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Abstract

Atomic Force microscopy (AFM) is a powerful technique that serves to acquire
topographical images of samples measuring the roughness of the superficial layer. In
biology, this technique has gained popularity and has been used to image a large range
of samples, from small molecules like DNA to micrometer dimension like cells and
tissues. In addition, as the name indicates, allows applying small forces (pN, nN) to
obtain diverse information about the sample. Cell mechanical properties, cell-cell
interaction, single-molecule stretching, enzyme-substrate interactions are some of the
AFM applications for biological samples. As above-mentioned, it is used to study cell
mechanical properties at single cell level. This approach is especially interesting as a
diagnostic tool to compare cancerous or pathological cells to healthy counterparts. It
enables to decipher if there is any mechanical change within the cells that it may be

relevant for the development of the disease.

Cells are the basic element of every living being and the human body is composed of
infinite cell types, each one specialized in one or more functions within the organ.
However, cells are far from being simple materials instead they are complex
heterogeneous samples composed by many different structures such as biomolecules,
organelles, nucleus, cytoskeleton network, plasma membrane, etc. This complexity
makes them difficult to be described by simple mathematical and physical models.
Fibroblasts are a type of cell present in the connective tissue whose mission is to
synthesize extracellular matrix (ECM), especially collagen I and play a crucial role
in wound healing process. Fibroblasts can differentiate into myofibroblasts (a-smooth
muscle actin (SMA) positive fibroblasts) when changes in the tissue stiffness
occurred or can also be stimulated by cytokines secreted by inflammatory cells.
Changes in the surrounded ECM are transmitted to fibroblasts via focal adhesions, a
group of proteins, such as integrins that connect the ECM with the actin-myosin
network. Therefore, changes in the ECM are transmitted to fibroblasts, which react
increasing or relaxing cell contraction. This mechanism produces a feedback loop

reaction, in which cell-ECM communicate and respond to each other.

Dupuytren’s disease is a fibroproliferative disease of the palm that leads to the
bending of one or more fingers and hand contraction. A common characteristic with
other fibrotic diseases is the accumulation of myofibroblasts (in Dupuytren’s disease
in the nodules and cords in the palmar fascia) and collagen in the ECM. In this project,
three primary fibroblasts from the palm of a patient suffering from the disease were

investigated using AFM. The different fibroblast samples were extracted from



different regions of the palm and were classified as healthy/control, scar and
Dupuytren or pathological fibroblasts. AFM rheological experiments supported the
idea of healthy fibroblasts presenting normal fibroblast phenotype and Dupuytren
fibroblasts presenting myofibroblast phenotype. A more developed AFM scheme
than typical force curves and employing Hertz model to analyze cell mechanical data
was used, the so-called sweep frequency modulation scheme. It is based on applying
a sinusoidal modulation with increasing frequency in contact with the sample and
then using an appropriate model, in our case we employed the structural damping
model, storage and loss modulus (representing the elastic and viscous properties) of
the cells were obtained. This scheme enables to separate both cell responses and
quantify them; in our experiments, Dupuytren fibroblasts presented the largest storage

and loss moduli values.

In the literature the use of biomolecules to stimulate myofibroblast transition have
been well studied. However, a more interesting approach is the assessment of
compounds that targets a specific element of myofibroblasts, like a-SMA and could
help in reverting myofibroblast differentiation. We used a myosin inhibitor (ML-7)
that causes a decrease in cell contraction, more drastically affecting Dupuytren
fibroblasts. 2D and 3D cell’s environment was studied, first using circular
micropatterns to assess how the different cells reacted to physical constraints and then
using soft collagen gels seeding the cells on top and inside. Micropatterns serve to
force cells to acquire a specific shape, usually similar shape as cell morphology in
tissue. In our case, we used circular-shaped micropatterns to induce a “non-normal”
condition and healthy fibroblasts seemed to react more than the other fibroblasts,
presenting an increase in apparent Young’s modulus and solid-like behavior with
increasing the circular micropattern diameter. This behavior simulates myofibroblast
differentiation, as the increased stiffness in healthy fibroblasts came together with an
increase in actin fibers accumulation as well as organization. In contrast, when
seeding the different fibroblasts on soft collagen gels and hard petri dishes, Dupuytren
fibroblasts modulated its mechanical properties to those of the substrate and healthy
and scar fibroblasts presented similar properties in soft collagen gels and in hard petri
dishes. Here, cell-ECM interaction plays a crucial role in fibroblasts development.
The use of artificial and natural hydrogels to resemble cell’s environment is a
promising approach to study cells’ response closer to tissue-like conditions. 3D gels
provide physical constraints and biochemical and mechanical stimuli similar to those
in cell’s natural environment. The three different fibroblasts were embedded in soft
collagen gels and gels mechanical properties showed an increase in gel stiffness over
time. Cell spreading and multiplication increased gels mechanical properties, being

Dupuytren fibroblasts the ones that respond faster in spreading and multiplication at
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early states (2 days after incubation). At longer incubation periods, all fibroblast types
behaved similarly, showing no big differences in gel’s rheological properties among
fibroblasts. The use of soft collagen gels restricted fibroblasts tensional properties and
therefore, myofibroblast development.

In summary, understanding any disease leads to investigating all possible scenarios.
The use of different approaches helps in deciphering new key cellular mechanisms
for the development of the disease. Cell-cell and cell-ECM interaction strongly
influence cell behavior, thus the lack of any of these elements would resolve in
different cellular responses. In this way, 2D and 3D experiments are gaining space as
it tries to resemble cell’s natural environment simulating ECM’s biochemical and
mechanical properties. In our work, these two scenarios were assessed, evaluating
cells response in 2D and 3D conditions. Differences in cells response in the two
conditions come up with the general conclusion that cells not only react differently
depending on the mechanical properties of the environment but also 3D environment
is of truly importance due to the physical constraints cells encounter that leads to
different cells responses as in 2D. Accordingly, each experiment provides useful and
interesting data; however, it should be always mentioned and taken into account the

environment and experimental conditions at which the experiments were done.
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Chapter 1

Introduction

1.1 Atomic Force Microscopy

1.1.1 AFM basics

Scanning probe microscopy (SPM) is a family of microscopies that uses a sharp tip
to scan the surface of a sample getting nano and atomic scale resolution. The first
SPM invented was the scanning tunneling microscopy (STM), in 1981 by Binning
and Rohrer (Binning et al., 1982). Samples measured by STM have to be conductive
or semi-conductive; therefore, these limitations prompted the invention of the atomic

force microscopy (AFM).

In 1986, Binning et al. were able to record a tip-sample interaction using atomic
forces with the AFM and unlike STM almost any type of surface can be imaged
(Binning, Quate and Gerber, 1986). Some of the advantages brought by this
technology are the different environments available to measure, like vacuum, air and
liquid, from high to ultra-low temperatures. At the beginning, AFM was used to scan
surfaces of hard samples; however, its application to biological systems and medical
investigation has exponentially increased (Radmacher, 1997; Engel and Miiller,
2000).

Moreover, AFM has also the advantage, over optical and electronic microscopes, of
not requiring freezing, metal coating, vacuum or staining of the sample and thus it
allows measuring samples in physiological conditions. This was something extremely
important for biological samples, such as cells, because it allows measuring them in
the same buffer, pH and temperature conditions as in physiological conditions. In
addition, AFM provides high spatial resolution images applying really small forces
(picoNewtons, (pN)) (Bian et al., 2021).

The heart of the AFM is a cantilever that has a tip mounted at its very end. It will
bend/deflect when interacting with the sample. AFM cantilevers are mostly made of
silicon or silicon nitride and the back face is usually coated with a metallic compound,

typically gold, to enhance its reflectivity. A piezo actuator allows the cantilever



movement in xy direction to scan all sample surface, as well as in z direction to
approach and retract the cantilever in and out of contact with the sample. A controller
is implemented to collect and process the data and to drive the piezo. A laser beam is
focused on the backside of the cantilever and reflected off towards a photodiode.
Changes in cantilever deflection provide changes in the laser spot position on the
photodiode (Fig. 1.1). The collected signal of the photodiode is processed and
converted into a simple interface understandable to the user (Shao et al., 1996).
Nowadays, AFMs used for investigating cells are usually coupled with an optical

microscope that allows following the cantilever position over the sample.

Photodiode

Laser beam

Cantilever

OSampe

| xyzpiezoactuator |

Figure 1.1 Scheme of the AFM components.

1.1.2 Types of experiments

AFM has been used for measuring hard and soft samples, such as scanning the
roughness of new synthesized materials or biological samples. Its employment to
decipher biological questions opened a new field in biophysics that is gaining more
interest in the scientific community due to its wide versatility. From tissue to small
molecules, like proteins, going through different levels of complexity, AFM is able
to probe a broad range of elements (from mm to A). Depending on the sample size
and the biological question, different tip geometries and sizes can be used. Tipless
cantilevers have been used as a support to attach different samples, like cells,
extracellular matrix (ECM), proteins, etc., making them useful in providing custom

cantilevers. Pyramidal and conical tips are sharp and have the advantage of displaying



high lateral resolution and local indentations (Rico et al., 2005; Carl and Schillers,
2008; Zemta et al., 2020). Commercially available tips usually present small tip
radius and opening angle, leading to high stresses when indenting the sample.
Pyramidal and conical tips appear to procure ultra high pressure at the center (Fig.
1.2 cone and pyramidal); however, this is not real as the tip has a finite radius of
curvature at the very end. Cylindrical tips have the advantage of procuring constant
indented area when increasing the indentation depth; however, it generates high
pressure at the edges (Fig. 1.2 cylindrical). Blunt tips, like spherical tips, sacrifice in
resolution but allow probing large areas, and the pressure applied upon the sample is
distributed over the entire indented surface; thereby the pressure in a local spot is
reduced (Fig. 1.2 spherical). Procuring the same indentation as the previous tips (500
nm), the pressure upon a sample of 1 kPa stiffness is reduced being almost

insignificant in comparison to sharp tips.
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Figure 1.2 Simulated contact pressure versus radius from the center of conical,
pyramidal, cylindrical and spherical tips at indentation 500 nm. Cone and pyramidal
tips were assumed to have 40° opening angle and 35 nm tip radius, similar to
commercially available MLCTs. Cylindrical tip was assumed to have 290 nm tip
radius and spherical tip 5.5 um, similar to MLCT-SPH-5UM cantilevers.

AFM can be used to obtain topographical images of the sample, for single-molecule

force spectroscopy, cell and tissue mechanics, cell-cell interaction, and dynamic force



spectroscopy among others. The two most used modes for obtaining the topography
of a sample are categorized into contact and intermittent mode. Within the contact
mode, there are two different modalities: “constant height” that is based on a direct
interaction between tip-sample and scanning the sample holding the cantilever base
height constant while the cantilever deflection is monitored. This mode is often used
for hard and flat surfaces. In cells, the large differences in height will lead to large
changes in cantilever deflection, thus in force that may cause damage in the cell. In
“constant deflection mode”, as the name suggests, the cantilever deflection is kept
constant, therefore if a sudden jump in sample height is encountered, the cantilever
z-position with respect to the sample is changed in order to maintain the deflection
signal constant (Fig. 1.3) (Radmacher, Tillmann and Gaub, 1993; Radmacher, 2002).

A B P

1.6

-

nm

Figure 1.3 AFM image of a healthy fibroblast. A) Height trace and B) height retrace
signal that corresponds to the output of the feedback circuit that tries to keep the
deflection signal constant. C) Deflection trace and D) deflection retrace signal, which
corresponds to the residual error due to the finite response time of the feedback
circuit. Together, the overall topography of the cell with the height signal and the

roughness with the deflection signal could be obtained.

The most popular “intermittent” mode is tapping mode. In this mode, the cantilever
is oscillated at its resonance frequency and the amplitude of the oscillation is taken as
the input signal of a feedback loop. During tip-sample interaction, the amplitude of

the cantilever oscillation is reduced or even suppressed and it is recovered when the



cantilever is retracted off the surface. This mode is often used for imaging single

molecules, like proteins, DNA, etc.

In addition to imaging, AFM has been used to measure cell-cell interactions,
folding/unfolding of proteins, substrate-enzyme interaction, etc. Cell-cell interaction
experiments were developed to assess the strength of the bindings occurring between
two cells of the same cell line or cells of different origin or pathological grade. The
simplest way to perform this type of experiments requires attaching a cell to a tipless
cantilever and then the cell cantilever is approached to a monolayer of cells. Having
one monolayer of cells reduces the probability of partial or no interaction, as might
occur when cells are dispersed. The cell attached to the cantilever is now the tip, and
like any other cantilever, it has to be calibrated once the cell is attached (Puech et al.,
2006; Viji Babu et al., 2021). Cadherins are part of the cell adhesion molecule (CAM)
family that are important in the formation of adherent junctions and thus in the cell-
cell adherence (Aberle, Schwartz and Kemler, 1996; Wheelock and Johnson, 2003;
Hazan et al., 2004). There are some cadherin types, classified in type I (E, N...) and
type II (OB, VE...) (Yap and Kovacs, 2003). E-cadherin is presented in epithelial
cells and N-cadherin is the most abundant in fibroblasts (Chu et al., 2004; Borghi et
al., 2012). Fibroblast transition into myofibroblast results in an increase of OB-
cadherin expression with respect to N-cadherin (Pittet et al., 2008). Using AFM cell-
cell interaction experiments, OB-cadherins homophilic interaction was found to be
stronger than between N-cadherins (Viji Babu ef al., 2021).

Cell-ECM interaction is measured similarly to cell-cell interaction. The easiest way
is to attach a cell to the cantilever and approach it to the ECM. However, new
experiments doing the opposite, in which ECM squares (cutting ECM sections
directly from decellularized tissue) are attached to the cantilever and then approached
to a monolayer of cells. Cell-ECM interaction is basically carried out through
integrins. Integrins are transmembrane proteins that connect the ECM to the cell's
cytoskeleton (Hynes, 1992; Burridge and Chrzanowska-Wodnicka, 1996; Lehenkari
and Horton, 1999). Cell attachment takes place through the formation of focal
adhesion complexes that contain many cytoplasmic proteins, like vinculin, talin,
paxillin and actinin, along with integrins (Goffin ef al., 2006). The investigation of
cell-ECM interaction is really important to comprehend how cells react to

biochemical and mechanical changes in ECM.

Single molecule force spectroscopy investigates individual protein interactions that
typically require functionalizing the cantilever tip to make it accessible to the protein.
The bond between the protein and the tip (functionalized tip) has to be stronger than



the natural bond between the molecules under study (Ebner ef al., 2008; Alldritt et
al., 2022). Generally, the tip-protein functionalization is made through covalent
bonds that are usually stronger than any other non-covalent bond. It allows measuring
receptor/ligand interaction, substrate/enzyme and quantifying its binding strength
(Rico et al., 2019; Pérez-Dominguez, et al., 2022). Furthermore, folding/unfolding
AFM experiments can help to understand diseases related to the presence of
unfolded/misfolded proteins and how this contributes to the pathology (Rico et al.,
2013; Sumbul, Marchesi and Rico, 2018; Ignatova and Gierasch, 2007).

In addition, cell and tissue mechanical properties can be investigated employing AFM
as well (Hoffman and Crocker, 2009; Wu et al., 2018; Pérez-Dominguez et al., 2020).
This type of experiments have gained interest in the last 20 years due to its ability to
discriminate between normal and pathological cells and it is the main technique used
during the presented research project. Cell mechanical experiments are based on
applying small forces and recording cell response to this external force. This type of
experiments can be performed by keeping the applied force or indentation in the
sample constant. The cantilever is brought into contact with the sample and then keeps
moving downwards until a preset force or sample indentation is reached. This process
is recorded in deflection versus z-piezo curves that reflect the cell response to the
applied force. The obtained data provides information about the stiffness of the
sample, which can be compared with other cell types, other experimental conditions,
etc. (Kirmizis and Logothetidis, 2010; Gavara, 2016; Rianna and Radmacher, 2016b).

1.1.3 Mechanical properties and techniques

The mechanical properties of a material is a term used to assess the suitability of that
material for certain applications and they help to classify and identify the latter.
Indeed, they are physical properties that materials exhibit reacting to an applied force.
Some of them are the modulus of elasticity or Young’s modulus, tensile strength,
elongation, hardness and fatigue limit (Pelleg, 2013; Meyers ef al., 2008). All these
properties can be identified in a stress-strain experiment, as depicted in figure 1.4.
The first stage is the linear elastic region and the slope is the Young’s modulus
(Courtney, 2005; Jastrzebski, 1960). At the end of this stage, plastic deformation
begins and the crossing point between elastic and plastic behavior is the yield
strength. The second stage is the strain hardening, which is the strengthening of the
material and third stage the necking that occurs with the formation of a cross-sectional
area that is smaller than the rest of the material body. This stage finishes with the

fracture of the material.



Stress is the applied force to a certain cross-sectional area of an object to deform it
(Boyer, 1987). It can be described as follows:

(Eq.1.1)

Q
I
x|

where o is the stress, F the force and A the area of the object.

Strain is response of an object to the applied stress and can be quantified as the total
deformation in the direction of the force divided by the initial length of the object.

AL
Lo

£ = (Eq. 1.2)

where ¢ is the strain, AL is the total deformation and L, the initial length.

In a stress-strain plotting, the linear-elastic portion, in which stress is proportional to
strain, is also denoted as the Young’s modulus or modulus of elasticity. Young’s
modulus (E') quantifies a material’s resistance to limited or elastic deformation. This

parameter serves to describe linear elastic materials (Hearn, 1997).

o =Ee¢ (Eq. 1.3)

Solid elastic materials deform immediately under mechanical stress but recover their
original shape when the stress is removed. For measuring the mechanical properties
of pure elastic materials, using oscillatory testing, stress and strain are said to be in
phase. Some elastic materials are rubber or elastin, where a spring is considered to be
representative of linear elastic solids (Malvern Instruments, 2016).



Strain hardening Necking

Stress, o < . >
A
Yield strength
Fracture
> Strain, €
-<— P 3 >
Elastic region Plastic region

Figure 1.4 Typical stress-strain curve of a ductile material, like steel. Graph taken as
a reference from the following page: https://www.cmrp.com/blog/fag/analysis-

design/exploring-stress-strain-curve-mild-steel.html.

Viscous materials are represented by a dashpot; when a stress is applied, it starts to
deform and continues deforming at a constant velocity flow until the stress is stopped.
The energy invested in the deformation is dissipated (usually as heat) and the strain
is permanent. The stress and strain are out of phase by 90° (Janmey and Schliwa,
2008; Murata, 2012). Nevertheless, many materials exhibit both elastic and viscous
properties and are known as viscoelastic materials. Viscoelastic materials exhibit both
solid- and liquid-like characteristics, and the phase difference between stress and
strain in an oscillatory testing is somewhere between 0-90° (Ferry, 1980; Christensen,
1982). Cells are complex heterogeneous materials due to their crowded bodies, filled
with a diverse number of elements presenting varied mechanical properties, like
cytoskeleton network (stress fibers), organelles, nucleus, micro and macromolecules,
etc. For that reason, cells are classified as viscoelastic materials presenting both

elastic and viscous properties at different time scales (Kasza et al., 2007).

Cells' mechanical properties are governed by many cellular structures and their
contribution may distinguish between different cell types and pathological grades.
Thereby, cell viscoelastic behavior varies depending on the origin (organ, tissue of
provenance) and on the disease. Cells’ elasticity is said to be governed by the



cytoskeleton network properties, especially the actin fibers. The number of stress
fibers, rearrangements and number of crosslinks dictate cell’s elasticity. The viscous
contribution of cells is rather difficult to identify, but is simply attributed to cell’s
fluid cytosol and its friction with micro and macromolecules in the cell body.
According to the technique employed or the part of the cell measured (cell membrane,
glycocalyx, cell body, etc), cell’s mechanical properties vary greatly as different cell
components are taken into account. Fortunately, these cell properties can be

investigated using different and very diverse techniques.

AFM is a versatile technique that apart from imaging purposes can work in multiple
modes, like dynamic force spectroscopy and cell mechanics, where it compresses and
indents the sample with a sharp tip to finally quantify the sample response to the
external mechanical stimuli. It is able to detect small forces on the order of pico- to
nano-Newtons, which is usually the observed range for cell mechanical response. One
of the main advantages is the ability to measure samples with really different
stiffnesses. This is feasible thanks to the wide availability of cantilevers
encompassing a large range of force constants. Stiff cantilevers are able to probe hard
samples like steel or bone; however, softer cantilevers may be used to probe soft
samples like cells (Fig. 1.5) (Vinckier and Semenza, 1998; Khan, Wang and
Fitzpatrick, 2016; Vlassov et al., 2018).
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Figure 1.5 Mechanical properties of different materials (elasticity in Pascals (Pa)).

Biological samples such as cells are soft in comparison to hard materials like bone.

In addition to AFM, there are many other techniques able to measure cell and tissue
mechanics, such as optical tweezers, particle tracking microrheology, traction force

microscopy, flow deformation cytometry, etc (Moeendarbary and Harris, 2014).

Optical tweezers rely on the concept that when light enters a medium with a refractive
index, the light path changes. Optically, cells and beads can be trapped and
manipulated with a collimated light source. It provides high sensitivity (pico-Newton

resolution) and high spatio-temporal accuracy (Zhang and Liu, 2008). A bead can be



attached to the cell membrane and, upon removal, measure the strength of adhesions
and tether formation (Fig. 1.6). In addition, cells can be deformed by a bead that
approaches and retracts, giving loading and unloading force curves (force-distance,
F-d) similar to AFM measurements. Another approach consists in embedding a bead
inside the cell or entrap an organelle and measure cell interior mechanics, which is
the closest methodology to assess overall cell mechanics, as AFM technique only
allows to probe the cell surface, providing a cell response that AFM users consider to
be general cell mechanics. Nevertheless, this approach has many disadvantages, as it
is first challenging to embed beads inside the cell body and then has a force limitation,
that is sometimes not enough for indenting stiff cells; therefore, it is conventionally
used for micro and macromolecule experiments, like DNA stretching (Hochmuth et
al., 1996; Guck et al., 2001).

Particle tracking microrheology has the advantage of avoiding the application of
external forces to track cell mechanical behavior. Small beads (nano- or micro-meter)
in diameter are inserted into the cell body to follow its spontaneous motion with high
spatial and temporal resolution. In a pure viscous environment, the beads move
randomly in Brownian motion. In contrast, in a purely elastic environment, the beads
are stuck and the thermal motion is not strong enough to induce random motion. Cells
presenting viscoelastic behavior follow a complex mixture of both behaviors,
showing a continuous motion over time due to thermal fluctuations and non-
Brownian motion (Wirtz, 2009). Different viscoelastic responses of various cell types
under pharmacological treatment and physiological conditions have been tracked
(Hale, Sun and Wirtz, 2009).
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Figure 1.6 Optical tweezers: 2 suspended fibroblasts are trapped by a highly focused
laser beam. Trapped cell 1 1s kept still while the position of the optically trapped cell
2 can be controlled by the movement of the trap and small forces can be estimated

from the changes in the displacement of the cell 2 from the center of the trap.

Traction force microscopy has a great potential in measuring the forces generated by
the cell in the surrounding environment. The use of micropillars as well as beads
embedded in compliant matrices can serve to detect the force exerted by the cell in a
specific environment (Fu et al., 2010; Kraning-Rush, Califano and Reinhart-King,
2012; Chan et al., 2014). Flow deformation cytometry is a novel method to measure
the mechanical properties of single cells based on the hydrodynamic deformation of
the cell through a microfluidic channel (Gerum et al., 2022). Hundreds of cells can
be tracked in a second and differs from the other techniques in its use of suspended
cells (Mietke et al., 2015; Otto et al., 2015; Rosendahl et al., 2018).

As above mentioned, AFM is widely used for measuring cell and tissue mechanics.
Cell elasticity is extracted by pressing a tip against the cell while the cell indentation
and the applied force are monitored. Using the appropriate contact mechanics model
considering the tip geometry, cell elasticity is obtained. It can be used for both
suspended and adherent cells and allows controlling CO; and temperature levels. It is

also possible to monitor changes in cell elasticity under pharmacological treatment
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and the piezo permits to design novel AFM methodologies to measure cell rheological
properties (stress-relaxation, creep testing and oscillatory tests) (Fabry et al., 2001;
Alcaraz et al., 2003; Darling et al., 2007; Moreno-Flores et al., 2010).

1.1.4 AFM rheological methodologies and theoretical
models

Young’s modulus is a mechanical parameter that describes the elastic behavior of
materials; therefore, when using this parameter to describe cell’s mechanical data, it
only reflects the elastic properties of cells, which in fact, is far from the cell’s real
behavior. The cell’s cytoplasm can be described as a viscoelastic material. Cells
rheological properties can be measured by different techniques described in the
previous section; nonetheless, we will focus our attention on the different AFM
methodologies that can be employed to extract the cell’s viscoelastic properties.
Creep response, stress relaxation and oscillatory testing are some of the strategies
developed to measure the viscoelasticity of living cells (Papanicolaou and Zaoutsos,
2010; Murata, 2012).

Creep is the tendency of a viscoelastic material to deform slowly but continuously
under constant stress (Nwoke, Okokpujie and Ekenyem, 2017). In the case of a
viscoelastic material, after stress removal, only the elastic deformation will recover
and the viscous deformation will be permanent (Fig. 1.7A). Cells will deform under
certain load and will continue deforming until a new equilibrium is reached, although
they do not recover their original shape due to viscous deformation. Therefore, in
AFM experiments, cell creep behavior can be investigated with the force clamp
method (Hecht et al., 2015; Flormann et al., 2021).
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Figure 1.7 A) Creep test measuring the evolution of strain, top blue, under application
of a constant stress, bottom blue. B) Stress relaxation scheme, measuring the

evolution of stress, top red, over time under constant strain, bottom red.

Stress relaxation is the observed decrease in stress of a material under constant
deformation (Fig. 1.7B) (Fancey, 2005). A pure elastic material does not relax over
time as it requires constant stress to hold the position, while viscous materials relax
instantaneously. The stress relaxation of cells can be investigated with the step
response method (Yango et al., 2016).

One of the most robust methods for measuring viscoelastic properties of samples is
applying low amplitude oscillations over a wide frequency range to compute the
complex elastic modulus E* (Fig. 1.8). For large samples like tissues or hydrogels,
rheometers are used to measure the sample viscoelasticity, where the sample is loaded
between two plates and the upper plate is oscillated back and forth at a given stress
or strain amplitude, and frequency. Using the AFM for samples on the nano or
micrometer scale, a similar procedure was developed, in which the cantilever is
oscillated up and down at a given frequency or various frequencies and constant
amplitude while indenting the sample (Mahaffy et al., 2000; Fabry et al., 2001;
Alcaraz et al., 2003; Rigato et al., 2017).

In an oscillatory testing experiment, for a pure elastic material, both stress and strain

are known to be in phase. Instead, for a pure viscous material, stress and strain are
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out of phase by 90°. As previously mentioned, in the case of a viscoelastic material,
the phase difference between stress and strain is somewhere between 0-90°. The
phase difference between stress and strain allows deciphering the total elastic and
viscous contribution to the total material stiffness (£*) and specifically, the phase
angle J is a measure of the viscous and elastic properties of the material. This phase
angle is often represented as the loss tangent (tan &), which is a rheological parameter

that quantifies the solid- or liquid-like behavior of the sample (Fig. 1.9).

Strain

= W
il

Figure 1.8 Sinusoidal modulation of the AFM z-piezo in an oscillatory test, in which

Time

a frequency sweep is applied (See Materials and Methodology section 2.2.2).
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Figure 1.9 Stress and strain wave relation for a pure elastic material (A), viscoelastic
material (B) and pure viscous material (C). The phase angle (9) is 0 for the pure elastic
material because both maximum stress and strain are in phase; 90° for the pure
viscous because there is a 90° shift from one maximum to the other; and 0< 6< 90°

for a viscoelastic material.



The complex elastic modulus or total stiffness (£*) can be separated into its real or
imaginary components. The real part is known as the storage modulus (£’) and
represents the energy stored per oscillatory cycle; also depicts the elastic contribution
of the sample. The imaginary part is known as the loss modulus (£”") and represents
the energy lost per oscillatory cycle and the viscous contribution of the sample
(Murata, 2012; Malvern Instruments, 2016).

The time dependence of E’ and E” can be tested by varying the frequency of the
applied stress or strain, with high frequencies corresponding to short time scales and

low frequencies to longer time scales.

A
E”: E' = E*cosé (Eq.1.4)
H E*

E' =E*siné (Eq. 1.5)

E*=+\E?+E" (Eq. 1.6)

tan§ = = (Eq. 1.7)

Er

\ d
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Figure 1.10 Graphical relation of the complex modulus E* and its components:

storage modulus E' and loss modulus E", which are the real and imaginary part of

the complex modulus.

E’ and E" can be calculated from the trigonometric relationship between them and E”*
(Fig. 1.10). The loss tangent (tan §), also expressed as phase angle or hyteresivity, is
the ratio between loss and storage modulus and describes the solid- or liquid-like
behavior of the sample. Using an alternative mathematical representation, E* can be

represented as follows:
E*=E'+iE (Eq. 1.8)

This expression makes use of the imaginary number i, differentiating between the

real and imaginary parts, E’ and E ', respectively.
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The oscillatory testing method has been used in AFM measurements to assess
rheological behavior of live cells applying oscillations on the cantilever at low

amplitude (50 — 100 nm) and different frequencies.

