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Abstract: Changes in mechanical stimuli and the physiological environment are sensed by the cell.
Thesechanges influence the cell’s motility patterns. The cell’s directional migration is dependent on
the substrate stiffness. To describe such behavior of a cell, a tensegrity model was used. Cells with
an extended lamellipodium were modeled. The internal elastic strain energy of a cell attached
to the substrates with different stiffnesses was evaluated. The obtained results show that on the
stiffer substrate, the elastic strain energy of the cell adherent to this substrate decreases. Therefore,
the substrate stiffness is one of the parameters that govern the cell’s directional movement.
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1. Introduction

A single cell migration is an important component of many biological events. It may be initiated
by number of various factors, such as mechanical [1] (mechanotaxis), electrical [2] (galvanotaxis),
thermal [3] (thermotaxis), topological [4,5] (topotaxis) and chemical [6] (chemotaxis). Cell migration
is dependent on many factors, among these the mechanical interaction between the adherent cell
and the substrate. The particular mechanisms that govern how the various environmental factors
influence the cell’s biological responses are not well known. However, it is obvious that physical
environmental changes in the cell’s motility and morphology are influenced by the cell’s internal
mechanical balance [7]. It was shown that an adherent cell senses mechanical stimulus [8-10] and
responds to it by keeping the cell’s intracellular and extracellular forces in balance [11,12].

Many studies have focused on developing a mechanism called “mechanotransduction”. It is a
process that allows a cell to sense mechanical loads and to transduce them into a biochemical signal.
It has been shown that the motility of a cell is dependent on the substrate’s stiffness [13-15]. Lo [13]
called this process a “durotaxis”. This process is dependent on the assumption that a cell is capable
of probing the stiffness of the substrate it is adherent to and respond to it by applying contractile
forces. A number of theoretical [16] and numerical [17-19] models were developed to describe and
understand the mechanical cellular responses. Numerical mechanical models based on the finite
element analysis of tensegrity structures [20,21] are often utilized to describe the cell’s response to
environmental mechanical stimuli.

Modifications in the morphology and structure of the cell due to the external loads are important
for various cell functions, as growth, proliferation, differentiation and motility [22,23]. It was shown
that the directional motility of a cell is a significant part of tumor metastasis and wound healing [24,25].

The formation of focal adhesion and cell migration [26,27] is dependent on the forces generated
within the actin cytoskeleton, as these forces are dependent on the cell’s interaction with the
extracellular matrix.

Through probing the environment, i.e., the substrate’s stiffness, cells can guide their activities that
will lead to changes in the morphologies and direction of migration.
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A recent study [28] showed that cells are capable of sensing and reacting to the substrate’s stiffness.
Conversely, the opposite results were obtained [29] for epithelial cells. They were more often extending
into branches while on a low stiffness substrate than on a stiffer substrate.

Models have been introduced to understand and describe cell behavior on the substrates with
different stiffnesses [30-38]. These models provide an understanding of the effects of the substrate’s
physical properties on adherent cell morphologies and motility.

Two main approaches are used to investigate the reaction of the cells to environmental changes:
continuum [31-34] and discrete approaches [31,36-38].

In continuum mechanical models, the cells are treated as a continuum material. The continuum
approach was successfully utilized to present a blood cell as a viscous liquid, while the cortex as a
membrane [32]. It was used to study the small deformation characteristics of leukocytes [34]. It was
also used to model the interaction of a single chondrocytes with the extracellular matrix [33].

The discrete models are based on the micro and nano-structural approach. They comprise a
tensegrity model, an open-cell foam model, tensed cable network model, or a spectrin network model,
to name a few. A cytoskeleton is a main structural component in micro and nano structural approaches
when modeling the adherent cell [31]. A prestressed tensegrity network model was successfully used
to describe the deformation of the adherent cell and compared with the values measured on cells
in vivo and on isolated actin filaments [31].

The tensegrity-based architecture was introduced by Buckminster Fuller in 1961 [35]. The approach
of tensegrity is often used to describe how tissues and cells are constructed and respond to external
excitation [36].

