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ABSTRACT Mechanobiology is an important epigenetic factor. It influences cell functioning
and bears on gene induction, protein synthesis, cell growth and differentiation. In the presence of
patterned chemical cues, living cells can take shapes that are far from that of a drop of fluid.
These shapes are characterized by inward curvatures that are pinned at the points of location of
the cues. The mechano-chemical interactions that orchestrate cell behavior is simulated and
controlled by modeling the cells as made by parcels of fluid. Cells become drops that are then
endowed with the presence of additional forces, generated on the fly, that effectively make them
active. With the proper choice of the forces, the phenomena that emerge from the dynamics
match quantitatively the experiments. A combination of hydrophilic and lipophilic forces acting
between the beads of fluid allows the active drop to respond to patterned cues and form squares,

pentagons, hexagons and flowers, just as living cells do.
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Introduction

Living cells are highly complex systems characterized by a host of phenomena that
continuously battle between equilibrium and non-equilibrium conditions. To provide a
comprehensive understanding, their response to a variety of stimuli is constantly scrutinized both
experimentally and computationally. Their geometrical structure and mechanical dynamics has
far reaching consequences and governs their fate. Cells cultured on micropatterned substrates
display different morphologies. Cell shape has been found to govern whether individual cells
grow or die.! Living cells are viscoelastic. Upon expulsion from a micropipette, they take time to
recover the original shape.” Satisfactory description of the process was obtained with very simple
continuum modeling, which was based on a Newtonian fluid drop where the external membrane
was represented by a layer characterized by a constant surface tension.’A more complex model
consisted of the description of the cell with several regions characterized by different surface
tensions and viscosities that represented the cytoplasm and the nucleus.* The cytoplasm was
described either as a less viscous liquid or as a Maxwell fluid.” More recently, micro and
nanostructural approaches were included in tensegrity models,® tense-cable models,” open-cell
foam models,® and spectrin and actin networks.’

On the top of the response to micropipette aspiration, models have long been able to describe
manipulation with optical tweezers and in laser traps,'” magnetic twisting cytometry
experiments,'’ AFM indentation,'? and biomechanical properties obtained by a cytoindenter,' to
name a few phenomena.

In cells and tissues, shape correlates with function. The behavior and fate of tissue cells are
controlled by the rigidity and geometry of their adhesive environment, possibly through forces

localized at the sites of adhesion. An important role in the shape/function connection is played by
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the geometrical distribution of the tension. Bischofs et al. found that for cells whose sites of
adhesion are restricted to small adhesive islands on a micropatterned substrate, the shape
resembles a sequence of inward-curved circular arcs that look like epicycloids.'* Quantitative
image analysis revealed that the arc radii increase with the distance between the pinning points.
Laplace law for interfaces under tension predicts circular arcs and does not explain the
dependence on the spanning distance that was observed. Modeling, in conjunction with
actomyosin inhibition experiments, suggested that cell shape is regulated by two different control
modes related to motor contractility and structural changes in the actin cytoskeleton.

Banerjee and Giomi used a continuum model to investigate a living cell as a contractile film
bound by an elastic cortex and connected to the substrate via elastic links."> When the adhesion
sites were continuously distributed, the optimal cell shape was constrained by the adhesion
geometry. For discrete adhesion sites, the cell shape was convex at weak contractility, while it
developed local concavities at intermediate values of contractility. Increasing contractility
beyond a critical value, the cell boundary underwent a discontinuous transition to a star-shaped
configuration with cusps and protrusions, accompanied by the presence of a region of bistability
and hysteresis.

Cells from different tissues respond to the stiffness and spatial patterning of their
microenvironment by modulating shape and cortical stiffness. The interactions between substrate
stiffness, cell shape, and cell stiffness were investigated using microfabricated arrays.16 Cell
cortical stiffness increased as a function of substrate stiffness and spread area. Soft substrates
modulated cell cortical stiffness more than cell shape. An increase of the adherent area did not
lead to cell stiffening. For cells constrained to a small area, cell shape effects are dominant over

substrate stiffness and increasing substrate stiffness does not affect cell stiffness. Cell size and
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substrate stiffness interact cooperatively or anticooperatively to enhance or antagonize each
other.