AFM measurements in living cells allow experiments to be performed in liquid
environments, using a cell culture medium whose composition is designed to
resemble as closely as possible the cell’s natural environment. AFM force
measurements in liquid are subjected to hydrodynamic drag force artifact that is
caused due to viscous friction of the cantilever dragged through the liquid. Therefore,
viscoelastic properties measured by AFM taken in liquid at frequencies above 1 Hz
can be overestimated if no correction is applied. This correction requires recording
the drag factor of the cantilever, b(h), at different distances (h) from the sample while
oscillating the cantilever over the sample with a sinusoidal modulation at different
frequencies. By plotting the drag factor against the cantilever-sample distance (h) at
which the drag factor was calculated, the hydrodynamic drag factor at contact, b(0),
can be extrapolated. This parameter depends on the cantilever geometry and on the
velocity of the cantilever's free end (Alcaraz et al., 2002). The hydrodynamic drag

force can be expressed as follows:
F; =b(0)v (Eq. 1.9)

where Fj; is the hydrodynamic drag force on the cantilever, v is the velocity of the
cantilever’s free end and b(0) the drag factor at contact. The contribution of
hydrodynamic drag in the frequency domain is:

Fglw) .
3o = lwb(0) (Eq. 1.10)

where i = v/—1 is the imaginary unit, w is the angular frequency (w = 2rf) and

F;(w) and § (w) are the Fourier transforms of the force and indentation, respectively.

To describe cell mechanics, the Hertzian contact model and its derivatives are used
to extract the cell Young’s modulus (Hertz, 1881). However, as above-mentioned,
this parameter does not fully represent cell mechanics due to its viscoelastic behavior.
For this reason, more developed models have been used to describe the mechanical
behavior of cells, such as the linear viscoelasticity model, tensegrity and soft glassy
rheology. It is worth mentioning that those models are able to explain certain aspects
of cell mechanics, but none of them fully capture the cell mechanical behavior, but
since Hertz model is used to calculate cells stiffness, these models are a good

compromise to characterize cells mechanical properties.
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The first type of models, linear viscoelasticity models, are based on the combination
of springs and dashpots, which represent the elastic and viscous contributions,
respectively. Some of the most well-known models are Maxwell, Kelvin-Voigt, Zener
and Burgers models (Makris and Constantinou, 1991; Nguyen et al., 2011; Jozwiak,
Orczykowska and Dziubinski, 2015). The Maxwell model consists of the
combination of one spring and one dashpot in series. This model describes a
viscoelastic response dominated by an elastic response at short times and viscous
behavior prevailing at longer time periods. The Kelvin-Voigt model combines a
spring and a dashpot in parallel. If a stress is applied to a sample that behaves like a
Kelvin-Voigt viscoelastic material, it initially behaves like a viscous material due to
the effect of the dashpot that retards the spring’s behavior; and then behaves
elastically over longer time periods. The Burger model describes the viscoelastic
behavior of real samples a bit better, as it adds complexity to the model, being just
the combination of Maxwell and Kelvin-Voigt models together. Zener model or
standard linear solid (SLS) model is a bit more complex than Maxwell and Kelvin-
Voigt and involves both springs and dashpots in series and in parallel. Zener model

is simplest model that describes both creep and stress relaxation phenomena.

In an oscillatory test, when measuring the elastic and viscous properties (E’ and E”)
of a viscoelastic material described by a Maxwell model at different time scales
(sweep in frequency), it shows that E” is greater than E’ at low frequencies (liquid-
like behavior), whereas at higher frequencies E’ is greater than E”. This type of
behavior is characteristic of viscoelastic liquid materials. When performing the same
frequency sweep for a Kelvin-Voigt material, E’ is constant and frequency
independent, while E” increases with frequency and dominates at high frequencies.
This behavior is characteristic of viscoelastic solid materials and tends to be seen in
glass-like materials. Burgers model describes a typical viscoelastic spectrum of an
entangled polymer system encompassing a wide frequency range. However, with
standard techniques, like rheometer or AFM, it is only possible to observe a portion
of the spectrum (Wu, Kuhn and Moy, 1998; Bausch ef al., 2001).

A more complex theoretical model is the tensegrity model that represents the cell as
a mechanically stable structure, composed of struts and cables that endure
compression and tension, respectively (Ingber, 1993). The cables create an initial
stress, which is supported by the struts, in order to maintain mechanical equilibrium
in the system. Extrapolating it to the cell model, microtubules, stress fibers, cell-cell
and cell-ECM attachments are viewed as the struts, resisting compressive stress,
whereas cables are represented by actin filaments and intermediate filaments, which

bear tensional loads. This model identifies mechanical stress supported by the
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cytoskeleton as one of the most important mechanisms of shape stability within cells
and tissues and also describes how cell-ECM interplay is decisive for various cellular
functions. Although it realistically explains the structure and function of each
cytoskeleton component in live cells, one of its weaknesses is that tensegrity is a static
model that may hardly explain active cellular processes (actin polymerization,
cytoskeleton rearrangements, cell contraction...). Many studies have used this model
to describe strain hardening or prestress stiffening (Wendling, Oddou and Isabey,
1999; Stamenovic, Wang and Ingber, 2006; Benjamin, 2010; Rodriguez and
Sniadecki, 2014).

The last model addressed in this section describes cells behavior in terms of the soft
glassy rheology, which describes a diverse group of substances like foams, pastes,
colloids, emulsions and slurries (Sollich et al., 1997; Sollich, 1998). It is based on
Bouchaud’s glass model to develop a unified theory. It incorporates characteristics
common of all soft glassy materials, such as structural disorder and metastability.
This model describes each element of a matrix with an energy landscape presenting
many wells of different depths. The well depth is such that it is very difficult for the
elements to escape. However, when an external agitation (effective temperature or
noise level, x) is applied, it may or may be not sufficient for the elements to hop
randomly between wells. If the agitation is enough (x > 1), the system becomes
disordered and can flow, behaving as a glassy material. Nevertheless, if x approaches
to 1, the elements are trapped in the well since the agitation in the matrix is not
sufficient to hop off. In this case, the system becomes stabilized and it behaves like

an elastic material. The criteria that define soft glassy materials are:

- They have to be very soft

- Storage and loss modulus (E’ and E”) should increase with the same weak
power law (x — 1= a) over frequency.

- Loss tangent (tan 6 = n), which is the ratio of loss to storage modulus, is
frequency independent and close to 0.1.

- Under certain conditions they display physical aging behavior.

It has been considered that due to the parallelism between live cells and soft glassy
materials, the cytoskeleton behavior can be added to this group (Mandadapu,
Govindjee and Mofrad, 2008). The complex elastic modulus for soft glassy materials
has been described by the structural damping model (Hildebrandt, 1969; Fredberg
and Stamenovic, 1989; Maksym et al., 2000; Fabry et al., 2001; Alcaraz et al., 2003):
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E*(w) = Eo(1 + in) (wio)a +iwp (Eq. 1.11)

where E and w, are scaling factors for stiffness and frequency, respectively; w is the
frequency in radians, a is the power-law exponent, 1 is the hysteresivity or loss
tangent; u is the Newtonian viscous term and i the imaginary number (See Materials
and Methodology section 2.2.2).

1.2 Cells and fibrotic diseases

1.2.1 Basics in cell mechanics

Cells are living samples and one of the basic structural and functional components of
the human body. However, basic is not a representative word for these samples since
they are really complex and heterogeneous materials. All eukaryotic cells are
composed of plasma membrane, cytoplasm, nucleus and subcellular components. The
cell membrane consists of a phospholipid bilayer, in which proteins are embedded.
The cytoplasm is made up of the cytoskeleton and organelles (including nucleus) that
are essential for basic cell functions, such as gene expression and protein synthesis.
The cytoskeleton is mainly composed of three filamentous elements: actin-myosin
fibers, intermediate filaments and microtubules (Jamora and Fuchs, 2002; Deng et
al., 2006; Fletcher and Mullins, 2010; Pegoraro, Janmey and Weitz, 2017).
Cytoskeletal structure is constantly disassembled and remodeled, costing the cell
some of its metabolic energy. For example, in the actin polymerization process cells
spend one ATP/GTP molecule to connect two proteins to each other
(Kollmannsberger and Fabry, 2011). Actin fibers are the cytoskeleton components
that mainly govern cell mechanical behavior. Moreover, the rearrangement and
number of fibers, as well as number of crosslinks, determine cell mechanics. Actin
filaments (F-actin) are flexible helical polymers of G-actin (monomer) presenting a
Young’s modulus of 1-2 GPa and are an essential part of the cell contractile apparatus.
It constitutes between 5-10% of total protein in eukaryotic cells and presents around
7 nm in diameter and several pm in length (Alberts et al., 1994; Fudge et al., 2003).
They are commonly found underneath the plasma membrane and are typically
assembled at the cell periphery providing mechanical support and determining cell

shape, migration and division (Isambert and Maggs, 1996; Cooper, 2000).

The employment of cytoskeletal inhibitors helps to understand the contribution of

individual elements to cell contractility, motion and cell shape maintenance.
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Latrunculin A and cytochalasin D are inhibitors of actin assembly and polymerization
(Coué et al., 1987; Rotsch and Radmacher, 2000; Klymenko et al., 2009). Instead,
blebbistatin, ML-7, ML-9 and W-7 are inhibitors of different parts of the myosin
network, myosin II, myosin light chain kinase (MLCK) and calmodulin antagonist,
respectively (Isemura et al., 1991; Kovacs et al., 2004; Sengupta et al., 2007).
Latrunculin and cytochalasin cause cell softening produced by the disassembly of
stress fibers and reduced cell motion and contraction (Rotsch and Radmacher, 2000;
Lekka, 2016). Myosin inhibitors also cause a decrease in cell elasticity due to a
reduction in myosin activity leading to the loss of cytoskeletal tension (Rehfeldt et
al., 2007; Lu et al., 2008; Martens and Radmacher, 2008). Therefore, actin and
myosin need each other to preserve cell mechanical properties as well as cell motion
and morphology. The malfunction of any of them, actin filaments or myosin motors,
leads to cell disturbance that may be overcome depending on the drug concentration
and the cell recovery system. Different drug concentrations produce distinct cell

responses, which may also vary from one cell type to another.

1.2.2 Fibroblasts and myofibroblasts

Cells are the basic units of a living system. There are a large variety of cell types but
they all have common characteristics. Cells can be sorted into prokaryotic and
eukaryotic cells; the main difference between them is that prokaryotes have the
genetic material in the cell cytosol while eukaryotes have a nucleus and other
membrane-bound organelles. In addition, eukaryotic cells can also be distinguished
between animal and plant cells. The human body is composed of multiple cell types
that can be grouped by function, location, morphology, etc. Most of them are found
in different organs/tissues or parts of the body, such as skin cells including
melanocytes, keratinocytes; muscle cells: skeletal, cardiac and smooth muscle cells;

blood cells: red and white; fat cells like adipocytes, stem cells, fibroblasts, etc.

Fibroblasts are most commonly found in connective tissue and are the most abundant
cell type in the stroma. They have multiple functions, can interact with many other
cell types and compose the basic framework for tissues and organs. Fibroblasts are of
mesenchymal origin and usually present an elongated spindle-like shape (Plikus et
al., 2021; Dick, Miao and Limaiem, 2022). They play an active role in the
maintenance and reorganization of the extracellular matrix (ECM) and secrete a
diverse group of ECM proteins such as collagen type I, IIl and IV, fibronectin,

laminin, proteoglycans, etc. They present a well-developed cytoskeletal network and
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are able to feel and respond to mechanical and chemical stimuli. Transmembrane
proteins such as integrins and cadherins that connect cell actin-myosin network with
the external environment (through focal adhesions and adherent junctions,
respectively), make possible the interplay among neighboring cells or its environment

that allows to react rapidly to sudden changes.

After the inflammatory phase in the wound formation process, blood-borne cells
liberate cytokines and growth factors that are essential for granulation tissue
formation (Gabbiani et al., 1972; Desmouliére, Chaponnier and Gabbiani, 2005;
Wynn and Ramalingam, 2012). These molecules, along with mechanical changes in
the wound area (increase in stiffness), seem to stimulate fibroblast to myofibroblast
transition. After the production of a wound, local fibroblasts from the dermis of the
adjacent intact tissue start moving towards the wound position and develop bundles
of microfilaments containing - and y-cytoplasmic actin. This process generates the
so-called “proto-myofibroblasts” that evolve expressing a-smooth muscle actin (o-
SMA) in the cell body, differentiating into a myofibroblast phenotype (Hinz et al.,
2001; Tomasek et al., 2002; Bochaton-Piallat, Gabbiani and Hinz, 2016) (Fig. 1.11).
Myofibroblasts are responsible for wound contraction and when the wound is closed,
they should disappear through apoptosis or revert to the normal fibroblast phenotype;
however, in some diseases, myofibroblasts do not die and stay permanently in the
closed area, like many fibrotic diseases, such as scleroderma, liver, kidney and lung
fibrosis, as well as infarction (Grinnell, 1994; Desmouliére and Gabbiani, 1995).

« —  [Myofibroblast differentiation

fibroblast proto-myofibroblast
[ Stiffness

Figure 1.11 Fibroblast differentiation into myofibroblast phenotype, which involves
an increase in cell stiffness to due to the formation of extra cytoskeletal filaments (a-

SMA) that help in wound healing process.

In addition to a-SMA appearance and organization into stress fibers in the
myofibroblast body, there are others myofibroblast biomarkers to distinguish it from
any other cell type. In granulation tissue, myofibroblasts start to synthesize ECM
components such as collagen I and III, as well as fibronectin splice variant ecto-
domain A (Brown et al., 1993; Serini et al., 1998; Tomasek et al., 2002; Singh et al.,

21



2004). The transforming growth factor (TGF)-B1 is essential for the development of
a-SMA and is present in the ECM as a latent complex. The release and activation of
the TGF-B1 molecule can be mediated through proteolytic enzymes as well as
integrin-dependent mechanisms, in which the binding of the latent complex to av
integrin receptors (present only in differentiated myofibroblasts) connects ECM
fibers to cell cytoskeleton. The stress generated by the cytoskeleton fibers is enough
to liberate TGF-B1 and produce a persistent ECM tension and stiffening (Desmouliére
et al., 1993; Klingberg et al., 2014; Hinz, 2015b). When TGF-B1 is liberated, it can
bind to its binding site on the cell membrane, triggering a cascade of signaling events
that lead to upregulation of a-SMA (Malmstrom et al., 2004; Hinz, 2007). Integrins,
together with other intracellular proteins, organize into focal adhesions that develop
into mature focal adhesions on activated myofibroblasts. Mature focal adhesions are
3-4 times stronger and larger (10-30 um long) than fibroblast focal adhesions (2-6
um long) providing myofibroblasts with stronger adhesive properties (“more sticky”)
(Dugina et al., 2001; Hinz et al., 2003; Choi ef al., 2008). Some of the proteins that
constitute focal adhesion complexes are talin, paxillin, vinculin, a-actinin, etc. These
proteins gather at the cell membrane and connect the intracellular integrin domain to

cytoskeleton actin-myosin fibers.

In addition to myofibroblasts, smooth muscle cells also express a-SMA that has given
rise to question about the origin and function of myofibroblasts. Smooth muscle (SM)
cells have been in the spotlight to understand myofibroblast origin; however, there
are many features that differentiate them. SM cells express markers that are not
present in myofibroblasts, such as SM myosin heavy chain, h-caldesmon and
smoothelin (Arnoldi et al., 2012). Moreover, SM cell contraction is rapid and short,
whereas myofibroblast contraction is long and permanent, highlighting the different
functional activities of the cells (Gabbiani ef al., 1972).

Many strategies have been developed to revert the myofibroblast phenotype, like
downregulation of a-SMA using TGF-B1 antagonists and growth factors (interferons,
interleukins, tumor necrosis factor (TNF)-a) (Siwik, Chang and Colucci, 2000; Lowin
et al., 2020). Interleukin-1 showed an influence on the expression of a-SMA in
dermal fibroblasts (Shephard et al., 2004; Kanangat et al., 2006). Furthermore,
interferon (IFN)-y, a cytokine produced by T cells, was proposed to suppress a-SMA
expression in myofibroblasts, although the results only suggested changes in a-SMA
expression in TGF-Bl-induced myofibroblasts but not in already differentiated
myofibroblasts (Tanaka et al., 2001, 2003, 2007; Gu et al., 2004). IFN-y seems to
activate YB-1 repressor protein, which inhibits Smad3-enhanced gene transcription
and upregulates the transcription of Smad-7 (inhibitor of Smad3) (Higashi et al.,
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2003; Dooley et al., 2006). New approaches focusing on the inhibition of myosin
contraction have shown to disassemble a-SMA from stress fibers while B-cytoplasmic

actin filaments persist intact (Goffin et al., 2006).

Matrix compliance and cell-cell interactions are also mechanisms for myofibroblast
de-differentiation. ECM softening is transmitted to cells via focal adhesions leading
to cellular stress release; thus, inducing either myofibroblast apoptosis or
myofibroblast de-differentiation. Cell-cell interplay in myofibroblasts takes place via
OB-OB-cadherin junctions (which are only present in myofibroblasts) that may
propagate a downstream signal that leads to a decrease in the a-SMA expression
(Petridou et al., 2000; Jamora and Fuchs, 2002; Yap and Kovacs, 2003).

1.2.3 Fibrosis

Around 45 % of the mortality in Western developed countries is caused by fibrotic
diseases and almost every organ of the human body can be affected by fibrotic
reactions (Wynn, 2008; Rosenbloom, Castro and Jimenez, 2010; Wynn and
Ramalingam, 2012; Rockey, Bell and Hill, 2015). These fibrotic reactions cause
multi-system diseases, such as system sclerosis as well as fibrotic disorders of
individual organs like lung, kidney, liver, heart and bladder as well as Dupuytren’s
disease (Varga and Abraham, 2007; Gabrielli, Avvedimento and Krieg, 2009; Ho et
al., 2014). Fibrosis is also involved in chronic autoimmune diseases such as
scleroderma, Crohn’s disease, ulcerative colitis, rheumatoid arthritis, etc. It is also
implicated in tumor invasion and metastasis. The causes of fibrosis are not well
identified but can include a variety of stimuli including persistent infections,
autoimmune reactions, allergic responses, chemical insults, radiation and tissue

injury.

The appearance of fibrotic diseases is quite diverse, but they all share common
alterations like uncontrolled accumulation of ECM and myofibroblasts.
Myofibroblasts can originate from various cell types. The major contribution comes
from fibroblasts originating from the local connective tissue. In the liver, apart from
portal fibroblasts, hepatic stellate cells also can differentiate into myofibroblasts
(Guyot et al., 2006). Fibrocytes, circulating cells, have been shown to produce ECM
and acquire a myofibroblastic phenotype, helping in the formation of hypertrophic
scar. These cells have been seen in pulmonary fibrosis observed in asthma (Schmidt
and Schmieder, 2003; Yang et al., 2005) and renal fibrosis (Okada et al., 2005).
Mesenchymal stem cells, like bone marrow cells, have also been shown to contribute

to the maintenance and regeneration of connective tissue (Pittenger et al., 1999;
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Forbes et al., 2004). Pericytes were also found to differentiate into myofibroblasts
and are one of the major contributors to liver and kidney fibrosis (Mederacke et al.,
2013). Moreover, endothelial and epithelial cells via endothelial- and epithelial-to-
mesenchymal transition, a marker of cancer progression, have also been included in
the list of myofibroblast precursors (Hinz, 2007; Arnoldi et al., 2012).

Nowadays, there are many strategies to treat fibrosis, like specific drugs for each type
of fibrosis, although in most cases they only serve as a palliative solution rather than
curing the damage; and organ transplantation when there is no organ cure. Epigenetic
modifications and miRNAs could serve as therapeutics targets; however, combined

therapies that target many mechanisms will probably be the best option.

1.2.4 Dupuytren’s disease

Dupuytren’s disease is a benign fibrotic disease of the palm that results in the
formation of nodules and cords in the palmar fascia. The prevalence of Dupuytren’s
disease in the world varies from one research source to another; however, it is low in
comparison to many other diseases (1-8%). This percentage increases with patient’s
age, affecting 20% of the population above 65 years old. In the early days, it was
erroneously called “Viking disease” because it was recorded more frequently in
Nordic descendants, but far from the reality, since there is no clear evidence of higher

prevalence in any continent or ethnicity (Hart and Hooper, 2005).

This disease was discovered by Felix Plotter in 1614 and named after Baron
Guillaume Dupuytren, a French anatomist and surgeon who was the first to describe
the underlying mechanism. Although he gained popularity for treating Napoleon
Bonaparte’s hemorrhoids, today he is known for being the first to operate a person
who suffered from Dupuytren’s disease in 1831 and published it in “The Lancet” in
1833 (Dupuytren, 1833).

The disease is more common in older man and environmental risk factors like alcohol
abuse, smoking, hand injuries, aging, hypertension, diabetes as well as family history
favor the appearance of the disease (Descatha et al., 2012; Becker et al., 2016;
Morelli, Fraschini and Banfi, 2017; Broekstra et al., 2018).

The existing treatments can be classified into invasive and non-invasive treatments.

Some of the non-invasive options are needle aponeurotomy and collagenase injection.

Needle aponeurotomy is a procedure that makes use of a sharp needle to make holes
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in the damaged tissue weakening it and helping to straighten bent fingers. This
technique is used for mild cases; however, it has a recurrence rate of 60% (Badois et
al., 1993; Foucher et al., 2001; van Rijssen et al., 2006). Collagenase injection uses
the combination of two Clostridium histolyticum collagenases for the treatment of
adult patients. These enzymes hydrolyze type I and II collagen into small peptides,
which facilitates its later degradation by endogenous human collagenases (Hurst et
al., 2009; Warwick, Thomas and Bayat, 2012). Although it seems to be useful in
reducing nodule size and hardness, it is still unclear how effective this procedure is.
Nowadays, the most used and efficient treatment is surgical removal of the damaged
area. This procedure also allows researchers to have access to tissue samples directly

from patients, providing exclusiveness.

Dupuytren’s disease is a fibroproliferative disease of the hand and fingers, which
begins with the formation of nodules in the palmar fascia and develops to the
formation of cords, which eventually causes one or more fingers to bend and remain
immobile (Fig. 1.12). It is not a malignant disease but it decreases quality of life and
hampers people to carry out normal daily activities such as holding objects, stretching
out hands or putting gloves. In the palmar and digital fascia of Dupuytren’s disease
patients was shown an accumulation of contractile fibroblasts “myofibroblasts” and
enhanced synthesis of ECM proteins, like collagen type I and III and fibronectin.

41711

Figure 1.12 Finger flexion progression in Dupuytren’s disease.

It is widely accepted the classification of the disease in three stages:
1) Proliferative stage: proliferation of myofibroblasts and formation of nodules.
2) Involutional stage: myofibroblasts align along lines of tension.
3) Residual stage: tissue becomes acellular and devoid of myofibroblasts, only

remaining thick fibers of collagen.
As explained in the section 1.2.3, one of the main characteristics of fibrosis is the

permanency of myofibroblasts in the wounded area after healing. In Dupuytren’s

disease, accumulation of myofibroblasts also takes places, due to a deregulation in

25



myofibroblasts death mechanisms (apoptosis) or the inability of returning to their
original state. Myofibroblasts are a-SMA positive fibroblasts that present higher
contractile abilities than normal fibroblasts, since they are involved in the wound
healing process. The expression of a-SMA in myofibroblasts body increases their
stiffness and contractile mechanisms. a-SMA expression can be stimulated by TGF-
B1 activation that, as mentioned above, is released from its latent state with changes
in ECM mechanical properties and cytokines expressed by blood-borne cells.
Myofibroblasts are responsible for depositing large amounts of excess ECM and
especially type III collagen deposition, leading to changes in the type I/III collagen
ratio, alongside with fibronectin deposition. Moreover, an imbalance between
metalloproteinases and tissue inhibitors of metalloproteinases has also been
implicated on Dupuytren’s disease, leading to excess collagen in tissue.
Metalloproteinases are a group of enzymes that break down certain proteins such as
collagen; therefore, their regular function and presence is essential for the regular

secretion and decomposition mechanisms of the ECM.

Similar to other fibrotic diseases, myofibroblast differentiation in the damaged tissue
comes accompanied by stiffening of the surrounding ECM. Cell-ECM interplay
through integrin focal adhesions connects the cell cytoskeleton to ECM fibers;
therefore, any change in myofibroblast contraction is transmitted to the ECM and vice
versa. Previous studies have demonstrated that TGF-B1 increased the stiffness of
differentiated myofibroblasts from Dupuytren’s tissue (Viji Babu ef al, 2018).
Hence, myofibroblasts sense and respond to biochemical, physical and mechanical
stimuli from the ECM. Thus, myofibroblasts are capable of modulating their

mechanical properties to the stiffness of the underlying substrate.

Dupuytren’s fibroblasts have also been inserted into 3D matrices, especially made of
collagen 1, as it is the main component of connective tissue. The stiffness of the new
synthesized ECM in wound healing presents values around 10-100 Pa (Grinnell,
2003; Carlson and Longaker, 2004; Kaufman et al., 2005). The mechanical properties
of fibroblasts seeded in the previous matrix did not present contractile fibers and
presented dendritic extensions. When increasing the stiffness of the gels, fibroblasts
tension increased and started to form stress fibers (Tamariz and Grinnell, 2002;
Marenzana et al., 2006). Thus, ECM stiffness drives myofibroblasts mechanical
properties (Yeung et al., 2005). Previous studies suggested that stress fibers formation
in fibroblasts occurs when the surrounding environment presents around 3-6 kPa in
stiffness and they differentiate into myofibroblasts on substrates of 20 kPa and more
(Goffin et al., 2006). All these findings suggest the importance of ECM stiffness in
myofibroblasts differentiation and activation; therefore, in Dupuytren’s disease
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progression. Dupuytren’s fibroblasts in 3D collagen matrices seemed to be in a latent
state, as they did not exert measurable ECM contraction, displaying contractile
properties similar to those of normal fibroblasts.

The next chapters (3, 4 and 5) deal with individual research experiments, in which
the acquisition of mechanical properties of cells in different environments was
sought. The mechanical properties of three different primary fibroblasts, all-coming
from the palm of the same patient were investigated (normal/healthy, scar and
Dupuytren fibroblasts). Normal fibroblasts were extracted from the dermal region,
scar from the wounded area and Dupuytren fibroblasts from the nodules of palmar
fascia. In each chapter, different approaches were used and cells were exposed to
different environments in order to extract different information that could help in the

understanding of the disease and in future strategies for finding a cure.

1.3 Extracellular matrix (ECM) and cell-ECM interplay

1.3.1 ECM composition

The extracellular matrix (ECM) is the cell’s surrounding environment and acts as a
structural scaffold of cells. It is a dense mesh composed of a mixture of proteins, such
as fibronectin, collagen and laminin; and acts as a reservoir for many signaling
molecules that modulate several cellular functions, like the transforming growth
factor (TGF) B-1 and the tumor necrosis factor (TNF)-a (Labat-Robert, Bihari-Varga
and Robert, 1990; Aumailley and Gayraud, 1998a; Bosman and Stamenkovic, 2003).
The ECM is a highly dynamic structure and it is crucial in determining many cellular
behaviors, such as proliferation, adhesion, migration, polarity, differentiation and
apoptosis (Lu et al, 2011; Mecham, 2012). The ECM is composed by proteins
secreted by neighboring cells, giving rise to different ECMs in the human body that
are different in composition, fibers organization and distribution, as well as in
mechanical properties. Different cell types secrete distinct ECM proteins; for
example, fibroblasts mainly synthesize types I and III collagen and minor amounts of
other collagens, fibronectin, elastin and laminin (Camelliti, Borg and Kohl, 2005).
Chondrocytes, at the proliferating stage, synthesize type II collagen and aggrecan that
generate strong bonds with water molecules forming a stable matrix that resists

compressive and tensile stress (Lane Smith et al., 2000; Erlebacher et al., 1995).
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Osteoblasts, derived from mesenchymal cells in the bone marrow, secrete a mixture
of ECM proteins, with type I collagen being the most abundant. Therefore, the ECM
surrounding the different cell types presents different mechanical properties owing to
the matrix composition that is defined depending on the compressive and tensional

forces to which they are subjected.

Collagen is the major component of the ECM, being observed at least 20 types. It is
the most prevalent protein in mammals and constitutes one-third of all protein present
in humans. All collagens exhibit a repeating Gly-X-Y motif (wherein X and Y may
be substituted with any aminoacid, but most frequently with proline and 4-
hydroxyproline, respectively). This repeated Gly-X-Y sequence allows the assembly
of three left-handed polypeptide strands into a right-handed triple helical molecule,
thereby forming the characteristic structural organization of collagen molecules (Fig.
1.13) (Lee, Singla and Lee, 2001; Shoulders and Raines, 2009). Collagen type I, 11
and III are the most abundant in the human body; collagen I is found in almost all
tissues, while type II is mainly found in cartilage. Collagen III is usually seen together
with collagen type I aggregated in fibers in tissues like tendons, ligaments, skin and
blood vessels (Hulmes, 1992; Eyre, 2004). In addition to collagen, many adhesive
proteins are also present in the ECM playing important tasks. Fibronectin is also
abundant in the cell environment, especially fibroblasts, helping in cell-ECM
interaction and cell motion and differentiation (Mostafavi-Pour et al., 2003). Laminin
and vitronectin are also involved in cell-ECM attachment while tenascin contributes
to cell spreading and elastin to tissue fibers elasticity (Aumailley and Smyth, 1998b;
Chowdhury et al., 2003).
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Figure 1.13 Scheme of a collagen fiber composition. From fiber to individual chains

that composed the right-handed triple helical molecule.