The tissues may act as a continuous structure at the macroscopic scale, however, they should be
treated as discrete structural entities when viewed at the microscale [37]. Cells form attachments to
the substrate and neighboring cells that distribute over the cell’s surfaces discretely [38]. A tensegrity
structure can easily represent these features.

As it was mentioned above [1-6], there are number of factors influencing a cell migration,
the current work only examines the effect of the substrate’s mechanical properties (stiffness) on
cell migration.

In this paper, a tensegrity structure was used to model the cell-substrate interaction to explain the
dependency of the cell’s motility on the stiffness of the substrate. During the cell’s attachment to a
substrate, the geometry of the cell changes similarly to the effect of the application of external loads to
the cell membrane. The movement of the cell along a substrate is dependent on its internal elastic
strain and interfacial energies.

It is hypothesized here that a cell probes its environment and guides its directional movement
depending on the underlying substrate stiffness. It is also hypothesized that a cell senses the stiffness
of the substrate in a number of directions by extending the lamellipodium. When the cell finds a
direction that would decrease its internal elastic strain energy, it chooses it as the preferred direction of
the movement. It is also hypothesized that this direction corresponds to the direction of the higher
stiffness of the substrate. Since the cell prefers to stay in the lowest possible energetic state [39,40],
it will select the migration direction that will lower its internal elastic energy. In other words, giving the
choice of substrate stiffness, the cell will move and adhere to the stiffer area of the substrate since its
internal elastic energy would be lower.

One of the mechanisms that allows a cell to migrate is to use lamellipodia. The lamellipodia and
filopodia are the structures extending from the leading edge of a cell (Figure 1). A thin protrusion
filled with a network of actin is a lamellipodium. Filopodia may be described as ‘sensors’ that cells use
to probe their environment [41]. When a cell probes any substrate, the lamellipodia expands. When a
cell encounters a soft substrate, the lamellipodia retracts causing the cell to change directions [1].
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Figure 1. Lamellipodia and filopodia at the cell’s leading edge. [41]. The green line shows the cell’s
adherent area, while the red lines represent a network of actin filaments.

The experimental observation of the cell-substrate interaction was used to develop a tensegrity-
based model. This allows to model the cell probing of the stiffness of a substrate. During this process,
the internal elastic strain energy of the cell is changed. The cytoskeleton and lamellipodium of a cell
were represented as a tensegrity structure with the prestress. Its internal elastic strain energy was
evaluated by a finite element method for an array of the substrate’s stiffness value.

2. Materials and Methods

2.1. Tensegrity Model

A tensegrity structure comprises of a network of connected elements each supporting compression
or tension. They are arranged to provide a stable volume and shape in the space while loaded by
external loads. The tensegrity structure (Figure 2) is a useful tool to describe the cell motion and
morphology changes because it is based on the mechanical integrity and equilibrium through the
coordination of the tensile actin filaments and compressive microtubules [42,43]. The tensegrity model
is constructed from the set of compression components inside of a net of tension components that keep
the compressed members from each other. The tensile elements provide a load-supporting capability
to the structure. Tensegrity models were used to describe the mechanical responses of various cells,
like viruses and erythrocytes [36].

Figure 2. Cytoskeleton tensegrity model. (Solid bars represent pre-compressed microtubules; thin lines
represent pre-tensed microfilaments).

The basic tensegrity model (Figure 2) consists of 30 elements. Six pre-compressed struts represent
microtubule members and 24 pre-tensed cables represent the microfilaments.

The current tensegrity structure (Figure 3) represents the cytoskeleton of a 3T3 cell, its nucleus,
and lamellipodia. 3T3 cells are mouse fibroblast cells [43]. The 3T3 cells originated from a 1962 cell
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line [44]. In this model, a spring element is added between node 46 and 49 that will simulate the
connection of a cell to the substrate. The spring element’s stiffness varies to simulate the substrate
stiffness so that the strain energy of the model can be found at each stiffness value.

Figure 3. Tensegrity model of the cell with the lamellipodium. The spring element connecting nodes

46 and 49 represents the substrate stiffness.

The intermediate filaments have been ignored since their influence on the cell’s mechanical
behavior becomes significant only at the high deformations of the cell (over 20%) [45,46], but at the
small deformation of the cell, there is only a slight increase in the reaction force when the intermediate
filaments are added.

A recent study found that the elastic energy of the cytoskeleton of a 3T3 cell is a dependent on
the substrate stiffness it is attached to [47]. The current study aims to find the internal elastic strain
energy of a cytoskeleton, its nucleus, and the lamellipodium of a 3T3 cell for a range of the substrate
stiffness values.

Node 3 is located at the coordinate system’s origin and represents the point of focal adhesion.
This links the substrate and cell and it is fixed in the current model. All other nodes can move in any
direction to simulate the cell spreading; however, no rotation is allowed. The length of the cables and
struts of this model are able to change due to the response to the applied prestress and deformation.

The distance between the “superior plane” (the top X-Y plane) and the “inferior plane” (the bottom
X=Y plane) represents the initial cell height of 8.7 um. The superior and interior planes were set to be
parallel to the X-Y plane before the application of deformation.

Three tensegrity structures are shown in Figure 3. The furthest to the left with the largest structure
is the tensegrity model of the cytoskeleton and the nucleus of a 3T3 cell. The two smaller structures to
the right represent the lamellipodium of the 3T3 cell. The spring element connecting nodes 46 and
49 represent substrate stiffness.

2.2. Material Properties of the Elements

Link 180, Beam 188 and Combine 14 from the ANSYS (Canonsburg, PA, USA) elements library
were used to model the microtubules, microfilaments and substrate stiffness. Link 180 and Beam 188
are three-dimensional truss elements. The Link 180 element represents elements of the cable system,
and the Beam 188 element represents the compressive elements of the strut system. The Combine 14
element was used to represent the substrate’s stiffness. All the elements of the model were treated as
linear elastic members. The mechanical properties used in the current analysis are summarized in the
Table 1. The cross-sectional area of the microtubules was 45.2 X 10717 m? and of the microfilaments
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452 x 10717 m? [48]. It was hypothesized earlier that the microtubules cannot be extended [49], but for
the purpose of this investigation the microtubules and microfilaments are assumed to be completely
elastic. The length of the microtubule elements was selected to be 2.4 x 1075 m and the microfilaments
1.467 x 10~ m [50]. These values are summarized in Table 1.

Table 1. Mechanical properties of microtubules, microfilaments and substrate.

Microtubules Microfilaments Substrate

ANSYS Element Link180 Beam188 Combinl4
Cross Sectional Area (m?) 452 x 10717 452 x 1077 N/A

Length (m) 2.40 x 107° 1.467 x 107° 2.26 x 107°
Young’s Modulus (Pa) 1.20 x 10° 2.6 x 10° N/A
v 0.3 0.3 N/A

Stiffness Range (N/m) N/A N/A 10~3-1000

The attachment of the cell to the surface was modeled via focal adhesion. The migration of
various types of cells on different substrates were experimentally studied. A recent study used a
flat PDMS substrate to study REF52 fibroblast cell migration as a function of the substrate’s stiffness
gradients. In this study, the stiffness was in the range from 0.003 N/m to 1.4 N/m [51]. Gray [52]
evaluated acrylamide and PDMS substrates. The Young’s moduli were 2.5 + 0.2 MPa for acrylamide
and 12 + 1 kPa for PDMS. The cross-section area of the substrate was about 10 mm x 50 mm with
the height of 1 mm. Stiffness is evaluated as function of the Young’s modulus and the dimensions
of the substrate: K = (AE)/L, where A = cross sectional area, L = length, and E is Young’s modulus.
The PDMS's stiffness was calculated to be between 2.6 N/m and 540 N/m. The substrate was made
from PDMS, however, by using range of PDMS concentrations the substrates with different rigidities
could be generated. The stiffness range of the substrate in this study was selected to be from 1072 to
1000 N/m.

2.3. Prestress

A cellular prestress allows resisting extracellular forces and maintaining cell morphology [53].
It was suggested [54] that the prestress and the cells” mechanical properties impact the deformation of
a cell. The prestress is needed to make the model behave comparable to the behavior of the cell in-vivo
since the amount of prestress affects the cells’ stiffness and allows to the model keep its original shape.
Thus, prestress was applied to the current cytoskeleton model. It was found that the prestress has
small effect on the cell directional movement due to the changes in the substrate stiffness [47]. In this
study, the prestress tension of 0.8 X 10714 N was applied to microfilaments and a compressive force of
—1.92 x 107 N was applied to the microtubule elements of the model.

2.4. Simulation Procedure

The cell model can sense and evaluate the stiffness of the substrate by extending one of its nodes.
To probe the substrate stiffness, the cell extends and attaches one of the nodes to the substrate. Due to
this process, the cell’s internal elastic strain energy changes. The stiffness of the substrate was modeled
by a spring element between nodes 46 and 49 (Figure 3). The internal cell strain energy is then
calculated for the corresponding stiffness value. Since a cell prefers to stay in a low energy state, it is
assumed that the lower the internal strain energy, the likelier it is that the cell will move towards that
stiffness value.

To begin the simulation, prestress forces were applied to all elements. This causes a change in the
nodes’ locations because the length of the microfilaments and microtubules was changed. The new
node positions are calculated. The next step is to apply the same displacement to nodes 46 and 49.
The displacement of the spring element between node 46 and node 49 is 1 X 10~ m in the X direction.
This displacement, however, creates a reaction force at the nodes. The new nodes’ locations and
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reaction forces are calculated from this step to be used in the next steps. In the third step, node 49 is
fixed. The reaction forces from node 46 are then applied to find the total strain energy of the cell.

2.5. Cell Movement Mapping

After the relationship between the cell’s internal strain energy and substrate stiffness is developed,
the mapping of the anticipated cell movement on a substrate with a variable stiffness can show the cell’s
tendency to move towards the higher stiffness value. This is done by the conduction of Monte Carlo
simulations in MATLAB. A plane simulating the substrate was created by assuming a diagonal with
increasing stiffness values. Based on these values and the use of a random number generator, one can
simulate a surface with quasi-random varying stiffness. The sample of such a generated surface is
shown in Figure 4. This surface stiffness distribution will be used to predict the movement of the cell
utilizing the principle of searching for a minimum internal elastic energy.

Stiffness Surface

Stiffness Value

Y Direction 0 o X Direction

Figure 4. Simulated substrate stiffness.

The algorithm to model cell migration on the substrate was built. From a given starting position,
the cell probes the surrounding substrate and moves towards the location with the locally highest
stiffness value. This process is repeated until the cell cannot find any position with the local stiffness
higher than at its current position.

3. Results

Simulations were performed while the cell was placed on the flat substrate with no topological
preference, thus only the substrate stiffness was a guiding factor for the cell motion. To analyze the
effect of the stiffness on the cell’s favored direction of motion, the model was solved for an array of the
substrate stiffness values.

Effect of the Substrate Stiffness on the Cell’s Strain Energy

ANSYS Mechanical APDL solver was utilized to calculate the internal strain energy of the cell
adherent to the substrates with changed stiffnesses. The effect of the substrate stiffness can be visually
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seen on the image of the cell’s geometry while the cell is on a substrate with a low stiffness (Figure 5)
and a high stiffness (Figure 6).

Figure 5. Cell original (white lines) and deformed geometry (blue lines) at the substrate with a stiffness
of 0.001 N/m.

Figure 6. Cell original (white lines) and deformed geometry (blue lines) at the substrate with a stiffness
of 1000 N/m.

One can see that the cell in Figure 5 is more deformed than the cell in Figure 6. This makes sense
since the larger deformation of a soft substrate causes the larger deformation of the cell. Conversely,
the more rigid the substrate is, the less deformation of the cell is observed.

The relationship between the cell’s internal strain energy and the substrate’s stiffness is shown in
Figure 7.
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Strain Energy vs. Stiffness
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Figure 7. Elastic energy of the cell adherent to the substrate as a function of the stiffness. Inset shows a
stiffness range between 0.1 and 1000 N/m.

Running the algorithm to model the cell’s motion on the simulated substrate (Figure 4) results in
the predicted path as shown in Figure 8. Starting from the initial location at the point (0,0) with the
lowest local stiffness, the cell eventually arrives to the location at the point (8,10) that had the highest
stiffness value. The general path is towards the area with the highest local stiffness.

Cell Movement

Stiffness Value

Y Direction 0 o0 X Direction

Figure 8. Predicted movement of a cell along the substrate with the stiffness distribution as shown in
Figure 4.

4. Discussion

It was hypothesized here that the cell’s motion is guided by the cell’s probing of the substrate’s
stiffness and the selection of the direction that will lead to the region of the higher substrate stiffness.
From the principle of conservation of energy, the cell preferred to be in the lowest possible energetic state.
Experiments revealed that the cells usually probe their environment by lamellipodial extensions [55,56].
This action guides their movement to accord to the substrate stiffness [57]. The results of the current
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analysis, utilizing the tensegrity model for the cytoskeleton with a lamellipodia, show that with the
substrate stiffness increase, the adherent cell internal elastic strain energy decreases. This is the reason
for the cell’s movement to the more rigid area of the substrate. It was shown [14,27] that the mechanical
interaction between the substrate and cell adjusts the morphology and migration of the cell. Ni and
Chiang [39] modeled the influence of the substrate stiffness on a cell’s morphology and migration.
The model showed that the internal elastic strain energy of the cell was affected by intracellular and
extracellular forces and led to changes in the cell’s morphology and migration activity. The result
being that the increase in the substrate’s stiffness leads to the lower internal elastic energy state of
cell. The experiments presented here confirm the results of the possible cell’s movement utilizing the
tensegrity model. The similar experimental results were presented in the study of 3T3 cells while
culturing them on flexible polyacrylamide sheets [13]. By controlling the material concentrations,
the regions with different stiffness on the same substrate sheet were created. It was shown that the
cell’s migration rate increased when the cell crossed the boundary between the low and higher stiffness
area. Thus, the cells preferred to migrate in the direction of the stiffer region. This experiment supports
the results calculated on the basis of the tensegrity model of the cell.

Mapping the migration of a cell on a substrate with the varying stiffness (Figure 4) can help in
predicting the cell’s movement along the surface with varying stiffness (Figure 8). The proposed
procedure may be useful in the prediction of the directional movement of the cell. Since it has been
verified that a cell’s movement is the function of internal strain energy, mapping the cell’s movement
should be possible as long as the substrate’s stiffness is known.

The simulation results support the evidence that the cell migration is guided by the substrate
stiffness since it leads to the minimization of the internal elastic energy of a cell. The cell’s migration is
guided by a multifaceted interplay of physical and chemical signals, including substrate stiffness.

5. Conclusions

The tensegrity model of a cell adherent to various substrates was studied here. The obtained
results supported the hypothesis that the stiffer the substrate is where the cell is located, the lower
the internal cell elastic strain energy is. Since the attachment of the cells with lower internal elastic
strain energy and substrates are more stable, it would increase the cells’ focal adhesions and functional
efficiencies [58]. Such attachments could result in a cell migration from the region with lower stiffness
to the stiffer part of the substrate.

The substrate’s stiffness plays an imperative role in the cell’s directional movement. It was
established that the cell’s elastic strain energy will decrease with the increase in the substrate’s stiffness.
This relationship explains the fact that on a substrate with gradient stiffness, the cells move towards
stiffer regions as it was experimentally observed.

The obtained results confirm that the internal elastic strain energy of a cell is dependent on the
mechanical properties of the extracellular environment. By studying the cell’s response to the various
substrate rigidities it was shown that the cells will migrate to the location that will lower their internal
elastic energy which supports the available experimental data.
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