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Abstract: The contractile behavior of smooth muscle cells (SMCs) in the aorta is
an important determinant of growth, remodeling, and homeostasis. However,
quantitative values of SMC basal tone have never been characterized precisely on
individual SMCs. Therefore, to address this lack, we developed an in vitro
technique based on Traction Force Microscopy (TFM). Aortic SMCs from a
human lineage at low passages (4-7) were cultured 2 days in conditions promoting
the development of their contractile apparatus and seeded on hydrogels of varying
elastic modulus (1, 4, 12 and 25 kPa) with embedded fluorescent microspheres.
After complete adhesion, SMCs were artificially detached from the gel by trypsin
treatment. The microbeads movement was tracked and the deformation fields were
processed with a mechanical model, assuming linear elasticity, isotropic material,
plane strain, to extract the traction forces formerly applied by individual SMCs on
the gel. Two major interesting and original observations about SMC traction forces
were deduced from the obtained results: 1. they are variable but driven by cell
dynamics and show an exponential distribution, with 40% to 80% of traction
forces in the range 0-10 uN. 2. They depend on the substrate stiffness: the fraction
of adhesion forces below 10 uN tend to decrease when the substrate stiffness
increases, whereas the fraction of higher adhesion forces increases. As these two
aspects of cell adhesion (variability and stiffness dependence) and the distribution
of their traction forces can be predicted by the probabilistic motor-clutch model,
we conclude that this model could be applied to SMCs. Further studies will
consider stimulated contractility and primary culture of cells extracted from
aneurysmal human aortic tissue.

Keywords: Cell biomechanics; aortic aneurysm; mechanotransduction;
mechanosensitivity; smooth muscle cells (SMC); fluorescent microscopy (FM);
traction force microscopy (TFM); isolated cells

1 Introduction

It is now widely acknowledged that the biomechanical behavior of smooth muscle cells (SMCs) in the
aorta, through mechanosensitivity and mechanotransduction, is an important determinant of growth,
remodeling, and homeostasis [1-7].

Aortic SMCs are highly sensitive to:

-biochemical [8-13].

-and mechanical stimuli from the surrounding extracellular matrix (ECM) [2,14-19].
In pathologies such as aortic aneurysms, the function of aortic SMCs may be altered by:
-genetics ([20-28]),

-hemodynamics ([29,30]),

-or biomechanics ([3,21,31]),
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This may induce manifestations such as
-SMC apoptosis [16,32,33].
-or phenotype switch from a mature quiescent and contractile phenotype towards a synthetic one
[2,6,9,10,19,34].
A synthetic SMC is able to proliferate and migrate more than a contractile one. It can induce ECM synthesis
and degradation [4,17,19,28]. This remodeling of the aortic structure is often irreversible, with

-a permanent change of mechanical properties [2,4,14,15].
-and possible vulnerability to rupture [29,35,36].

Moreover, synthetic SMCs lose their contractile abilities and are no longer able to contribute actively
to the wall biomechanics [3,17,19,20,26].

Nevertheless, they can synthesize collagen fibers that compensate possible damage to elastic fibers,
which are not renewed in adulthood [14,19,37-40].

This may lead to a vicious circle as elastin is required for the development of the contractile apparatus
in SMCs [11,41].

At homeostasis, SMCs tend to have a basal tone through their contractile behavior which maintains a
preferred tension on the ECM [3,26,40]. Any biochemical and biophysical imbalance may alter this tension,
and this may lead to a vicious circle. In this way, the SMC is a fundamental key player of aortic
biomechanics and mechanobiology [3,7,42]. However, quantitative values of SMC basal tone have never
been characterized precisely.

In summary, there is a pressing need to investigate the biomechanical behavior of isolated cell, and
particularly on human primary SMCs, as most of published studies:

-focused on animal SMCs [43-45].

-and characterized only biological markers of SMC contractility such as Alpha Smooth Muscle Actin
(a-SMA), myosin light chain, or calcium entry and release [20,23,39,46,47].

The only study ever published to our best knowledge on mechanical quantification of contractility in
human primary aortic SMCs is by Hall et al. [48].

This study was based on the traditional traction force microscopy (TFM) technique, which did not
permit to focus on individual cells. In the present study, we present an augmented TFM technique to
measure the traction forces applied by individual SMCs and relate them to relevant biological data about
the contractile apparatus. After describing the new methodology in large details, from development to
validation, we show original results quantifying the adaptation of aortic SMCs contractility to the substrate
stiffness.

2 Material and Methods
2.1 Cell Culture

For this study, we used Aortic Smooth Muscle Cells from a human lineage (AoSMC, Lonza). After
thawing, cells were put in culture in a T-75 flask for an entire week in a medium (SMGM-2, Lonza)
promoting proliferation thanks to high (10%) fraction of Fetal Bovine Serum (FBS) and other specific
components including growth factors. The cells were incubated at 37°C and 5% CO, to maintain the pH at
7.2-7.4.

In our study, SMCs were used between passages 4-7, and cultured one week more in a basal medium
(SmBM, Lonza), containing low (2%) FBS and 0.04% heparin, according to the manufacturer’s instructions.

Since they were from primary culture, AoSMCs were delivered at third passage, and therefore they
reached passage 5 after two weeks of culture. Firstly, the cells were passaged at the end of the first week
when they reached 70-80% confluence in growth medium, and transferred in three other T-75 flasks
containing basal medium that reduced their proliferation. As primary cells are particularly sensitive,
HEPES-Buffered Saline Solution (HEPES-BSS) (ReagentPack, Lonza) was used instead of standard
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Phosphate Buffered Saline (PBS) for a softer initial cell washing and low trypsin (0.025%)-EDTA solution
(ReagentPack, Lonza) was used to break down the focal adhesions in the culture dish. Once they reached
50-70% confluence in basal medium (approximately one week), the cells could be used both for another
subculture or for sample preparation at fifth passage.

