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Supplemental Experimental Procedures
Modeling framework

To predict the shape and orientation of cells on multiple adhesive lines of fibronectin, we extended
the statistical framework of Shishvan et al. [1], which is here briefly described. In what follows, we
refer to: “the cell”, to indicate a generic cell to model; “the substrate”, as a generic substrate with
alternating (non-)adhesive lines; “cellular configuration”, to indicate the mapping of the cell material
points on the substrate; and “the system”, as the system composed of the cell and the substrate.

Characterization of a configuration

The cell was approximated as a two-dimensional body in the x1 — z2 plane, with through-thickness
stress Y33 = 0. X indicates the coordinates of each material point of the cell in the undeformed
configuration, omitting the index of all different material points for brevity. The cell in the unde-
formed configuration was assumed cylindrical, with radius Ry and thickness by = Ry/5. The other
configurations were characterized by the displacements of each material point u)(X) = w9, such
that ) = X 4+ u) are the coordinates of the material points of the cell in the configuration with
index (j).

The probability of a configuration

By assuming a rigid and purely elastic substrate not deformed by cells, the Gibbs free-energy of a
configuration (j) was defined as:

G :/V‘ fdv, (1)

cell

where Ve denotes the volume of the cell and f is the specific Helmholtz free-energy of the cell.
As described in Shishvan et al. [1], by assuming Gibbs free-energy minimization over the short-term
period (seconds) and homeostasis over the long-term period (minutes), it can be derived that a
configuration () has probability

. 1 .
P = exp |G|, (2)

where Z =}, exp [—C G(j)} is the partition function and ( is a constant such that

S PUGH = %ZGU) exp [-(GV] = G. (3)
J J

Here, G is the homeostatic Gibbs free-energy, corresponding to the free-energy of a free-standing cell
(i.e. isolated, not interacting with any substrate). The average magnitude of the fluctuations of the
energy of a cell on a specific substrate is proportional to 1/{, which is referred to as homeostatic
temperature [1]. This quantity is a characteristic of the interaction between the cell and the substrate,
and was computed for each different substrate.



Definition of the specific Helmholtz free-enerqgy f

In Shishvan et al. [1], the Helmholtz free-energy f was computed as f = feyto + Peias, Where foyio
and @, are the specific Helmholtz free-energies associated with stress fibers and other cellular
passive components (e.g. cell membrane), respectively. Here, we added a term f,q45 corresponding to
the specific Helmholtz free-energy of cell adhesions to account for the heterogeneity of the substrate
in exam, where cells can easily form adhesions on the adhesive lines, while the formation of cell
adhesions on the non-adhesive lines is obstructed:

f = fcyto + q)elas + fadh~ (4)

The terms feyo and Peyqs were computed as in [1], by using the model of Vigliotti et al. [2] to
compute feyo, and a two-dimensional adaptation of the Ogden hyperelastic model [3] to calculate
D 1qs- In what follows, the computation of these terms is summarized, followed by the definition of
the term f,q introduced in the present study.

The specific Helmholtz free-energy of stress fibers fcytio

Vigliotti et al. [2] envisioned stress fibers as formed by a number of functional units with reference
length [y. The quantities describing stress fibers are defined in a representative volume element (RVE)
that, in its undeformed configuration, is defined as a cylinder with the axis along the thickness of
the two-dimensional cell, radius nftly/2, and thickness by (such as the cell). Stress fibers initiate from
the center of this RVE, oriented at angles ¢ (—7/2 < ¢ < 7/2) with respect to the axis x;. In the
undeformed state, n* functional units are present in the stress fibers in each direction while, along
the thickness, ng layers of identically distributed stress fibers are present. Given an infinitesimal area
of the cylinder of the RVE oriented at an angle ¢, the number of stress fibers crossing this area is
dIl = nd¢, such that n(¢) is defined as the angular stress fiber concentration.