Oakes et al. used fibroblasts to decouple the effects of substrate stiffness, focal adhesion
density, and cell morphology.'” By combining micropatterning with traction force microscopy
experimental technique, they showed that the number of adhesion points and the substrate
stiffness have little effect on the work done on the substrate by the cell. The local curvature along
the cell edge governs the distribution and size of traction stresses to maintain constant strain
energy.

Marchetti and coworkers used a continuum mechanical model to investigate an adherent cell
on adhesive micropatterned substrates.'® The cell was modeled as an isotropic and homogeneous
elastic material subject to uniform internal contractile stresses. The build-up of tension from
cortical actin bundles at the cell periphery was incorporated by an energy cost for bending the
cell boundary, which effectively provided a resistance to changes in the local curvature. Integrin-
based adhesions were modeled as harmonic springs that pin the cell to adhesive patches of a pre-
defined geometry. They investigated the competing effects of bulk contractility and cortical
bending rigidity in regulating cell shapes on non-adherent regions. They found that the crossover
from convex to concave cell edges is controlled by the interplay between contractile stresses and
boundary bending rigidity. In particular, the cell boundary became concave beyond a critical
value of the contractile stress that was proportional to the cortical bending rigidity. The
intracellular stresses were concentrated at the concave edge of the cell.

Bischofs et al. developed a continuum model of the cellular force distributions for cells
adhering to adhesive patterns with different geometries and rigidities.'” For adhesion along a

continuous contour, forces are localized at the corners. For discrete sites of adhesion, the model
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predicted that the forces are mainly determined by the lateral pull of the cell contour. Upon
increasing the distance between two neighboring sites of adhesion, the adhesion force increases
because the cell shape results in steeper pulling directions. Softer substrates generated smaller
forces.

Kilian et al. demonstrated that cell shape has a strong influence on the differentiation of human
mesenchymal stem cells, MSCs, from bone marrow.?’ Cells cultured in rectangles and pentagons
displayed different adipogenesis and osteogenesis profiles. Geometric features that increase
actomyosin contractility promote osteogenesis. Cytoskeletal-disrupting pharmacological agents
modulated shape-based trends affecting focal adhesion and contractility during differentiation.
Geometric shape cues can play a significant role in orchestrating the mechano-chemical signals
and paracrine/autocrine factors that direct MSCs to appropriate fates.

The mechanical and physical behavior of a living cell depends on the complex and intertwined
functioning of numerous subcellular components. In general, the main issue in developing
continuum models for cell mechanics and physics is the choice of the proper differential
law/equation able to capture the most important behavioral aspects of the cell under given
experimental conditions. Crucial inputs for these models are the material constants/properties.
Different types of experiments are described by different continuum models. It follows that it
may be very hard to join or unify the different continuum descriptions. Nano- and micro-scale
particle-based approaches, such as Monte Carlo and Molecular Dynamics simulations, are
commonly used to study the mechanical characteristics and the structure of individual
biomolecules, but cannot be used to simulate a cell as a whole. Mesoscopic coarse-grained

21-24

methods have recently been used to investigate cell membranes, cell ‘[issues,25 and blood

hydrodynamics.”°Recently, we proposed a particle-based model to simulate a variety of
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properties of living cells.”” Some morphological features and visco-elastic properties of drops -
made by tens of thousands of beads- were matched to those of biological cells. The treatment
described the interactions of the outer layer of cells with the surfaces of materials. An important
feature of the model was that living cells appeared with their true size and the dynamics of the
model is determined only by the forces between the constituent particles.

A crucial issue of the model was therefore how to describe the interactions between the
“parcels of fluids”, or beads, that made the cells. In analogy with other mesoscopic models,*'
the forces between the beads were described by very few quantities/parameters that could ideally
be related to fundamental chemical forces such as hydro- and lipo-philicity. The values of such
parameters represented an average of the properties of an area of the cells surface, or of a patch
of material where the cell was attached.