2.2 Sample Preparation and Staining

We observed firstly the cell internal architecture with fluorescent microscopy, and particularly the a-
SMA expression that constitutes the contractile thin filaments. We used fluorescent staining on fixed
AoSMCs adhering to a CYTOO™ fibronectin coated chip (Fig. 1(B)). All the fluorescent dyes and staining
protocol are detailed in Appendix A.

For the TFM tests, previously starved AoSMC (see Subsection 2.1) were transferred in the 24-well plates
containing ready-to-use hydrogels with different stiffness properties (Cell Guidance System, Softwell™ 24,
collagen pre-coated, Softrack 0.2 um diameter microbeads labelled with yellow-green fluorescent dye) (Fig.
1(A)). Then, we used 24-well plates of intermediary stiffness values: 4, 8, 12 and 25 kPa for our experiments.
These hydrogels were made of a 400um-thick layer of polyacrylamide, which was assumed to be linear elastic
under the range of strains considered in our study. The gel dimensions (12 mm diameter) were assumed to be
infinitely large with respect to the cell size. Moreover, athe collagen I coating added during the manufacturing
process provides a ready-to-use physiological surface for cell adhesion and culture.

Cells were incubated in basal medium two days before TFM experiments, providing an amount of 10 000
per well which seemed not to saturate the gels. Two days were sufficient for a good spreading of SMCs, which
adopted their specific elongated spindle shape. This shape was a good indicator of fully contractile SMCs,
unlike synthetic ones, as they tend to exert traction forces along their length. That is the reason why we
introduced the morphological criterion of “spindle-shapeness” that corresponds to the ratio between the wider
part of the cell (around the nucleus) and its length. Cells at low passages (4-7) and cultured in basal medium
tend to elongate more, making these specific conditions well suited for our TFM experiments.

SMCs cultured for 2 days
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Figure 1: A) The Matrigen 24-well plate consists in 4 lines of 6 hydrogel samples with the same stiffness.
The gels are delivered with a collagen I adhesive pre-coating and yellow-green fluorescent microbeads
whose diameter is 0.2 um, B) The CYTOO chip is divided into several areas of fibronectin (Fn) adhesive
micropatterns, where the cell architecture is constrained to polarize according to the shape of the pattern.
Each area is surrounded by fully Fn-coated lines where the cells adhere with a natural shape
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2.3 Traction Force Microscopy (TFM) to Measure SMC Basal Tone

Previously cultured gels were put under a Carl Zeiss Axio Observer.Z1 station with the Zen software
while remaining incubated at 37°C, 5% CO; in a chamber. The gels were firstly imaged through the GFP
(Green Fluorescent Protein) channel to adjust the focus on the fluorescent microbeads that are already
labelled with a Yellow-Green fluorophore. Then we used the phase contrast channel to look at the cell
morphology and orientations. The best magnification was obtained with the Plan-Neofluar 20x/0.4
objective, which resulted in a resolution of 0.323 um per pixel. This resolution was kept for all further data
processing (see Subsection 2.4.1).

The method consisted in provoking SMC detachment from substratum using trypsin. The medium was
first removed from the well and the cells were gently washed once with warm PBS, as some medium
components tended to inhibit the trypsin effect. A little amount of PBS remained in the dish in order to keep
the cells hydrated. The field of view of the objective allows for selecting an area of interest around 2-4 cells
per well showing a clear spindle shape. Then the beads were imaged through the GFP channel that served
also as a reference for the autofocus throughout the whole experiment. The autofocus enabled keeping the
correct focus although other liquids were added to the medium. That was useful in our case when we added
gently the trypsin solution at the third stage of the experiment. We paid attention not to touch the border of
the well plate with the syringe, because any horizontal displacement could compromise the whole
experiment. Then, the cells were let in trypsin until the end of the experiment. Normally, cells detached
from the gels after a minute or two, and a deformation was observed in the gel with localized motions of
the microbeads. The positions of microbeads were tracked during 5 min with a frequency of 1 frame per 30
s. Once the cells were detached by trypsin treatment, the well is not reusable. This process was therefore
repeated on every well of the plate successively.

2.4 Traction Force Fields
2.4.1 Extracting the Experimental Displacement Fields

After acquisition, images were processed using the Zen software for contrast adjustment of the GFP
channel on the microbeads, and were exported in TIFF format. We chose to export individually images of
both the phase contrast and GFP channels, the first one for locating the cells and the second one for
measuring gel deformations (See Subsection 3.2). The latter was achieved with the Digital Image
Correlation (DIC) method, which is based on maximization of a cross-correlation criterion between images
in reference and deformed states. The DIC algorithm is detailed in Appendix B.

2.4.2 Generating Theoretical Displacement Fields

Green functions are the expressions of displacement fields for a concentrated force. Given their slender
shape, contractile SMCs apply traction forces along their length axis, making an angle 8 with the x axis of
the global coordinate system. Actions in the z direction (normal to the surface of the gels) are also neglected.
Therefore, the force vector may be written:

F(x0,Y0) {Z?r?((g))}

where F(xg, Vo) is the unknown traction force applied at (X, yo). Videomicroscopy images of the phase
contrast channel were used to estimate 6 for each cell in our experiments. For any ROI, the displacement
fields may be related to F (x,, yo) with the Green functions such as:

(M

{u(x, y)} B [erx(x — X0, Y —Yo) Gry(x — X0, ¥ — ¥o) {cos(@)} Fxeys) @
v, |Gy (x — X0,y = ¥o)  GTyy (X = %0,y — ¥o) [ Usin(6) )~ 7P

where u and v are the displacement components at (x,y), F, and F, are the force components for a
concentrated force at (xo, o) and Gry; are the Green function components.
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Assuming plane strains and assuming that the Boussinesq theory for an infinite isotropic half-space
[49] was relevant here (thickness of Matrigen’s gel is about 400 um whereas adhesion forces are
concentrated on surfaces of units of um?), we obtained:

1+v

FEw) o= () 3)

where = /(x — x)? + (¥ — y0)? , v is the Poisson ratio of the gel and E is the Young’s modulus.