When a nominal strain £,,,(¢) is applied along the normal of the surface dA, the stress fibers
in that direction deform and, in response, remodel. In particular, due to the deformation of stress
fibers and their functional units, the number of these functional units increases (in case of tensile
strain) or decreases (for compressive strain) till their deformed length reaches an optimal value I.
It follows that, in addition to the nominal strain of the RVE, we can define a nominal strain £, (¢)
for the stress fiber functional units, relative to ly. A relationship between &, (¢) and &,m(¢) can
be found by observing that ng = n [1 + £,0,] functional units of length /y are necessary to cover
the deformed stress fiber length nfly [1 + €,0m]. In contrast, if n functional units are present along
such length, each of them has the length n®ly[1 + €,0m] /7, and thus

nflo [1 + €nom ng
o = oo Eneml g B0 5
“no lon n (5)

At steady-state each unit has length [, thus

énom = lss/lO -1= éfi)ma (6)
and
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are the nominal strain and number of stress fiber functional units along a direction ¢ at steady-state.



At this point, we define

/2
N, = / s de (8)

—7/2

as the total number of stress fiber functional units within the entire RVE at steady-state. At the same
time, within the same RVE, there are a number of unbound functional units N, such that the total
number of functional units within the RVE is Ny = N+ V,,. In the time-scale analyzed in this study,
the total number of functional units within the cell normalized over the cell volume was assumed to
be constant and it was denoted with Ny = fv NpdV/Vy, where Vi and Vj represent the volume of
the cell in the deformed and undeformed conﬁguratlons respectively. Given the conservation of this
value, normalized quantities were defined as N, = N, w/No, Ny = Nr/No, N, = Ny/No, # = nn't /Ny,
and 7% = n*s /nft.

When the cell is at steady-state, €nom = énom = 0, and from the assumption that stress fibers
exert tension with mechanisms similar to striated muscle, it follows that in these conditions they
exert the maximum stress o,,q,. For these conditions, the chemical potential associated with each
functional unit that is part of a stress fiber is

A7 ss R
Xy = kT AL (“) 9)
nt Nu (1_ 0 ) TN

where the first term on the right-hand side accounts for the enthalpy p, of n®f functional units, while
the second term considers the entropy of mixing between packets of unbound and bound stress fiber
proteins with sites for bound proteins, and the entropy of mixing between unbound proteins and
lattice sites. For a complete derivation of this chemical potential, we refer the reader to [1]. In Eq.
(9), fimax represents the maximum value of 7 such that all available lattice sites Ny, are occupied,
while N, = Nj, /Np. The enthalpy up of bound proteins can be quantified as

Mo = b0 — Omaz U1 + &35, (10)

where ppo is the internal energy of n® bound stress fiber functional units and Q = Ayn®l, is the
volume of nf* functional units of length ly. The chemical potential associated with every unbound
functional unit is

Moy Nu
Xu:nR+kT1n[ . ] (11)
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with s, the internal energy of unbound functional units potentially forming nf* stress fiber units.
Now, given pg = Ny /Veeu, the specific Helmholtz free-energy accounting for the stress fiber cytoskele-
ton is

w/2

fcyto = po <Nu-)(u + ﬁﬁssxbdqs) . (12)

—7/2

This quantity can be computed, given the previous definitions, once calculated 7 and N... Note that
feyto has to be computed for equilibrium morphological microstates, which means dG) = 0. It can



be demonstrated [1] that this requirements translates to the constraints of chemical and mechanical
equilibria & = &), and ¥;; = 0, where ¥;; is the total Cauchy stress, characterized as a summation
between the stress fiber stress, the stress from the cellular adhesions, and the passive stress of the
other passive cellular components. From the chemical equilibrium A}, = X, and Egs. (9) and (11),
an expression for # in terms of N, follows:

Nuﬁmax exp {W}

= T (13)
75 + Ny exp |2l

The normalized value Nu can be computed by recalling that Ny = N, + N, is the total number of
functional units in a material point x;, while NyVy/VR is the total number of functional units that
can be formed within the cell. These two quantities are related as

NoVi
0% _ / NedV = [ Nydv + / NydV. (14)
Vr Vet Veen Ve
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The integral fvce” N,dV can be easily computed because, from the chemical equilibrium, it follows
that X, is constant across the cell and therefore, due to Eq. (11), also N, is constant. Now, from

the definitions of N, = N, /Ny and Ny, = Ny/Np and (14), we have
N 1 /2
1= Ny + — / / Anseddv, (15)
‘/b Vcell 771'/2

from which N, can be computed, since it is the only unknown (given Eq. (13)).