The model was able to simulate the adhesion dynamics of living cells together with the motion
of individual cells and the collective behavior of clusters of cells on materials. In silico, the drops
were forced “to secrete” molecules. They became active soft matter objects that, differently from
regular droplets, did not fuse when in contact. The cell trajectories were non-Brownian. The
behavior that emerged from the simulations allowed ascribing some cell properties to their
mechanics, rather than to their biochemical reactions and processes.

Here, we show how the proposed drop-like coarse-grained model is able to reproduce the
process of cell adhesion onto chemically micropatterned surfaces. In particular, by explicitly
simulating the dynamical process of adhesion formation, we were able to reproduce
experimentally observed modifications of cell shapes modulated by different geometrical

patterns.
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The model

Differently from other particle-based method, in our model, the focus is not on the interaction
energy but on the inter-particle forces. The simplest possible conservative interaction force
between two mesoscopic particles is on/off or nearest neighbor. In order to generate particle
dynamics/trajectories, that is changes of position in time, it is necessary to introduce the
dependence of the force on the distance between the particles. A simple, perhaps the simplest,
force dependence on the distance is linear and finite. It is a straight line that can be defined in a

range between 0 and 7., or in the range between 7. ;, 7> as

> a(l_m)ﬁ r:.<r
Fi={"Y v/ W U= (1a)
0 ; rij > e
or
Tij—Tca A~
> b:: 1_# s . r < 71::< T
Fii' = 7] Tea=Tcn ij ’ c1 ij c2 (1b)
0 ; rij < Tc‘l; 7"1']' > 7"6’2

a;; and b;; are the strength of the force, which are set positive in Eq. (1a) and negative in Eq.

~ A Al - . . A rij . .
(Ib), #;; = |rl- - r]-| is the inter-bead distance, 7, 1., and 1., are cutoff, and 71;; = ﬁ is a unit
t

vector. The finite magnitude of the force makes the particles inter-penetrable as colloids. In
polymers science, the polymer coarse-grained description at the Flory-Huggins level is based on
positive values of a;;. Notice that the use of a negative value for a;; in Eq. (1a) would lead to
particle fusion.

On the top of conservative forces, the dynamics is also governed by dissipative, I:"il} , and

random forces, I:"f;. The balance between these forces controls the temperature.”® A simple and

effective choice is
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Fh = —yw®(rj) (A - 0)Ay 2
and
Fvg- = awR(rij)fijﬁijSt_l/Z (3)

where, 9;; = D; — ¥; is the relative velocity of particles i and j, wP(r;;) and w®(r;;) are
distance weighted functions for dissipative and random term, y is the viscosity coefficient, o is
the noise strength, &t is the simulation time step, ¢;; = ¢;; is a random variable, which cannot be
velocity dependent if momentum must be conserved and usually follows Gaussian statistics with
zero mean.”*” Notice that, this random variable, &; j» may follow other distributions.”® At
equilibrium, dissipative and random forces cancel each other, and the dissipation fluctuation
theorem holds if *'

2
wP () = (wR(ri]-)) 4)
02 = 2ykgT/m

This set of conditions is called Dissipative Particle Dynamics, DPD,”**' and have found a
large variety of applications in the investigation of materials and interfaces.**>*

The role of the balance between dissipative and random forces used here can be thought of as a
clever thermostat that is obviously present when cells are functioning. The violation of the
fluctuation-dissipation theorem observed in living cells is ascribed to non-equilibrium processes

such as the generation of active forces.>”*

Details of the simulation
The simulations are run in dimensionless coordinates. The unit of length is set to .. For
simplicity, 7. ; is equal to r., while 7., was set to 3.5 . The time step, o, was set to 0.02 t, where

T is the dimensionless time unit. The friction coefficient of the dissipative force, y, was set to
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5.61, the reduced temperature 7* was set to 0.53, a value representing a physical temperature
7=310 K, as obtained through the relation 7=1337*+240.7*° Interestingly, for temperatures

above 0.6, the cell integrity was not maintained.