1+v [1-v v
— (—+—x ) Gryy =

Gry, =
xx r r3

2.4.3 Deducing the Local Traction Force Value

From every ROI, to find the traction force applied by a single cell (Fig. 2(A)), we had to adjust the
displacement fields predicted by the Green function against the experimental displacements obtained by DIC.
As displacement fields may be subject to rigid body motions, we decided to work with strain fields (Fig. 2(B)).

We performed a tensor rotation to express the strains in a rotated coordinate system where the first axis
(direction 1) was aligned with the cell axis (6 direction) (Fig. 2(C.1)). We derived the strain component g1
(Fig. 2(C.2) resulting from a unit force by differentiation of Eq. (2) and adjusted it against the same strain &4
component derived from DIC measurements (Fig. 2(C.1)). Then, the traction force was obtained as:
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Figure 2: A) Image in phase contrast of a single cell binding to the gel. Microscope Axio Observer.Z1/7,
Objective LD Plan-Neofluar 20x/0.4 Korr Ph 2 M27. Image size: 1040 x 1388 px, B) Strain field E11
measured after debonding of the same cell on a gel of stiffness 4 kPa. Experimental (C.1) and theoretical
(C.2) strain fields obtained by tracking the motion of fluorescent microbeads with DIC after debonding of
AoSMC. Because C.2 has to be multiplied by the calculated force to obtain C.1 (Eq. (4)), the figures show
normalized strain fields
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2.4.4 Model Validation and Verification

As our method was based on an analytical solution, we performed a validation using simulated data
obtained with a 3D Finite Element (FE) model of the gels, on which we applied a concentrated force along
the x direction.

The gel was modelled as a 5 x 5 x 0.4 mm® parallelepiped in the Abaqus® software. A quadratic
tetrahedral mesh was defined with refinement along the z direction and around the central point in order to
have a sufficient resolution near the concentrated force. The mesh consisted of 425747 elements and 583726
nodes for the half parallelepiped (symmetric boundary conditions were assumed with respect to the x-axis).

The material was assumed to have a linear elastic behavior and to remain nearly incompressibility (v
= 0.45). Forces were applied in the (X,y) plane (upper surface of the gel), at the central node of the mesh.
Then we interpolated the displacement values on a grid mimicking the pixel grid of experimental
measurements. After deriving the strain fields, we applied Eq. (4).

We validated the use of the analytical solution with the FE model. We obtained deformation fields
resulting from a local force of 0.2 uN with different orientations. In Tab. 1, we report the forces obtained
from Eq. (4) with the data generated by these FE models. An excellent agreement with the true value of the
force was obtained, showing that the plane strain assumption of the model used in Eq. (4) was valid.

Table 1: Traction forces obtained with FE simulated strain data for different orientations of the applied force

T'(‘(f’)ta 0 20 30 45 60 75 85 Mean
Force  2.0306 x  2.0243 x _ 2.0268 X 2.0064 x _1.0958 x 1.9969 x 1.9856 x _ 2.0005
(N) 107 107 107 107 107 107 107 107

2.5 Statistical Analysis

We performed statistical analysis on the TFM measurements from the 24-well plates. This sample
format allowed to obtain the cell traction force values on 6 wells of each stiffness value (4, 8, 12 and 25
kPa), and to increase the number of measurements. We used a Mann-Whitney non-parametric test in order
to compare the distribution of two independent samples, with different sample size. The null hypothesis is
that data from the two tested populations are from continuous distributions with equal medians. We tested
our four populations two by two successively and displayed the results as a boxplot using Matlab®. The
significance was stated when the p-value remain inferior to 5%, namely when the null hypothesis is rejected
at this significance level.

For this second series of experiments, we also examined the distribution of the traction force values
according to each gel stiffness by plotting histograms in Matlab®. These histograms represented the
probability according to ten classes of forces between 0 and 100 uN. Then, we fitted them with an
exponential law such as:

Ymodel = Ae™H (5
where x represents a random variable and y is its distribution, while 4 is a parameter to be determined,
which corresponds to a simplification of the motor-clutch model (Eq. (8), Eq. (9)).

The experimental data were fitted using the Levenberg-Marquardt algorithm in Matlab®. More
specifically, the fitting algorithm was applied between the experimental data Xy, and Yeyp, respectively
central position of each bar of the histogram and its related probability. Then, after identifying the optimal
A parameter, the results yielded the theoretical X;,,4 for every traction force value Xy .

3 Results
3.1 SMC Morphology
The morphology of AoSMCs showed a pronounced uniaxial spindle-shape with low mean cellular
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area on the hydrogels coated with collagen (Fig. 3(A)). Conversely, a non-elongated shape and large mean
cellular area would indicate a hypertrophic morphology, characteristic of the synthetic phenotype [50]. The
spindle-shapeness was measured on 120 cells used in the TFM experiments. The mean value, standard
deviation, minimal and maximal values are reported in Tab. 2 below:

Table 2: Mean value, standard deviation, minimum and maximum
Mean StD Min Max N
0.0719 0.0332 0.0126 0.2824 120