1.3.2 Cell-ECM interplay

There are many ECM properties that play a critical role in its physical properties and
in cell behavior, such as, stiffness, pore size, density and topography. The stiffness of
the ECM i1s mainly determined by collagen fibers (arrangement and number of fibers
and crosslinks) and is in the same order of the stiffness of the surrounding cells. The
ECM serves as a scaffold for cells and cell-ECM interaction is performed through
focal adhesion points, which are made of several membrane proteins, including
integrins. As before mentioned, integrins are responsible of sensing changes in ECM
mechanical properties, as they connect extracellular ECM to cell cytoskeleton
network. Distinct ECM stiffnesses trigger different cellular responses. Stiff ECMs
produce a chain reaction inside the cell body, leading to focal adhesion proteins
clustering and activating cell proliferation and contractility. Furthermore, different
ECMs stiftnesses could induce different cellular behaviors. Mesenchymal stem cells
differentiate into neurons on soft ECMs but differentiate into osteoblasts on stiff
ECMs (Engler et al., 2006). The area of these focal adhesions is in the order of 1-2
um? and the size and strength depend on the mechanical properties and biochemical
composition of the ECM. The combination of cells and its ECM constitutes a tissue,
and cell-ECM interplay is crucial for tissue stabilization (Choquet, Felsenfeld and
Sheetz, 1997; Gallant, Michael and Garcia, 2005).
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Cell-ECM interplay has a bidirectional response. Cells secrete and remodel ECM that
leads to ECM modulation in terms of composition and physical properties. In return,
ECM sends and transmits signals through the matrix to reach and influence cell
behavior. Focusing in mechanical changes, cells sense external mechanical forces and
react to them, transferring and converting them into cell biochemical signals that are
still unknown. As already mentioned, cell-ECM interaction through integrins that
activates a downstream response leading to a clustering of molecules inside the cell
body that connect to the cell cytoskeleton is the most accepted hypothesis. These
molecules, that are part of the focal adhesion complexes, are paxillin, talin, vinculin
and filamin, gather and interact with integrins that present an ECM, cytoplasmic and
transmembrane domains facilitating ECM-cytoskeleton connection (Jockusch et al.,
1995; Critchley, 2000; Wehrle-Haller, 2012). Therefore, changes in cytoskeleton
strength are transmitted to the ECM and vice versa, ECM mechanical modulations
are also transmitted to cells, which adapt their stiffness to that of the environment.
Aside from variations in cells mechanical properties, changes in ECM stiffness also
produce changes in the cell biochemical response. Alterations in the cell-ECM
interaction are related to many diseases, leading to irregular ECM compositions,
fibers orientation or abnormal cell behavior. All these anomalous situations can be
measured with different techniques such as shear force rheometry, magnetic force
spectroscopy, AFM, etc (Meyvis et al., 2002; Passeri et al., 2014; Mandal, 2020).
These techniques are able to produce enough stress to deform the sample and measure

its response using large probes encompassing large scan areas.

The individual cellular response to the matrix stiffness can be also assessed using
traction force microscopy, optical and magnetic tweezers, AFM, among others
(Neuman and Nagy, 2008; Zhang and Liu, 2008; Franck ef al., 2011; Kilinc and Lee,
2014; Style et al., 2014).

The cell-ECM interplay governs many cellular activities; however, cell-cell
interaction is also fundamental for regular cell behavior. Cell-cell interaction, as
above-mentioned, takes place through cadherins, transmembrane receptors
presenting extracellular regions, which makes possible cell-cell attachment. Similar
to integrins, cadherins also form complexes bound to the cytoskeleton. Adherent
junctions is the name given to the linkage between actin fibers and cadherin
complexes, which are extremely important in cell mechanical response (Knust and
Bossinger, 2002). For example, in vitro, as well as in vivo conditions, when cell
population is getting crowded, cells communicate to each other to slow down the
multiplication process and enter in a resting state. This communication takes place
through cell-cell cadherins interaction. Accordingly, cell-cell and cell-ECM
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interaction are essential for normal cell functioning, tissue formation and organ

function.

1.3.3 Modulation of ECM/hydrogels mechanics

Under natural conditions, cells are surrounded by neighboring cells and ECM. The
2D environment, in which cells are plated on ECM-like substrates, is very popular in
research. Many studies have compared healthy cells and pathological counterparts
behavior in matrices of different stiffness (Rianna and Radmacher, 2017a; 2017b;
McKenzie et al., 2018; Xie et al., 2017). Many of these studies use synthetic
polymers, such as polyacrylamide or PDMS, due to the ease of modulating their
mechanical properties. The use of some ECM proteins, such as collagen and
hyaluronic acid, are also popular as 2D scaffolds to assess cells behavior in compliant
matrices. However, unfortunately matrices using these proteins are difficult to
increase in stiffness. The employment of ECM from the cells’ natural environment is
the most complete environment to study cellular behavior under natural conditions,
since both mechanical and biochemical composition are preserved. Nevertheless,
obtaining tissue samples from which the real ECM can be extracted is not easy for
research purposes. Therefore, the use of ECM proteins to generate matrices for
research is the closest environment to natural ECM.

Collagen is one of the most widely used ECM proteins to make matrices/hydrogels
due to its biocompatibility and similarity to the natural ECM. Hydrogels made only
of collagen, have the problematic of presenting low mechanical properties. However,
it exists many approaches to increase collagen hydrogels mechanical properties.
Typically, one way to increase hydrogels stiffness is increasing the number of
crosslinks, with physical and chemical crosslinking approaches being the most
popular methods. Physical crosslinking methods encompass changes in pH and salt
concentrations, collagen concentration, gelation temperature, fiber orientation and
UV-crosslinking. Inside the chemical crosslinking agents include glutaraldehyde,
isocyanates, carbodiimides, polyethylene glycol, genipin and molecules like glucose

and ribose (glycation) (Sarrigiannidis ef al., 2021).

In collagen fibrillogenesis, pH is a critical parameter as it defines collagen fibrils
dimensions and final gel mechanical properties. Collagen isoelectric point (pl) is 9.3;
when the pH solution is equal or more basic than the collagen pl, the formed collagen
gel shows thinner fibers but smaller pore size and stiffer mechanical properties (Wood
and Keech, 1960; Silver, 1983; Li et al., 2009). However, at acidic pHs, collagen
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fibers in the gels are shorter and thicker, but presents a larger pore size, leading to
weaker strength and softer gels. Collagen gelation temperature also influences fibers
properties. Many studies use 37°C to generate collagen hydrogels, which provides
thinner, shorter and randomly distributed collagen fibrils. Instead, using low
temperatures, such as 4°C, thicker, longer and well-aligned fibrils can be observed
(McCoy et al., 2016; Seo et al., 2020). UV crosslinking requires UV light to activate
a photoinitiator molecule that will trigger the binding between the crosslinking
molecules, leading to collagen fibers crosslink. By exposing a photoinitiator to light
of the appropriate wavelength, it generates free-radical reactive species. These
radicals activate specific functional groups of the crosslinking molecules, making
them accessible for chemical interaction. Methacrylate anhydride and methacrylic
acid are some of the crosslinking molecules used for increasing collagen hydrogels
crosslinking. Irgacure and LAP (lithium phenyl-2.,4,6-trimethylbenzoylphosphinate)
are some of the most common photoinitiators and can be activated by exposure to
365 and 405 nm UV light, respectively (Nichol et al., 2010; Drzewiecki et al., 2014;
Nguyen, Watkins and Kishore, 2019). In addition, there are molecules that do not
need the help of a photoinitiator and react directly upon UV exposure as they already

present photoreactive groups, such as aryl-azides, benzophenones, etc.

As before mentioned, many molecules have been used to increase collagen hydrogels
crosslinking. Glutaraldehyde was one of the first used; however, nowadays, it is well
known that it generates cytotoxic monomers over time (Cheung and Nimni, 1982;
Sheu et al., 2001). Isocyanates, carbodiimides and polyethylene glycol are good
alternatives to glutaraldehyde, as they do not produce toxic by-products, are
biocompatible and are under evaluation for biomedical applications (Weadock, Olson
and Silver, 1983; Olde Damink et al., 1995; Zhu, 210).

Glucose or ribose have also been used to induce collagen crosslinking by glycation.
This method has the advantage of employing non-toxic molecules (Francis-Sedlak et
al., 2009; Vicens-Zygmunt ef al., 2015). The use of natural-plant extracts like genipin
has been also evaluated for increasing collagen crosslinking. Genipin is a natural
compound extracted from Gardenis jaminoides Ellis fruits that, upon polymerization,
releases blue pigments that cause collagen hydrogels to acquire a blue color. Its
cytotoxicity is concentration-dependent, thus high concentrations could cause cell
damage or death (Sundararaghavan et al., 2008; Zhang et al., 2014; Kwon et al,,
2015).

All these physical and chemical crosslinking methods for collagen hydrogels can be

used to tune 2D hydrogels, in which cells are seeded on top of the gel. However, when

32



generating 3D hydrogels, in which cells are to be inside, some of the previously
mentioned methods to increase collagen crosslinking are not available for all cell
types due to their cytotoxicity (Fig. 1.14). 3D hydrogels provide cells of 3D spatial
confinement (constraints) and biochemical and mechanical signals in all directions.
3D hydrogels resemble more tissue-like conditions; therefore, studying cells
responses in environments close to their natural conditions is something that we, as

scientist, should look for.

2D-gel

A

Figure 1.14 Drawing of cells in 2D and 3D hydrogels.

1.4 Enzymatic inhibition

Enzymes are molecules that reduce the required amount of energy (activation energy)
needed to overcome the transition state of a chemical reaction and convert reactant
molecules (substrates) into products. In other words, it helps the reaction to be faster
(Illanes, 1999). Enzyme inhibitors are molecules that interact with the enzyme
(temporary or permanently) causing a reduction or prevention of normal enzymatic
catalytic activity. There are at least three types of inhibition: competitive, non-
competitive and uncompetitive (Strelow et al., 2012). In a competitive inhibition the
inhibitor has similar shape to that of the substrate; therefore, it competes with the
substrate for the active site of the enzyme. If the process is reversible, then the binding
of the inhibitor is temporary, but it can also be permanent (irreversible), and the
inhibitor binds covalently to the active site of the enzyme leading to a complete
enzyme inhibition. If it is reversible, inhibitor-enzyme interaction will have a limited
lifetime and after that the active site of the enzyme will again be available for the
substrate. The Michaelis-Menten constant (km) is the concentration of substrate
needed to achieve half of the maximum velocity (Vmax), in other words, is a measure
of the affinity of the enzyme for the substrate. The Vmax is the maximum reaction rate
or velocity of an enzymatically catalyzed reaction when the enzyme is saturated with
its substrate and is determined from Lineweaver-Burk plot. In a competitive

inhibition, km increases, which means that the affinity of the enzyme for its substrate
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decreases and Vmax does not change. In a non-competitive inhibition, the inhibitor
binds to the enzyme in another place different from the active site (Fig. 1.15). This
binding produces changes in enzyme structure also leading to changes in the active
site that make it difficult for the substrate to enter or the substrate can enter but the
interaction is less efficient than under normal conditions. This type of inhibition is
independent of the substrate concentration and in this case, Vmax decreases but km
remains constant (Fig. 1.16). The last case, uncompetitive inhibition, the inhibitor can
only bind to the enzyme-substrate complex, turning into enzymatically inactive (Fig.
1.17) (Kuddus, 2019). For this type of inhibition, both km and Vmax decrease, meaning

that the affinity for the substrate increases but the rate of the reaction goes down.
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Figure 1.15 Competitive inhibition and Lineweaver-Burk plot.
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Figure 1.16 Non-competitive inhibition and Lineweaver-Burk plot.
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Figure 1.17 Uncompetitive inhibition and Lineweaver-Burk plot.

1.5 Micropatterning

Micropatterning is a technique based on the generation of adherent pm-sized features
with specific geometries on a surface that serve to study the influence of the
microenvironment on cell behavior. This technique allows limiting cell size, tuning
cell shape, cell division, orientation and controlling the interaction with adjacent cells
(Chen, 1997; Théry, 2010; Van Dongen et al., 2013).

Micropatterning is a useful approach to control cell mechanical behaviour. Unlike
cells seeded in infinite petri dishes, micropatterns provide limited space for the cell
to spread; therefore, all cells present the same shape. In a well-defined environment,
the cell body and cytoskeleton adapt to the geometrical constraint, exhibiting more
consistent and reproducible cellular features than in unlimited spread spaces.
Furthermore, micropatterns can be employed to mimic cells spatial constraints in
tissue, providing greater resemblance to tissue-like conditions. The employment of a
geometrical shape similar to that of the tissue environment best resembles cell’s
natural conditions; however, the use of pattern shapes far from cells’ natural geometry
could serve to induce pathological conditions. In addition, geometrical shapes far
from cells’ natural environment can be used to assess cells’ cytoskeletal arrangements
and correlate it with local mechanical properties (Young’s modulus) (Rigato et al.,
2015).

The patterned surface is coated with some ECM protein or synthetic polymer that
enhances cell attachment. Some of the ECM proteins employed to increase cell
adhesion are collagen I, II and IV, elastin, fibronectin, laminin and vitronectin
(Kleinman, Klebe, Martin, 1981; Kleinman et al., 1987; Preissner, 1991). Moreover,
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some ECM proteins further enhance the adhesion of specific cell types, such as
collagen I and fibronectin, which are used to ameliorate fibroblast attachment. In
addition, poly-lysine and poly-L-ornithine are synthetic polymers that also facilitate
cell attachment to bare surfaces (Mazia, Schatten and Sale, 1975). There are many
micropatterning processes, such as photolithography, micro-contact printing, etc.
Photolithography is a technique that makes use of light or deep UV-light and a
photomask that contains the geometric design. Photomasks are typically made of
fused silica or synthetic quartz covered with chromium or Fe,Os; that define the
pattern geometry. The substrate to be patterned is usually coated with a photoresist or
anti-fouling layer that is removed after light exposure, giving the geometric pattern
of the photomask (Fig. 1.18) (Fink et al. 2007; Azioune et al., 2010; Yilbas, Al-
Sharafi, Ali, 2019).
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Figure 1.18 Micropatterning formation scheme using deep UV light and PLL-g-PEG
and fibronectin as antifouling coating and ECM protein to enhance cell attachment,
respectively.

Micro-contact printing is another micropatterning technique that requires the creation
of a master/mold (typically made of PDMS) with the desired motif that is used to

deposit molecules of interest onto the substrate (Mi et al., 2006; Rianna et al., 2016a).
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Currently, in addition to photolithography techniques using a mask or a master,
maskless photopatterning systems have been developed. This new technique allows
any image to be drawn on the substrate, without the necessity of buying expensive
masks with only one or two different pattern shapes. The user can design any image

at will, making possible to plate cells in unusual geometrical shapes (Ma et al. 2018).

Micropatterning is also used to study the migration properties of cells, called
“dynamic micropattern technique”. Cells are seeded on a micropatterned substrate of
specific geometry and the surrounded area is non-adherent; therefore, cells tend to
remain in the adhesive region. However, the non-adherent region can become

adherent (“switched on”) at any time, allowing cells to leave the pattern and migrate.

A wide range of pattern shapes have been employed to investigate different cellular
features. Circular, square, rectangular, triangle, Y and T may be the most used pattern
shapes (Brock et al., 2003; James et al., 2008; Nakanishi et al., 2008). Triangular, Y
and T patterned-shapes have been used together to compare local mechanical
properties of cells with cytoskeleton distribution. Besides, the availability or
dimension of the adhesive areas could also influence cell spreading, shape, adhesion
points, as well as local Young’s modulus and cytoskeleton distribution and
development (Fig. 1.19) (Théry et al., 2006; Rigato et al., 2015).

Figure 1.19 Dupuytren fibroblasts seeded on 60 pm Y and A-shaped micropatterns.

Actin fibers labeled in green, vimentin in red and nucleus in blue.
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1.6 Stimulated emission depletion (STED) microscopy

Confocal microscopy is a powerful technique for acquiring optical images, as it
suppresses the light coming from adjacent focal planes, allowing reasonable 3D
imaging. Although confocal microscopy provides good quality images, it has the
obstacle of the effect of diffraction, which limits resolution to around half the
wavelength of the light used. In the last decade, a variety of optical imaging
techniques that overcome the resolution limit have been developed (super-resolution

techniques).

Super-resolution techniques can be categorized in two groups:

1. Stochastic: photoactivation localization microscopy (PALM), stochastic optical
reconstruction microscopy (STORM) and ground-state depletion followed by
individual return (GSDIM).

2. Non-stochastic: structured illumination (SIM), reversible saturable optical
fluorescence transitions (RESOLFT), ground state depletion (GSD) and stimulated
emission depletion (STED).

Stochastic super-resolution microscopy is based on the use of single-molecule
fluorescent emitters that present random switching on and off schemes allowing their
position to be determined much more accurately. Only one molecule emits per area
at a time, enabling for much more precise localization. Non-stochastic super-
resolution microscopy is based on the use of fluorescent probes that can be reversibly

switched between fluorescent “on” state and dark “off” state.

One of the most used super-resolution techniques is STED microscopy. STED is a
super-resolution fluorescence microscopy technique that generates higher quality
images than confocal as it overcomes the diffraction limit. It uses two synchronized
lasers. The first laser “excitation laser” is employed to excite fluorescent molecules
and then, a depletion laser 1s followed, which has a doughnut shape that quenches the
fluorescence of molecules at the periphery of the excitation laser. In the center of the
doughnut, the depletion laser intensity is zero, so only the fluorescence of molecules
in this region is unaffected and detected. The fluorescent molecules in the doughnut
area are first excited by the excitation laser and then return to the ground state by the
depletion laser. This technique allows lateral resolution imaging in the 30 - 80 nm
range and axial resolution of around 100 nm (Fig. 1.20-1.21) (Klar et al., 2000; Dyba
and Hell, 2003; Rittweger et al., 2009; Miiller, Schumann and Kraegeloh, 2012).
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Figure 1.20 Optical images of a fixed Dupuytren fibroblast, A) Confocal image; B)

STED image. Actin fibers labeled in red. The improvement in image resolution in the

STED in comparison to confocal is clearly visible.

Nowadays, optical microscopy has been combined with other techniques, improving
data acquisition quality and experiments interest. One example is the combination of
STED microscopy with AFM (Fig. 1.22). This coupling allows measuring mechanical
properties of living cells and correlating it with cell structural organization. Therefore,
individual mechanical properties can be assigned to specific cytoskeleton structures.
It exists a variety of dyes for staining cytoskeleton structures of living samples, like
actin filaments, vimentin, tubulin, etc. These new products enable to label any cell
cytoskeleton element without fixation that means maintaining cells alive in in vitro

conditions.
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Figure 1.21 Optical images of a live Dupuytren fibroblast, A) Confocal image; B)
STED image. Actin fibers labeled in red.

Confocal STED Young’s modulus ~ Cell height

10° 103 10*Pa

Figure 1.22 AFM-STED measurement of the same live cell.
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Chapter 2
Materials and methodology

2.1 AFM and cantilever calibration

As it has been mentioned before, one of the main AFM components is the cantilever
that - most times - carries a tip at the very end, which can be of different geometries
(three or four pyramid, cylinder, cone, flat or sphere), resonance frequencies and
spring constants. The resonant frequency of a cantilever is the oscillation at its natural
or unforced resonance. Most systems, such as cantilevers, have one resonant
frequency (fundamental) and multiple harmonic frequencies that progressively
decrease in amplitude as they move away and are multiples of the fundamental
frequency. The spring constant of a cantilever is a parameter to characterize its
stiffness. It is an important parameter when measuring cell mechanics and for
obtaining topographical images. The selection of a stiffer cantilever than the sample
may lead to damage and the opposite (softer cantilever) may cause unreliable data or
cause cantilever damage. Moreover, the nominal spring constant provided by
cantilever manufacturers is often not accurate and provides a wide range of values.
Manufacturers calculate the spring constant based on the length, width and thickness

of the cantilever, using the following expression for a rectangular cantilever:
t3
k = O.25EM;—3 (Eq. 2.1)

Where E is the Young’s modulus, w the width, ¢ the thickness and / the length. For
other cantilever geometries, approximate relations are determined by finite element

simulation.

From this equation we can figure out that slight changes in cantilever thickness will
greatly vary its spring constant. Hence, the calculation of the cantilever spring
constant has to be done for each individual cantilever and measurement. In addition,
manufacturers compute the resonant frequency of the cantilever using the following

expression (only valid for rectangular tipless cantilevers in vacuum):

f== |£ (Eq. 2.2)

21Tl My
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where f is the resonant frequency and my is the mass of the cantilever. In liquid, the
resonant frequency of a cantilever is reduced, and to estimate it, the fluid properties
(viscosity), the added fluid mass per cantilever dimensions, the cantilever geometry

and their interaction (damping coefficient of the fluid) have to be taken into account.

There are a few cantilever calibration methods, like the Sader method (Sader et al.,
1995), the Cleveland method (Cleveland et al., 1993), the thermal fluctuations
method (Butt and Jaschke, 1995), etc. Nowadays, most of the AFM instruments have
already implemented the thermal fluctuations method. This method is based on the
measurement of cantilever vibrations caused by a cantilever in thermal equilibrium.
By means of the equipartition theorem, the spring constant of the cantilever can be
estimated; which states that if a system is in thermal equilibrium, every degree of

freedom will have an average energy equal to:
< E>=-ksT (Eq. 2.3)

kg is the Boltzmann constant and 7 is the absolute temperature. Assuming that the
cantilever undergoes only bending vibrations at its resonant frequency, the spring

constant of the cantilever can be estimated as:
<E>=-k<d’> (Eq. 2.4)

where < d? > is the mean square deflection of the cantilever caused by thermal
vibrations. Combining the two previous equations, the spring constant can be

calculated:

_ kgT
T <d?>

(Eq. 2.5)
This calibration protocol is performed with the cantilever far away from the sample.
The thermal fluctuations of the cantilever are recorded and converted into power
spectral density (PSD). The power spectrum as a function of frequency displays more
than one peak, corresponding to the different resonant modes of the cantilever
(Fig. 2.1). To obtain a more accurate spring constant value, just the first peak, which
corresponds to the fundamental oscillation, is selected and fitted with an appropriate
model function (Simple Harmonic Oscillator (SHO) or Lorentz). The integral under

the peak (fundamental oscillation) is the mean square deflection.
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Figure 2.1 Power spectral density of the cantilever deflection signal as a function of
frequency. The green and blue lines are the fitted model functions. The thermal data

was recorded in liquid and the cantilever used was: MLCT-D, Bruker.

On many AFMs, the cantilever deflection is measured with the optical lever
sensitivity (OLS) technique. The laser spot is focused onto the back of the cantilever
and reflected off a photodiode. The total amount of reflected light reaching the
photodiode is given in Volts (V) and the V average value given for a cantilever
deflection depends on the specific location where the laser hits the cantilever. To
calibrate the output signal of the photodiode, the deflection sensitivity is measured,
that relates the reflected laser spot displacement to the cantilever deflection. This
parameter is obtained by ramping the cantilever against a stiff support (petri plates or
glass slides) and taking force-distance curves. The slope of the contact part of the
force curve will be the inverse of the deflection sensitivity value (nm/V), since the
additional downwards movement of the z-piezo, after overcoming the non-contact
region and starting to touch the glass support, is equal to the cantilever bending (Fig.
2.2).
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As a general summary: to start measuring and employing an AFM device, it is of
fundamental importance to begin with two critical calibrations:

1. Calibration of the cantilever’s spring constant

2. Calibration of the deflection sensitivity of the AFM

1- Slope = 0.002886 V/ nm
2 |
S
.E. 0.75— DeflSens = 346.50 nm/V
i)
: \
o
S 05- "\

6.2 6.0 5.8 5.6 5.4
Z-height [um]
Figure 2.2 Calibration of the deflection sensitivity. The cantilever is moved towards
a stiff surface. In the contact part (left part of the graph), the piezo motion will be
equal to the cantilever deflection. The inverse of the slope (orange line) of the contact
part of the force curve corresponds to the deflection sensitivity. The force curve was
taken in a plastic petri plate in cell culture medium and the cantilever used was an
MLCT-BIO-D (Bruker, 4-sided pyramid with an opening angle of 35° and tip radius
of 40 nm. Nominal spring constant of 30 pN/nm and resonant frequency of 15 kHz in

air).

2.2 AFM data (Force-distance curves) and analysis

AFM, studying biological samples, can serve to acquire topographical images, sample
mechanics and single molecule force data. The fundamentals of AFM operation
consist of approaching and retracting the cantilever in and out of contact of the sample
-in our case, cells- recording tip-sample interaction. This cantilever movement is

recorded in force-distance curves. Force-distance curves record the cantilever
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deflection versus the distance between the AFM tip and the sample surface. Force-
distance curves can be described as follows: first, the cantilever is approached in the
z-axis towards the sample with the help of the piezoelectric ceramic material. In this
path called “non-contact part”, the cantilever does not deflect and is denoted as
deflection offset (d,). The piezo expands/retracts in response to an applied voltage
that procure cantilever movement. The cantilever continues going down towards the
sample until the tip touches for the first time the sample (contact point, z,). Once the
initial contact is overcome, the tip goes further into the sample, causing cantilever
bending and sample indentation (§). The AFM tip applies a force on the cell,
generating a cell deformation in response to the applied force. Basically, the
cantilever deflection is nothing but the cell response to an external force. After the
tip-sample interaction, the tip is retracted off contact and in some cases, unspecific
interactions between the tip and the sample can be observed, such as adhesion forces
and stretched molecules between tip and the surface. In addition, some interactions
can occur in the approaching process, like electrostatic forces, van der Waals and

capillary forces (in air) among others (Fig. 2.3) (Meyer, 1992).

Deflection [nm]
>
1
Deflection [nm]

T T T T T T T T
-2.0 -2.5 -3.0 -3.5 05 0.0 -0.5 -1.0
z-height [pm] z-height [um]

Figure 2.3 Example of a force curve that presents a) attraction forces in the approach
curves (red) and b) adhesion forces in the retraction curve (blue). Force curves were
taken in human fibroblasts using PFQNM cantilevers (Bruker, 3-sided pyramid and
an opening angle of 20° and tip radius of 65-75 nm. Nominal spring constant of 100

pN/nm and resonant frequency of 45 kHz in air).

From the force distance curves, mechanical data of the sample of interest can be
extracted. Original AFM data provides deflection versus z-piezo displacement (d —
z) graphs (Fig. 2.3), both values dependent on time; however, to compute Young’s
modulus, Hertzian models are predominantly used, which requires some conversions

to obtain force-indentation (F-§) curves.
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The loading force (F) exerted by the cantilever upon the sample can be obtained from
deflection values using Hooke’s law, which states that the force applied to a spring
(cantilever) to produce any deformation by some distance scales linearly to that

distance, being true as long as the forces and deformations are small.
F=k-(d-d,) (Eq. 2.6)

Where k is the spring constant of the cantilever and d is the cantilever deflection and
d, is the deflection offset.

The indentation (&), which is the difference between the sample height and the

cantilever deflection, is calculated from the following expression:
d=(z—2y)—(d—dy) (Eq. 2.7)

Precise identification of the contact point (z,) is a critical process that can induce
misleading values of the sample’s Young’s modulus, since it is needed to convert (d-
Z) to (F-9) curves. In a hypothetical perfect experiment, the cantilever deflection (d)
at the contact point (z,) should be 0. One of the most used methodologies to identify
Z, 1s based on exanimating the force curve and considering each point as a potential
contact point (Shoelson et al., 2004; Hermanowicz et al., 2014). For each potential
Zy, the (d-z) curves are converted into (F-§) curves and then fitted with the
appropriate contact mechanics model depending on the cantilever-tip geometry. The

z, with the highest 77 is then selected as the final contact point.

To analyze the converted (F-6) curves and extract the Young’s modulus of the
sample, the appropriate contact mechanics model is fitted, in our case, we employed
Hertzian model for parabolic tips, which can be used for spherical tips if the

indentation applied into the sample is smaller than R/10 (R being the radius of the

spherical tip).
4 E 2
F=-— 52v/R (Eq. 2.8)

where the v is the Poisson’s ratio (which is considered 0.5 for cells).

Nevertheless, different formulas have been derived for each specific tip geometry.
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2 E

F= EES 2tan®  for conical tips (Sneddon, 1965) (Eq. 2.9)
F = %1_‘12 52tan@ for four-sided pyramids (Bilodeau, 1992) (Eq. 2.10)
F=2 1_Evz ad for flat cylindrical tips (Sneddon, 1965) (Eq. 2.11)

where 0 is the half-opening angle and a the radius of the flat cylindrical tip.