©CoO~NOUTA,WNPE

The system consists of 220,000 beads distributed in a box 36x36x25 r.. Periodic boundary
13 conditions were used. The drop-like cell, C, was formed by about 10,350 beads, the surface, S,
15 was 46,500 beads, and the medium, M, was 163,150 beads. The surface beads were arranged in
18 five layers of a face-centered cubic structure that was frozen during the simulation. The density
20 of the surface, ps, was set to 15, a value higher than the rest of the fluids in the simulation box
that was set to pc=6 and p,=6. The choice of ps=15 was made to avoid the penetration of cell
25 beads in the solid material.

27 Chemical adhesion patterns, P, on the surface were realized with different geometries
following refs. (14) and (20), see also Table 1. During the simulations, part of the cell beads
32 were converted into adhesion beads, A, mimicking the biological phenomenon of formation of

34 cell-substrate adhesion complexes.

39 Table 1. Patterns features. Surface (S beads) in yellow, chemical adhesive pattern (P beads) in

blue. Distances and radii in pm.

45 Features Flower-like Pentagon Square Stretched hexagon

49 o
50 a1 a1 5
51 = i 3 d3 d2

d2 d2

53 & 5 - i

di
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Radius of each 3.75 1.5 2.25 1.8
chemical cue

d 18.0 18.0 26.5 10.05
d> 27.0 13.5 18.75 42.0
ds 16.2 16.2 33.0
Total number of 582 117 208 160
pattern beads of

the cue spots

Based on the compressibility, Groot and Warren* identified for water at a density of 6 beads

per point, a value of a;; of 12.5, which therefore appears reasonable for acc and ayy,. The value

of acy, set to 65, is rather phobic, but ensures that the cell in the medium preserves its integrity

and mimics the presence of the membrane The interactions between cells and its adhesion

regions and adhesion regions and the patterned regions are modeled with both repulsive (eq. 1a)

and attractive (eq. 1b ) forces. Table 2 lists all the parameter used in this work.

Table 2. List of all the a;; and b;; parameters (expressed in 10" N) used in this work.

Cell Adhesion Medium Surface Pattern
Cell acc=12.5 acyg =12.5 acy = 65 acs = 160 acp =100
bea=-2.5
Adhesion Auq =75 Auy = 65 aus =100 asp =200
bayp =-7.5

ACS Paragon Plus Environment
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Medium aApym = 12.5 Ays = 100 Apyp = 100

©CoO~NOUTA,WNPE

At least five statistically independent simulations were carried out for each process of cell
adhesion onto the different patterns in order to verify the robustness of the approach. A change
of the initial random seed that starts each trajectory produces a different trajectory with identical
model parameters. All the dynamics were performed with the same procedure that was divided
into several steps:

1. After the design of the pattern on the surface, the cell beads are positioned above the surface
as a spherical drop-like aggregate. No adhesion beads are present, the beads of the medium are
placed outside the cell and fill the simulation box.

2. A minimum of 2,500 steps thermalize the system.

3. A list of C beads with a distance from P beads shorter than 3.5 r. is generated and updated
every 200 steps. At every step, a number of C particles in the list are transformed in A beads
with a probability p

p = (1 — exp(—kdt)) (5)
where k is empirically set to 0.05 and ot is the time step. For each C beads in the list, at every
time step, a random number with a value between 0 and 1 is generated and compared with p. If
the random number is smaller than p, the C particle is turned to A. The number of A beads that
are created at every time step depends on the number of particles in the list, which, in turn,
depends on how the cell covers the beads of the pattern.
In addition to the creation of A beads, a mechanism able to change A in C beads is introduced.

When the distance from the surface becomes greater than 1.0 7., A are back-transformed into C

ACS Paragon Plus Environment
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beads. This mechanism removes the excess of adhesion beads. It also helps in the dispersion of A
beads on the P particles of the surface and obtains a more homogeneous and symmetric
distribution of particles. The phase of creation and deletion of “adhesion particles” is performed
for a total of at least 2,200 steps.

4. 2,500 more steps of equilibration are performed, during which no mechanism of beads
transformation is active. At the end of this new equilibration, a final single conversion of A to C
is executed to make sure that all A particles in excess are removed.