The specific Helmholtz free-energy of cellular passive components P45

The specific Helmholtz free-energy of passive components of the cell was modeled with a modified
version of the Ogden hyperelastic strain energy density function, with the modification necessary to
specialize the formulation to a two-dimensional setting. In particular,

m
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where f is the shear modulus, m a material constant, A\; and A;; are the principal stretches, & is
the in-plane bulk modulus, while k and J. are material parameters introduced to account for the
penalty associated with cellular configurations with an areal stretch A;A;; below a threshold J.. For
a complete derivation and motivation of Eq. (16), we refer the reader to [1].

The specific Helmholtz free-energy of cell adhesions faan

Cell adhesions on the substrate were approximated as linear springs, and it was assumed that springs
associated with non-adhesive parts of the substrate have a very low stiffness k, compared to the
stiffness k, of springs on adhesive areas (k, < k). From this it follows that



%, if ) is adhesive,

Jadn = (17)
(F(z))

if 19 is non-adhesive
2k )

where F(x()) is the magnitude of the force (in material point 2()) that the linear spring has to
exert to equilibrate the residual forces resulting from the interaction between stress fibers and cell

passive components. From k,, < k, it follows (F(;ck(i}))? > (F(;c,ii)))2; therefore, the approach efficiently
models the preference of cells to form and mature adhesions only on adhesive lines (Egs. (1)-(17)).

The magnitude of the force of cellular adhesions

In the present study, we assumed that cellular adhesions exert forces of a magnitude equal to the
forces necessary to mechanically equilibrate the active and passive forces of the cell. This translates
to assume that, given the total Cauchy stress ¥;; as a summation between the stress fiber stress,
the stress from cellular adhesions, and the passive stress of the other passive cellular components,
we have

0=%;,= Ufjf + o + U%dh, (18)

with afjf stress fiber stress, J;-‘]dh stress due to cellular adhesions, and Ufj stress from other passive
cellular components. It follows that, to quantify the magnitude of the force of cellular adhesions,
computing afjf and o}; is sufficient.

In agreement with [1], the stress fiber stress was computed as

sf _sf F /2 9 s .
011 013 _ Y 00max ~ 2 cos gf) Sin 2¢
laig 035] - 92 /_W/277[1 + 5nom(¢)] sin 2¢* 92 gin2 o do, (19)

with Fy = ng(Aolo)po, while ¢* is the angle with respect to xy, in the deformed configuration, that
stress fibers originally oriented at an angle ¢ have in the deformed configuration. Note that Eq. (19)
was determined with the assumption the cell is incompressible. This assumption, leads also to the
determination of the Cauchy stress of the passive components of the cell:

otpl? = otp" (20)

where of = A\, &gijf:s is the principal passive stress, with associated pgk) and pg»k) unit vectors indicating
the principal directions (k = I,11).

Numerical method for computing the Gibbs free-energy of a configuration

The cell in the undeformed configuration was discretized with three-noded triangular elements of
size Ry/10. Different configurations (j) were then obtained by varying the displacements w®), which
uniquely identify the strains in the cell. From these values, by considering the chemical equilibrium
in the cell body, feyio and @45 can be computed, as well as the passive stress within the cell and the
stress fiber stress. Given these passive and active stress values, the residual traction forces T'(2())
can be identified at each node, together with the consequential values of F(z¥)) = —T(2()). From



these forces, the Helmholtz free-energy fuan (Eq. (17)) and the total Gibbs free-energy (Egs. (1)
and (4)) can be computed.

For the calculation of the statistics of cell shapes on a substrate (Eq. (17)), the values of G
and ¢ needs to be determined. First, the homeostatic energy G of a free-standing cell was
computed. Only one equilibrium configuration is possible for a free-standing cell: the cell needs
to be traction free and in chemical equilibrium without the contribution of the adhesions with
the substrate. The total Gibbs free-energy can be computed for this unique configuration:
G = > Pe(g)G(j) = Pequ1 = G', where the index 1 refers to the unique configuration of the

free-standing cell (which has qu = 1). An iterative method was pursued to calculate . Given a

hypothesized value (y, the corresponding average Gibbs free-energy Gg = %ZJ GU) exp [—COG(j)}

was approximated with the Metropolis algorithm [4]. If Go = G (with a maximum absolute error
equal to 2%@), (o was accepted; otherwise, the procedure was repeated with a new value (;. For
the random walks among the possible configurations required for the Metropolis algorithm, M
points were chosen among the material points of the cell. Hypothetical and random deformations
U ]gj ) (with L =1, alde, M ) were assigned to these points. The actual deformations u/) of the entire
cell were generated via Non-Uniform Rational B-Splines [5], by using the values U ](;] ) as weights.
A perturbation of a specific configuration was then performed by varying the value of one of the

weights Uéj).