Hertz contact model for pyramidal and conical tips assumes that these cantilever tip
geometries have an infinitely sharp apex; however, they actually have a bluntness or
sphere of finite radius at the apex. Rico et al. developed a more precise contact model
for blunted pyramidal AFM tips taking into account the real shape of the tip (Rico ef
al.,2005). AFM simulations for a 1 kPa material reaching a maximum indentation of
1 um for a blunted 3-sided pyramid and blunted 4-sided pyramid using Rico’s blunted
contact model gives information about the tip geometrical transition (from sphere to
pyramid) and at what indentation depth the transition point takes place (Fig. 2.4-2.5).
This information helps in selecting a specific contact model for each tip depending

on the indentation depth applied.
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Figure 2.4 Contact radius versus indentation graph for a blunted 3-sided pyramid tip,
like PFQNM cantilevers. The blue circle indicates the transition point from sphere to

3-sided pyramid tip geometry.
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In the case of a blunted 3-sided pyramid, like PFQNM, the transition from spherical
apex to pyramidal tip takes place at 283.1 nm tip height, which corresponds to a
sample indentation of 560 nm. Therefore, after 560 nm sample indentation the
pyramid takes over the spherical cap, thus when employing indentations lower or
equal to 560 nm, the spherical contact model can be used for these type of tips (Fig.
2.4). For a blunted 4-sided pyramid, like MLCT-Bio, the transition from spherical
cap to pyramidal tip takes place at 40.8 nm tip height, which corresponds to a sample
indentation of 54.8 nm. Accordingly, from indentations greater than 54.8 nm, the
pyramid takes over the sphere and the pyramidal contact model should be used. Since
the transition from sphere to pyramid occurs at really small indentations, there are no
large variations in Young’s modulus results when employing the pyramidal or blunted
4-sided pyramidal contact model, thus, enabling the use of the Hertzian pyramidal

contact model for simplicity (Fig. 2.5).
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Figure 2.5 Contact radius versus indentation graph for a blunted 4-sided pyramid tip,
like MLCT-BIO cantilevers. The blue circle indicates the transition point from sphere

to 4-sided pyramid tip geometry.

2.2.1 Young’s modulus and limitations

In cell mechanics, Young’s modulus parameter is used to describe cell's elastic

response to an external force. Young’s modulus or elastic modulus is a mechanical
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property that measures the uniaxial stretching of a solid material when a normal stress

is applied in the linear elastic region of the material.

E= (Eq. 2.12)

™| Q

Being o the stress (force per area) and ¢ the strain (deformation). The forces
employed in our experiments are small (approx. 1 nN) in an attempt to remain in the
linear elastic response of cells behavior; therefore, when using the Young’s modulus

to describe cells’ mechanical properties, they are considered to be elastic materials.

The most widely used model to describe cells mechanical properties is Hertzian
model and its derivatives for the different tip geometries (Hertz, 1881). Heinrich
Hertz was the first to solve the contact problem of two elastic spheres of different
radii. Moreover, when using Hertz contact models to describe cells mechanical

properties, several assumptions are taken:

1. Cells are linear elastic materials

2. Cells are isotropic, homogeneous and infinitely thick.

Although Hertz’s contact mechanics models describe the mechanical data of cells
surprisingly well -that is why it is widely used-, none of these assumptions are
fulfilled by cells, especially because they are not pure elastic but rather viscoelastic
materials. The Young’s modulus extracted from the approach force curves of cells
gathers both elastic and viscous contributions, thus we call it apparent Young’s
modulus to differentiate it from the true Young’s modulus. For a pure elastic material,
the approach and retraction traces on a force curve should follow the same path;
however, as seen in figure 2.3, the approach and retract curves taken in cells present
a mismatch, hysteresis in the contact part, which is attributed to the energy dissipated
as heat, thus, the viscous contribution.

In biophysics, the elastic properties of cells are attributed to the cytoskeleton network,
especially to actin fibers where the density and rearrangement of filaments and the
number of crosslinks will affect the elastic properties. The viscous properties of cells
are difficult to define, but lately it has been related to the internal friction between
micro and macromolecules inside the cell body and the cell fluid cytosol. Cells
present different viscoelastic properties and vary depending on their origin (organ,

tissue) and it has been shown that cells from the same organ but presenting different
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pathological grades can also display distinct cell mechanical properties (Lekka et al.,
1999; Rianna and Radmacher, 2017a; Bras et al., 2022).

As has been mentioned above, Young’s modulus is a suitable mechanical parameter
to describe elastic materials behavior. However, being cells complex heterogeneous
viscoelastic materials, new strategies need to be searched to properly describe cell

mechanics.

2.2.2 AFM methodologies (Sweep frequency)

There are some AFM schemes in the literature that serve to differentiate between the
elastic and viscous contribution of cells. Step response (Yango et al., 2016), force
clamp (Hecht et al., 2015), magnetic force modulation (Rebélo et al., 2014), double
power law relaxation (de Sousa et al., 2020) and oscillatory models (Fabry et al.,
2001; Alcaraz et al., 2003; Rigato et al., 2017) are some of the most employed AFM

strategies to characterize cells rheological properties.

Sweep frequency modulation is an AFM scheme used to probe viscoelastic materials,
that afterwards elastic and viscous properties of viscoelastic samples like cells can be
obtaining using the appropriate model. It is similar to previous oscillatory models
seen in the literature but has a few different methodological sections. Basically, it
consists of adding a dwell time to the regular force curve, in which an oscillatory
modulation with increasing frequency is applied. From the beginning, after
approaching the cantilever towards the sample up to a deflection value defined by the
trigger threshold, z-piezo motion is stopped for 1 second (dwell time). Typically, the
dwell time lasts 8.7 seconds, where during the first second no modulation is applied
since the cell creeps substantially. Then, the sweep frequency scheme is applied, that
consists of applying a sinusoidal modulation increasing the frequency. The frequency
is swept from 1Hz to 1kHz, where for each frequency only one cycle is applied. The
frequency series is designed as a geometric series, so in each decade we use the same
number of frequencies. Typically, the frequency increases by a factor of 1.15 from
cycle to cycle, which results in 17 frequency values per decade, which are equally
spaced on a logarithmic scale. The amplitude is set to be 50 nm. Finally, once the
dwell time is finished, the cantilever is retracted off contact (Fig. 2.6).
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Figure 2.6 Deflection versus z-height of a sweep frequency force curve (approach
curve in red, retraction curve in blue and dwell time in green -sweep modulation
frequency-); z-height (piezo movement) versus time of a sweep frequency force curve

and deflection versus time of a sweep frequency curve (cantilever/cell motion).

The resulting data should be analyzed with an appropriate model. Although most of
the existing models do not fully describe cells behavior (see Introduction section
1.1.5), many of them describe individual cell’s properties surprisingly well. The
power-law structural damping model has been widely used to describe
microrheological properties of cells, due to the similarities between cytoskeleton

properties and soft glassy materials.

The power law structural damping model formula is as follows:

Efy = Eq * (1 + i) * (wﬂo)a tinZ (Eq. 2.13)
where E* is the complex elastic modulus; Eo is the scale factor of the storage and loss
moduli; i the imaginary unit; 1 the loss tangent; w in the frequency scale (in our case
1 Hz); a the power law exponent of the sample and p the Newtonian viscous term,
which will depend on the shape of the cantilever and the viscosity of the medium.
The storage modulus (E") corresponds to the real part and increases for all frequencies
(w) according to a power law exponent a. The loss modulus (E") corresponds to the
imaginary part and includes a fraction 7 of the storage modulus and a Newtonian

viscous term (.
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Results and Discussions

Chapter 3

This is a verbatim copy of an article that has been published in a peer reviewed
journal: Pérez-Dominguez S., Lopez-Alonso J., Lafont F., Radmacher M.
Comparison of rheological properties of healthy versus Dupuytren fibroblasts when
treated with a cell contraction inhibitor by Atomic Force Microscope. International
Journal of Molecular Sciences, 24:2043 (2023). doi:10.3390/ijms24032043
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3.1 Abstract

Mechanical properties of healthy and Dupuytren fibroblasts were investigated by
atomic force microscopy (AFM). In addition to standard force curves, rheological
properties were assessed using an oscillatory testing methodology, in which the
frequency was swept from 1 Hz to 1 kHz, and data were analyzed using the structural
damping model. Dupuytren fibroblasts showed larger apparent Young’s modulus

values than healthy ones, which is in agreement with previous results. Moreover, cell
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mechanics were compared before and after ML-7 treatment, which is a myosin light
chain kinase inhibitor (MLCK) that reduces myosin activity and hence cell
contraction. We employed two different concentrations of ML-7 inhibitor and could
observe distinct cell reactions. At 1 uM, healthy and scar fibroblasts did not show
measurable changes in stiffness, but Dupuytren fibroblasts displayed a softening and
recovery after some time. When increasing ML-7 concentration (3 uM), the majority
of cells reacted, Dupuytren fibroblasts were the most susceptible, not being able to
recover from the drug and dying. These results suggested that ML-7 is a potent
inhibitor for MLCK and that myosin II is essential for cytoskeleton stabilization and

cell survival.

Keywords: Dupuytren’s disease, fibroblast, Atomic Force Microscopy, rheology,
ML-7, inhibition.

3.2 Introduction

Dupuytren’s disease is a fibromatosis of the connective tissue of the palm, which—
in the worst case—Ileads to bending of the hand and/or one or more fingers hampering
regular hand activities. Few non-invasive strategies have been used to release tension,
such as needle acupuncture and collagenase injection (van Rijssen et al., 2006;
Abdelrahman et al., 2020); however, in most cases, the contraction recurs. In the case
of advanced stages of the disease, surgery is the most common solution (Desai and
Hentz, 2011). In patients who suffer from Dupuytren’s disease, the formation of
nodules and cords in the palmar fascia is observed, which is caused by aggregation
of proliferated fibroblasts that adhere to fibrin. The palmar fascia is made of bands of
connective tissue that are mainly composed of type I collagen. Between the collagen
fibers, rows of fibroblasts can be found, which secrete and deposit extracellular
matrix (ECM) components. In wound healing, healthy fibroblasts undergo a
phenotypic change into myofibroblasts expressing a-smooth muscle actin (a-SMA).
The expression of a-SMA along with fibronectin ectodomain A is activated by the
latent transforming growth factor -1 protein (TGFB-1) that is present in the ECM.
Furthermore, in the palmar fascia of patients with Dupuytren’s disease, an increase
in collagen III/I ratio was found together with an increased differentiation of
myofibroblasts leading to an increment of hand contraction (Baum and Duffy, 2011;
Hinz, 2015a; Bochaton-Piallat, Gabbiani and Hinz, 2016). Similarities between
myofibroblasts and smooth muscle (SM) cells were suggested in initial studies.
Although both cell types present a-SMA, SM cells contraction is rapid and short in
duration, while myofibroblast contraction is rather long-lasting and results in

permanent contraction (Bochaton-Piallat, Gabbiani and Hinz, 2016). In wound
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healing, a few cytokines and growth factors (interleukins, TGFB-1, etc) are released
that have been involved in the stimulation of myofibroblast transition. Previous
experiments suggested that exposing healthy fibroblasts to TGFB-1 leads to
differentiation into a myofibroblast phenotype (Kloen et al., 1995; Bisson et al., 2009;
Viji Babu et al., 2018). Moreover, lately a comparison between healthy and
Dupuytren fibroblasts exposed to TGF-1 showed an increase in a-SMA expression
in the case of Dupuytren fibroblasts but not in healthy fibroblasts, which corroborates

the myofibroblast phenotype assignment to Dupuytren cells (Viji Babu et al., 2018).

Many studies have tried to develop a strategy to revert myofibroblast to fibroblast
differentiation. Unfortunately, not many have been successful. Interferon-y (IFN-y)
has been reported as a possible therapeutic agent for contractile diseases in clinical
trials and in vitro studies (Tanaka et al., 2001; Gu et al., 2004; Lowin et al., 2020).
However, late results suggested that IFN-y inhibits myofibroblast generation and
downregulates a-SMA production in TGFB-1-induced myofibroblasts, but it does not
produce the same effect on well-differentiated myofibroblasts (Tanaka et al., 2003,
2007).

ML-7 is a specific inhibitor of myosin light chain kinase (MLCK), a
Ca2+/calmodulin- dependent enzyme that is essential for the activation of myosin II
and cell contraction (Cooper, 2000). ML-7 reduces the phosphorylation of the myosin
light chain (regulatory chain), resulting in the inability of the myosin head to change
to the optimal conformation to bind to actin filaments, thus reducing actin—-myosin
interaction and contraction (Tan and Leung, 2009). ML-7 is a reversible ATP-
competitive inhibitor of MLCK that has been assessed as a potential
chemotherapeutic drug for many diseases, such as prostate and mammary cancer (Gu
etal.,2006; Cheng et al., 2015), atherosclerosis (Ding et al., 2020), etc. A competitive
inhibition occurs when the inhibitor molecule binds to the enzyme and blocks its
activity. The inhibitor can bind either to the enzyme’s active site (competing with the
enzyme-substrate natural binding) or to another site on the enzyme such that the
enzyme’s activity is modified. However, as the inhibition is reversible, the inhibitor-
enzyme interaction has a limited time life; therefore, the inhibitor will leave the
enzyme allowing it to resume its regular enzymatic activity. In many diseases, such
as pancreatitis, respiratory, cardiovascular and inflammatory bowel diseases, an
abnormal expression of MLCK has been observed. Some works used ML-7 and
analogs to study its potential beneficial effects on the previously mentioned disorders
(Xiong et al., 2017). A high concentration of ML-7 produced a rounding up of Panc1
cells and a marked reduction in the number of stress fiber (Kaneko et al., 2002). In
total, 10 uM ML-7 was added to 3T3 and NRK cells, and they stopped migration,
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retracted their lamellipodia and softened by a factor of 3 in peripheral and nuclear
regions. Besides, a concentration-dependent effect on the cells was observed (Schéfer
and Radmacher, 2005).

In this study, AFM rheological experiments were designed to assess cell behavior.
Rheology is the study of the flow and deformation of matter and takes into account
the interplay between force, deformation and time. In rheology, often using
oscillatory testing, the elastic modulus is represented as the storage modulus (E’) that
refers to the stored energy in each oscillatory cycle and the viscous modulus, the loss
modulus (E”) that measures the energy dissipated during one cycle as heat. The loss
tangent (the ratio between loss and storage modulus) is taken as an indicator of the
degree of solid- or liquid-like behavior. It can also be visualized as the tangent of the
phase angle (d) between the excitation (applied oscillatory force) and the response of
the sample (indentation). The phase angle is the phase difference between stress and
strain, and it will have a value equal to 0° for a pure elastic, 90° for a pure viscous and

somewhat in the middle for viscoelastic materials.

AFM was initially developed as an imaging technique for hard samples; Lekka et al.
were the first to employ the AFM as a diagnostic tool to discriminate between healthy
and cancerous cells (Lekka ef al., 1999). Nowadays, the use of AFM for measuring
biological samples is widely spread; in particular, cell mechanics has become a
promising approach to assess diseases at single-cell and tissue levels. Our AFM
experimental setup for measuring cell rheological properties is based on oscillatory
testing methodology, in which the cantilever is oscillated at constant amplitude,
varying the frequency up to 1 kHz. Thanks to this AFM scheme called “sweep
frequency”, storage and loss modulus, as well as loss tangent, could be computed.

This study sought the following two aims: (1) investigate and evaluate the rheological
properties of three human primary cell types from Dupuytren’s disease. Due to the
different phenotypes expressed by the cells, distinct rheological behaviors were
expected. (2) Assess the effect of ML-7 as a cell contraction inhibitor and potential
drug for reverting myofibroblast transition, tracking cell mechanical properties over
time. We used 2 different concentrations (1 and 3 pM) in order to produce a
significant effect while at the same time allowing the cells to recover.
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3.3 Results

3.3.1 Rheological characterization

In this work, three different types of fibroblasts from the palm of the same patient
were investigated. We measured the rheological properties of healthy, scar and
Dupuytren fibroblasts and searched for differences in cell behavior after the addition
of a MLCK inhibitor. By using AFM conventional force curves and sweep frequency
data (Figures S3.1-S3.3), we studied the viscoelastic response of the above-
mentioned cells before and after ML-7 inhibitor addition in order to follow the cell
mechanical changes over time. Firstly, the mechanical properties of these cells seeded
on bare plastic Petri dishes were investigated using PFQNM-LC-A-CAL cantilevers.
These cantilevers are useful for this type of experi- ments because although they are
stiffer than cantilevers usually used for cell mechanics, such as MLCTs, they have a
fairly large tip height and a large resonance frequency that makes them suitable for

oscillatory measurements at high frequencies.

The 3D images of the three fibroblast types can be seen in Figure S3.4. Dupuytren
fibrob- lasts showed larger apparent Young’s modulus values in comparison to scar
and healthy fibroblasts. Moreover, scar fibroblasts presented slightly larger values
than their healthy counterparts (Figure 3.1). A Wilcoxon signed-rank test and Cohen’s
d statistical analysis were performed on apparent Young’s modulus, and statistically
significant differences between healthy and Dupuytren and between scar and
Dupuytren fibroblasts were found. Cohen’s d test suggested a medium-size effect
between scar and Dupuytren fibroblasts and a large-size effect between healthy and
Dupuytren fibroblasts.
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Figure 3.1 (a) Box plot of apparent Young’s modulus with the median and 25/75

percentiles for each fibroblast with Wilcoxon signed rank test significant difference:
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* indicating p < 0.01 and Cohen’s d test with # indicating 0.2 < d < 0.5 and ##
indicating 0.5 <d < 1.0. (b) Histogram distribution of the apparent Young’s modulus
for each fibroblast together with the median and 25/75 percentiles above each
histogram (n = 90). Healthy fibroblasts are displayed in red, scar in blue and
Dupuytren fibroblasts in black.

Note that a hysteresis between approach and retract force curves was visible due to
cell viscosity (Figure S3.1). Accordingly, the values of the elastic modulus extracted
from the approach and the retract curves using Hertz models differ significantly when
investigating cells. Hence, this is clear evidence of how important the viscous
contribution of cells, which cannot be easily separated from the elastic one in
conventional force curves, is. To solve this issue, we used the sweep frequency
methodology to measure the elastic and viscous response of the cell samples. Briefly,
after approaching the tip towards the cell up to a deflection value defined by the
trigger threshold, the z-piezo motion was stopped for 1 s. During this time, the stress
applied during the approach ramp of the cell relaxed, and we applied a sinusoidal
modulation with increasing frequency while still in contact with the cell. The
frequency was swept from 1 Hz to 1 kHz, although the later analysis was performed
only from 1 Hz up to 100 Hz due to piezo response limitations. When the modulation
finished, the cantilever was retracted as in a conventional force curve (Figures S3.2
and S3.3). We used the power-law structural damping model to analyze the elastic
and viscous contribution of cells separately. The storage modulus E’ of healthy
fibroblasts was 3.26 kPa at the lowest frequency applied (1 Hz) and increased linearly
on a log-log scale (Figure 3.2), i.e., it actually followed a power law. The loss
modulus E” was approximately 6-fold smaller than E’: 0.47 kPa. Both storage and
loss moduli displayed similar frequency dependence up to 10 Hz. Nevertheless, E”
showed a more marked frequency dependence at higher frequencies, which is to a
large extent due to the hydrodynamic interaction of the cantilever with the liquid
medium (Alcaraz et al., 2002) (Figure 3.2). For this reason, a viscous drag correction
was applied, subtracting cantilever-medium viscous contribution. Scar and
Dupuytren fibroblasts showed a similar trend of storage and loss moduli over
frequency (Figure 3.2).

58



E' (Storage) Healthy
E' (Storage)_Scar
E' (Storage) Dupuytren
44 |—=— E" (Loss)_Healthy
—=— E" (Loss)_Scar
—5— E" (Loss)_Dupuytren
21 |— Structural damping fit

E* [Pa]

1 10 100
Frequency [HZ]

Figure 3.2 Frequency dependence of the storage (filled symbols) and loss moduli
(open symbols) of healthy fibroblasts (red), scar fibroblasts (blue) and Dupuytren
fibroblasts (black). Solid black lines are the fit of the power-law structural damping

model (7 = 90). Data shown are corrected for the viscous drag.

Dupuytren fibroblasts displayed the highest values in almost all moduli (Table 3.1).
The loss tangent and the power-law exponent of the three cell types presented very
close values to each other. Significant differences among all cell types were found for
all rheological parameters (Figures 3.3 and 3.4). Both storage and loss moduli showed
a similar trend as the apparent Young’s modulus, which could also be seen in the
respective histograms (Figures 3.1b and 3.3). The loss tangent at 1 Hz presented a
barely significant difference among the cell types, the same as the power-law
exponent (Figure 3.4). Eo, which is a scale factor for the storage and loss moduli,
varied depending on the cell type. Healthy and scar fibroblasts presented similar
values (healthy: 3308 Pa and scar: 3077 Pa); nevertheless, Dupuytren fibroblasts

showed an increase going up to 4259 Pa. The Newtonian viscous term (u) was rather
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small, and it increased from healthy to Dupuytren fibroblasts (7 to 13 Pa-s,

respectively).

Table 3.1 Apparent Young’s modulus, storage and loss modulus at 1 Hz, loss tangent

at 1 Hz and power-law exponent median values for each cell type (n = 90).

Apparent Storage Loss Loss Power law
Young’s modulus modulus tangent exponent
modulus (Pa) (Pa) (Pa)
Healthy Fib. 3345 3260 473 0.18 0.11
Scar Fib. 3940 3024 576 0.19 0.13
Dupuytren Fib. 5364 4260 742 0.18 0.12

Healthy | Scar 0.144 Healthy | Scar | #
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Figure 3.3 Histogram representation of the (a) storage and (b) loss modulus at 1 Hz
for each fibroblast type together with the median and 25/75 percentiles above each
histogram distribution. Healthy fibroblasts are in red, scar fibroblasts in blue and
Dupuytren fibroblasts in black. Wilcoxon signed- rank test showing significant
differences among all cell types are indicated in the table (*; p <0.01) and Cohen’s d
test with # indicating 0.2 <d < 0.5 (n = 90).
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Figure 3.4 Histogram representation of the (a) loss tangent at 1 Hz and (b) power-
law exponent for each fibroblast type together with the median and 25/75 percentiles
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above each histogram distribution. Healthy fibroblasts are in red, scar fibroblasts in
blue and Dupuytren fibroblasts in black. Wilcoxon signed-rank test showing
significant differences among all cell types are indicated in the table (*; p <0.01) and
Cohen’s d test with # indicating 0.2 < d < 0.5 and ## indicating 0.5 <d < 1.0 (n = 90).

3.3.2 Cytoskeleton inhibition

The effect of ML-7 on the three different cell types was observed by video
microscopy over a period of 2—-3 h. Different concentrations of the inhibitor were
added to the cells to decide which concentration was optimal to produce a significant

change in cell mechanics but, at the same time, let the cells recover again.

With the help of time-lapse videos, the optimal concentration of ML-7 to observe a
sufficient cell mechanical change was determined. In total, 1 and 3 uM ML-7 were
sufficient to produce visual effects on the cells showing contraction and changes in
morphology (Figure 3.5 and videos in Supplementary Materials). Mechanical
properties of the three cell types were measured using the AFM before and after the
addition of the inhibitor. We selected 5—6 cells in each experiment and focused on
tracking the changes in stiffness over time in these 56 cells. Cell mechanics were
probed twice before and 4-5 times after adding ML-7 inhibitor, spending a maximum
time of 2—-3 h per experiment. Consecutive measurements were performed every 15

or 30 min.

— samm &
g S — ML-7 addition T -

I 4

Figure 3.5 Effect of ML-7 addition on fibroblast morphology. Example of a scar

fibroblast before and after the addition of 3 uM ML-7. Yellow arrow shows cell

position. Cell contraction as well as bleb formation are visible.
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After adding 1 or 3 uM ML-7, we observed differences in cell mechanical behavior.
Healthy and scar fibroblasts did not show a clear response after adding 1 pM;
however, Dupuytren fibroblasts seemed to be more sensitive to the drug and
experienced a decrease in apparent Young’s modulus right after the ML-7 addition
(from 2 kPa to 0.2 kPa); after a while, they started to recover showing a slight increase

in apparent Young’s modulus values (from 0.2 kPa up to 0.5 kPa) (Figure S3.5).

We also recorded the rheological parameters during these experiments, and the
storage and loss moduli over the frequency of each fibroblast can be seen in Figure
S3.6. Initial E* values (cell before ML-7 treatment), together with two intermediate
times after a I uM ML-7 addition, were plotted. Healthy and scar fibroblasts did not
show E* changes over frequency after inhibition; however, Dupuytren fibroblasts
displayed a decrease in both moduli after ML-7 addition. A scatterplot of the loss
tangent versus storage modulus at 1 Hz can be seen in Figures 3.6 and 3.7. Each
colored dot represents one cell measurement at a specific time point where the change
towards lighter colors (from light blue-initial-, to yellow-last measurement-)
corresponds to the time course during the experiment. In Figure 3.6 (Dupuytren
fibroblast), the storage modulus followed the same trend as the apparent Young’s
modulus (Figure S3.5), it decreased after ML-7 addition and it developed towards
slightly higher values over time. The opposite trend was observed for the loss tangent,
which increased after ML-7 addition. These results can be understood as a decrease
in the elastic over the viscous elements due to the disruption of the cytoskeleton
network caused by the inhibitor. Otherwise, when exposing the cells to 3 uM of ML-
7, they showed larger changes (Figure 3.7). A good percentage of healthy and scar
fibroblasts still did not show any visible effect (Table 3.2); however, others reacted
to the inhibitor with a decrease in stiffness and either recovered over time or died
(Figure S3.7).
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Figure 3.6 Scatterplot of the loss tangent versus storage modulus at 1 Hz before and
after 1 uM ML-7 addition. The color bar indicates the time after addition (n = 15).
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Figure 3.7 Scatterplot of the loss tangent versus storage modulus at 1 Hz before and
after 3 uM ML-7 addition. The color bar indicates the time after addition (n = 20).

Table 3.2 Percentage of fibroblasts that die, recover or experience no change after
addition of 1 or 3 uM of ML-7 inhibitor.

Healthy Scar Dupuytren
Fibroblasts Fibroblasts Fibroblasts
Dead: 209 Dead: 09 Dead: 139
| uM ML-7 ead: 20% ead: 0% ead: 13%
(n=15) Recovery: 20% Recovery: 20% Recovery: 47%
No change: 60% No change: 80% No change: 40%
Dead: 399 Dead: 399 Dead: 609
3 UM ML-7 ead: 39% ead: 39% ead: 60%
(n=20) Recovery: 34% Recovery: 25% Recovery: 10%

No change: 27% No change: 36% No change: 30%

An example of a force curve demonstrating the change in mechanics (slope) after 3
uM ML-7 can be found in Figure S3.8. In panel B, which is an example of a scar
fibroblast, a decrease in slope was visible after 36 min of 3 pM ML-7 addition, which
increased again after 118 min thanks to cell recovery. It can be noted how the
hysteresis between approach and retract curves also increased over time in panel C
owing to a decrease in cell elasticity. The frequency dependence of storage and loss
moduli was shown for the three cell types after 3 uM ML-7 (Figure S3.9). The
example of healthy fibroblasts did not present changes in E* after inhibitor addition;
however, scar fibroblasts presented a decrease in both storage and loss moduli
immediately after ML-7 addition but recovered after about 120 min. Dupuytren
fibroblasts E* over frequency displayed a continuous decrease over time after ML-7
addition. Dupuytren fibroblasts, as already seen at lower ML-7 concentrations, either
reacted more drastically to the drug, and many cells died or responded with a

contraction and decrease in elastic modulus with recovery over time (Figure 3.7).
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Although the most representable data were shown in Figures 3.6 and 3.7, not all
fibroblasts from the same cell type reacted similarly. There was always a percentage
of cells that died, recovered or did not respond to the ML-7 inhibitor regardless of
cell type and inhibitor concentration (Table 3.2). Note that all rheological parameters
of each fibroblast when treated with 1 and 3 uM ML-7 can be found in Figures S3.10—
S3.15.

To disentangle what happened to the cells in terms of the cytoskeleton network, actin
fibers of the three cell types were labeled in all conditions (with and without ML-7
addition) (Figure 3.8). Cells affected by the inhibitor changed their shape (from
elongated to more roundish due to a reduction in contractility) as well as actin fibers
broke. In Figure 3.8F (Dupuytren fibroblasts treated with ML-7), some cells formed
green dots in their interior along with blebs in the cell membrane, which could be due
to cytoskeleton disruption (actin fibers break in small pieces) and cortex rupture. The

bleb formation is an indicator of apoptosis initiation.

Figure 3.8 Fluorescence images of (A) healthy, (B) scar and (C) Dupuytren
fibroblasts in normal conditions (no inhibitor); (D) healthy, (E) scar and (F)
Dupuytren fibroblasts 20 min after the addition of 3 uM ML-7. Actin fibers are

labeled in green. Control measurements adding DMSO at the same contraction as
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ML-7 can be found in Figures S3.16-S3.17. AFM measurements of Dupuytren
fibroblasts over time without drug treatment can be observed in Figure S3.18.