5. The total number of A beads is kept constant and only a few steps are necessary for re-
equilibrating the system.

For each system, a reference run was performed where only soft repulsive interactions between
A and P (ayp=200.0) and A and C (ayc= 12.5) beads were applied.

All the calculations were carried out with the ESPResSO software.*!

Mapping simulation parameters to physical values

The conversion of the dimensionless units of the simulation into physical parameters requires
some assumptions and the use of experimental data. In practice, we assume the lengthscale of a
bead and determine the timescale.

The lengthscale assumption is that 1 7. = 1.5 um, thus each bead has a radius of 0.51 um. Such
value is similar to that of organelles inside a living cell.**** By setting 1 . = 1.5 um, the cell
diameter is 22.5 pm.

The diffusion coefficient of mitochondria in cytoplasm was found to be around 5x10™2 cm? 5™
(motion of mitochondria in cultured cells quantified by analysis of digitized images).** The

calculation of the mean square displacement determines the self-diffusion coefficient of the
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beads (Deae = 0.016 r/1), see Supporting Information. The time scale is determined by

comparing the calculated diffusion coefficient with that one of mitochondria, as

__ peale 12 = 0.016
— pexp L'¢l T 5x10-16m2/s

x (1.5 X 1076 m)? = 70 s. (6)

This timescale leads to an adhesion and deformation process that takes place in about 2 hours.
The timescale must be taken as only indicative, because of its dependence on the experimental
value of the diffusion coefficient. If we consider the diffusion coefficient of a spherical particle
of radius 0.5 um, in a fluid with a viscosity comparable to that of the cytoplasm (70 cP), the
diffusion coefficient would be D = 0.65x10"* m*/s. With this value, the timescale becomes 6 sec,
which means that the adhesion process takes place in about 15 minutes. All results will be

presented in physical units.

Results and discussion
Four geometric cue patterns were investigated in the simulations. They are flower-like,
pentagon-like, square-like and stretched hexagon. Their interactions with living cells have been

reported experimentally.'**

The radius of the spot of the cues ranged from a minimum of 1.5
um in the case of the pentagon pattern to a maximum of 3.75 um for the flower arrangement.
The distances between the adhesion spots also varied over a factor of ~4, see Table 1. The
variation of the geometrical parameters introduces a variability of conditions that the “active
drop” has to cope with while adapting to the cues pattern.

For each geometrical arrangement, we performed a reference simulation (column 1 of Figure
1) where adhesion beads are generated (see Details of the simulations) without the presence of

any attractive force in the “active drop” (eq. 1a). These simulations show that drop/cell moves on

the pattern cues because of the favorable interactions but the cell/drop shape remains
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substantially circular, as at the beginning of the simulations. This result shows that the drops to

spread on the surface cannot assume the geometries of the patterns without an additional

interaction.

P

.
.
E

Figure 1.Top to bottom: flower-like, pentagon-like, square-like and stretched hexagon patterns
that govern cell shape. Left to right: thermalized cell structure in the absence of A beads, A and
C beads adherent to the pattern, thermalized cell structure in the presence of A beads,

experimental cell shapes flower-like,” pentagon-like,”’ square-like,'* stretched hexagon.”’
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As discussed in our previous work,?' models based on fluid droplets can account for some
features of living cells, mainly their passive response. In order to capture the active behavior of
adhesive biological cells, we explicitly introduce in the coarse-grained cell/drop model the
attractive interactions of eq. 1b. These forces are between A beads (which are generated on the
fly inside the cell during the simulations) and the P beads located on the surface that represent
the pattern of chemical cues. The dynamical simulations show that the spherical cell/drop,
initially positioned on the surface, attaches and spreads on the cue spots. It modifies its shape
(see columns 2 and 3 of Figure 1) in accordance with experimental observations (column 4 of

Figure 1).

Cell adhesion dynamics

When biological cells in suspension contact a matrix-coated surface, they rapidly adhere and
spread. In the “spread state”, cells exert forces induced by actin polymerization and myosin
contraction on the substrate through the generation of adhesion sites. As a consequence the cells
initially flatten and deform extensively, increasing the contact area with the substrate. Figure 2

displays the spreading curves in time on the four different patterns.
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Figure 2. Spreading curves of the model cells on the four different patterns (red for flower-like,
green for pentagon-like, blue for square-like and magenta for stretched hexagonal). The points

correspond to simulation data averaged over five independent simulations (errors + 5 um?). Solid

lines correspond to fitted curve according to Eq. (8).