Material parameters for myofibroblasts

The material parameters were chosen similar to Buskermolen et al. [6], who simulated myofibroblasts
with the same statistical framework, omitting the specific Helmholtz free-energy associated with cell
adhesions and considering the contribution of the cell nucleus. The parameter differences between
the two studies derive from these dissimilarities. The parameters for the cell adhesions were chosen
by considering the assumption that &, < k,. A list of the material parameters is given in Table S1.

Orientation, aspect ratio, and area of a configuration

For each configuration (j), as in experiments, the cellular orientation and aspect ratio were obtained
by fitting the outline of the cell with the best-fitting ellipse (in a least square sense), calculated using
a least-square algorithm. The area of the cell was calculated by summing the areas of the deformed
elements composing the cell in the deformed configuration (j).

Scaling of the computational results

We first performed computational simulations of myofibroblasts cultured on substrates with alter-
nating adhesive and non-adhesive lines equal in widths, where the size of these widths is normalized
to the diameter of the undeformed cell. In what follows, we describe the procedure to find the scaled
version of these widths.

We first simulated the experiments for a large range of different line widths, spanning from lines
that were small enough to enable the cell to spread on multiple lines, to lines wide enough to
accommodate the cell on a single line. The computational results were presented with boxplots, with
each boxplot corresponding to a different width of adhesive and non-adhesive lines. The value of the
line widths is reported on the horizontal axis normalized to the diameter of the undeformed cell.
Hereafter, we indicate this normalized value with [,,.

The simulations predicted that cells generally tend to co-align with adhesive lines, with the vari-
ability of alignment dependent on [,,. In particular, the alignment increased with [,, when [,, < 0.3
and decreased with [,, for l,, > 0.7. Interestingly, [,, values between 0.4 and 0.6 corresponded to a



change of trend, with alignment increasing from 0.3 to 0.5 and again decreasing for [, from 0.5 to
0.7.

To compare the computational results with the experiments, the normalized line widths [,, have
to be scaled with experimental measures. In our experiments, 20 ym seems a characteristic size for
myofibroblasts, corresponding to the smallest line width where cells can spread on single lines (Fig-
ure 1 of the main text). Moreover, cells on these lines exhibited the maximum degree of alignment.
Therefore, the normalized line widths were scaled by identifying the value of [,, that corresponds
to 20 um. For brevity, we indicate this value with I7¢/. To determine I’*/ we observe that, in the
computational simulations, cells start spreading on single lines when [, > 0.6 (Figure S4C). In
addition, cells exhibit very high degrees of alignment for values of [,, in between 0.6 and 0.7. Con-
sequently, given the similarities with the experimental results for 20 pum lines, we can assume that
0.6 < 1"/ < 0.7. To make the scaling more specific, another requirement for {7/ can be deduced by
observing the experimental results of cells on large lines (such as 100 pm and 150 pm); cells on such
lines still exhibit a relatively high parallel alignment. However, in the computational simulations,
large values of [,, correspond to decreased alignment. Therefore, large experimental measures of line
widths should correspond to relatively small [,,, which translates to the requirement that 17¢/ should
be relatively small. Considering these two requirements, as a first approximation, we assumed that 20
pm corresponds to 17 = 0.625 (such that [,, = 1 becomes equivalent to 32 pm). The computational
simulations were then repeated for values of [, corresponding with the other line widths analyzed in
the experiments. The results of these computational simulations are reported in Figure 5 of the main
text. In Figure 77, morphologies of representative cells from the simulations and experiments are
compared. In general, the cellular shapes obtained with the computational simulations are similar
to the ones that were experimentally observed.
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Figure S1. Measurements of the cell orientation order parameter © versus the line dimensions (width x
spacing pm). The values of © range from 0-1, representing random alignment (© = 0) for 2 x 2 pum lines
and for increasing width perfect alignment (© = 1). For w > 20 um, © decreases for increasing line widths.
This order parameter clearly shows the two different observed regimes in cellular alignment transitioning at
a line width w = 20 pm. The results are expressed as the mean and are from three independent experiments.
At least 60 cells were considered per condition.