3.4 Discussion
3.4.1 Mechanical and rheological properties

Cells are living samples that are complicated to study and characterize. In most
(AFM) cell mechanical studies, force curves are usually analyzed only in terms of
Young’s modulus, which describes the mechanical behavior of elastic samples. More
precisely, the widely used Hertz model quantifies the relationship between stress and
strain only in the linear elastic regime of a material. Cells are much more complex
materials: they are viscoelastic materials, i.e., they combine properties of viscous
liquids and elastic solids. Purely elastic solids obey Hooke’s law, and when a stress
is applied, an instantaneous strain appears, and on the removal of the stress, the strain
reverts to zero. Viscous liquids are described to have a constant velocity flow and
energy dissipation while a constant shear force is applied. In biophysics cell elasticity
is understood in terms of cytoskeleton dynamics, where the number of crosslinks,
rearrangements and deformation and stress (contractile forces) will affect the elastic
properties of cells. The viscosity of cells is much more complicated to attribute, but
it can be understood as the internal friction that occurs when all components in a
flowing liquid are forced to slide along each other. For acquiring cells’ elastic and
viscous properties, the AFM sweep frequency scheme was employed, which allows
the separation of elastic and viscous components using an appropriate model. In the
above graphs, the apparent Young’s modulus and the storage modulus displayed
similar distributions, in which healthy fibroblasts presented the lowest values and
Dupuytren fibroblasts the highest, which can be attributed to the changes in
cytoskeleton organization and accumulation (Figure 3.1), being Dupuytren
fibroblasts the ones showing thicker and more accumulation of actin fibers in the cell
body (Figure 3.8C). This cytoskeleton organization of Dupuytren fibroblasts is related
to myofibroblast phenotype, which are differentiated fibroblasts found in wound
healing and present an increased contractile activity. Many cell types can differentiate
into myofibroblasts, such as smooth-muscle cells, cardiomyocytes, bone marrow
cells, etc. Nevertheless, the vast majority of myofibroblasts come from neighboring
fibroblasts. The mechanical properties of these fibroblasts had already been measured
in a previous study (Viji Babu et al., 2018); however, they used non-calibrated
cantilevers (MLCTs), where (unavoidable) errors in the cantilever calibration could
induce misleading values. Therefore, in this study, we used PFQNM cantilevers,

which are pre-calibrated, to minimize errors. Besides, they calculated the elastic
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modulus and dynamic viscosity using a stress relaxation methodology, but here we
employed oscillatory testing, which is a more robust approach to determine the
viscoelastic properties of cells. We measured the complex elastic modulus (E*) using
AFM over three frequency decades (1-1000 Hz); however, analyses were performed
only from 1 Hz to 100 Hz due to the limited response time of the z-piezo. The E’ data
at 1 Hz were around 3 kPa for healthy and scar fibroblasts, and 4 kPa for Dupuytren
fibroblasts (Table 3.1) and all of them showed the same tendency: they increased
weakly with frequency following a power law with an exponent around 0.1. The loss
modulus E” was around 1/6 of the storage modulus E’ in all cell types and increased
similarly up to 10 Hz, but it presented a greater frequency dependence at higher
frequencies (Figure 3.2). After viscous drag correction (cantilever-liquid
hydrodynamics) (Alcaraz et al., 2003), the loss modulus still presented a more marked
frequency dependence, which is intrinsic to cell viscoelastic behavior (Figure S3.19).
The hydrodynamic correction factor b(0) obtained for the PFQNM cantilever is
relatively small in comparison to other cantilevers due to their small dimensions and
large stiffness (Alcaraz ef al., 2002). The values of the loss tangent are close to 0.2,
and power-law exponents are around 0.1 (Table 3.1), which is in agreement with
previous works found in the literature (Fabry et al., 2001; Rico et al., 2005; Hecht et
al., 2015). Larger differences in cell’s loss tangent could have been expected due to
the different cytoskeleton organization; however, as fibroblasts do have already a
well-developed cytoskeleton network, especially on hard substrates such as Petri
dishes, the formation of few extra fibers in Dupuytren fibroblasts’ cytoskeleton does
not result in measurable changes in loss tangent. The loss tangent is rather a useful
rheological parameter for measuring cytoskeleton changes after drug treatment or
distinguishing between different cell lines.

Over the last couple of years, evidence has accumulated that proposes the existence
of 1 or 2 power-law regimes of cytoskeleton dynamics at high frequencies (Rigato et
al., 2017; de Sousa et al., 2020). In the early days, most of the rheological
measurements on cells were performed up to a limited oscillatory frequency of 100—
200 Hz (Fabry et al., 2001; Alcaraz et al., 2003). Active and passive microrheology
have shown that E’ and E” are coupled following a weak power-law with an exponent
around 0.05-0.35 (Fabry et al., 2001; Rebélo et al, 2014). This behavior was
interpreted in terms of soft glassy rheology theory (SGR) and suggested that cells
with an exponent near zero resembled a soft glassy material close to the glass
transition, which is also the case for the three fibroblasts studied in this work (Sollich,
1998). Exponent values of 0.1 suggest that the three measured fibroblast types
resemble a soft glassy material close to the glass transition. Recently, cell rheological

experiments increasing the frequency regime over 5—6 decades from 0.01 Hz to 1 kHz
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have been performed. In these measurements, a second regime at higher frequencies
(100 Hz-1 kHz) is visualized with a second power-law exponent around 0.3—1
attributed to single filaments dynamics (Isambert and Maggs, 1996; Rigato et al.,
2017). Our AFM rheological experiments cover only frequencies up to 100 Hz; thus,
we are not able to observe the second regime because of frequency limitations. Rigato
et al. used the high-speed AFM to study the rheological behavior of different cell
types under cytoskeletal drug treatments spanning a high-frequency range (1 Hz—100
kHz). They saw two dynamic regimes, one at low frequencies (I Hz—1 kHz) and
another at high frequencies (1 kHz—100 kHz) (Rigato et al., 2017). Our experimental
design reached frequencies up to 1 kHz; however, due to the limited response of the
piezo, data were just analyzed until 100 Hz, showing only one power-law exponent.
Therefore, future experiments employing faster AFMs encompassing higher

frequency ranges would provide data on cell behavior at shorter time scales.

3.4.2 ML-7 effect on cell mechanics

The organization of actin and myosin II mediates many cellular processes, such as
cell migration, division, adhesion, etc. (Fletcher and Mullins, 2010; Tojkander,
Gateva and Lappalainen, 2012). Cell contraction requires actin—myosin binding and
sliding along actin filaments that depends on the phosphorylation of the myosin
regulatory light chain (MRLC). The phosphorylation of myosin II at its regulatory
light chain is mediated through the MLCK enzyme, which is a Ca2+/calmodulin-
dependent enzyme (Tan and Leung, 2009). The activation of MRLC facilitates actin
(B-actin and a-actin in myofibroblasts) and non-muscle myosin binding. Non-muscle
myosin is believed to be a key protein for cell contraction and a regulator in wound
and scar contraction (Tomasek and Rayan, 1995). When intracellular calcium
increases, calcium interacts with calmodulin, which at the same time binds to MLCK.
This calcium-calmodulin-MLCK complex formation activates MLCK enzymatic
activity. MLCK activity is inhibited by drugs such as naphthalene sulfonamide
derivatives. ML-7 is a member of naphthalene sulfonamide derivatives that acts by
binding directly to MLCK on its active site (Figure 3.9). It is a reversible ATP-
competitive inhibitor, and when ML-7 binds to MLCK, it blocks for a limited time
the binding of ATP to the enzyme’s active site, therefore preventing the
phosphorylation of myosin RLC, non-muscle myosin activation, which leads to
inhibition of actin—myosin binding and cell contraction. It has been found that ML-7
induces apoptosis in mammary and prostate cancer cells in vitro and also stimulates
the ability of a chemotherapeutic drug to prevent the growth of mammary and prostate

tumors in vivo (Gu et al., 2006). Pancreatic cancerous cells were also treated with
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ML-7 producing a rounding up and reduction of the number of stress fibers in the cell
body (Kaneko et al., 2002).
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Figure 3.9 Schematic mechanism of a competitive inhibition and ML-7 place of

action.

Although it is not clear if MLCK is overexpressed in myofibroblasts, an increase of
MLCK expression has been observed in myofibroblasts obtained from the nodules of
the palm of Dupuytren’s patients in comparison to normal and cords fibroblasts
(Hadeed et al., 2011; Sayadi et al., 2019). With these findings, we propose that the
inhibition of MLCK by ML-7 is a potential target to reduce myofibroblasts

contractility.

ML-7 effect is dose-dependent, from provoking no reaction at low concentrations to
cell death at higher doses (Schéfer and Radmacher, 2005). 3T3 and NRK cells
subjected to ML-7 exhibited a retraction of lamellipodia and softening of the cells;

however, in some cases cell recovery was seen over an hour.

In this study, we treated the three fibroblast types with two different concentrations
of ML-7. We used 1 and 3 uM as intermediate concentrations to assess differences in
cell behavior among the cell types. Dupuytren fibroblasts differ from their healthy
counterparts as they contain extra actin fibers, a-SMA, that result in a more-

developed cytoskeleton network. This is translated into more elastic filaments in the
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cell body, more cortical tension and higher stiffness. This is in agreement with the
data shown in Figure 3.1. Our data showed that Dupuytren fibroblasts present a more
drastic reaction to the drug, and when treated with 1 uM of the inhibitor, ML-7
inhibits MLCK activity, thus resulting in disruption of the cytoskeleton network and
reduction in stress fiber strength that is at the same time translated into a decrease in
storage modulus and an increase in loss tangent as the cell becomes more liquid-like
(Figure 3.6). In the case of healthy and scar fibroblasts at the same ML-7 dose, there
were no visible changes in elasticity after adding the inhibitor. The different behavior
of the three fibroblasts to the drug demonstrates the different nature of the cells and
their different susceptibility towards MLCK inhibition. Lyapunova et al. found that
the ML-7 effect on cancerous thyroid cells was less notorious than healthy
counterparts (Lyapunova et al., 2016). In the literature, compounds from the ML-7
family, such as ML-9, have also been tested as MLCK inhibitors. Both ML-9 and
ML-7 are naphthalene sulfonamide derivatives, but ML-7 inhibition is more than 30-
fold more potent than that ML-9 (Shi et al., 2007; Xiong et al.,2017). These inhibitors
were also used on mouse lung carcinoma cells to study their effect on the cell
attachment to fibronectin substrates (Isemura et al., 1991). They suggested that
MLCK phosphorylation is involved in cytoskeleton rearrangements required for the
cell surface fibronectin receptor to cluster in order to achieve cell attachment to

fibronectin substrates.

Myofibroblasts develop very mature focal adhesion complexes that connect the cell
to the ECM and thus allow the propagation of mechanical stimuli. Focal adhesion
complexes are composed of many intracellular proteins that connect the cell actin—
myosin network to the ECM via integrins. Integrins are provided by extracellular,
transmembrane and intracellular domains that enable the cell-ECM interplay.
Changes in actin—myosin strength, such as cytoskeleton disruption through MLCK
inhibition, have been seen to disentangle focal adhesion complexes leading to cell-
ECM attachment interruption (Burridge and Chrzanowska-Wodnicka, 1996). Our
study is in agreement with the previous idea, in which MLCK-inhibited fibroblasts
lose their attachment to the substrate and start floating. Therefore, it seems likely that
MLCK reduces actin—myosin contraction provoking a downstream signaling pathway
in which focal adhesion complexes are also inhibited, weakening cell-ECM

interaction.
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An increased ML-7 concentration produces a stronger effect on the mechanical
proper- ties of all cell types. Nonetheless, healthy and scar fibroblasts still showed
less effect than Dupuytren fibroblasts. If cells did not present any shape or mechanical
change, this does not necessarily imply that the cells have not reacted to the inhibitor
in a biochemical way. The concentrations of the inhibitor used may produce effects
that we are not able to pick up with the methods employed in this study. Another
possible explanation is that cells in different stages of the cell cycle may show
different susceptibility to the drug. Besides, since ML-7 is a reversible inhibitor, it
may also happen that when the ATP concentration is greater than ML-7, ATP will
preferentially bind to the enzyme restoring MLCK enzyme catalytic activity. As a
matter of fact, we hypothesize that this may happen when fibroblasts start recovering
their mechanical properties after cell softening. When cells experience a drastic
change in shape and mechanical properties, it is often difficult to overcome the
inhibition process and they end up dying. Cells experiencing death, in addition to cell
shrinkage (acquiring a rounded shape), the formation of blebs and protrusions in the
cell membrane, as well as fragmentation, is observed, where all these processes can

be seen at different stages of apoptosis.

Our data support the notion that MLCK inhibition plays a role in fibroblasts and
especially in myofibroblasts contraction. The more drastic effect of Dupuytren
fibroblasts on ML-7 treatment supports its myofibroblasts phenotype and the
potential use of ML-7 as a therapeutic treatment for Dupuytren’s disease. Although
our data show promising results, future studies are needed to corroborate our findings
and to encompass different approaches, for example, looking at calcium-independent
pathways (Rho-kinase), which are also known to play an important role in
myofibroblasts contraction.

3.5. Materials and Methods

3.5.1 General materials

ML-7 inhibitor was purchased from Merck (Sigma-Aldrich, St. Louis, MO, USA,
Merck, Rahway, NJ, USA, 475880). A 50 uM stock solution was prepared in DMSO.

Further dilutions were made in complete cell culture medium.
3.5.2 Cell isolation and cell culture

Primary fibroblasts were isolated from 3 surgically removed skin tissues of a 55-year-
old female patient’s left-hand palmar fascia regions. Scar fibroblasts were extracted
from the dermal scar excision and healthy fibroblasts from the adjacent skin tissue.
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Dupuytren fibroblasts were isolated from nodules on the palmar fascia. The protocol
to isolate the three cell types has been described previously (Viji Babu et al., 2018).
All fibroblasts were cultured with DMEM (Sigma-Aldrich, FG0435) medium
supplemented with 10% fetal bovine serum (Sigma- Aldrich, F7524) and 2%
penicillin-streptomycin (Sigma-Aldrich, P0781) and incubated at 37 .«C ina 5 % CO2
humidified chamber. Cells were seeded in Petri dishes 48 h prior to AFM

experiments. Passages from 4 to 10 were used for the measurements.

3.5.3 AFM experiments

AFM measurements were performed with an MFP3D AFM (Asylum Research, Santa
Barbara, CA, USA) combined with an optical microscope (Zeiss Axiovert 135, Zeiss,
Oberkochen, Germany) to be able to control tips and samples. Petri dishes, containing
samples, were fixed to an aluminum holder with vacuum grease and mounted on the
AFM stage with two magnets. The entire set-up was enclosed in a home-built
polymethyl-methacrylate (PMMA) box in order to inject and maintain 5% CO2
during experiments. Fibroblasts were probed 48 h after seeding and data were

collected on the nuclear region.

In this work, two types of experiments were carried out. Firstly, rheological properties
of the cells were measured. For such purpose, PFQNM-LC-A-CAL cantilevers were
employed (Bruker, Karlsruhe, Germany, pre-calibrated spring constant around 100
pN/nm and 45 kHz resonance frequency in air), which have a three-sided pyramidal
tip (15-25° opening angle) with a protrusion of 75 nm tip radius and 0.8—1 pm length
at its end. Around 90 cells of each type were probed and the apparent Young’s
modulus values were extracted from regular approach curves. In addition, sweep
frequency force curves were employed to obtain individually the elastic and viscous
properties. Shortly, in sweep frequency curves a sinusoidal modulation in z-height
with increasing frequency (from 1 Hz to 1 kHz) is applied for 8.7 s after the trigger
threshold was achieved. After 1 s, the sinusoidal modulation was started while still in
contact with the cell and after an extra 1 s this step was reversed (Figures S3.1-S3.3).
From these experiments, storage and loss modulus, loss tangent and power-law
exponent parameters were acquired. Each force map was spaced 5 X 5 um and
composed of 16 or 256 force curves (4 x 4 or 16 x 16 lines per frame). Typically,
force curves were recorded at a scan rate of 2 Hz, corresponding to a maximum

velocity of 20 pm/s.

For the second set of experiments, cells’ mechanical properties were assessed before
and after ML-7 addition for each fibroblast. Pre-calibrated cantilevers (MLCT-SPH-
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DC-E, Bruker, nominal spring constant 150 pN/nm and 17 kHz resonance frequency
in air) with a semi-spherical tip of 5.5-um radius were used to assess cell properties.
At least 20 fibroblasts were measured for each cell type. Concentrations of 1 and 3
uM ML-7 were used in order to assess differences in cell behavior. Each force map
was spaced 5 X 5 um and composed of 4 or 36 force curves (2 x 2 or 6 X 6 lines per
frame). Force curves were recorded at a scan rate of 1.3 Hz, corresponding to a
maximum velocity of 10.4 pm/s. Indentation depths were always greater than 500 nm
in order to average the stiffness over a large contact area, which gives values that do

not depend on local variations of the cytoskeleton structure.

3.5.4 AFM data analysis

The data analysis software IGOR 7 (Wavemetrics, Lake Oswego, OR, USA) was used
to evaluate the mechanical properties of cells in terms of Young’s or elastic modulus
(E). The Hertzian model for spherical/parabolic tips was used to calculate the
apparent Young’s modulus for each force curve within a force map. The logarithmic
histogram and median with 25/75 percentiles of Young’s modulus were considered
representative modulus of each force map. Sweep frequency data were fitted with the
power-law structural damping model (Alcaraz et al., 2003). E* data are separated into
real (in phase) and imaginary (out of phase) parts. The real part represents the storage
modulus, and it is a measure of the elastic energy stored and recovered per cycle of
oscillation. The imaginary part depicts the loss modulus, and it accounts for the
energy dissipated per cycle of sinusoidal deformation. We also calculate the loss
tangent, which is an index of the solid-like (<1) or the liquid-like (>1) behavior of the
cell. This model assumes a storage modulus that increases with the frequency
following a power law with exponent a and a loss modulus that includes a term that
is a fraction # of the storage modulus and a Newtonian viscous term (Supplementary,

sweep frequency).

3.5.5 Immunostaining

Forty-eight hours after seeding of cells on Petri dishes, cells were fixed with 4%
paraformaldehyde for 15 min and permeabilized with 0.1% Triton x100 for 5 min.
Samples were washed with PBS after each step and then incubated with ActinGreen
488 ReadyProbes Reagent (Invitrogen, ThermoFisher, Waltham, MA, USA, R37110)
(2 drops in 1 mL PBS) for F-actin staining for 30 min at room temperature. Finally,
cells were stored in PBS at 4 °C prior to image acquisition. Nikon Eclipse Ti inverted
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epi-fluorescence microscope (Nikon Instruments Inc., Melville, NY, USA) with 40x

objective lens was used to observe cells and collect fluorescent images.

3.5.6 Statistical analysis

Differences between apparent Young’s modulus values obtained for each cell type
were checked for statistical significance with the Wilcoxon signed-rank test and for
effect size with Cohen’s d test using IGOR. For each force volume the median of E
values was calculated. The effect size (Cohen’s d) between the means of E and the
significance of difference (Wilcoxon signed-rank) between the medians of the E for
each type of cell was tested. For p-values obtained from the Wilcoxon signed-rank
test, * indicating p < 0.01 and Cohen’s d test with # indicating 0.2 < d < 0.5 and ##
indicating 0.5 <d < 1.0.

3.6 Conclusions

We have assessed the rheological properties of three primary fibroblasts, all
established from the palm of the same patient. Dupuytren fibroblasts, expressing a
myofibroblast phenotype, presented larger apparent Young’s modulus values than
healthy or scar fibroblasts, which is attributed to extra actin fibers. We have also
determined the effect of myosin II function on the stiffness of fibroblasts. ML-7, an
MLCK inhibitor, was used to deactivate myosin II in these three fibroblast types. The
changes in rheological properties were measured by AFM employing oscillatory
testing as a methodology to extract separately elastic and viscous contributions. In
summary, it was shown that myosin activation is a key element for cell contractility,
and ML-7 reduces fibroblasts and myofibroblasts contractility through the inhibition
of MLCK, especially Dupuytren fibroblasts, which were the most susceptible. ML-7
effect suggests its potential use as a pharmacological treatment for Dupuytren’s
disease.
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AFM original data are obtained as follows, deflection versus z-piezo movement (d-

Z):
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Figure S3.1 Example of a sweep modulation force curve. Deflection versus z-height
display. The approach curve is in red, the retract curve in blue and the dwell in green
(sweep modulation). The hysteresis between approach and retract curve is due to the

cell’s viscous contribution and adhesion.

However, to compute Young’s modulus E, which is a measure of the sample’s
elasticity, force curves need to be converted into force versus indentation (F- §) data.

For that, the total force applied to the sample can be calculated using Hooke’s law:
F=k-(d—d) (Eq. 3.1)

where k is the spring constant of the cantilever and d the cantilever deflection.

Indentation data can be derived from the following expression:
§=(z—2y)—(d—dy) (Eq. 3.2)

where z, is the cantilever displacement at the tip-sample contact point and d,, is the
deflection offset. To obtain E, (F- §) curves are analyzed with the appropriate contact
model. In our experiments we used Hertz’s model for spherical tips (more exactly:

for parabolic tips, which are a good approximation and commonly used for spherical

tips):
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_t_F 3
F=3 (Hz)\/ﬁa 2 (Eq. 3.3)

where R is the radius of curvature in spherical/paraboilic probes and v is the Poisson’s

ratio (is assumed to be 0.5).
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Figure S3.2 Z-height versus time in sweep modulation. The z-height reflects the
piezo movement in z direction over time while the sweep modulation is taking place.

The blue box zooms in the sweep modulation part.
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Figure S3.3 Deflection versus time display during sweep modulation. The deflection
reflects the cantilever movement over time while the sweep modulation is taking

place in a force curve. The blue box zooms in the sweep modulation part.

In sweep modulation methodology a sinusoidal modulation with increasing frequency
is added to the z-piezo while the tip is in contact. Typically, we use a dwell time of
8.7 seconds, where during the first second no modulation is applied since the cell
creeps substantially. Then, the modulation starts and the frequency is swept from 1Hz
to 1kHz, where for each frequency only one cycle is applied. The frequency series is
designed as a geometric series, so that in each decade we use the same number of
frequencies. Typically, the frequency increases by a factor of 1.15 from cycle to cycle,
which results in 17 frequency values per decade, which are equally spaced on a

logarithmic scale.

We employed the power law structural damping model as has been introduced to
AFM rheology by (Alcaraz et al., 2003). Here, the complex modulus G is written as:

a
Gluy = Go+ (1+im) * (=) +ip o (Eq. 3.4)

Wo

where Go is the absolute value of the moduli, 7 is the imaginary unit, 1 is the ratio
between loss modulus and storage modulus (often called the loss tangent), wo is the
frequency scale (in our case we use 1 Hz), a is the power law exponent of the sample,
and u is the strength of the hydrodynamic damping, which will depend on the shape
of the cantilever and the viscosity of the medium. The real part represents the storage
modulus and the imaginary part corresponds to the apparent loss modulus, which has

two contributions; (1) from the sample, which scales with the same power law
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exponent as the storage modulus, and the hydrodynamics, which is directly

proportional to the frequency. Thus, we can first obtain the power law exponent by

fitting the storage modulus as a function of frequency, and then in a second step obtain

the loss tangent 7 and the strength of the hydrodynamic damping of the cantilever u.
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Figure S3.4 3D-images representation of a) Healthy, b) scar and ¢) Dupuytren
fibroblasts obtained from high-resolution JPK force maps. Forces maps of 50x50 pm

with pixel resolution of 135x135. The color bar indicates the cell height.
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Figure S3.5 Histogram distribution of the Apparent Young’s modulus of each
fibroblast before and after 1 uM ML-7 addition (n = 15).
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Figure S3.6 Frequency dependence of the storage (filled symbols) and loss modulus
(open symbols) before and after addition of 1 uM ML-7 in a) healthy fibroblast (blue:
initial; red: 37 min after ML-7; yellow: 149 min after ML-7), b) scar fibroblast (blue:
initial; red: 34 min after ML-7; yellow: 147 min after ML-7) and c) Dupuytren
fibroblast (blue: initial; red: 58 min after ML-7; yellow: 159 min after ML-7). Solid
black lines are the fit of the power law structural damping model. ML-7 produces a

drop in storage and loss modulus in C (n = 15).
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Figure S3.7 Histogram distribution of the Apparent Young’s modulus of each
fibroblast before and after 3 uM ML-7 addition (n = 20).
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Figure S3.8 Example of a regular force curve of A) healthy, B) scar and C) Dupuytren
fibroblast before and after 3 uM of ML-7 addition. Solid line is the approach curve
and the dashed line retract curve. The effect of ML-7 in the cell is visible in B and C
panels with a decrease in the slope and an increase in the hysteresis between the
approach and retract curve. The increment in the hysteresis reflects an increase in the
viscosity of the cell due to cell cytoskeleton disruption. The B panel also reflects a
cell recovery after 118 minutes of ML-7 addition, the slope of the curve (yellow)

increases with respect to the red curve.
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Figure S3.9 Frequency dependence of the storage (filled symbols) and loss modulus
(open symbols) before and after addition of 3 uM ML-7 in a) healthy fibroblast (blue:
initial; red: 42 min after ML-7; yellow: 148 min after ML-7), b) scar fibroblast (blue:
initial; red: 36 min after ML-7; yellow: 118 min after ML-7) and c) Dupuytren
fibroblast (blue: initial; red: 31 min after ML-7; yellow: 126 min after ML-7). Solid
black lines are the fit of the power law structural damping model. ML-7 produces a

drop in storage and loss modulus in B and C panels (n = 20).
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Figure S3.10 Median with 25/75 percentiles representation of rheological properties
of a healthy fibroblast before and after 1 uM ML-7 addition. From left to right: scale
factor for storage and loss moduli, storage modulus, loss modulus, power law

exponent, loss tangent and Newtonian viscous term (n = 15).
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Figure S3.11 Median with 25/75 percentiles representation of rheological properties
of a scar fibroblast before and after 1 uM ML-7 addition. From left to right: From left
to right: scale factor for storage and loss moduli, storage modulus, loss modulus,

power law exponent, loss tangent and Newtonian viscous term (n = 15).
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Figure S3.12 Median with 25/75 percentiles representation of rheological properties
of a Dupuytren fibroblast before and after 1 pM ML-7 addition. From left to right:

From left to right: scale factor for storage and loss moduli, storage modulus, loss

modulus, power law exponent, loss tangent and Newtonian viscous term (n = 15).
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Figure S3.13 Median with 25/75 percentiles representation of rheological properties
of a healthy fibroblast before and after 3 pM ML-7 addition. From left to right: From
left to right: scale factor for storage and loss moduli, storage modulus, loss modulus,

power law exponent, loss tangent and Newtonian viscous term (n = 20).
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Figure S3.14 Median with 25/75 percentiles representation of rheological properties
of a scar fibroblast before and after 3 uM ML-7 addition. From left to right: From left
to right: scale factor for storage and loss moduli, storage modulus, loss modulus,

power law exponent, loss tangent and Newtonian viscous term (r = 20).
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Figure S3.15 Median with 25/75 percentiles representation of rheological properties
of Dupuytren fibroblast before and after 3 uM ML-7 addition. From left to right:
From left to right: scale factor for storage and loss moduli, storage modulus, loss

modulus, power law exponent, loss tangent and Newtonian viscous term (n = 20).
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Figure S3.16 Actin fibers staining after DMSO addition, same concentration as ML-
7 experiments. A) Healthy, B) Scar and C) Dupuytren fibroblasts. Experiments
suggest that cell mechanics changes are due to ML-7 effect and not DMSO or time
effect.
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Figure S3.17 Histogram distribution of the Young’s modulus of each type of
fibroblasts with DMSO at the same concentration as ML-7 experiments. Cells were
followed the same way as ML-7 experiments to verify if changes in cell stiffness were
due to ML-7 or DMSO effect. Cells maintained their stiffness along the entire
experiment; therefore, cell mechanical changes after ML-7 addition were due to the

inhibition effect on the cell (n = 5).
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Figure S3.18 Histogram distribution of the Young’s modulus of Dupuytren
fibroblasts without ML-7 addition. Cells were followed the same way as ML-7
experiments to verify if changes in cell stiffness were due to ML-7 effect or just cell

cytoskeletal changes over time. Cells maintained their stiffness along the entire

experiment (7 = 5).
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Figure S3.19 Drag factor at contact for PFQNM and MCLT-SPH-5UM cantilevers.
PFQNM could be considered of having rectangular shape and MLCT-SPH-5UM V-
shape. The b(0) was calculated measuring the drag factor at different distances from
the sample as previously described (Alcaraz et al., 2002). The color code represents
different cantilever amplitudes used (50, 100, 200, 500 nm) and the cantilever was

subjected to sinusoidal modulation sweeping the frequency from 1 Hz to 100 Hz.
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Chapter 4

This is a verbatim copy of an article that has been published in a peer reviewed
journal: Pérez-Dominguez S., Werkmeister E., Marini M. L., Dupres V., Janel S.,
Lafont F., Radmacher M. Rheological comparison between control and Dupuytren
fibroblasts when plated in circular micropatterns using atomic force microscopy.
Frontiers in  Physics, 10:1052203 (2022) doi:10.3389/fphy.2022.1052203.
‘Corrigendum: doi.org/10.3389/fphy.2023.1289123".