Spreading in all curves follows a sigmoidal evolution. Time t=0 corresponds to the instant
when the spherical cell/drop contacts the surface, a “passive” spreading takes place, the cell
increases its contact area because of favorable interactions between cell and surface beads, but
the cell shape remains spherical. In the simulations, at t=60 min, the cell/drop starts expressing
adhesion beads. Their number is proportional to the number of pattern beads. Adhesion beads
anchor the cell to the substrate through attractive forces with the pattern beads and induce the

cell/drop to further spread over the pattern, covering all the cue spots. Then, the cell contact area

ACS Paragon Plus Environment
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reaches a plateau. The final cell-substrate contact area depends, not only on the number of

pattern beads, but also on the geometry of the pattern.

©CoO~NOUTA,WNPE

It has been observed experimentally that the dynamics of biological cell spreading follows

sigmoidal kinetics described by the logistic equation™®

13 L =ra(1- :x) ™

16 where A, is the maximum possible contact area of the cell and » is the rate constant of
spreading.
21 The solution of this differential equation is

1+exp[—r(t—-m)]
26 where m, the constant of integration, gives the time at which the point of inflection occurs and
29 the spreading area is equal to 4,,,,/2. Fitting Eq. (8) to the data obtained from simulation yields

31 the results given in Table 3.

36 Table 3. Parameters fitting logistic equation (Eq. (8)) to the simulation data reported in Figure 2.

38 The values are averaged over five statistically independent runs.

42 Pattern Apay (um?) r(min™) m (min)

Flower-like 559+4 0.0684 = 0.005 25+1

Pentagon-like 526 £4 0.0752 £ 0.006 23+1

48 Square-like 609+ 4 0.0504 + 0.003 29+ 1

50 Stretched hexagon 63513 0.0531 £0.002 31+1

ACS Paragon Plus Environment
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Recent experiments of spreading kinetics performed with highly adherent human cervical
tumor cells (HeLa) on different values of density of integrin ligand RGD-motifs showed that
while Anax 1s almost linearly dependent on the surface density of integrin ligands, the spreading
parameter 7 is nearly constant and most likely depends on actin polymerization.*

Here we observe that the final contact area depends on the geometry of the pattern (the cell on
the stretched hexagonal pattern has the greater 4,,,,), and for similar geometry it weakly depends
on the density of cue spot on the surface (the cell area on the flower-like pattern is slightly
greater than the area on the pentagon-like).

For the four different geometries, the cell reaches the inflection point in about 30 min. These
values are comparable with experimental parameters found for stem cells adhesion during
differentiation.”’” The position of the inflection point actually is not affected by the attractive
component of the forces exerted by the adhesion beads onto the surface. Experiments of
spreading dynamics using reflection interference contrast microscopy carried out on different
cell lines and substrate types suggested that cell spreading can be divided into two distinct
stages: the earliest events that are characterized by passive adhesion and isotropic cell
deformations, similar to the spreading of a liquid droplet on a surface, while the later stages
involve the active mechanism of force generation by actin polymerization and myosin
contraction.”® The small differences in growth velocities are due to the different response of the
cell/drop system to the creation of adhesion beads that can differ strongly in number in relation
to the type of pattern. In general, the number of adhesion beads “expressed” by the cell/drop
during the adhesion to the patterned surface is proportional to the amount of chemical cues (see

Table 4).
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Force exerted by the adhesion beads