On the CYTOO™ chips, SMCs still presented in most cases an elongated shape and were randomly
spread on the fully fibronectin coated line of the chip (Fig. 3(B)). But SMCs also tended to spread naturally
in other directions depending on the pattern of fibronectin coating (Fig. 3(B)). On CYTOO™ micropatterns,
the cell could not develop focal adhesions out of the fibronectin coating due to the cytophobic PEG coating
out of the fibronectin. Fluorescent imaging of these cells allowed to superimpose the two actin isoforms
namely F-Actin and a-SMA and showed that the a-SMA specific isoform of SMCs was concentrated into
long thin fibers all along the cell length (Fig. 3(B)). The F-Actin was dispersed into the whole cell volume
and defined the cell shape (Fig. 3(B)). The CYTOO™ chips remain useful even if they have not the same
stiffness than the hydrogels, because we do not use them for quantitative mechanical measurement, but for
cell component localization, cell polarization, and for assessment of the a-SMA expression in SMCs
adhering on a 2D environment. The main advantage of the the CYTOO chip is to provide different
mechanical environments, and we can observe the polarization of its cytoskeleton according to each of
them. The aim is to show that the SMC’s cytoskeleton is particularly dense around the focal adhesion at the
ending parts of the cell, and forms long stress fibers concentration at each side of the cell. On the hydrogels,
the cells freely adhere to the collagen coating, and we can relate this observation with CYTOO results in
order to localize the cell components.

In the following, TFM experiments have been achieved only on AoSMCs adhering to hydrogels
coated with collagen. These SMCs were artificially detached from the collagen by a trypsin treatment,
which removed the traction forces they exerted on the gel initially. These forces were localized on the focal
adhesions and oriented according to the direction of the a-SMA thin filaments (See Subsection 3.2).

Figure 3: Observation of cell morphology and internal architecture for human aortic SMCs (AoSMC,
Lonza). The cells were observed in phase contrast on a soft hydrogel (A) The cells were observed with
fluorescent microscopy on a CYTOO™ fully coated line (B). The spindle-shapeness corresponds to the
ratio between the wider part of the cell (1) and its length (L) on uniaxial SMCs

3.2 First TFM Experiments with Trypsin Forced-Detachment

We showed in Fig. 2(B) typical strain patterns obtained after AoSMC forced-detachment due to trypsin.
It can be noticed that the patterns showed two hotspots of strain around each focal adhesion, each hot spot
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being nearly semicircular. One hotspot is blue and relates to the gel under compression, whereas
symmetrically, the other hotspot is red and relates to the gel under tension. If we plot a line joining the
center of both associated hotspots, we notice it is aligned with the AoSMC, confirming that traction forces
are well aligned with the AoSMC main axis.

Applying Eq. (4) onto these strain fields, we could measure the traction forces on gels of different elastic
moduli (from 0.5 to 50 kPa).

We noticed during previous experiments that gels with very low stiffness, such as 0.5, 1 or 2 kPa,
presented several cracks after cell seeding, as shown in Fig. 4(A). That was not the case for the gels over 4
kPa (Fig. 4(B)). These cracks disturbed the uniform distribution of the fluorescent microbeads and could
induce artifacts in force assessment. Conversely, the stiffest gel (50 kPa) presented lower deformations due
to their stiffness, resulting in lower signal to noise ratios for the DIC method. AoSMC seem to have higher
traction forces compared to fibroblasts (10-30 nN) or cardiomyocytes (70 nN) previously tested on 12 kPa
substrates by Balaban et al. [S1]. But AoSMCs also revealed higher traction forces than stem cells (0-200
nN [52]) or neurons (0.01-10 nN [53]) for instance. In fact, the cells adapt to the stiffness of their substrate,
and stem cells tend to differentiate into neurons-like cells on substrates that have an elastic modulus close
to those of the brain (0.1-1 kPa) or myoblast-like on intermediate stiffness (around 17 kPa) [52]. This may
explain why gels with low stiffness properties, far from the natural stiffness of arteries, were inappropriate
here for AoSMCs.

1000 prrh* b 1000 pm

Figure 4: The most compliant gels (0.5, 1, 2 kPa, (A): 0.5 kPa) presented several cracks after cell seeding,
but not the stiffest gels (from 4 to 50 kPa, (B): 25 kPa). Microscope Axio Observer.Z1/7, Objective Ec
Plan-Neofluar 10x/0.30 Ph1. These images consist in 25 tiles each, which are merged by postprocessing in
the Zen 2.3 Software. The black lines are due to a difference of exposure on the different tiles

Finally, this first analysis showed that optimal measurements of adhesion forces could be obtained for
gel stiffness varying in a range between 4 kPa and 25 kPa. That is the reason why we chose this range of
stiffness values for the design of the well plates.

A statistical analysis was performed for these experiments on the intermediate stiffness values (4, 8,
12 and 25 kPa) of the well plates. For each of the wells, we measured the adhesion forces for about 1 to 4
cells. For each cell, N measurements were achieved, where the displacement field showed the specific
traction/compression pattern, namely at the anchorage points of the cell that have been affected efficiently
by the trypsin. We plotted the traction force values individually according to each stiffness value, and the
distributions are compared thanks to the Mann-Whitney non-parametric test. These results are given in Fig.
5 below:
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Figure 5: Cell traction force (TF) values obtained for different gel stiffness on 24-well plates for 0-80 uN
range (A) and 0-20 uN (B). Even if only one gel was used for each stiffness value (4, 8, 12, and 25 kPa),
46, 49, 44, and 32 measurements were performed respectively on different focal adhesion sites and a
number of cells between 1 and 4 per well. Significance was found using a Mann-Whitney test for (1), (3)
and (6). Corresponding p-values: (1) 0.0090, (2) 0.2796, (3) 0.0003, (4) 0.6472, (5) 0.5985, (6) 0.0073.
Significance level: * p > 0.05, ** p <102, *** p > 10" n.s.: non-significant

3.3 Measurement of Cell Traction Force

Three 24-well plates containing 6 wells of each stiffness values (4, 8, 12, 25 kPa) were used to measure
AoSMC adhesion. For each of these wells, we measured the adhesion forces for about 1 to 4 cells depending
on their location. For each stiffness value, we could finally evaluate the traction forces for a number of cells
varying between 30 and 50.