Rheological comparison between
control versus Dupuytren fibroblasts
when plated in circular
micropatterns using Atomic Force
Microscopy

Sandra Pérez-Dominguez', Elisabeth Werkmeister?, Maria Luisa Marini?, Vincent

Dupres?, Sébastien Janel?, Frank Lafont?, Manfred Radmacher!”.

"nstitute for Biophysics, University of Bremen, Bremen, Germany.
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4.1 Abstract

In tissue, cells are obliged to confine and adapt to a specific geometric shape due to
the surrounding environmental constraints. Under healthy conditions, fibroblasts
present an elongated shape; however, changes in biochemical and physical properties
of the extracellular matrix could distort the cell shape, inducing a pathological state.
We have studied fibroblasts’ mechanical behavior under circular geometrical
constraints. Circular micropatterns force fibroblasts to acquire a different shape from
that of a healthy tissue, inducing a possible pathological condition. In total, three
different fibroblast types from Dupuytren’s disorder, all obtained from the same

patient, were confined in circular-shaped micropatterns of three different diameters
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(25, 35, and 45 um), and mechanical properties were evaluated using an atomic force
microscope (AFM). We found that control fibroblast mechanics (apparent Young’s
modulus) increases with the increasing pattern diameter and comes together with a
decrease in cell height and in loss tangent, translated into a more solid-like behavior.
We hypothesize that these results resemble the transition toward the myofibroblast
phenotype, ameliorating cytoskeleton formation and organization and enhancing cell
contraction. Scar and Dupuytren fibroblasts did not display major changes in cell
mechanics and cell height when changing the pattern diameter, suggesting that they
are less affected by physical changes in the environment as they can adapt their shape
to the geometrical dimensions. Therefore, our findings demonstrate that combining
micropatterning and AFM measurements provides a powerful tool to study cell
mechanics inducing constraints onto the cell, thus mimicking certain aspects of the

tissue environment in both healthy and pathological states.

Keywords: AFM, Dupuytren’s disease, micropatterning, viscoelasticity, fibroblast.

4.2 Introduction

Dupuytren’s disease (DD) is a fibroproliferative disease that affects the palmar hand,
causing progressive and permanent bending of the digits. The disease may cause hand
contraction, hampering hand normal function and diminishing the patient’s quality of
life. The palm of patients who suffer from the disease shows high numbers of
fibroblasts, increased deposition of collagen, and the presence of myofibroblasts
(differentiated fibroblasts that present a- smooth muscle actin (SMA)), which are
involved in wound healing. In wound healing, fibroblasts from the surrounding area
migrate to the damage area and experience a transdifferentiation into myofibroblasts
that increase mechanical stress on the extracellular matrix (ECM) and help in tissue
remodeling. The differentiation into the myofibroblast phenotype depends on the
activation of transforming growth factor B-1 (TGFp-1) that lives in the ECM and
stimulates a-SMA expression that leads to an increase in cell contraction.
Myofibroblast contraction is transmitted to the ECM, also provoking changes in ECM
stiffness due to fiber rearrangements and protein deposition, such as collagen. Non-
invasive treatments, such as needle fasciotomy and collagenase injection, have been
used to treat the disease; however, in the vast majority of the cases, it recurs. Open

surgery for removing the affected area is normally used in later stages of the disease.
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Cell mechanics is a useful approach to study cell viscoelastic behavior at a single-cell
level and is mainly governed by a cytoskeletal network, especially by actin fibers that
are also responsible for cell contractility. The cytoskeleton network is important to
maintain cell shape and mechanics, playing a role in many cellular processes, such as
migration and contraction (Deng et al., 2006; Yamaguchi and Condeelis, 2007). The
cell—cell interplay, cell-ECM as well as matrix stiffness, and composition have been
shown to modify cell mechanics dictating cell cytoskeletal network organization, cell
shape, and polarity (Fletcher and Mullins, 2010). Many techniques have been used to
assess cell mechanical behavior, like optical and magnetic tweezers, micropipette
aspiration, and atomic force microscopy (AFM), among others. Atomic force
microscopy (AFM) is one of the most established and leading techniques to measure
cell mechanics under physiological conditions. It allows applying a well-defined
force and provides both topographical and mechanical characterization of living cells
(Radmacher, 1997).

In the last decade, the interest in studying mechanical properties of cancer cells in
comparison to healthy counterparts using AFM has grown due to its ability to
discriminate one from the other (Lekka ef al., 1999). The majority of these studies
were performed in hard cell culture dishes, whose stiffness is far from the natural
tissue mechanics. Recently, soft artificial hydrogels, such as polyacrylamide (PA) and
hydrogels employing abundant ECM proteins, like collagen, have been used to mimic
cell’s environment stiffness. For example, changes in thyroid cells when plated in PA
gels of different stiffness have been reported (Rianna and Radmacher, 2017a). Lately,
experiments trying to resemble cell’s environment are gaining importance, either
biochemically or biophysically. The biochemical and biophysical composition of this
environment governs many cellular processes, such as cell differentiation, growth,
division, and even cell death (Bohnet et al., 2006; McKenzie et al., 2018). In general,
it is not easy to get access to tissue samples, especially from humans, which is the
closest biological organization to cell’s natural conditions; therefore, different
strategies have been devised to resemble cell’s natural environment. In tissue, cells
are not isolated; instead, they are surrounded by a large number of neighboring cells
and the extracellular matrix (ECM). This natural environment provides cells with
geometrical constraints that not only influence cell morphology and mechanics but
also polarity and function. In research, photolithography techniques generating
reusable masks with specific geometries, as well as protein micropatterning, are
considered a good compromise to resemble cell constraints in tissue. AFM
experiments using cell culture dishes lead to continuous cell structural and
morphological rearrangement; however, the use of micropatterns of different

geometries and dimensions is an interesting approach to limit cell spreading in a
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defined space (Rigato et al., 2015). Regular pattern shapes mimicking tissue
constraints drive cells to adapt their morphology and cytoskeletal architecture. One
of the main advantages of systematizing a regular shape is the reduction in
heterogeneity and variation due to constant and reproducible cell features. Many
studies used PDMS-based lithography to confine cells in limited spaces, creating
different geometries in which cells could adapt (Mi ef al., 2006; Rianna, Radmacher
and Kumar, 2020). The ECM environment has a strong influence on actin
cytoskeleton localization inside the cells that contributes to cell polarity
establishment; hence, it was shown that convex micropattern features promoted the
assembly of lamellipodia and concave features promoted the assembly of stress
filaments (Théry et al., 2006; James et al., 2008). Cell’s spreading direction -
lamellipodia protrusions- differs depending on micropattern geometry (Parker ef al.,
2002; Brock et al., 2003). Patterned cells in square or triangular shapes preferentially
extended the lamellipodia at the corner; however, cells adherent to circular shapes
formed lamellipodia at all regions of the perimeter. Several studies evaluated the
directionality and speed of cell migration using switchable surfaces, whose
adhesiveness can be turned on and off when desired (Liu ef al., 2005; Nakanishi et
al., 2008). In addition, micropatterning can be used to study cell’s focal adhesion
points using different geometries that provide similar cell morphology but different
cytoskeleton distributions (Rigato et al., 2015). Therefore, the use of micropatterns
could help resemble cell’s constraints under healthy tissue conditions, but it could
also serve to study cell adaptability to new environments, forcing them to acquire a

different geometrical constraint to healthy conditions.

In this study, we prepared circular micropatterns on glass coverslips using UV
photolithography with a chrome photomask. The micropatterned surfaces were used
to culture three different fibroblasts from Dupuytren’s disorder (control and
pathological fibroblasts) on circular areas of different diameters (25, 35, and 45 um
in diameter), and cell mechanics was assessed employing AFM. Under healthy tissue
conditions, fibroblasts possess an elongated shape; however, in the pathological state,
physical and biochemical changes in the environment can modify fibroblast
morphology; therefore, we employed circular-shaped patterns to force cells to
develop in a non-natural state. Circular-shaped fibronectin micropatterns could
enable us to induce or simulate a disorder typical of a pathological state and therefore
compare the behavior of fibroblasts presenting different pathological states.
Moreover, using the AFM sweep modulation scheme and analyzing the data using
the structural damping model, we could extract viscous and elastic properties of the
cells.
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4.3 Results

4.3.1 Adhesive protein selection

Two different ECM proteins were tested in order to optimize the highest efficiency
in cell patterning. We compared fibronectin versus collagen I as adhesive proteins,
both present in fibroblast’s natural environment. The fibronectin-coated
micropatterns provided much higher cell patterning and attachment success than
collagen (Fig. 4.1). The number of patterned cells in circular patterns with respect to
the number of attached cells is similar in both cases, reaching around 50-60%. The
rate of success, referring to the number of patterned cells with respect to the number
of circular patterns, in the case of collagen micropatterns was around 20%; however,

the fibronectin covering reached around 50% cell patterning.

Figure 4.1 Dupuytren fibroblasts plated on the three circular micropatterns of
different diameters. Adhesive proteins (A) fibronectin and (B) collagen 1. Fibroblast
labeling: actin in green, vimentin in red, and nuclei in blue. Supplementary Figures
S4.9, S4.10: control and scar fibroblasts plated on the three circular micropatterns of

different diameters (fibronectin coating).
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4.3.2 Cell confinement

We plated all fibroblast types in circular micropatterns, and figure 4.2 shows an
example of each fibroblast under all conditions. We could observe how actin filament
distribution was significantly influenced by the pattern diameter. Thanks to the z-
stack images taken along the entire cell height, from the bottom to the top layer, we
could generate 3D view representation of the cells under all conditions
(Supplementary Videos, Supplementary Material). This 3D view allowed us to assess
if there was any correlation between cell height, pattern diameter, and fibroblast type
(Table 4.1). Three-dimensional videos showed cells in which actin, vimentin, and
nucleus were stained, giving interesting information about cell cytoskeleton
organization. As actin fibers are one of the main cytoskeleton components that dictate
the cell mechanical behavior, z- and orthogonal projections of scar fibroblasts -
showing just actin fibers- patterned in the three circular-shaped patterns were

generated (Figure 4.3).
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Figure 4.2 Examples of individual fibroblasts plated on 25-, 35-, and 45-pm-diameter
circular micropatterns (left to right). The first row represents fibronectin circular-
shaped micropatterns in black. The following rows represent fluorescence
microscopy images of each type of fibroblasts in which the actin fibers are labeled in
green, vimentin in red, and nuclei in blue. Three-dimensional view videos are

available in the Supplementary Material.

The z-projection accumulates all images taken alongside the cell body, from the
bottom to the upper layer, and it shows how actin fibers organize within the cell when
patterned on the circles of different diameters. In particular, in Figures 4.3B,C, the
actin fibers follow the circular pattern that corresponds to the lamellipodia (concentric

fibers) and in the cell body, which is sitting in the non-adherent area, filaments are
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less concentrated and organized. In the case of control fibroblasts, there is a decrease
in cell height when the pattern diameter increases; however, scar and Dupuytren’s

fibroblasts did not present the same behavior, showing a more constant cell height

regardless of the pattern dimension (Figure 4.4 and Table 4.1).
A

Figure 4.3 Z and orthogonal projections of scar fibroblasts patterned in (A) 25-pm
circle, (B) 35-um circle, and (C) 45-um circle. Actin fibers labeled in green.
(Supplementary Figures S4.11, S4.12: control and Dupuytren fibroblasts projections).

Moreover, from the xz projections, we estimated a relative volume of the cells; in all
cases, fibroblasts increase their volume with the increasing pattern diameter
(Supplementary Figure S4.13). Control fibroblasts appear to present less actin
filaments than the pathological counterparts (Figure 4.2).
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Figure 4.4 Mean and standard deviation representation of the cell height obtained
from the xz projections (N = 4). The circles next to each mean value correspond to

the individual measurements.

96



Table 4.1 Cell height when patterned in the different circular-shaped diameters.
*Three to five cells for each condition from confocal images were analyzed to obtain
cell height.

Height* 25 pm 35 pm 45 pm
diameter diameter diameter

Control Fibroblasts 11 um 9 um 6 um

Scar Fibroblasts 6 pm 5 um 5 um

Dupuytren Fibroblasts 9 um 10 pm 8 um

A similar cell behavior was shown in flat rigid cell culture dishes. Control fibroblasts

presented less and randomly distributed actin fibers in contrast to scar and Dupuytren
fibroblasts, which displayed aligned and thick actin fibers (Viji Babu et al., 2018b;
Sayadi et al., 2019) (Figure 4.5).

A

Figure 4.5 STED images of live single cells plated on cell culture dishes. (A) Control
fibroblasts, (B) Scar fibroblasts, (C) Dupuytren fibroblasts. Actin fibers were labeled
in red. Scale bar: 20 um.

4.3.3 AFM measurements

Mechanical and rheological properties of patterned cells were evaluated using AFM.
The number of cells scanned in each circular-shaped pattern was arbitrary, since the
pattern size at which the cells were adhered was analyzed after AFM measurements.
Measurements were performed on the nuclear region to avoid artifacts of feeling the
underlying support; but in some cases, the elasticity of the whole cell could be
scanned (Figure 4.6A). We found that the softest area of the cell correlates with the
tallest part that corresponds to the cell body (Figure 4.6B).
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Figure 4.6 (A) Apparent Young's modulus of a Dupuytren fibroblast patterned in a
35-um-diameter circle and (B) cell height.

The cell lamellipodia is thinner and stiffer due to the bottom effect and accumulation
of actin filaments, as shown in the fluorescent images (Figure 4.2). Our AFM results
corroborate the different behaviors of the three fibroblast types. The apparent
Young’s modulus was extracted from the approach part of the force curves using the
Hertzian model for parabolic tips. The apparent Young’s modulus of control
fibroblasts increases with increasing pattern diameter (1.02, 1.39, and 2.12 kPa for
25-, 35-, and 45-um-diameter circular constraints, respectively); however, this

behavior is not followed by the other two cell types (Figure 4.7).

98



3500 4 I £ Y T — !
4
© [
£ 3000+ ,
7]
=
= -
3 2500
£
w» 2000+
o
= ® C
3 1500
>
% 1000
et
©
o
2‘ 500 25 pm @ circle 25 um @ circle 25 um @ circle
35 pm @ circle ® 35 um @ circle ® 35 pm @ circle
® 45pm e circle ® 45 ym g circle @ 45 um @ circle

Dupuylrenﬁbmblasts' Scar fibroblasts | Control fibroblasts

Control Fibroblasts

0.3 - Scar Fibroblasts

45 pm e

0.2 35ume

Frequency

25 um

Dupuytren Fibroblasts

0.1+

25 ym o
T T 1T

0.0 LA LR | AL

10 Pa 100 Pa 1 kPa 10 kPa
Apparent Young's modulus (Pa)

Figure 4.7 (A) Box plot of the apparent Young’s modulus with the median and the
25/75 percentiles and (B) histogram distribution. Data shows information about
different cells. Each color represents one type of fibroblast, Dupuytren, scar, and
control were labeled in black, red, and blue, respectively. In addition, within each
group, the color gradient shows the cells patterned in each circular size, from the
lightest to the darkest, goes from 25 to 45 um @ circular sizes, respectively. Statistical
analysis: Wilcoxon signed-rank test significant difference: * indicating p < 0.01 and
Cohen’s d test with # indicating an effect size of 0.2 <d < 0.5 and ## indicating d >
0.5. o= diameter (N = 15).

Interestingly, Dupuytren fibroblasts maintain their mechanical properties regardless
of the circle diameter (1.61, 1.58, and 1.59 kPa for 25-, 35-, and 45-um-diameter
circle constraints, respectively). In addition, scar fibroblasts appear to mix both
behaviors, similar to control fibroblasts at a lower pattern diameter and closer to the

pathological fibroblasts when the constraint diameter increases (1.02, 1.78, and 1.71
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kPa for 25-, 35-, and 45-um-diameter circle constraints, respectively). The Wilcoxon
signed-rank test and Cohen’s d statistical analysis were used to evaluate statistical
significance of apparent Young’s modulus between different cell types and pattern
dimensions. Highly significant differences were found within control fibroblasts
patterned on 25-pum and 45-pm-diameter circles. Cohen’s d-test suggested a medium
size effect between control fibroblasts patterned on 25 and 35 um circles; and also,
between 35- and 45-pm-diameter circles. Moreover, a medium size effect was seen
between scar fibroblasts patterned on 25-pum circles and the two larger patterns (scar
fibroblasts on 35- and 45-um- diameter circles). A large effect of the pattern size was
also seen in control fibroblasts patterned between 25- and 45-um- diameter circles
(Figure 4.7). As it has been mentioned in previous studies (Rianna and Radmacher,
2017a), Young’s modulus is a parameter that describes the elastic response of an
object when deformed by an external force. However, cells are complex and
heterogeneous materials that present elastic and viscous responses. According to that,
apparent Young’s modulus parameter (which is the Young’s modulus determined
from the approach curve) gathers both elastic and viscous contributions and it is not
able to distinguish between them. To overcome this issue, there are few AFM
strategies that allow describing cells’ mechanical properties separating both elastic
and viscous contributions. In this work, we employed the so-called sweep frequency,
already described in previous studies (Hiratsuka et al., 2009; Rother et al., 2014).
Briefly, after approaching the tip to the sample as in a regular force curve, a sinusoidal
modulation with increasing frequency (1 Hz—1 kHz) is applied, while the tip is still
in contact with the cell. When this step is finished, the tip is fully retracted out of
contact (Supplementary Figures S4.2, S4.3). The cantilever is oscillated applying a
low amplitude of 50 nm. To analyze the data, the power law structural damping model
1s used, and viscous drag of the cantilever has been corrected (Supplementary Figure
S4.5). This model provides information about the elasticity and viscosity of the cells
separately. Frequency dependence of the storage and loss modulus measured on the
different fibroblasts in all circular patterns can be seen in Supplementary Figure S4.4.
Both moduli displayed a similar trend up to 10 Hz; however, the loss modulus showed
increased frequency dependence at higher frequencies. We observed that control
fibroblasts displayed a decrease in the loss tangent at 1 Hz with increasing pattern
diameter, whereas Dupuytren and scar fibroblasts did not show major changes
(Dupuytren: 0.24 in all cases; scar: 0.36, 0.27, and 0.32 from 25- to 45-um-diameter
circles) (Figure 4.8). Statistical analysis suggests a significant difference between
control fibroblasts patterned on 25- and 45-um-diameter circles and a medium size
effect between Dupuytren fibroblasts patterned on 25 um and the other two bigger
circular patterns, as well as a medium size effect between control fibroblasts on 25

um versus 35 um and 35- versus 45-um-diameter circles. Finally, a large size effect
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is observed between control fibroblasts patterned on 25- and 45-um-diameter circle.
Therefore, in the case of control fibroblasts, we saw that an increase in the Young’s
modulus with increasing the pattern diameter comes together with a decrease in loss
tangent, which can be related with an increase in the elastic over the viscous
properties, corresponding to a more solid-like behavior. The power law exponent is
associated with cell’s dynamic structural elements at the mesoscale and present
similar values for all cases, presenting values around 0.15 and 0.2 for Dupuytren and
scar fibroblasts, respectively, except for control fibroblasts, which decreases with
increasing pattern diameter (going from 0.23 to 0.13, from 25 to 45 um diameter)
(Figure 4.8).
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Figure 4.8 (A) Box blot with the median and the 25/75 percentiles and (B) histogram
distribution of the loss tangent at 1 Hz and power law exponent for each fibroblast,
left and right graphs, respectively. Data shows information about different cells. Each
color represents one type of fibroblast, Dupuytren, scar, and control in black, red, and
blue, respectively. In addition, within each group, the color gradient shows the cells
patterned in each circular size, from the lightest to the darkest, goes from the 25 to
the 45 pm o circular sizes, respectively (Eo, 4, and storage and loss moduli graphs are

given in Supplementary Figures S4.6-S4.8) (N = 15).
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Statistical analysis for power-law exponent results displays same significant
differences and size effect as the loss tangent. Eo, which is the scale factor of storage
and loss modulus, varies depending on the cell type and pattern diameter. Dupuytren
and scar fibroblasts seem to be independent on the pattern diameter (Dupuytren: 1,500
to 1,400 Pa, from 25 um to 45 um diameter; and scar: 900—1,000 Pa, from 25 um to
45 pm diameter). Nevertheless, control fibroblasts show an increase going from 500
to 2,300 Pa (Supplementary Figure S4.6). The statistical analysis showed significant
differences between control fibroblasts patterned on 25- and 45-um- diameter circles;
Cohen’s d size effect displayed a medium size effect between control fibroblasts on
25 um and the bigger circles; also, all patterned scar fibroblasts within each other and
Dupuytren fibroblasts patterned on the 45-um-diameter circle and the two smaller
circles. The Newtonian viscous term (u) is rather small and constant for Dupuytren
and scar fibroblasts regardless of the pattern diameter (10 Pa-s), and it increases for
control fibroblasts with increasing pattern diameter (6—10 Pa-s) (Supplementary
Figure S4.7).

4 .4 Discussion

In this study, we plated fibroblasts in circular-shaped patterns of different diameters.
Fibronectin and collagen I used for surface coating differently affect the efficiency of
cell patterning. Both proteins are commonly used to ameliorate cell adhesion in cell
culture dishes, and they are both abundant in the fibroblast environment; however,
the suitability of one over the other may vary on the cell type (Lacouture, Schaffer
and Klickstein, 2002; Colombo ef al., 2013). Fibroblasts are a cell type that
synthesizes ECM and collagen; therefore, it would have been expected to have a
better affinity to collagen coating. In addition, collagen deposition by fibroblasts takes
place with the help of fibronectin. Fibronectin was also observed to be associated with
the deposition of new collagen fibrils. Therefore, it appears that fibronectin promotes
cell attachment to collagen filaments, supporting the idea that fibroblasts have a
higher affinity for fibronectin than for collagen coatings. Accordingly, if we compare
the pattern efficiency between both proteins, fibroblasts presented better predilection
to adhere to fibronectin than collagen. Another possible explanation could be that
animal origin of the proteins may also influence cell attachment. We used bovine
fibronectin and rat collagen I; therefore, the animal origin of the proteins may decant
and influence the adherence of the fibroblasts, in our case preferring bovine
fibronectin to collagen. Mechanical and rheological properties of cells under the
different conditions were correlated with fluorescent images, in which actin fibers,
vimentin, and nucleus were stained. Control fibroblasts displayed an increase in

elasticity with increasing circle diameter. This behavior was linked to an increase in
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actin filament formation and a change in organization, since they presented better-
developed actin filaments at the maximum circle diameter (45 um) (Figure 4.2). It is
visible how actin filaments accumulate in the outer circle that is the fibronectin-
coated area, which seems to stimulate actin fiber formation. Interestingly, control
fibroblasts showed a branching actin meshwork, randomly distributed alongside the
cell body without any orientation at the smallest circular-shaped pattern.
Nevertheless, actin filaments in both radial and concentric directions started to appear
at the intermediate and larger patterns (35 and 45 pm in diameter). These filaments
mimic the circumference of the pattern, and radial filaments connect the cell
periphery with the cell body cytoskeleton. Song et al. reported similar results in
mesenchymal stem cells (MSCs), suggesting that cell spreading is a significant
parameter in cytoskeleton development and therefore in a cell mechanical state (Song,
Kawazoe and Chen, 2011; Wang et al., 2016). Variations in mechanical properties
and cytoskeleton organization and distribution were followed with changes in cell
height. We observed a decrease in cell height with increasing pattern diameter. In flat
cell culture dishes, control fibroblasts were seen to be smaller in spreading than
pathological fibroblasts; therefore, the decrease in height with the increase in the
circle diameter may suggest an attempt to cover the entire area but sacrificing cell
thickness. This behavior of control fibroblasts might simulate a transition toward a
myofibroblast phenotype, similar to the wound closure process. Cell spreading
increases cytoskeletal contractility that may activate fibroblast to myofibroblast
differentiation due to the changes in force/tension in the cell interior. Additionally,
the crowding of thicker actin filaments at the edge is a phenomenon that occurs when
cells are maximizing their spreading. Myofibroblasts are differentiated fibroblasts
that help in wound closure. When a wound appears, fibroblasts from the vicinity move
to the affected area and acquire bundles of microfilaments formed by p- and y-
cytoplasmic actin; these cells are named proto-myofibroblasts. The latter evolve into
a-smooth muscle actin (SMA)-positive fibroblasts called differentiated
myofibroblasts that are responsible for wound contraction. The activation of the
myofibroblast phenotype is diverse, but one of the most common mechanisms is
through the activation of latent transforming growth factor (TGF) B-1. The force
exerted by this extra actin fibers can be transmitted to the ECM via integrins that
activates TGFp-1 leading to an ECM straining that produces a feedback mechanism,
preserving cell-ECM contraction (Hinz, 2010; Bochaton-Piallat, Gabbiani and Hinz,
2016). We suggest that a similar mechanism may be occurring to control fibroblasts
when decreasing cell constraint. Fibroblasts try to adapt their shape to the geometric
size, developing extra cytoskeletal fibers to reach the new spreading area, leading to
an increasing cell contraction. Control fibroblasts may feel a similar situation to that

in wound closure. There is a gap that they need to fill and close -increased circle
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dimensions- thus they might need to ameliorate their cytoskeleton, increasing cell
contraction. Hence, not only biochemical changes regulate cell fate, but also physical
changes modulate cell behavior. Similar results were found in MSC patterned on
different circular-shaped patterns. An increase in the spreading area -circle diameter-
favored osteogenic differentiation due to an increase in cytoskeletal contractility
(Song, Kawazoe and Chen, 2011). Scar and Dupuytren cells did not experience the
same behavior as control fibroblasts when increasing the pattern diameter. Dupuytren
fibroblasts did not change either their stiffness or height, which may denote that they
are less affected by physical changes in the surrounding environment than control
counterparts. They expressed a bunch of thick actin fibers regardless of the circular-
shaped constraints, showing an accumulation of actin filaments at the lowest
spreading area that they dispersed, reorganized, and even developed at a higher circle
diameter. Scar fibroblasts presented an intermediate behavior between the other two
cell types. Low accumulation and organization of actin filaments can be seen in the
cell body when plated in the smallest circular pattern (25 pum in diameter), which is
close in relation to control fibroblast behavior. These observations bring together
values of apparent Young’s modulus similar to control fibroblasts seeded in 25-pm
circles. Scar fibroblasts are an interesting cell type having intermediate characteristics
between control and pathological fibroblasts and can be a key point to understand
fibroblast-to-myofibroblast transition and Dupuytren’s disorder. However, as the
pattern diameter increases, scar fibroblast behavior leans toward more pathological
phenotype, displaying constant mechanical properties at the intermediate and big
circle pattern. A huge bunch of actin filaments fills cell body, accumulating more
fibers in the lamellipodia and increasing cytoskeleton fiber organization as the
spreading area increases. We have seen that control fibroblasts reduce their height
with increasing pattern diameter; however, scar and Dupuytren fibroblasts conserve
their height regardless of the circle diameter. From the xz projection images, we
estimated a relative number for cell volume, leading to an increase in cell volume
with increasing circle diameter regardless of the cell type (Supplementary Figure
S4.13). The volume increase in scar and Dupuytren fibroblasts could be understood
as maintaining the height with increasing spreading area, and this could lead to an
increase in cell volume. Nevertheless, control fibroblasts also experienced an increase
in volume. We attribute these findings to a more homogeneous cell covering of the
pattern, also reaching constant height overall pattern (Supplementary Figure S4.14).
An increase in cell volume with an increase in the spreading area may be linked to
migration and invasion processes. Similar results were found in single monitored
glioma cells, in which changes in cell volume were connected to invasiveness and
migration properties (Watkins and Sontheimer, 2011). Rheological properties of the

cells were extracted from the sweep frequency data, and the power law structural
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damping model was used to analyze it. We measured the complex elastic modulus
using AFM over three frequency decades (1 Hz—1 kHz); however, the data were
analyzed until 130 Hz due to piezo limitation ofour instrument. The cell culture
medium exhibits a pure viscous behavior; therefore, the hydrodynamic viscous drag
force on the cantilever overestimates the loss modulus. For that reason, viscous drag
was corrected calculating the b factor at a distance zero (b (0)) from the sample. The
estimation of b (0) was performed following the Alcaraz et al. 2002 procedure
(Alcaraz et al., 2002). The cantilever was oscillated at low amplitude (50 nm) at
different frequencies (1 Hz—1 kHz) and at different tip-sample distances (0—5 pum).
Frequency dependence of storage and loss moduli showed an increase in the storage
modulus over frequency in all cases (Supplementary Figure S4.4); the loss modulus
also increased over frequency, even after viscous drag correction; nonetheless, it
increases with a more marked frequency dependence at higher frequencies. This loss
modulus increase over frequency may be linked with micro- and macromolecule
friction differences with cell’s cytosol. The exponent and loss tangent are related
parameters; therefore, similar values and distribution are expected. The decrease in
the exponent and loss tangent with increasing pattern diameter in control fibroblasts
is understood in terms of cytoskeleton development, which provides the cell with
more elastic components (actin filaments), which is known as an increase in the solid-
like behavior. Experiments exposing cells upon cytoskeleton disruption, like
lantrunculin-A and blebbistatin, showed an increase in the exponent and loss tangent,
together with a decrease in the storage modulus and increase in the loss modulus,
corroborating the cytoskeleton contribution to cell elasticity (Rigato et al., 2017). The
exponent values of Dupuytren and scar fibroblasts (0.15 and 0.2, respectively) are in
agreement with previous studies on human alveolar and bronchial epithelial cells, as
well as 3T3 fibroblasts (Alcaraz et al., 2003; Rigato et al., 2017). Similar experiments
using oscillatory modulation schemes have reported the appearance of two power law
exponents instead of one. Those experiments used a higher frequency range than that
in our experimental setup, ranging from 1 Hz to 100 kHz. Thanks to this frequency
widening, data suggested the existence of two regimes: one at low frequencies with a
weak power law and the second at high frequencies with stronger power laws. This
methodology may provide extra information about cell’s dynamics and single
filament dynamics; however, we were limited by our piezo response and cantilever
resonance frequency, reaching frequencies up to 100 Hz. In addition, there are many
others models, instead of the structural damping model, to analyze viscoelastic
behavior of samples. Those models consist of a combination of springs and dashpots
in such a way to describe real viscoelastic behavior. A viscoelastic liquid can be
represented by Maxwell model, which consists of a spring and dashpot connected in

series. This model predicts that storage and loss moduli vary with frequency and at
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higher frequencies the storage modulus is larger than the loss modulus; therefore,
solid- like behavior predominates, while at lower frequencies the situation is opposite.
This model does not fit our data; therefore, it is not a suitable model to describe our
samples. The Kelvin—Voigt model, suggested for viscoelastic solids, is a combination
of a spring and dashpot but connected in parallel. In this case, the storage modulus is
frequency-independent and constant, and the loss modulus increases linearly with
frequency. None of these statements are followed in our samples, in which both
storage and loss moduli are frequency-dependent and the loss modulus does not
increase linearly with frequency. Single power law fit to storage and loss moduli was
used to validate structural damping model employment (Supplementary Figure
S4.15). We obtained one different exponent for each modulus (storage exponent:
0.115 and loss exponent: 0.224); nevertheless, it is clearly visible that the loss
modulus does not follow a single power law; in any case, multiple power law fits may
better describe loss modulus behavior over frequency. However, we have seen that
the structural damping model fits our data appropriately and suggests a storage
modulus that increases for all frequencies according to a power law exponent and a
loss modulus that includes a component of the storage modulus (loss tangent) and
scale with the same power law (Fabry et al., 2001, 2003). Another interesting model
used to describe viscoelastic behavior is the Burgers model, which is basically a
Maxwell and Kelvin—Voigt model connected in series. This model provides a
viscoelastic spectrum for an entangled polymer system over a wide frequency range,
but in some cases, it is not possible to observe a part of the spectrum depending on
the instrumentation limitations. In our case, again AFM piezo and cantilever response
limit the employment of this model (Malvern Instruments, 2016; Pajic-Lijakovic and
Milivojevic, 2019, 2022).

Previous studies, in which circular-shaped patterns were utilized, all circle interior
was covered with some adherent protein favoring cell attachment (Song et al., 2011).
In our work, we discussed circular patterns; however, a better description would be a
ring-shaped pattern because only a ring profile is filled with fibronectin and the center
of the circle is coated with the antifouling PLL-PEG. Thanks to this shape, we have
seen that cells tended to touch only the fibronectin area, leading to an interesting actin
filament distribution and organization. In particular, in cells patterned in the 35- and
45-um-diameter circles, concentric and radial actin filaments are visible mimicking
the ring-shaped, otherwise the cell body seemed to be detached or not interacting with
the centric area, leading to a weak distribution of actin filaments with no specific
orientation and organization. Accordingly, pattern coating with an optimal selection
of an ECM protein appears to be indispensable for optimizing cell patterning as well

as for driving cell cytoskeleton organization and thus cell mechanical properties.
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4.5 Materials and Methods

4.5.1 Cell culture

Primary fibroblasts were isolated from three surgically removed skin tissues of left-
hand palmar fascia regions of a 55-year-old female patient. Scar fibroblasts were
derived from cutaneous scar excision and control from adjacent skin tissue.
Dupuytren fibroblasts were isolated from the nodules in the palmar fascia. Cells were
incubated in Dulbecco’s modified Eagle medium (DMEM, containing 3.7 g/L
NaHCO3 and 4.5 g/L D-glucose, FG0435, Sigma) supplemented with 10% fetal
bovine serum (F7524, Sigma) and 2% streptomycin—penicillin (P0781, Sigma).
Approximately 30,000 cells were added onto patterned coverslips and incubated for
5-6h at 37 °C and 5% CO2.Then, the patterned coverslips were washed with a
complete medium twice to remove non-adherent cells. Fibroblasts between passages

8-10 were used, where cells proliferate consistently.
4.5.2 Micro-patterns formation

Here, 22-mm-diameter round glass coverslips were sonicated with acetone for 2 min
followed by water sonication for 2 min. The coverslips were then washed with ethanol
for 1 minute and dried. Once the coverslips were completely dried, they were
incubated in a UV ozone chamber (UVO Cleaner 30-220, Jelight Company Inc.,
USA) for 5 minutes to activate the surface. The surface of the coverslips must be
coated with an antifouling polymer that prevents adhesion of molecules and cells. The
activated surface of the coverslip was incubated with the antifouling PLL (20)-g [3.5]-
PEG (2) solution (SuSoS AG, Switzerland) at a concentration of 0.1 mg/ml for 1 hour
at room temperature in a wet chamber. After 1 hour of incubation, the coverslips were
rinsed with PBS once and milli-Q water four times. To generate patterns, we used a
chromate synthetic quartz mask that has the circles drawn on it (Delta Mask B.V.,
Netherlands) (circular-shaped micropatterns used have dimensions of 25, 35, and 45
pm diameter and illuminating a ring of 7 pum width). The coverslips were attached
onto the mask with a small water drop and exposed to UV for 5 minutes. The UV
oxidizes the PLL-PEG layer generating a chemically structured surface on the
coverslip. After that step, the coverslips can be stored at 4°C for 1 month. Before
usage, the coverslips need to be hydrated for 30 min with PBS and incubated with 25
pg/ml fibronectin—5 pg/ml fibrinogen (Sigma) for 1 hour at room temperature. The
fibronectin—fibrinogen solution is prepared in 100 mM NaHCO3 (pH = 8.6), and the
fibrinogen is labeled using an Alexa Flour 488 dye to allow checking pattern
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formation. The fibronectin should attach to the bare glass, that is, the areas where the
PLL-PEG was removed by UV irradiation (Azioune ef al., 2010).

4.5.3 AFM experiments

Approximately 10 cells of each type of fibroblasts were measured in 25-um-diameter
circles, 20 cells in 35-um- diameter circles, and 15 cells of each fibroblast type in 45-
um-diameter circles. AFM measurements were performed using an MFP3D AFM
(Asylum Research, Santa Barbara, California, USA) combined with an optical
microscope (Zeiss Axiovert 135, Zeiss, Oberkochen) to control tip and sample
positioning. Coverslips were glued onto cell culture dishes with superglue (UHU) to
avoid detachment, and the medium was just added over the coverslip to avoid
contamination with the glue. Cell culture dishes, containing samples, were fixed to
an aluminum holder with vacuum grease (Merck, silicone high-vacuum grease) and
mounted on the AFM stage with two magnets. The entire setup was enclosed in a
home-built polymethylmethacrylate (PMMA) box in order to inject and maintain 5%
CO2 during experiments. Patterned fibroblasts were probed on the nuclear region.
PFQNM-LC-A-CAL cantilevers were used (Bruker, pre-calibrated spring constant
around 100 pN/nm and resonance frequency of 45 kHz in air), which are three- sided
pyramid cantilevers (opening angle 15-25°) with a sausage-like protrusion at the very
end that has a length of 0.8—1 um and a radius of curvature of 75 nm. Apparent
Young’s modulus values were extracted from regular force curves, and the sweep
frequency method was used to obtain cell rheological properties (Hecht et al., 2015;
Instruments, 2016). The force map scan size was 5 um and composed of 16 or 256
force curves (4x4or 16x16 lines per frame). Typically, the force curves were recorded

at a scan rate of 2 Hz, corresponding to a maximum velocity of 20 pm/s.

4.5.4 AFM data analysis

Data analysis software IGOR (WaveMetrics, Lake Oswego, OR, USA) was used to
evaluate the mechanical properties of cells in terms of apparent Young’s modulus (E).
The Hertzian model for parabolic tips was used to calculate apparent Young’s
modulus for each force curve within a force map (Hertz, 1881). The median and 25/75
percentiles and logarithmic histogram of apparent Young’s modulus were considered
representative modulus of each force map. Sweep frequency data were fitted with the
power law structural damping model (Hildebrandt, 1969; Fabry et al., 2001) and
corrected for the hydrodynamic viscous drag (Alcaraz et al., 2002). E* data are

separated into real (in phase) and imaginary (out of phase) parts. The real part
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represents the storage modulus, and it is a measure of the elastic energy stored and
recovered per cycle of oscillation. The imaginary part depicts the loss modulus, and
it accounts for the energy dissipated per cycle of sinusoidal deformation. We also
calculate the power law exponent and loss tangent, which is an index of the solid-like
(<I) or the liquid-like (>1) behavior of the cell. This model assumes a storage
modulus that increases with frequency following a power law with the exponent o
and a loss modulus that includes a term that is a fraction # of the storage modulus and

a Newtonian viscous term, u (Alcaraz et al., 2003; Malvern Instruments, 2016).

4.5.5 Immunostaining

After 5 to 6 hours of cell seeding on coverslips, cells were fixed with 4%
paraformaldehyde for 10 min and permeabilized with 0.2% Triton X-100 for 5 min.
The samples were washed with PBS after each step and then incubated with 10% FBS
along with the primary antibody against vimentin (rabbit anti- vimentin 1:200)
(Abcam, ab92547) for 30 min at room temperature. The secondary antibody (goat
anti-rabbit 1: 200, Atto647N) and Alexa Flour 488 phalloidin for actin fibers (1:200)
(Thermo Fisher Scientific, A12379) were then incubated for 45 min at room
temperature. DAPI (1:5,000) was added for 10 min, while the incubation of the
secondary antibody was still running. Finally, cells were stored in PBS at 4 °C prior
to image acquisition. An inverted spinning-disk microscope equipped with a Live SR
module (LNSB2, Nikon TI-2, Yokogawa CSU-W1-T2, Gataca Systems) with the x63
objective lens (Plan Apo, NA 1.4 Oil) was used to observe cells and collect
fluorescent images (Photometrics Prime95B Scientific CMOS Camera) through
appropriate filters (emission: 450/50; 525/50; 595/50; and 700/75). Three-
dimensional-view representation videos were created using IMARIS software
(Bitplane, Oxford Instruments).

The super-resolution images were taken using a stimulated emission depletion
(STED) microscope (Abberior Instruments GmbH, Germany) with the x100
objective lens (Plan Apo, NA 1.4 Oil), with an excitation at 640 nm followed by a
depletion at 775 nm. SiR-actin (Cytoskeleton, Inc., 1:1,000) was used to label F-actin
in live cells. The cell culture medium was replaced, and SiR-actin was directly added
to the cells. The cells were then placed in the incubator at 37°C and 5% CO2 for 1-2

h prior to image acquisition.
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4.5.6 Cell height and volume

Cell height and volume were calculated using Fiji software. From the orthogonal
projections of the cell, the cell height was obtained, and the cell volume was estimated

from the area of the orthogonal projections.

4.5.7 Statistical analysis

Differences between the apparent Young’s modulus of different cells or different
patterns were determined using the Wilcoxon signed-rank test and Cohen’s d-test
using IGOR. For each force volume, E’s median was calculated. The effect size
(Cohen’s d) between the mean of E and the significance of difference (Wilcoxon
signed-rank) between the E for each type of patterned fibroblasts was tested. p-values
were obtained using the Wilcoxon signed-rank test, where * indicates p < 0.01, and
Cohen’s d-test, where # indicates 0.2 < d < 0.5 and ## indicates d > 0.5.

4.6 Conclusions

In this work, fibroblasts from the Dupuytren’sdisorderwere confined in circular-
shaped patterns of three different sizes (25, 35 and 45 um diameter). We compared
mechanical properties of control fibroblasts, scar fibroblasts from a wounded area and
pathological fibroblasts, and Dupuytren fibroblasts, using the AFM. PFQNM
cantilevers probed the cells over the nucleus area, and the apparent Young’s modulus
from the approach curve showed that control fibroblasts stiffen when increasing the
pattern diameter. This behavior may simulate a fibroblast transition toward the
myofibroblast phenotype, owing to an increase in cortical tension inside the cell body.
Rheological properties, represented as the loss tangent and power law exponent
parameters, corroborated an increase in solid-like behavior as the pattern dimension
increases. Scar and Dupuytren fibroblasts maintain their stiffness regardless of the
pattern diameter, suggesting that they appear to be less affected in cell rheological
properties by changes in adhesive contact areas in the environment, adapting their
body to the patterns’ geometry. The fibronectin-coated area supported cell adhesion
to the substrate and cytoskeleton formation; however, the central area of the circle,
which was covered with PLL-PEG, forbade cell attachment and cytoskeleton
development. These experiments suggest that micropatterning is a valuable approach
to study cell mechanics, as it diminishes cell morphology variability and limits cells’
free spreading as well as allows combination with other methodologies, such as AFM

measurements.
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4.11 Supporting information

Data processing

To extract the Young’s modulus from the obtained curves (d-z), we used the
following approach based on Hertz’s model. Firstly, to compute the force (F) applied
by the cantilever, the following relation is employed:

F=k-(d—d) (Eq. 4.1)
and the indentation (9) is calculated:

where d,, is the deflection offset and z, the cantilever displacement at the tip-sample

contact point. To analyze the F-5 curves, Hertz’s model for spherical indenters is

used:

F=2VR-L_5% (Eq. 4.3)

3 1-v?
where R is the radius of the curvature in spherical or parabolic probes, v is the
Poisson's ratio (which is considered 0.5 for cells) and E is the elastic or Young's
modulus of the sample.
Contact point determination is based on the inspection of the force curve, where each
point is considered as a potential contact point. For each potential contact point, the

d-z curve is converted into F-0 and then fitted with the appropriate contact mechanics

model, in our case Hertz fit for spherical indenters.
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Figure 4.1 Approach force curve in red with the Hertz fit in blue. Vertical green lines

limit the analysis range of the curve and green, blue and red flags represent the
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estimations of the contact point (left). Force versus indentation display after contact
point determination, original data are in red, blue curve is Hertz fit and the vertical

green lines delimit the analysis range (right).

Sweep modulation

In sweep modulation a sinusoidal modulation with increasing frequency is applied to
the z-piezo while the tip is in contact. Typically, we use a dwell time of 8.7 seconds,
where during the first second no modulation is applied since the cell creeps
substantially. Then the frequency is swept from 1Hz to 1kHz, where for each
frequency only one cycle is applied. The frequency series is designed as a geometric
series, so that in each decade we use the same number of frequencies. Typically, the
frequency increases by a factor of 1.15 from cycle to cycle, which results in 17

frequency values per decade, which are equally spaced on a logarithmic scale.

The elastic and viscous modulus, denoted here as loss and the storage modulus, are a
function of frequency and in the simplest case we expect a power law behavior.
However, in our case at frequencies beyond 10 Hz (depending on experimental
parameters especially dimension of the cantilever) hydrodynamic drag of the
cantilever will become very prominent. Thus, we employ the structural damping
model as has been introduced to AFM rheology by Alcaraz et al. (Alcaraz et al.,

2003). Here, the complex modulus G™ is written as:

a
Euy=Eo* (L+ i)+ (=) +iu o (Eq. 4.4)

wWo

where E* is the complex elastic modulus; Eo is the scale factor of the storage and loss
moduli; i the imaginary unit; 1 the loss tangent; ®o in the frequency scale (in our case
1 Hz); o the power law exponent of the sample and x the Newtonian viscous term,
which will depend on the shape of the cantilever and the viscosity of the medium.
The real part represents the storage modulus and the imaginary part corresponds to
apparent loss modulus, which has two contributions; (1) from the sample, which
scales with the same power law exponent as the storage modulus, and the
hydrodynamics, which is directly proportional to the frequency. Thus, we can first
obtain the power law exponent by fitting the storage modulus as a function of
frequency, and then in a second step obtain the loss tangent 7 and the strength of the

hydrodynamic damping of the cantilever u.
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Figure 4.3 Sweep modulation AFM methodology. Deflection versus time. The

deflection is the cantilever bending and it can be extrapolated to cell response. The

highlighted area in the black box is the zoom of the sweep step. Deflection reflects

cantilever movement over time.
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Figure 4.6 Eo, scale factor of the storage and loss moduli. Box plot of E¢ with the
median and 25/75 percentiles. Data shows information from different cells. Each
colour represents one type of fibroblast, Dupuytren, scar and control in black, red
and blue, respectively. Besides, within each group the colour gradient shows the cells
patterned in each circular diameter, from the lightest to the darkest, goes from the 25
to the 45 um circular diameter, respectively. Statistical analysis: Wilcoxon signed-
rank test, * indicating p < 0.01 and Cohen’s d test with # indicating an effect size of
0.2 <d <0.5 and ## indicating d >0.5. ¢ = diameter. (N = 15).
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circular diameter, respectively. Statistical analysis: Cohen’s d test with # indicating
an effect size of 0.2 <d < 0.5 and ## indicating d >0.5. o = diameter. Wilcoxon signed
rank test was performed and showed no significant differences between any circular

pattern diameter within each type of fibroblast (N = 15).
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cells in 25 pm diameter circles, 35 pm diameter circles and 45 um diameter circles,
respectively. Statistical analysis: Wilcoxon signed-rank test, * indicating p <0.01 and
Cohen’s d test with # indicating an effect size of 0.2 < d < 0.5 and ## indicating d
>(0.5. o = diameter (N = 15).
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Figure 4.9 Scar fibroblasts patterned in fibronectin-coated circles. Actin fibers
labeled in green, PLL-PEG layer in red.

Figure 4.10 Control fibroblasts patterned in fibronectin-coated circles. Actin fibers
labeled in green, PLL-PEG layer in red.
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Figure 4.11 Z- and orthogonal projections of Dupuytren fibroblasts patterned in: A)

25-um, B) 35-um and C) 45-pm o circles. Actin fibers labeled in green (N = 4).

Figure 4.12 Z- and orthogonal projections of control fibroblasts patterned in: A) 25-
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Figure 4.13 Estimation of relative cells volume from the xz projections from the
fluorescent images. The dots represent the mean with the standard deviation (N = 4).

The circles next to each mean value correspond to the individual measurements.
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Figure 4.14 Control fibroblast xz projections when patterned in A) 25 pm diameter,
B) 35 um diameter and C) 45 pm diameter circles. We propose a possible explanation
to the changes in cell height when increasing circle diameter but cells increase their
volume. Control fibroblasts decrease their height but increase their volume with
increasing pattern diameter. We suggest that the increase in volume may be because
they spread more homogeneous through the pattern, reducing the height but gaining

volume in the lamelipodia protrusions.
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Figure 4.15 Frequency-dependent of complex elastic moduli of a control fibroblast
pattern in a 45 pum circle. Close and open circles represent the storage (E’) and loss
modulus (E”), respectively. Continuous line represents a single power law fit to the
storage and loss modulus and dashed line represents power law structural damping
fit. Single power law fit gives different exponents for storage and loss modulus due
to the different frequency dependence and the structural damping provides one power
law, which is the same for the storage and loss modulus. Data shown after viscous

drag correction.
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Chapter 5
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5.1 Abstract

We assessed cell mechanical properties in both 2D and 3D environments employing
compliant type I collagen matrices. Firstly, collagen gels of varying stiffness were
prepared using a photocrosslinker to increase gel stiffness. Using methacrylic

anhydride and UV light, a 10-fold increase in apparent Young’s modulus with respect
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to the soft collagen gel was achieved (0.2 kPa to 2 kPa). In addition, cells were plated
onto the different collagen gels and hard Petri dishes (as a super stiff substrate) and
their mechanical properties were evaluated. An increase in apparent Young’s
modulus was observed in Dupuytren fibroblasts behavior when increasing substrate
stiffness, supporting its myofibroblast phenotype (3.8 kPa to 5.2 kPa from soft
collagen gels to hard Petri dishes). Secondly, gel’s mechanics, in which fibroblasts
were embedded, were evaluated over time to assess cells contraction properties. Gel’s
apparent Young’s modulus increased over time regardless of fibroblasts type and cells
presented dendritic protrusions. Rheological properties of both cells and gels were
extracted using AFM sweep frequency scheme and power law structural damping
model for data analysis. As a summary, we have found that fibroblasts contractile
properties, related to myofibroblast differentiation and development are highly
influenced on the mechanical properties of the surrounding environment, being stiffer

environments those that favor the increase in fibroblast mechanical tension.

5.2 Introduction

Tissue is the biological organization of structurally and functionally similar cells and
their extracellular matrix (ECM) (Bosman and Stamenkovic, 2003). In disease, it is
important to study both cellular and ECM alterations to reach a better understanding
of disease’s origin and progression (Choquet, Felsenfeld and Sheetz, 1997;
Trappmann and Chen, 2013; Matte ef al., 2019). In biophysics, studies at single cell
level are commonly employed to assess cell mechanical changes, among other
changes like adhesion or biochemical variations, in disease. AFM has been used to
compare mechanical alterations between healthy and cancerous or pathological cells
(Lekka et al., 1999), opening a new window supporting the potential of studying cell
mechanics with AFM as a diagnostic marker. However, it is well known that cells
react and respond to their surrounding environment; therefore, it is important to
specify in which conditions measurements were performed. Several progresses in the
topic showed that cancerous cells being softer than healthy cells could not be taken
as a general statement. Healthy cells were found to modify its stiffness to the stiffness
of the support in contrast to cancerous cells, which appear to be less sensitive to
changes in substrate mechanical properties (Rianna and Radmacher, 2017b).
Currently, artificial and natural hydrogels are becoming popular as 2D scaffolds to
plate cells and assess cell behavior under specific conditions. Polyacrylamide (PA)
gels are widely used due to their capacity of being modulated to achieve large range
variability in stiffness (Witkowska-Zimny et al., 2013; Abidine et al., 2018; Viji Babu

124



et al., 2018). Artificial hydrogels made of natural polymers such as collagen, gelatin,
hyaluronic acid, alginate, and dextrin are also employed to measure cell mechanics
on and in compliant substrates. These hydrogels are often ultra soft (few hundreds of
Pa) and certain chemical or physical agents are needed to increase the number of
crosslinks and thus to raise gel’s stiffness. Glutaraldehyde, genipin and ribose are
some of the compounds used to increase collagen gel's strength (Sheu et al., 2001;
Sundararaghavan et al., 2008; Zhang et al., 2014; Vicens-Zygmunt et al., 2015).
Methacrylic anhydride along with a photoinitiator has also been employed as a
crosslinker to modify collagen gel’s stiffness. The exposure of methacrylated
collagen under UV light of a certain wavelength favors the linkage between
methacrylated collagen fibers (Gaudet and Shreiber, 2012; Drzewiecki et al., 2014;
Nguyen, Watkins and Kishore, 2019). Thanks to the use of the above-mentioned
techniques, collagen gels reaching a few kPa can be successfully made. The seeding
of cells on top of compliant hydrogels, which present similar mechanical properties
to cells, resembles more tissue-like environments; however, 3D dimensionality is still
lacking (Duval et al., 2017; Jensen and Teng, 2020). For that reason, hydrogels made
of some ECM proteins, such as collagen, are gaining importance to be used as
scaffolds to culture cells (Rhee and Grinnell, 2007; Nichol et al., 2010; Duval ef al.,
2017; Xie et al., 2017; Court, Malier and Millet, 2019; Vaughan et al., 2019). Type |
collagen is the most abundant protein in connective tissue that provides mechanical
stability and strength and fibroblasts are responsible for its synthesis (Fratzl, 2008);
thus, its use resembling ECM properties is increasing.

Cells, in tissues, are surrounded by neighboring cells and ECM, which together
provide different stresses and biochemical cues as in a 2D environment. Tissue
availability is limited for research purposes, which is the closest biological
organization to cells’ natural environment; therefore, other strategies are needed to
provide tissue-like conditions. In disease, cells can experience changes in
biochemical and biomechanical composition that may be transmitted to the ECM,
procuring ECM composition and stiffness alterations as well (Janmey and Miller,
2011). Accordingly, both cells and ECM variations may generate feedback loop
responses, in which cell-ECM interplay is essential. Hence, cell-to-cell interaction as
well as with its surrounding is vital for cell mechanical properties development. Cell
behavior assessment surrounded by its natural ECM is desirable; otherwise artificial
hydrogels mimicking ECM composition and mechanics offer a good compromise
(Heffernan et al., 2015; Link et al., 2017; Court, Malier and Millet, 2019; Vogel et
al., 2020). 3D hydrogels provide physical constraints forcing the cells to adapt
morphologically as well as chemically and biologically to an environment similar to

that in tissue. There are several models to study fibroblasts contractile activity; free-
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floating matrix contraction and anchored matrix contraction are the most employed.
In the method first the gel is detached from the substrate right away after gelation and
is based on measuring the reduction in matrix’s diameter and the tension is distributed
isotropically; however, the anchored model maintains the gel attach to the substrate
for some time and after a certain time period, the gel is detached and measures
changes in matrix height and the tension is distributed anisotropically. Many studies
used the free-floating model because it is easier to measure; nevertheless, it was
shown that fibroblasts do not proliferate in compliant matrices; they become arrested
in cell phase GO (Sarber et al., 1981; Kono et al., 1990). Therefore, mechanical stress
in the anchored matrix due to the attached surface seems to simulate better fibroblasts’

environment and more specifically wound healing process.

Cell and tissue mechanics have been investigated using several techniques, such as
optical and magnetic tweezers, flow cytometer and atomic force microscopy (AFM)
(Zhang and Liu, 2008; Kirmizis and Logothetidis, 2010; Kilinc and Lee, 2014; Otto
etal.,2015; Rosendahl et al., 2018). This latter technique has gained importance over
the last twenty years, due to its ability to be used as a diagnostic tool as above
mentioned. By applying an appropriate AFM methodology and contact model to
analyze it, the sample's mechanical response can be well described. AFM piezo-based
nanopositioning provides the user flexibility to design any useful scheme to get the
desired sample response. Step response (Yango ef al., 2016), force clamp (Hecht et
al., 2015) and sweep modulation (Alcaraz et al., 2003) are some of the employed
AFM methodologies to differentiate between elastic and viscous properties of cells.
Fractional models, such as Kelvin-Voigt, and damping models based on exponential
and power law’s cell response can be used to analyze AFM data (Alcaraz et al., 2003;
Jozwiak, Orczykowska and Dziubinski, 2015; Pajic-Lijakovic and Milivojevic, 2019;
Bonfanti et al., 2020).

In this study fibroblasts from a patient suffering Dupuytren’s disease were used.
Dupuytren’s disease is a fibromatosis of the connective tissue of the palm that
generates nodules and cord in the palmar fascia leading to finger flexion and hand
contraction (Bayat et al., 2002; Shaw et al., 2007; Warwick, Thomas and Bayat, 2012;
Morelli, Fraschini and Banfi, 2017). Fibroblasts differentiation into myofibroblast
phenotype (o-smooth muscle actin positive fibroblasts) is one of the disease’s
characteristics that bring together changes in the ECM that enhances fibroblasts stress
and thus hand contraction (Grinnell, 1994; Baum and Duffy, 2011b; Hinz, 2015a;
Bochaton-Piallat, Gabbiani and Hinz, 2016). We dispose of three fibroblast types
from different tissue samples from the palm of the same patient; healthy from dermal

region, scar fibroblasts from the scar excision and Dupuytren fibroblasts from the
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nodules of the palmar fascia, presenting a myofibroblast phenotype (Viji Babu et al.,
2018).

The aim of this project is to assess cells mechanical behavior with increasing substrate
stiffness and cells contractile ability when embedded in collagen gels. For this
purpose, firstly cells were seeded in collagen gels of different stiffness (0.2 to 2 kPa)
and petri dishes as a hard substrate for comparison. Secondly, to provide 3D
dimensionality, fibroblasts were embedded in soft collagen gels and gels’ stiffness

were evaluated after different culture times.

5.3 Results

Collagen from rat-tail was used to prepare collagen gels of two different stiffnesses.
We used the same collagen concentration in both gels (5.5 mg/ml); however, to
increase gel stiffness we employed a crosslinking molecule (methacrylic anhydride)
to induce an increase in collagen fibers crosslinks. The free amino groups on the
lysine residues of the collagen fibers undergo nucleophilic substitution with
methacrylic anhydride. A photoinitiator, in our case Irgacure, when exposed to UV
light (365 nm) generates radicals that are transmitted to methacrylate groups favoring
the linkage between them in different collagen fibers increasing the number of
crosslinks and therefore leading to stiffening of the gel (Fig. 5.1).
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Figure 5.1 Synthesis of methacrylated collagen.
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We performed AFM experiments to evaluate gel stiffness and we obtained an increase
in stiffness of 10-fold of the methacrylated collagen with respect to the soft collagen
(soft collagen: 0.2-0.3 kPa; methacrylated: 2-3 kPa) (Fig. 5.2).
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Figure 5.2 A) Box plot (median with 25/75 percentiles) of collagen gels stiffness (n
= 7) and B) logarithmic histogram representation of apparent Young’s modulus. Data
were extracted from AFM measurements on bare gels incubated the same time as

cells.