The process of cell adhesion to an external substrate is mediated by cell-matrix adhesion
complexes (CMAC). The complexes are specialized adhesive structures containing integrins and
other adaptor proteins. They bind the cell to the extracellular matrix through the actin
cytoskeleton. A variety of adhesion types exist, such as nascent adhesion, focal adhesion
(growing and mature), fibrillar adhesion, stress fiber, and podosomes/invadopodia. The cell
responds by eventually attaching to the substrate, exerting forces and modifying its shape.*
Application of local external forces to cells was shown to stimulate the growth of size and force
of adhesion sites, thus suggesting the mechanosensing behavior of focal adhesions.”’In our
model, adhesion beads (A) are generated dynamically on-the-fly during the simulation, starting
at time t=60 min. A beads can be created only close to the chemical cue regions, and upon
creation, they establish attractive forces with the pattern. This means that only if the cell senses
the chemical pattern can produce adhesion sites. As the number of A beads increases, also the
area of adhesion sites and the total exerted force increase. We have evaluated the mean force
exercised by the A beads of the cell/drop on the surface. Our results are in good agreement with
those presented by Balaban et. al..’' where the force applied by focal adhesion sites was
measured for different types of cells, and are consistent with other estimations,”>>> Table 4. The
experiments performed on stationary adhesive cells showed that the stress measured at the

different focal adhesions is constant at 5.5 + 2 nN um™. This value is comparable with the data

obtained by simulations, where force/pattern surface ranges between 1.7 and 5.2 nN um™.

Table 4. Force exerted by the adhesion beads, A, on the surface. Column 2: force expressed by a

single A bead in the four different geometries; Columns 4 and 5: total force of A beads
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normalized by the surface of the chemical pattern and the surface covered by the entire cell,

respectively. The values are averaged over five statistically independent runs.

Geometry Number of | Force per A | Surface Force/Surface | Force/Surface

A beads bead (10" | covered by | covered by the | covered by
N) the A beads | A beads | the cell/drop
(um’) (nN/pm?) (nN/pm?)

Flower-like | 649 + 8 -177.7+ 0.8 | 220.9 5.22+0.09 2.1£0.1

Pentagon- 137+5 -53.1+£0.6 | 424 1.71 £ 0.08 0.1£0.1

like

Square-like | 416 £ 38 -66.1+0.3 | 79.5 3.46 +0.08 0.5+0.1

Stretched 254 +7 -65.2+0.9 |61.1 2.71+0.1 0.3+0.1

hexagon

Characterization of the cell shape

Cells whose sites of adhesion are restricted to small adhesive islands on a micropatterned

substrate present a sequence of inward-curved circular arcs.'* These arcs appear spontaneously in

the simulations. Figure 3 and Table 5 detail the concave curvatures on the four different patterns.

seed

Figure 3. Fitted circular arcs to cell contours for the four patterns, from left to right, flower-like,

pentagon-like, square-like and stretched hexagon.
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Table 5. Curvatures of the cells/drops on the four patterns. R is the fitted arc radius and s is the

distance between the cue spots. The values are averaged over five statistically independent runs.

©CoO~NOUTA,WNPE

Flower-like Pentagon-like Square-like Stretched Hexagon

S R S R S R S R

1 18 15.7+0.7 18 inf 265 [226+1.2 10.05 10.9+0.4

2 16.2 143+ 1.6 33.0 48.5t 3.1

3 94 12.7+£0.5

In general, we observe that the curvature radius increases with the increase of the inter-cue
distance, in agreement with experimental observations."* The curvature depends also on the
dimension of the spot. The total area covered by cue spots for the flower-like pattern is ~5 times
greater than the pentagon-like one. The number of adhesion beads generated in the pentagon is
smaller and thus also the adhesion force. This geometry induces the cell/drop to spread
homogeneously, without forming inward curves. In order to further investigate the effect of the
pattern island size on the formation of inward curved circular arcs, we performed an additional
simulation of cell adhesion on a pentagon-like pattern with a cue spot radius of 2.25 /um. The
variation of the pattern increases the force stress generated by the adhesion beads to 4.2 £ 0.1

nN/um? with respect to the previous value of 1.71 + 0.08 nN/um?. The results are in accordance

with continuum models.'® "

Cell-surface interfacial tension
It has been suggested that, similarly to liquid droplets whose shape is governed by the surface

tension, also adhesive cells obey Laplace law where the mean radius of curvature R=2y/p, with y
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the surface tension and p the pressure difference across the fluid interface.'* Molecular dynamics
simulations can determine the interfacial tension as a function of the contact angle of the fluid on