For some of them, we chose several measurement points on the same cell, considering different points
where the unbinding focal adhesion led to a clear traction-compression pattern. Results are reported in
Appendix C (Tab. C1). There is a rough increase of mean adhesion forces with the stiffness, although the
mean force value for 8kPa is very close to the one of 25 kPa. Moreover, standard deviations are relatively
large and the difference of adhesion forces between each stiffness are not significant.

Histograms of the adhesion forces highlight the variable behavior of adhesion forces (Fig. 5). The
distribution is an exponential distribution. Depending on the stiffness, between 40 to 80% of cells have
adhesion forces below 10 uN, but a fraction of them have adhesion forces that can go up to 50 or 60 uN.
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As the adhesion forces do not follow a normal distribution, it is not possible to analyze the means in Tab.
C1 to compare the different stiffness properties.

1 - - - 1 - -
4kPa 8kPa [ TF probability
——Motor-clutch

0.5¢ 0.5]
o Hln 0 M
0 20 40 60 80 100 0 20 40 60 80 100
TF (uN) TF (UN)
1 1
12kPa 25kPa
0.5¢ 0.5}
0 0 m:ﬂ:b_:\_m‘
0 20 40 60 80 100 0 20 40 60 80 100
TF (uN) TF (uUN)

Figure 6: Histograms showing the probability distribution of the measured traction forces (TF) for each
stiffness value: A) 4 kPa, B) 8 kPa, C) 12 kPa, D) 25 kPa (width of each bar: 10°N). The red curves
represent the fitted exponential motor-clutch model

By fitting the distribution of adhesion forces with an exponential function (Fig. 6), we identified the 4
parameter of Eq. (5) for each stiffness. Values are reported in Tab. 3 below:

Table 3: Fitting coefficient according to the substrate stiffness

Stiffness (kPa) A
4 0.2766
8 0.1896
12 0.1487
25 0.2749

It can be noticed that the 4 parameter increased for stiffness varying between 4 kPa and 12 kPa. This
is in agreement with histograms showing that the distribution shifted progressively from lower to higher
adhesion forces when the stiffness was increased. In other words, when the stiffness increased, the fraction
of cells having adhesion forces higher than 10 uN was increased. However, for the 25 kPa stiffness, there
was no significant difference compared to 12 kPa.

These results showed that the substrate stiffness impacted significantly the adhesion forces of AoSMC:s.
Higher adhesion forces were obtained for the 12 kPa substrate.

4 Discussion
4.1 Preserving the Contractility of SMC

In the current study, we studied the contractile behavior of AoSMCs from human primary culture
delivered at third passage and used at passages 5 to 7. This range of passages did not affect significantly the

cell contractility as shown in a previous study from Murray et al. [54]. All conditions ensured sufficiently
fresh and healthy cells (i.e., not from too many subdivisions) to generate a significant contractility.
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SMCs may be subject to phenotypic switch [10,38,55], from contractile to synthetic which is the
phenotype of early aortic development [8,9,13]. Consequently, we avoided phenotypic switching by
adapting the cell culture conditions. More specifically, we followed the supplier’s instructions for cell
culture in order to preserve the maximal contractile abilities of the cells, using a differentiation medium
containing low FBS and heparin. If both the heparin [17,56] and the serum starvation have an influence on
the cell quiescence, only the starvation affects its contractility [57,58]. This is a crucial point for mechanical
experiments on single SMC.

Good indicators for a well-preserved contractile behavior of AoSMCs were also their clear spindle-shape
on hydrogels and the high expression of specific actin isoform a-SMA [50] under the shape of long thin
filament all along the cell length. These filaments are well known for their high contractility and are present
only in cell types that need to contract strongly in the human body, like myofibroblasts and SMCs [20,46,59].

We have found a significant effect of the substrate stiffness on the adhesion forces generated by cells
and measured using TFM. Under stress free conditions, normal aortic walls have a stiffness around 40 kPa
and increase until 110 kPa in atherosclerosis [43]. The stiffness can reach several MPa in pressurized
arteries. Therefore, the Matrigen™ substrates used in our study, having elastic modulus in the range 0.5 to
50 kPa, are more compliant than a normal aortic wall. However, it is difficult to extrapolate in vivo
conditions to 2D in vitro culture and we found that AoSMCs showed the most interesting stiffness
dependence between 4 and 25 kPa.

Not only the stiffness is important but also the composition of the substrate (binding proteins), with
respect to cell adhesion. We have used pre-coated gels with type I collagen. The cells seemed to keep a
very elongated shape on this type of coating. Previous studies have interpreted the SMC spindle shape as a
preservation of its contractile phenotype [60,61]. Other studies highlighted the diversity of SMC responses
depending on the type of binding proteins used in the substrate, such as fibronectin or laminin [10,62,63].
If the fibronectin is mainly present in the ECM of blood vessels during early development and seems to
induce SMCs proliferation, migration and ECM synthesis [8,9], the laminin is required further for SMCs
maturation towards a contractile phenotype [13]. Fibrillar type I collagen is naturally present in the media
[60] and SMCs tend to align along collagen fibrils [64]. Collagen seems to reduce the cell proliferation on
softer gel (25 kPa) relatively to stiffer one (135 kPa) or soft gel coated with laminin [43]. SMCs also tend
to align naturally with the direction of maximum principal stress [2,64,65]. Moreover, another study has
already investigated the regulation of the focal adhesions on type I collagen in response to a vasoactive
agonist [37]. Hence, since we tried to define suitable biological conditions to preserve SMC contractility,
type I collagen coating remains relevant for TFM experiments. Further investigations could consider gels
with fibronectin or laminin instead of simply collagen I. We did some preliminary tests of ASMC culture
on fibronectin, which showed multidirectional spreading of SMCs (Fig. 2(B)), tending to confirm that
fibronectin may promote phenotypic switching towards synthetic SMCs [10,13,62,63].