Cell Nucleus . Focal Adhesions

3| ] dkk

30 J e n Hkk Hhk kk

=)}

20

Aspect ratio

10 :

0a+*-ﬁ+$%%

no

Aspect ratio
&
_l_
-
—l—
+ .
y i
i
-
alls
Aspect ratio

[+))

=
)

0.6

Areax 103 (um?)
=
o

[=2 S e
(=]
o

Areax 10°

T

4+

—

4+

. &

-

Area (um?)
% l— i
2/

R S S N e 0
FSEELFLLLESSS FSFELFLLLL S £, 8 §F & & &
& 65&@59 G{J’QQ‘{:’Q ‘OQQ &e ~{,\9° S O %@Q‘@Q@Q&e &1‘@ ‘&0 &@ S g %{9‘&4&&&1&31 ‘13‘92 .{?5"2{.‘1% 35

'\,‘\o%'&Q'&QW@ N%%’\?@Q@Q RO

Figure S2. Distributions of area and aspect ratio for A) cells, B) nuclei, and C) FAs determined for my-
ofibroblasts on fibronectin lines of various dimensions (width X spacing pm). The boxes of the boxplots
represent the quartiles of the distributions with the whiskers indicating the outliers in the experiments and
the 5% and 95" percentiles of the distributions. C) The data reported are results from three independent
experiments, at least 60 (cells and nuclei) or 20 cells (FAs) were considered per condition. ***: p < 0.001
with respect to control.
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Figure S3. Snapshots from a movie of a spreading myofibroblast on 20 x 20 pm lines of fibronectin (red).
The cell is stained for the FAs (magenta) and forms adhesions primarily on the periphery of the cell on the

edges of the lines. The cell can be seem to form a protrusion perpendicular to the line bridging the non
adhesive line as indicated by the white arrow. However, this protrusion is not stable and retracts.
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Figure S4. Substrate-pattern-guided contact guidance of cardiomyocyte progenitor cells (CMPCs). (A)
Representative images of CMPCs on parallel fibronectin lines (w x s pum) stained for fibronectin (red), FAs
(green), and nucleus (blue). Scale bar = 20 pm. (B) Box-and-whisker plot of the cell orientation distributions.
At least 20 cells were analyzed per condition.
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Figure S5. Overview of the results of the simulation of cells on substrates with alternating adhesive and
non-adhesive lines of different line widths. The values of these widths are normalized with respect to the
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diameter of the undeformed cell. For simplicity, the outliers were not reported in the graphs.
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Table S1. Parameter set for computational simulation of myofibroblasts on substrates with alternating adhesive and non-
adhesive lines

Parameter Value Brief description

T 310 K Thermodynamic temperature

n 1.67 kPa In-plane shear modulus of the cellular passive components

K 35 kPa In-plane bulk modulus of the cellular passive components

m 6 Material constant modulating the nonlinearity of the deviatoric
elastic response of the cellular passive components

k 1 GPa Parameter modulating the elastic penalty as a result of a large
reduction of cell area

Je 0.6 Penalty parameter associated with a large reduction of cell area

Omaz 240 kPa Maximum stress-fibre contractile stress

Po 3-10% yum=3  Density of stress-fibre proteins

Fo 0.032 Stress-fibre protein volume fraction

[ 0.35 Steady state stress-fibre functional unit strain

b0 — [y 1kT Difference between bound and unbound stress-fibre potential

Q 107" ym®  Volume of the reference number of functional units that are within a
stress-fibre in the undeformed representative volume element

Nmaz 1 Concentration of bound stress-fibre proteins

bo/ Ro 0.2 Ratio between the thickness and radius of an undeformed cell

kn/(nRo)  1.061 - 102 Nondimensional representation of the stiffness of linear springs
approximating focal adhesions on non-adhesive lines

ko/kn, 102 Ratio between the stiffness of linear springs approximating focal
adhesions on adhesive areas and the value for non-adhesive areas
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