54,55

a surface. In practice, the cell/drop-surface interfacial tension y,s can be calculated with the

Young equation, as”®

Yes = Yms — Yem€osOc )

where O is the cell-surface contact angle and yus and ycu are the medium—surface and cell—-
medium interfacial tensions. Using Irving-Kirkwood equation,”” which uses the three diagonal
components of the pressure tensor (see details in Supporting Information), we were able to
estimate the interfacial tension for medium-surface and cell-medium, which yields yys= 0.233
mN/m and ycy = 0.251 mN/m. The cell/drop-surface tension (see Table 6) depends on the cell
contact angle, whose value is not constant along the perimeter of the cell. For this reason, the cell

contact angle was evaluated at two different points.

Table 6. Contact angle ¢ and interfacial tension ycs for the four different patterns used in the
simulations. For each geometry, we measured the contact angle at two different positions of the
cell/drop: the first value corresponds to the cell/drop contact angle in correspondence of the
tangential point of the circular arc, the second value is measured in correspondence of the

chemical cue. The values are averaged over five statistically independent runs.
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Geometry Contact angle 6¢ (degree) Interfacial tension ycs (mN/m)
Flower-like 75+ 1 0.17£0.02

49 £2 0.07 £0.02
Pentagon-like 79 £ 1 0.18 £0.02
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48 £3 0.06 £ 0.04
Square-like 84 1 0.21 £0.02
42+£2 0.05 £0.02
Stretched 812 0.19+0.02
42+0.4 0.05 £ 0.01

Measurement of two contact angles for each shape shows the effect of the position of the
chemical spots and the adhesion sites. A beads interact only with the area of the cell around
adhesion sites (small contact angles) and do not affect cell adhesion in the remaining parts (large
contact angles). Reference simulations with cells/drops characterized by quasi-circular shapes
found contact angle values of ~85°. These contact angle values are comparable with
experimental contact angles measured with lateral microscopy techniques for different cell lines
on different surfaces.” During the active adhesion phase, the cells lower their interfacial tension
with a surface (initial surface tension = 0.211 nN/m), in particular in areas where adhesion beads
are concentrated. The process allows the cell/drops to spread on the surface and increase, not
only its contact with the surface, but also the area of the cell/drops exposed to the medium. Since
the surface tension relates to the work required to extend a surface of a fluid in contact with
another fluid, the process of adhesion beads creation that takes place in the simulations, in
combination with the attractive force applied, is equivalent to supply energy to win the cell-

medium surface tension.

Conclusion
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In this work, a coarse-grained model to describe living cells was developed to simulate the
process of cell adhesion onto chemically patterned surfaces. During the simulations, adhesion
beads are dynamically generated inside the cell in proximity of the chemical cues. The adhesion
beads pin the cell to the patterned surface. The expression of adhesion beads (whose rate was
properly tuned) leads to an adhesion process whose spreading kinetics follows a logistic
function.  The parameters of the logistic equation are comparable with those found
experimentally.”’ The forces generated in the dynamics reproduce the experimental focal
adhesion stress of 5.5+2 nN um™=.>°

Living cells attached to surfaces, characterized by the presence of small adhesive spots, take
shapes with inward-curved circular arcs. The radius of curvature of these arcs depends on the
distances between the spots of the pattern and on the size of the spots. The simulations
spontaneously reproduce the living cell behavior. In practice, the process of adhesion bead
generation inside the cell correctly mimics the energy use of the cell to adhere to complicated
surfaces.

Ideally, our approach allows to treat different cell properties such as morphology, spreading
kinetics and motility under different conditions in a unified manner. The parameters used in this
work are generic and are not ascribable to any particular cell line or cell/surface interaction. In
the future, they may be specialized to cell lines or materials. The main limitation of the model
arises from the spatial resolution of the beads, each one of which representing a portion of cell of
micrometer size. Increasing the resolution is possible, but implies an increase of computational
cost.

Understanding mechanical cellular processes can assist in the optimization of biomimetic

materials and in the control of the cell response to the presence of new environments.
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