Another important aspect of our experiments is the highly photosensitive behavior of AoSMCs [66,67].
Even when not exposed to bright light, they have demonstrated the same effect with fluorescent light on
Hoescht channel [67,68]. And since the Hoescht stain of the nuclei requires an UV excitation wavelength,
TFM experiments will always induce some damage to exposed SMCs. A special attention was paid to avoid
exposing twice the same area in successive experiments.

4.2 Traction Force Measurements

The measured adhesion forces are in good agreement with previous TFM data on vascular SMCs
[43,44], in the range of 1-10 uN, although previous data were not obtained on individual cells. We can also
relate these traction force values to those from the study of Balaban et al. [S1], which revealed force values
of 10-30 nN for a single focal adhesion in human fibroblasts and 70 nN for cardiac myocyte when tested
on 12 kPa substrates. They also mentioned that the orientation of the force was correlated with that of the
focal adhesion and actin fibers. But the range of measured forces strongly varies with the experimental
conditions and measurement method, as a 100-400 nN range was also reported for fibroblasts [69], and 10-
800 nN for cardiomyocytes [70]. In the work of Tan et al. [45] on bovine airway SMCs, traction forces
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were in a 10-60 nN range per adhesion site on a single fibronectin-coated post. But instead of removing the
cells completely as we did in our study, they chose to disrupt components of the actin-myosin cytoskeleton
or to stimulate its contraction by drug inducing.

As we measured traction forces on a relatively large number of cells, two major interesting
observations could be drawn:

1. traction forces are variable and show an exponential distribution, with 40% to 80% of traction forces
in the range 0-20 uN.

2. They depend on the substrate stiffness. The fraction of adhesion forces below 10 uN tend to decrease
when the substrate stiffness increases, whereas the fraction of higher adhesion forces increases.

These two aspects (variability and stiffness dependent) an these distributions of cell adhesion are well
predicted by the motor-clutch model of Chan & Odde [71]. Molecular clutches are the binding proteins
constituting the focal adhesion. For every actin filament of the cytoskeleton, which is bound to the substrate,
there is a traction force exerted through the myosin molecular motor onto the substrate via the associated
clutch. In other words, molecular clutches link F-actin to the substrate and mechanically resist myosin-
driven (motor) F-actin retrograde flow. When the binding fails, the traction force of the clutch comes to
zero as shown in Fig. 7.

The variable behavior comes from the thermally activated kinetics of the clutches combined with the
myosin-driven F-actin retrograde flow. We assume this flow is maintained at a constant speed v (Fig. 7).
As explained by Chan et al. [71], the time it would take from clutch association until the adhesion force F
is reached would write:

F
At = Py (6)
where k is the stiffness of the substrate. As At is inversely proportional to k, the smaller the stiffness, the
larger At. The probability of survival of a bond over a duration At would write:

P(At) = Tlff exp (— Ti;) @)

where Tz is the lifetime of the bond.
Then combining Eq. (7) and Eq. (8), the probability to be able to reach an adhesion force F is given by:

) (®)

This equation could be simplified and used as an exponential law as shown in Eq. (5), by taking:

1

P(F) - kvTors

exp <_ kv Toff

_ 1
- kvTofr

(€))

Eq. (8) shows that the probability of adhesion forces is going to satisfy an exponential distribution and
that it depends on the stiffness of the substrate, exactly as observed in our experiments.
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Figure 7: Schematic representation of the motor-clutch model. Once engaged (1), the clutch undergoes a
load (2) and fail (3) cycle. The frequency of unbinding is named k¢

However, in the experiments, we observed that for stiffness increasing between 12 to 25 kPa, the
change was not as significant as for stiffness increasing between 4 to 8 kPa for instance. This may be due
to the fact that generally T, ¢ ¢ is not a constant but it depends on the force. Indeed, according to Isabey et

al. [72], the lifetime of a bond may be written such as:
F
Tofr = Ty exp (_F_o) (10)

In other words, the rate of dissociation increases exponentially with the bonding force. Clutches with
high forces have a very short lifetime. This effect may become significant for larger stiffness and should be
investigated further.

4.3 Limitations

Cell traction force values have to be assessed carefully, because they strongly depend on the TFM
process, namely the chosen scale and mechanical assumptions. The work of Ziindel et al. [73] focused on
the scale of the single focal adhesion and highlighted the results are misestimated when assuming a linear
elastic substrate and neglecting the out-of-plane effects. They suggested to think about another way to
characterize the mechanical behavior of the substrate, including the non-linearity, which seemed to improve
the robustness of the reconstruction of the focal adhesion forces at this very high resolution. Our results
may be immune to these artifacts as our study focuses on the cellular scale (i.e., several focal adhesions at
the same measurement point), but in that case we have to keep in mind that we did not measure individual
traction force values of each focal adhesion, but more the global SMC traction forces.

Moreover, for our current algorithm, we used the Boussinesq solution to model the theoretical
displacement fields. Since the Boussinesq solution is valid for a half space, the study of Yang et al. showed
it is less efficient for a thin plate [74]. In our case we proved with a 3D finite-element model that the
Boussinesq solution was satisfactory, but the finite-element model considered the effect of a nodal force
and not of a real SMC pulling on the gel. This could be refined in the future for a more thorough validation.

Another limitation is related to the analysis of single isolated cells. Cell to cell interactions may be
important in arteries but they are not considered here. Moreover, extrapolation traction forces measured on
2D gels to 3D is very challenging and will require further work in order to represent the full 3D nature of
cellular forces within the real ECM [75].