We seeded three different fibroblast types on the two different collagen gels and used
petri dishes as a hard substrate for comparison. Thanks to the collagen gels’ stiffness
obtained and the petri dishes, we assessed cell mechanical behavior in substrates with
really different stiffness, thus allowing us to encompass cell response in different
environments. Cells data on hard petri dishes are used as a reference and were

described in the previous work (Pérez-Dominguez ef al., 2023).
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Figure 5.3 Box plot (median with 25/75 percentiles) and histogram distribution of
the Apparent Young’s modulus from approach curves of the three different fibroblasts
seeded on soft collagen gel, methacrylated collagen gel and petri dish (n = 30). Data
are sorted by cell type and within each group; from lightest to darkest color represents
the softest to the stiffest substrate where the cells were seeded.
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Table 5.1 Numerical results of apparent Young’s modulus of fibroblasts, presented
in Fig. 5.3 (median).

Apparent Control collagen Methacrylated Petri dish
Young’s modulus collagen
Healthy Fib. 4156 Pa 2419 Pa 3115 Pa
Scar Fib. 5161 Pa 3575 Pa 3732 Pa
Dupuytren Fib. 3826 Pa 2876 Pa 5236 Pa

As a comparative parameter, the apparent Young’s modulus from the approach curve
was computed and the Hertz model for spherical indenters was used (Fig. 5.3). All
cell types showed a decrease in apparent Young’s modulus when seeded in
methacrylated collagen in comparison to soft collagen gels. Nevertheless, healthy and
scar fibroblasts presented a slightly increase in apparent Young’s modulus when
seeded on petri dishes with respect to methacrylated collagen, but Dupuytren
fibroblasts showed a large increase in apparent Young’s modulus even surpassing
apparent Young’s modulus values of the cells when seeded on soft collagen gels (Fig.
5.3 and Table 5.1). Statistical analysis showed significant differences among healthy
fibroblasts seeded on the different substrates. Scar fibroblasts seeded on soft collagen
and methacrylated collagen showed significant differences, as well as scar fibroblasts
plated on soft collagen and petri dishes. Additionally, significant differences among
Dupuytren fibroblasts seeded on the three different substrates were observed. Cohen’s
d test was calculated to complement Wilcoxon test and large size effect was observed
between healthy fibroblasts seeded on soft and methacrylated collagen as well as
methacrylated and petri dish. Medium size effect was found between healthy
fibroblasts seeded on soft collagen and petri dish. Moreover, medium size effect could
be seen between scar fibroblasts seeded on soft collagen and petri dish, as well as
when seeded on methacrylated collagen and petri dish. Scar fibroblasts seeded on soft
and methacrylated collagen showed large size effect. Same size effect results as
healthy fibroblasts were observed for Dupuytren fibroblasts, except when comparing
Dupuytren fibroblasts seeded on soft and methacrylated collagen, in which medium

size effect was obtained.

The hysteresis between approach and retract curves is due to cell viscosity, which
cannot be quantified and separated from the elastic response in conventional force
curves. To measure the elastic and viscous response of the cell samples, we used the
sweep frequency scheme, previously described (Pérez-Dominguez et al., 2022). In

figure S5.1 comparison between viscoelastic properties of the three different
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fibroblasts obtained from the sweep frequency data as a function of substrate were
shown. In healthy and scar fibroblasts, the measured storage modulus at 1 Hz seemed
independent on the substrate stiffness (healthy fibroblasts: 3150 Pa to 2500 Pa, from
soft collagen to Petri dish; scar fibroblasts: 4050 Pa to 3050 Pa, from soft collagen to
Petri dish), while Dupuytren fibroblasts showed an increase in storage modulus going
from 3202 Pa (soft collagen) to 4322 Pa (Petri dish). The loss modulus at 1 Hz showed
similar results as the storage modulus, in which healthy and scar fibroblasts slightly
varied (healthy: 615 to 495 Pa, from soft collagen to Petri dish; and scar: 675 to 581
Pa, from soft collagen to Petri dish), whereas Dupuytren fibroblasts displayed an
increase from 599 to 737 Pa (Fig. S5.1). Both moduli (storage and loss) displayed
similar frequency dependence up to 10 Hz. However, loss modulus showed more
marked frequency dependence at higher frequencies due to in a large extent the
hydrodynamic drag of the cantilever in contact with the liquid (Fig. S5.2). Healthy
and scar fibroblasts E* vs. frequency results almost overlapped each other, suggesting
similar behavior regardless substrate stiffness. The representation of E* over
frequency before and after viscous drag correction could be seen in figure S5.3. The
three fibroblast types showed similar power law exponent in the different substrates,
presenting values around 0.11, and loss tangent values were around 0.2 at 1 Hz (Fig.
5.4). Eo values varied depending on cell type and substrate and presented similar
results as the storage modulus (Fig. S5.4) and the Newtonian viscous term (p) was
rather constant for Dupuytren fibroblasts regardless substrate stiffness (15 Pa-s) (Fig.
S5.5).
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Figure 5.4 Box plot (median with 25/75 percentiles) and histogram distribution of the
power law exponent and loss tangent at 1 Hz (left and right) (» = 30). Data are sorted
by cell type and within each group; from lightest to darkest color represents the softest

to the stiffest substrate where the cells were seeded.

Cytoskeleton organization in the cells seeded on the different substrates was
evaluated labeling actin fibers. Scar and Dupuytren fibroblasts presented elongated
shape and seemed to be aligned when seeded on soft collagen (Figure 5.5 d,g) while
they displayed more spread body and randomly dispersed when seeded on
methacrylated collagen (Figure 5.5 e,h) and petri dishes (Figure 5.5 f,i). Healthy
fibroblasts seemed to follow the same trend; however, due to the low number of cells
found in the images, big statements cannot be made (Figure 5.5 a,b,c). Differences in
cell morphology were also corroborated with the quantification of cell eccentricity
and fibroblasts showed a decrease in eccentricity when seeded on petri dish with

respect to soft collagen gel substrate (Fig. S5.6).
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Figure 5.5 Fluorescence images of healthy, scar and Dupuytren fibroblasts labeled
with rhodamine phalloidin (actin cytoskeleton). The upper panels show healthy
fibroblasts seeded on soft collagen (a), methacrylated collagen (b) and Petri dish (c).
The middle panels show scar fibroblasts, seeded on soft collagen (d), methacrylated
collagen (e) and Petri dish (f). The lower panels show Dupuytren fibroblasts, seeded
on soft collagen (g), methacrylated collagen (h) and Petri dish (1). Scale bars are 50

um.

In an attempt to better resemble the cells’ environment in tissue, fibroblasts were
embedded in soft collagen gels generating 3D structures. We measured 3D gels
stiffness after three different incubation times: 2 days, 1 week and 2 weeks.
Conventional force curves of the gels after the different incubation times were

presented in figure 5.6. Note that there was an increase of the slope with increasing
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the incubation time in all gels regardless of fibroblasts type. This slope increment was
observed in an increase in gel stiffness over time (Fig. 5.7).
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Figure 5.6 Representative force curves of gels where healthy (a), scar (b) and
Dupuytren (c) were embedded. From lightest to darkest color in each graph represents
gels measured after 2 days, 1 week and 2 weeks incubation time, respectively. Solid
and dashed lines represent approach and retract curves, respectively.

134



Healthy 2 Healthy #

Scar @  Scar '_t.f&‘_l
Dupuytren 2 Dupuytren
- #
1,500 Y

4 T

it

5004 =

©@ Healthy
© Scar
@ Dupuytren

Apparent Young's modulus [Pa]

2 days 1 week 2 weeks

2 weeks incubation

0.5
0.4+ Dupuytren
Scar
Healthy
> , .
2 03 1 week in ion
)]
=]
o
o
L Dupuytren
0.2
2 days incubation
0.1 1.
Scar i H -l'L
0.0 Healthy _.-I'I'rrl- -h'h-n-._
' 2 468 2 468 2 468
10 Pa 100 Pa 1 kPa 10 kPa

Apparent Young's modulus
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The measured apparent Young’s modulus of the gels went from 177 Pa (2 days) to
952 Pa (2 weeks) when healthy fibroblasts were embedded; 212 Pa (2 days) to 1156
Pa (2 weeks) for scar fibroblasts and 231 Pa (2 days) to 948 Pa (2 weeks) having
Dupuytren fibroblasts embedded. Significant differences between healthy and
Dupuytren gels after 2 days incubation could be seen in figure 5.7. In addition, healthy
versus scar and scar versus Dupuytren gels after 1 week incubation also showed
significant differences; these differences were also visible after 2 weeks of
incubation. Cohen’s d analysis suggested medium size effect between healthy and
scar; and healthy and Dupuytren gels after 2 days of incubation. A similar medium
size effect could be observed among all gels after 1 week of incubation and healthy
versus scar and healthy versus Dupuytren gels after 2 weeks of incubation. Finally,

scar and Dupuytren gels after 2 weeks of incubation presented a large size effect.

We used sweep frequency data to obtain the viscoelastic response of the gels in the
different conditions. Frequency dependence of storage and loss moduli are displayed
in figure 5.8. We could see how storage and loss modulus almost follow the same

trend over all frequency range after viscous drag correction (Fig. 5.8).
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Figure 5.8 Frequency dependence of the storage modulus (filled symbols) and the
loss modulus (open symbols) measured on gels in which healthy (blue), scar (red) and
Dupuytren (black) fibroblasts (n = 30) were embedded at different oscillation
frequencies (median). From the lightest to the darkest colors in each graph represents
more to less incubation time (from 2 days to 2 weeks). Solid lines are the fit of the

power-law structural damping model.

Storage modulus at 1 Hz versus power law exponent plot for all gels was presented
in figure 5.9. We saw a tendency towards larger storage modulus values and slightly
decrease in power law exponent, from 0.16 (2 days incubation) to 0.14 (2 weeks

incubation) with increasing incubation time (Fig. S5.10).
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Figure 5.9 Scatterplot of storage modulus at 1 Hz versus power law exponent. Each
dot corresponds to an individual force curve. a) Gels with healthy fibroblasts; b) gels
with scar fibroblasts and c) gels with Dupuytren fibroblasts. Colors present gel data
at different incubation times (n =30). Rheological properties of the gels can be seen

in figures S5.7-S5.12.

There were no significant differences between gels in loss tangent parameter,
presenting values close to 0.1. From less to more incubation time there was a small
increase in loss tangent, related to an increase in gel viscosity (Fig. S5.9). Eo and
Newtonian viscous term (u) values were calculated and can be seen in figure S5.11-
S5.12.

Live/dead staining of cells inside the collagen gels was performed in order to evaluate
cell survival inside artificial hydrogels, showing the three fibroblasts a good viability
when embedded in collagen gels (Fig. S5.13). Moreover, to assess how the cell's
cytoskeleton reacted to a soft 3D environment, actin fibers and nucleus were labeled
(Fig. 5.10). We saw how Dupuytren fibroblasts spread faster than the other two cell
types after 2 days of incubation (Figure 5.10 a,b,c); however, after 1 week and longer
time periods, the three cell types seemed to stabilize, showing similar cell
morphology and actin fibers distribution (Figure 5.10 d-i1). Cell morphology was
corroborated quantifying cell eccentricity, showing an increase in healthy and scar
fibroblasts’ eccentricity over time but Dupuytren fibroblasts maintained similar

values throughout the incubation period (Fig. S5.14).
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Figure 5.10 Fluorescence images of cells in 3D-collagen matrices. 2 days incubation:
a) healthy, b) scar and c¢) Dupuytren fibroblasts; 1 week incubation: d) healthy, e) scar
and f) Dupuytren fibroblasts and 2 weeks incubation: g) healthy, h) scar and 1)
Dupuytren fibroblasts. Actin fibers labeled in red and nucleus in blue. Scale bar: 20

pum.

We calculated the number of cells per cm? inside each gel to verify how cells respond
to the collagen 3D environment (Table 5.2). The number of healthy fibroblasts in the
gel from 2 days to 1 week increased 3-fold and continued increasing constantly, 3-
fold, from 1 week to 2 weeks incubation. Scar fibroblasts duplicated faster, increasing
the number of cells 5-fold after 1 week. However, this rate decreased to 3-fold from
1 week to 2 weeks incubation. Dupuytren fibroblasts duplicated a bit faster than
healthy from 2 days to 1 week (4-fold) and rose from 1 week to 2 weeks (4.5-fold).
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Table 5.2 Number of cells per cm® for each gel condition.

Incubation time Healthy Scar Dupuytren
Fibroblasts Fibroblasts Fibroblasts

2 days 1.9-10° cells/cm® 2-10% cells/cm® 2.9-10° cells/cm?

1 week 6.2:-10% cells/em®  1.1-107 cells/cm®  1.1-107 cells/cm?

2 weeks 2-107 cells/cm? 3.2:107 cells/em®  4.9-107 cells/cm?

Immunostaining of the gels for fibronectin, collagen I and III was performed in
combination to AFM measurements. Collagen I and III were not visible in any gel
regardless of cell type and incubation time; however, differences in fibronectin
secretion were observed. All cell types increased the secretion of fibronectin over
time, presenting 2 weeks incubation the strongest signal (Fig. 5.11). 2 weeks
incubation gels, in which Dupuytren fibroblasts were embedded, presented a slightly
increase in fibronectin signal intensity. Besides, fibronectin signal was stronger on
the upper layer of the gels, probably due to the impediments of the antibodies to
diffuse within the gel.
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Figure 5.11 Fluorescence images of the 3D-collagen gels presenting fibronectin

labeling in green and cell’s nucleus in blue (scale bar: 200 um). 2 days incubation: a)
healthy, b) scar and c¢) Dupuytren fibroblasts; 1 week incubation: d) healthy, e) scar
and f) Dupuytren fibroblasts and 2 weeks incubation: g) healthy, h) scar and 1)
Dupuytren fibroblasts.

5.4 Discussion

Collagen is the most abundant structural protein in the ECM and it is found in
connective tissue such as cartilage, tendons, ligaments and skin. Fibroblasts are
responsible of producing and remodeling collagen that is secreted to the ECM via
exocytosis. It has been observed that artificial collagen gels use to be much softer
than tissues or cells, and it may be due to lower amount of crosslinking between
filaments in these artificial gels and the absence of a mixture of proteins that provide
distinct strength. Different approaches were used to increase collagen gels stiffness -

apart from increasing the concentration - and the most employed one is to use a photo-
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crosslinker that increment the number of crosslinks between collagen fibers, leading
to a certain increase in gel stiffness. We used methacrylic anhydride and Irgacure and
reached a 10-fold increase in apparent Young’s modulus with respect to the untreated
collagen gel (soft collagen). How ECM mechanics and biochemical composition
influences the cell’s mechanics is an important issue; therefore, the substrates used in
this work can span a broad fibroblasts response due the different mechanical and

biochemical composition.

In our experiments, we varied two experimental parameters: cell type and substrate
stiffness, which resulted in a highly complex and interesting research project;
therefore, it is possible to discuss it in two different ways. By focusing on individual
fibroblast types seeded in different substrates, we saw that healthy and scar fibroblasts
presented a similar response when changing the stiffness of the underlying support;
showing slightly higher apparent Young’s modulus when seeded on soft collagen but
they stayed almost unaltered when cultured in the methacrylated collagen and petri
dish. These results may suggest that healthy and scar fibroblast present a similar
phenotype and they react similarly to changes in substrate stiffness. This is an
interesting finding, since it is unclear if scar fibroblasts resemble more healthy-like
or pathological-like fibroblasts's behavior. However, although Dupuytren fibroblasts
also presented larger apparent Young’s modulus when seeded on soft collagen gels
with respect to methacrylated collagen gels, its mechanical properties in hard petri
dishes surpassed the rest, which corroborate their myofibroblast phenotype.
Myofibroblasts are contractile fibroblasts developed in wound healing and facilitate
wound closure (Hinz, 2007, 2016; Baum and Duffy, 2011); thus, Dupuytren
fibroblasts' response to substrate stiffness is linked to the wound healing process. It
may be noted that soft and methacrylated collagen gels present not only differences
in stiffness but also in biochemical composition, therefore, changes in fibroblasts’
mechanics may not only depend on the stiffness of the underlying support but also on
the biochemical composition. In fact, all fibroblasts displayed a decrease in stiffness
when plated on methacrylated collagen, which may be due to the toxicity of
methacrylate groups, to which cells were exposed. Previously, physiological matrices
with different protein content as well as different stiffness were used to study
fibroblasts response (Viji Babu et al., 2019). Pathological fibroblasts remodeled the
ECM, leading to a stiffening of the matrix but healthy fibroblasts softened it. The
matrices employed in the latter work presented more than one ECM protein; however,
in our case, collagen I was the only ECM protein employed. We believe that our
experimental setup provides clearer results regarding cell response to ECM stiffness
because only one parameter is being investigated at the same time, which is ECM

stiffness and the biochemical composition is not different enough to play a key role
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in our experiments. By looking at cells' responses to the same substrate, curious
results were obtained. In both collagen gels, fibroblasts followed the same
distribution, in which all fibroblasts presented close values in terms of apparent
Young’s modulus. Nonetheless, when cells were plated on hard petri dishes, an
increased tendency towards larger apparent Young’s modulus values from healthy to
Dupuytren fibroblasts were observed. The mechanical stress of a matrix is transmitted
to the cell through integrins that connect the ECM to the cell actomyosin network via
focal adhesion complexes (Lehenkari and Horton, 1999; Critchley, 2000; Wehrle-
Haller, 2012). Myofibroblasts present mature focal adhesion complexes that connect
the cell cytoskeleton to the ECM and are essential for cell attachment; thus, they are
more sensible to changes in ECM stiffness. The tendency towards larger apparent
Young’s modulus values in fibroblasts seeded in hard petri dishes is related to the
myofibroblast phenotype expressed by Dupuytren fibroblasts that adapt to variations
in the mechanical properties of the surrounded environment. These results are
consistent with previous findings, in which Dupuytren fibroblasts modified their

mechanics according to the stiffness of PA gels (Viji Babu et al., 2018).

Frequency dependence of storage and loss modulus of all fibroblasts in all substrates
present the same distribution, storage and loss modulus showing the same frequency
dependence up to ~ 10 Hz; however, loss modulus present a more marked frequency
dependence at higher frequencies. Hydrodynamic viscous drag was corrected;
therefore, the more marked increase in loss modulus over frequency is an intrinsic
behavior of cells. Cell viscosity is governed by internal friction of micro- and
macromolecules sliding in the cytosol. Molecules of different dimensions contribute
differently to the viscous response, being largest molecules the ones that contribute
most (Kalwarczyk et al., 2011). Surprisingly, power law exponent and loss tangent
values were constant across all cells and substrates. Fibroblasts solid-like behavior
does not vary depending on the substrate stiffness, displaying close loss tangent
values on soft collagen gels and hard petri dishes. These values corroborate the altered
cell behavior in soft collagen gels that is similar to that in hard petri dishes, suggesting
that substrate stiffness is not the only parameter governing cell mechanics, but that

other hidden mechanisms are probably at play.

It 1s often possible to correlate cell mechanics to cell morphological changes; e.g.
cells presenting elongated and spread shapes usually display higher apparent Young’s
modulus that is related to the cytoskeleton development. It was known that cells
increase their spreading with increasing the stiffness of the support, expecting to see
higher cell spreading in petri dish substrates (Chopra et al., 2011). Cells plated in soft
ECM functionalized PA gels (few hundreds of Pa), remain little spread with a rounded
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shape (Yeung et al., 2005; Ulrich, De Juan Pardo and Kumar, 2009). The three
fibroblasts investigated in this work presented similar morphology and cytoskeleton
organization in the different substrates regardless substrate stiffness. Although cells
displayed a more orientated/aligned shape on soft collagen gels, cell spreading did
not differ substantially among the different substrates. Cell eccentricity was
calculated and surprisingly, the larger values were displayed by fibroblasts seeded on
soft collagen gels. This cell behavior on soft collagen gels was also shown in 3T3 and
MKF fibroblasts that presented similar morphological properties in compliant
collagen gels and rigid glass substrates (Ali, Chuang and Saif, 2014).

Cell’s natural environment provides of 3D dimensionality as they are wrapped in
ECM that restricts cell mobility and spreading, and causing a downstream signaling
pathway within the cells that activates biochemical and biophysical cues that may
lead to a cell response and therefore changes in cell mechanics. Changes in cell
mechanics are also transmitted to the ECM, generating ECM release/contraction or
changes in ECM composition and/or organization. To provide the cells of these 3D
environmental stimuli, fibroblasts were embedded in soft collagen gels. Gels were
anchored to coverslips since gelation was performed directly on them, thus subjecting
them to an additional tension. Our experimental setup resembles to the anchored
matrix contraction model, in which 3D collagen gels are attached to a surface for up
to a certain time period allowing possible myofibroblast generation and then the gel
is released from the surface. This model is needed when myofibroblast differentiation
wants to be study. The free-floating model does not provide sufficient tension to
stimulate myofibroblast differentiation; thus, it is really important to choose the
appropriate model for the desired results. Matrix dimensional changes to assess
fibroblasts tension generation have been studied using light microscopy or optical
coherence tomography (OCT) and anchored collagen matrix model (Vaughan et al.,
2019). In our experimental work, changes in gels mechanical properties were assessed
using the AFM. AFM allows us to obtain a quantitative measure of gel’s tensional
variations rather than changes in matrix’s dimensions. Gel contraction occurs as a
consequence of motile activity by cells trying to migrate through the matrix, termed
tractional remodeling. Moreover, gel contraction also occurs as fibroblasts spread,
duplicate and elongate, as they first organize proximal collagen fibrils and
subsequently these tractional forces are propagated throughout the entire collagen
fibril network, resulting in the whole matrix contraction (Grinnell, 1994; Rhee and
Grinnell, 2007; Vaughan et al., 2019). Changes in gel stiffness over time were
expected; however, surprisingly, there were no big differences in apparent Young’s
modulus among gels populated by the different fibroblasts. We may see a small

difference in apparent Young’s modulus between healthy and Dupuytren gels (being
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the latest slightly stiffer) after 2 days of incubation. This is understandable since
Dupuytren fibroblasts present more spread morphology than healthy fibroblasts and
cell density is larger by a million cells, increasing cell-ECM contraction. However,
after 2 weeks of incubation, gels’ stiffness stabilizes, displaying no differences among
the different fibroblasts.

We would have expected to see differences between gel stiffness when different types
of fibroblasts were inserted; however, that is not the case in our results. A possible
explanation may be that the number of cells inserted was not enough to produce a
readable gel contraction and change in stiffness or the stiffness of the gel itself was
low to activate cell’s response. Besides, it could also be that the technology employed
to characterize it (AFM) was not the most appropriate. AFM technique allows the use
of cantilevers of different geometries and dimensions. We employed a spherical tip
with a 5.5 um radius, considering it a good compromise between spatial resolution
and large scan size. Moreover, a large tip radius, like the one we use, needs to apply
large forces to reach reasonable indentation depths. Even then, since our hydrogels
have around 250 um thickness, the AFM tip only records surface responses, which

may not be sufficient to get a good value for the general gel stiffness.

Rheological properties of the gels were measured and the frequency dependence of
the storage and loss modulus showed almost identical distribution. Loss modulus is
almost 10-fold smaller than the storage modulus, indicating that these gels have
properties close to pure elastic materials due to the low viscous contribution they have
in comparison to cells. After 10 Hz, loss modulus distribution does not show same
frequency dependence as cells. The more marked frequency dependence of loss
modulus shown by cells is linked to the intrinsic viscous behavior of cells related to
the presence of micro and macromolecules that cause friction, like proteins and
organelles in the cell’s cytosol that actually is really different to the composition of
the artificial collagen hydrogels. The larger the molecule, the larger the viscous
contribution (Kalwarczyk et al., 2011). Loss tangent values are similar in all gels at
the same incubation time but there is a slight increase over time, related to an increase
in the liquid-like behavior, which can be related to an increase in cell number and/or
spreading. This small change in gel’s loss tangent towards more liquid-like behavior
resembles cell interior, in which embedded cells mimic the micro and
macromolecules in the cytosol. An increment in cell number, provides an increase in
frictional elements, thus in viscosity. Nevertheless, loss tangent values of the gels are
still smaller than the cell's values, indicating a more elastic/solid-like behavior.
Similar loss tangent values were observed in PDMS gels (Deguchi et al., 2015).

Storage modulus’ increase of the gels over time has been seen with a rather constant
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power law exponent. The almost constant values of power law exponent of the gels
over time suggests that gel’s rheological changes after two weeks of incubation may

not be sufficient to procure substantial changes that are readable with our equipment.

The large difference in cell number inside each gel does not procure substantial
mechanical changes. At the longest incubation time, apart from an increase in cell
number inside the gels, an increase in cell deposition on the upper layer of the gel,
presenting elongated morphologies similar to the 2D images, was observed. The
accumulation of cells on the top of the gels may suggest a cells’ tendency not to stay
inside the collagen gel, migrating to the upper layer. It may appear that the fibroblast’s
nature leads to leaving the resting state they acquired inside the 3D gel towards a
more contractile behavior in the 2D environment, behaving similarly to wound

healing process.

As above mentioned, healthy and scar fibroblasts present more rounded shape than
Dupuytren fibroblasts at short incubation times (2 days). Nonetheless, at longer
incubation times all fibroblasts display similar morphological features showing
membrane protrusions, resembling dendritic extensions (Grinnell, 2003). Fibroblasts
exhibiting dendritic/bipolar morphologies resemble fibroblasts in tissue under resting
conditions (Breathnach, 1978; Salomon, Saurat and Meda, 1988; Doljanski, 2004;
Goldsmith et al., 2004; Langevin et al., 2005) while cells with well-defined stress
fibers are typically observed in 2D conditions, like in petri dishes or during activated
conditions such as wound repair and fibrosis (Eckes et al., 1999; Tomasek et al.,
2002; Desmouliére, Chaponnier and Gabbiani, 2005). Those differences in cell
dendritic protrusions and well-defined stress fibers can be observed in figure 5.6 and
figure 5.11, representing fibroblasts in 2D and 3D collagen matrices, respectively.
Furthermore, it was observed that fibroblasts stress is linked to the stiffness of the
matrix, needing a certain matrix stiffness to develop stress fibers and later on
differentiate into myofibroblast phenotype (Hinz, 2007). Our fibroblasts
morphological features in soft 3D collagen gels suggests that they present a resting
state as the stiffness of the gel is not enough to stimulate fibroblast activation and
therefore myofibroblast differentiation. Moreover, our gels’ mechanical properties
(too soft) do not allow distinguishing between healthy and “pathological” Dupuytren
fibroblasts’ contractile properties either.

AFM measurements were combined with immunostaining for fibronectin. In natural
conditions, fibroblasts secrete fibronectin along with collagen I and III. The absence
of collagen I and collagen III in our data, even after 2 weeks of incubation, may

suggest that the formation and secretion of those proteins by fibroblasts is produced
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on longer time scales. Different incubation times for both primary and secondary
antibodies were applied, finally improving fibronectin signals using longer incubation
time periods. Protocols similar to whole mount staining, which is used for thick tissue
samples such as embryos, did not provide better results, as well as sirius red staining
(employed to stain and distinguish collagen from the rest of the sample components).
Fibroblasts are one of the most important cells that secrete fibronectin to the matrix
and it is a key factor for wound healing. Fibronectin helps in the formation of a proper
matrix for cell’s migration and growth during the development of granulation tissue,
connective tissue. Besides collagen deposition at the wounded area is developed with
the help of fibronectin. Therefore, fibronectin secretion by fibroblasts before collagen
deposition is in agreement with our results. We saw how fibronectin signal increases
over incubation time, from no signal after 2 days of incubation to visible fibers after
2 weeks of incubation. Moreover, gels in which Dupuytren fibroblasts were
embedded seem to present clearer fibronectin filaments over the other fibroblasts.
This corroborates the pathological myofibroblast phenotype of Dupuytren fibroblasts
that secrete more fibronectin to the matrix than the other two cell types. Changes in
fibronectin expression were also observed in cancer and its increment was seen in

lung carcinoma (Han, Khuri and Roman, 2006).

5.5 Materials and Methods

5.5.1 Collagen extraction

Tails of Sprague-Dawley rats (male, 350 g) were collected as a by-product from other
experiments in the animal facilities of the School of Medicine (University of
Barcelona) and tendons were extracted to obtain a type I collagen solution by
following the protocol by Rajan and coworkers (Rajan et al., 2006). Briefly,
tendons were washed with 100 % acetone and 70 % isopropanol for five minutes
each. Washed tendons were then dissolved in 0.02 M acetic acid and kept for 48-72
hours at 4°C under slow stirring until complete dissolution. Collagen fibers were
triturated and kept frozen at -80°C. Finally, frozen collagen was lyophilized and kept

at -80°C until used. 5.5 mg/ml collagen solution in 0.02 M acetic acid was employed.

5.5.2 Gel preparation

Collagen I from rat-tail was used to generate collagen gels of different stiffness. We
called “soft” to collagen gels with a concentration of 5.5 mg/ml in 0.02 M acetic acid

and “methacrylated” to the methacrylated collagen. