma’s structure and mechanics and in the biophys-
ical properties of the cell’s microenvironment, such as the
mechanics and topology of the ECM. The dynamic interac-
tions between the biophysical properties of cells, stroma, and
ECM establishes a dynamic, mechanical reciprocity between
the cells and their surroundings in which the cells are able
to exert contractile stresses against the extracellular envi-
ronment. These forces, in turn, will regulate a wide range
of cellular properties that are all critical to tumorigenesis,
including size, shape, volume, motility, proliferation, and
differentiation [57], [58], [75], [81], [86], [87], [88], [89],
[90], [91], [92], [93], [94], [95], [96], [97], [98]. Mechanical
properties of tumor cells, fibroblasts, and ECM have been
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FIGURE 5. The averaged von Mises stress values over whole tumor tissue. Note that ‘‘inside’’ here means the cancer cell is
in contact with the surrounding fibroblasts and ‘‘outside’’ means that the cancer cell is in contact with the ECM.

reported to alter the forces that each component experiences
and exerts on its surroundings. However, it is still not com-
pletely understood how the organ-specific ECM may impact
the forces experienced by cancer cells at different states of
malignancy or if the forces experienced by the ECM are
impacted by the cancer cell’s malignancy state. Therefore,
understanding the crosstalk between cancer cells, fibroblasts,
and ECM was our main objective.

Our results (Figures 2-5) show that the ECM impacts the
stresses experienced by the cancer cell, significantly. When
the ECM is soft (e.g., in pancreas), the cancer cell and the
fibroblasts experienced the highest stress compared to the
tissues whose ECM was stiffer (e.g., in kidney). One striking
point is that the stiffness of the cancer cell does not dramat-
ically alter the forces that the cell experiences, for example,
the pancreatic cancer cell line MIA-PaCa-2, with a Young’s
modulus of 1.7 kPa, experienced significantly higher stress
values compared to the breast cancer cell line T47D with a
Young’s modulus of 1.2 kPa. This was also seen with the
pancreatic cancer cell line PANC-1 with a Young’s modulus
of 1.7 kPa and kidney cancer cell line A-498 with a Young’s
modulus of 2.48 kPa. Furthermore, we examined the impact
of the cancer cell’s malignancy state in different organs and
observed that a cancer cell with higher invasiveness generates
higher stresses on fibroblasts and the ECM.

Our examination on the impact on cancer cell location
on generated forces showed that when the cancer cell was
located in contact with ECM (the outer most layer), the cancer
cell and fibroblasts experienced higher stresses compared to
cases where the cancer cell (central cancer cell) was only
in contact with fibroblasts. The maximum stresses within
pancreatic tumor tissue were observed for the pancreatic
cancer cell PANC-1 as 3,750 N/m2 and 7,500 N/m2 for
the boundary load of 10 mmHg and 20 mmHg, respectfully,
which was located in contact with ECM. When the cancer
cell was completely surrounded by fibroblasts, the maximum
stresses within pancreatic tumor tissue was roughly 3,200
N/m2and 6,500N/m2 for the boundary load of 10mmHg and
20mmHg, respectfully. It should be noted, however, that even
though the cancer cell experienced slightly less stress when
surrounded by fibroblasts, larger areas of stroma experienced
higher stresses. As seen in Figures 2-3, the area of tumor
stroma experiencing high stresses has a maximum length of
40 µm when the cancer cell is surrounded by fibroblasts and
12 µm for when the cancer cell is in vicinity of ECM.

Our further examination to find out the impact of cancer
cell stiffness on stresses experienced by each organ-specific
tissue is shown in Figure 5. The von Mises stresses are
averaged over the whole tumor tissue. While the cancer cell’s
location and malignancy did not have significant impact on
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the averaged magnitude of von Mises stresses over the whole
tumor tissues, ECM’s stiffness significantly altered these
stresses. Pancreas, with a softer ECM and higher ratio of
ECM stiffness to cancer cell stiffness, experienced higher
stresses than both kidney and breast. Breast has softer ECM
with softer cancer cells than kidney thus even though the ratio
of ECM stiffness to cancer cell stiffness is lower for breast,
the tumor tissue experienced generally higher stresses.

Lastly, our results showed that when adjusting the bound-
ary load representing blood pressure within the capillaries,
the stress imposed onto the tumor tissue changes. When
increasing the pressure from 10 mmHg to 20 mmHg, the
stress imposed on the tumor tissue almost doubled or more.
Our main goal of examining impact of pressure magnitude
is to mimic a tumor microenvironment for a hypertensive
patient. This can enhance our knowledge on the comorbidity
of hypertension and some specific types of cancer. It has
been shown that patients with hypertension, have worse over-
all survival rates of organ-specific cancer [42], [99], [100],
[101], [102]. It has also been shown that with respect to
kidney cancer, hypertension, independently was associated
with increased tumor size, higher tumor grade, increased
nephrometry score and non-clear histology [101], [102]. Our
results show that stress in both the cancer cell and their stroma
increases under hypertension.

Prior studies have analyzed the effects of mechanical prop-
erties and solid stress on cancer cells and fibroblasts in-vitro
and in-vivo [103] where cancer cells are grown in a polymer
gel as spheroids. This leads to the development of solid stress
that resists the spheroid expansion.Cheng et al. [104] esti-
mated that when breast cancer cells were growing in a 0.5%
agarosematrix, it was estimated that the solid stress was about
3.73 kPa when applying pressures ranging from 0 mmHg
to 60 mmHg. This is in good agreement with the findings
of current study. Showing that when a 20 mmHg boundary
load was applied, the breast cancer cell experienced about
2,500-3,100 N/m2(2.5-3.1 kPa) solid stress. Another study
(in vivo/in situ) mapped the solid stress in pancreatic ductal
adenocarcinoma with AK4.4 cells and found that the solid
stress in the z-direction ranged from -3.60 to+7.50 kPa [105],
which is in good agreement with the current study’s findings
as seen in Figures 2E-F and Figures 3E-F. Overall, they found
that primary pancreatic tumors experienced higher solid
stress compared to tumors in other metastatic sites [105]. Our
results showed that pancreatic cancer cell experienced the
highest solid stress levels regardless of location of cell.

There were a few limitations of the present study. First,
the three-dimensional computational model did not fully
represent the patient-specific complexity of the cellular
microenvironment. In this model, ECM was assumed as a
homogeneous media not including important microvascular
structures seen within the ECM, such as fiber-forming ele-
ments (collagen and elastin) surrounded by various filling
molecules (glycoproteins and proteoglycans), growth fac-
tors, and adhesion molecules. Another limitation is that the

present study considered same properties for fibroblasts in all
organ-specific tissues due to lack of available experimental
data. Breast, kidney, and pancreas tissues are predominantly
composed of fibroblasts. Other cell types exist in the tumor
stroma such as endothelial cells and immune cells, but the
majority of stromal cells are fibroblasts [106]. This study
models the tumor microenvironment predominantly com-
posed of fibroblasts. We assumed that the cancer cell and
fibroblasts have the same shape and are modeled as hexag-
onal. This in silico model of microenvironment also did
not consider vessels present in the tumor microenvironment
which is because of the limitations of currently available
imaging techniques for not detecting small vessels formed
in the tumor microenvironment. In tumor tissues, ECM may
be present between sheets of cancer cells and fibroblasts (in
+/- z axis) rather than only around in x and y (as seen in
Figure 1). These structures are seen in tumors with loose
stroma when fibroblasts do not form a complete fibrous layer.
In this study, we considered that the tumor stroma is consist-
ing of a thick fibrous layer and that a cancer cell is either
entirely surrounded by fibroblasts or exposed to ECM on one
side. Our model is attempting to quantify the forces that a
cancer cell and their stroma experiences at distinct stages of
malignancy. This model is not monitoring cancer cell growth.
In this study, we used different cell lines representing distinct
stages of tumor malignancy and for different organs. We did
not consider cancer cells’ genetic changes and we did not
examine the cancer cell’s response to any drug. Nonetheless,
we have been able to gain important insights into dynamic
interactions between a cancer cell and its microenvironment.
The clinical significance of including different cell lines for
our model is that differences in properties of cancer cells
and ECM impact cell-cell and cell-ECM interactions. These
properties may well represent the discrepancies observed
across large patient populations.

IV. CONCLUSION
In conclusion, our results show that heterogeneity of the
cancer cell, fibroblasts, and ECM properties, representing
different organ-specific biological conditions andmalignancy
states, impact the stresses that these tumor tissue components
exert on each other. Our study reveals that the stresses expe-
rienced by the cancer cell and fibroblasts can be controlled
by altering their microenvironment. We have revealed that
the ECM stiffness influences stresses exerted on fibroblasts
and the cancer cells while the malignant cancer cell generates
higher stresses on its stroma. To our knowledge, this is the
first study that quantifies stresses experienced by individual
tumor components, and it will serve as an important first
step in understanding of how the stresses experienced by the
cancer cell and stroma are associated with malignancy states
of cancer cells in different organs. The three-dimensional,
multicomponent, computational model used in the present
study has the potential to further study highly complex tumor
microenvironments in cancers that are severely understudied,

VOLUME 12, 2024 431



M. Connaughton, M. Dabagh: Modeling Physical Forces Experienced by Cancer and Stromal Cells

such as pancreatic ductal adenocarcinoma, and will bring
light to the critical role of physical stresses on tumor growth
and their importance as potential biomarkers to determine
tumor malignancy. Our study takes the first important step in
understanding what factors could be impacting cancer treat-
ments or even biomarkers to be looking for. Furthermore, our
in silicomodel of tumor microenvironment can yield critical,
useful information for guiding ex vivo or in vitro experiments
and narrow down variables to be investigated.
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