The type of coating could also have an influence on the phenotypic switching of the SMCs. In fact,
the fibronectin tends to increase a change toward synthetic phenotype, but not the laminin [10,50]. But for
collagen I, the density of the coating seems to influence the cellular area, which is reduced for high
concentration of collagen I [50]. Consequently, the use of fully pre-coated gels with collagen I correlates
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with the spindle shape we observed for our cells during TFM experiments. However, for our observation
of the cellular architecture on fibronectin coating, we should compare our results on a laminin coating.
Nevertheless, since the CYTOO™ protocol requires few hours between seeding and fixation steps, the
phenotypic change may have not the time to occur. We have to compare our results with unhealthy cells
(that are suspected to be synthetic and so to involve a decreasing a-SMA expression). In this case, a change
in a-SMA expression for the same fibronectin coating would be sufficient to show that the cells had not
enough time to differentiate on a CYTOO™ chip.

Finally, although we measured the traction forces for about 50 cells, the distribution of traction forces
versus the gel stiffness would probably show significantly more consistent patterns if we had analyzed at
least 500 cells, to increase the number of measures for each bar of the histogram. However, our experiments
did not permit to achieve such sample size in a reasonable time and we believe that current results already
show highly interesting trends despite the small sample size.

4 Conclusion

The contractile behavior of SMCs being an important determinant of growth, remodeling, and
homeostasis in the aorta, we applied a TFM technique to measure traction forces of individual human aortic
SMCs. The two major results were that: 1. SMC traction forces are variable and show an exponential
distribution, with 40% to 80% of traction forces in the range 0-10 uN. 2. They depend on the substrate
stiffness: the fraction of adhesion forces below 10 uN tend to decrease when the substrate stiffness increases,
whereas the fraction of higher adhesion forces increases. As these two aspects (variability and stiffness
dependence) and the distribution of traction forces can be predicted by the probabilistic motor-clutch model,
we conclude that this model could be applied to predict the basal tone of SMCs. Further studies will consider
stimulated contractility and primary culture of SMCs extracted from aneurysmal human aortic tissue in
order to test the possible generalization of the motor clutch model to the diverse SMC states and to detect
potential mechanobiological dysfunctions of aneurysmal SMCs.
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Appendix A. Fluorescent staining Protocol and Dyes

In order to observe the cell structure, we used CYTOO™ Starter chips that consist in micro-patterned
coverslides having four different shapes and three different sizes. Since the patterns are coated with
fibronectin, cells adhere and adapt their shape to them. The CYTOO™ chips also contain a thick fibronectin
line where the cells adhere randomly.

The Fluorescent Microscopy (FM) technique constitutes a powerful technique to enable observations
at the cellular (between 10-100 um) and subcellular (1-10 um) scales with a precise localization of the
different cellular components under the membrane. However, elements are observable only if previously
stained with fluorophores. Each fluorophore activated at its excitation wavelength emits in return a
fluorescent light at the emission wavelength (respectively Ag, and Ag,, in Tab. Al below).

Table A1: Characteristics of the different fluorescent dyes used for the study

Actin (Cytoskeleton)  Direct (phalloidine) Rhodamine (red) 554 579
Indirect (ACI mouse
0-SMA + ACI anti-mouse AlexaFluor 488 554 568
. (green)
conjugug)
490 525
DNA (nucleus) Direct (Hoescht) Hoescht (blue) 350 470
Fibronectin .

(CYTOO™) Already stained Far red 650 640 658

Microbeads . Yellow-Green (Life
(Matrigen™) Already stained Technologies) 505 515

Some fluorophores can link directly onto their receptor like Phalloidin onto filamentous actin (F-actin)
in the cytoskeleton and Hoescht on DNA in the nucleus. If Hoescht naturally emits a blue fluorescent light,
Phalloidin has to be combined with a fluorescent tag (Rhodamin in our case). Other fluorophores need to be
combined to antibodies notably for a-SMA staining in order to characterize SMC contractility. When
antibodies are used for fluorescent staining (immunofluorescence), the fluorescence can be direct (with only
one conjugated antibody against the cellular component to stain) or indirect (involving a non-conjugated
primary antibody against the component to stain and a conjugated secondary antibody against the primary
one). The list of all the fluorescent dyes used in this study with their characteristics is reported in Tab. Al.

For the initial observation of their morphology, cells were previously fixed with 4% Paraformaldehyde
(PFA) in PBS once they had adhered and spread across the CYTOO™ fibronectin coating which were
placed in a 35mm Petri dish. Since antibodies could not penetrate the porous membrane, it was necessary
to render it permeable with a 0.1% TritonX100 in PBS solution. Then, PBS with 1% Bovine Serum
Albumine (BSA) was used as a blocking reagent in order to avoid unspecific bindings. Both the Hoescht
and the Phalloidin fluorophores were diluted at 1/1000 in PBS for respectively 10 min and 1 hour. For a-
SMA staining, we let the primary antibody at 1/200 and then the secondary at 1/500 for 1 hour each. The
stained sample was kept away from light in PBS until achieving the TFM experiments which took place 1
day after (fluorophores tend to fade away in PBS after some days).

Only the Hoescht fluorophore can be used on living cells as it can penetrate into the cell membrane
and it is much less toxic than phalloidin. Accordingly, we used it for our TFM experiments in order to
localize the living cells on the hydrogels (which was difficult otherwise). Generally, we had not to stain the
nucleus to see the cells, because they were visible in bright light. And even if Hoescht may be cytotoxic in
the long term, our experiments lasting less than 4 hours, it was better than frequent light exposure as SMCs
showed a significant photosensitivity.
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Appendix B. DIC Algorithm
In a first step, the ROI was divided into NxM square subsets. Each subset, denoted (;;, was labelled
by the coordinates of its center in the reference configuration, denoted (xi, yj), withl<i<Nand1l<

j < M. The 2D deformation field across a given subset, from the reference to a deformed configuration was
written such as:

u(x,y) = ug + (x = xdug + (v — yj)wijy

(10)
v(x,y) = vy + (= x)vij + (V = ¥)vijy

where u;; = u(x;,y;) and v;; = v(x;,y;) are the displacement components at (xi,yj) and U;jx, Ujjy,
V;jx and v;;,, are four regularization parameters to be determined, permitting a more precise description of
the subset deformation.

The basic principle of DIC is the following. In the reference configuration the image can be represented
by the intensity level function f(x,y), and in the deformed state by the intensity level function g(x,y).
Functions f and g were reconstructed continuously for any (x, y) position from the intensity level of each
pixel using interpolation with biquintic B-splines. The conservation of intensity was assumed, yielding:
f(x,y) = g(x +u,y + v). The objective was to find unknowns w;;, v;j, Ujj x, Uijy, Vijx and v, for
each subset maximizing the cross-correlation between f(x,y) and g(x + u, y + v). We represented the set
of unknowns for a given subset ();; with a vector denoted p;;.

We used the NCorr open source 2D Digital Image Correlation (DIC) Matlab® toolbox [76]. The NCorr

algorithm is an iterative algorithm seeking at each iteration for pgf‘“) = pg.l) +Ap8.1) where Apgf‘)

maximizes the normalized cross-correlation coefficient:
ffnij(f(x—u(ApE;l))_y—v(Apg?)))—fij)(g(X+u(pg;1)),y+v(pg;l))>—gij)dxdy
2 2
jffnij(f(x—u(Apg.l))‘y—v(Apg;l)))—fij) dxdyffnij<g<X+u(pE;l)),y+v(pE;}))>—§ij> dxdy

where f; ; and g;; were the mean grayscale values for the ();; subset [77]. The non-linear optimization was
achieved with the Gauss-Newton method, consisting in solving the following linear equation:

C’(")(Apij) = (11)

vvc(m(o)Apgl) = —Ve™(0) (12)

where the derivation of the Hessian vv¢ ™ (0) and the gradient ve™ (0) are documented in [78] The process

was initialized with pg.)) ={u§;’),vi(f),0, 0,0, 0} where ug.)) and vi(;)) are integer numbers of pixels

maximizing the cross correlation between reference and deformed images.

We defined a ROI surrounding each SMC focal adhesion where the gel showed deformations during the
recorded experiments (Fig. 1(B)). This means that we had a ROI surrounding each location where we had a
traction force to be estimated. We used a subset size of 25 pixels to assess the displacement fields in each ROI.
The strain fields were derived from the displacement fields using a finite-difference scheme (Fig. 1(B)).
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Table C1: Mean traction force values measured on the 24-well plates, number of measurements (NB),

mean value and standard deviation ¢ according to the different gels stiffness

E(kPa) 4 8 12 25

F(N) 4.94E-06 3.86E-04 7.58E-05 3.31E-04
4.58E-06 7.32E-06 5.15E-06 4.60E-05
2.53E-06 8.36E-06 5.48E-05 6.40E-05
2.53E-06 1.68E-05 6.37E-06 1.98E-05
8.29E-06 7.86E-06 7.80E-06 1.59E-05
1.00E-06 8.38E-06 1.86E-05 1.56B-05
5.13E-06 9.79E-06 1.47E-04 8.24E-06
1.16E-05 1.48B-05 3.09E-06 7.57E-06
9.86E-07 9.64E-06 4.63E-05 2.95E-06
2.61E-06 3.31E-06 9.32E-06 3.49E-05
1.22E-06 1.73B-06 4.89E-06 2.97E-06
6.96E-06 2.34E-06 1.15E-05 2.13E-05
6.28E-06 6.62E-05 5.31E-06 2.28E-05
1.40E-06 1.19E-05 2.66E-04 8.25E-06
9.66E-07 6.94E-06 3.37E-05 8.31E-06
7.43E-06 3.08E-05 2.61E-05 4.37E-06
8.89E-06 1.73B-05 7.72E-05 1.62E-06
7.95E-06 1.66E-05 1.44E-05 2.08E-05
2.64E-06 2.99E-04 6.87E-06 2.68E-05
9.88E-07 5.09E-06 2.20E-05 2.08E-04
3.76E-07 5.35E-06 1.58E-05 1.51B-05
8.93E-06 1.13E-05 1.42E-05 2.02E-04
8.19E-06 2.51E-05 1.51E-05 6.38E-06
6.20E-06 1.07B-04 2.80E-05 1.47B-05
7.90E-06 1.80E-04 3.57E-06 3.72E-06
2.36E-06 6.55E-06 4.91E-05 8.73E-06
8.25E-06 1.09E-05 7.77E-06 2.73E-06
3.06E-06 6.41E-07 1.56E-05 2.60E-05
6.80E-06 2.02E-05 1.15E-05 2.21E-06
1.65E-05 5.30E-05 3.31E-05 1.45E-06
7.76E-05 3.62E-06 3.07E-06 2.63E-06
8.32E-06 7.65E-05 1.48E-05 3.89E-06
8.16E-06 2.41E-04 3.83E-06
4.77E-06 1.26E-05 1.61E-05
4.13E-06 3.13E-06 2.36E-05
3.58E-06 1.02E-05 2.70E-06
1.66E-05 1.86E-05 7.68E-06
7.94E-06 2.14E-06 4.38E-06
4.68E-05 1.10E-06 1.04E-05
5.18E-06 7.61E-06 5.27E-06
3.19E-06 7.36E-06 1.38E-05
1.24E-05 6.09E-06 3.20E-06
5.30E-05 5.71E-06 8.52E-06
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8.64E-05 1.82E-06 4.76E-06
1.79E-06 3.17E-06
6.70E-07 3.39E-06
2.42E-06
4.94E-06
1.24E-05
NB 46 49 44 32
Mean F (uN) 10.83 36.21 26.30 36.27
o (uN) 18.29 78.31 45.44 72.63
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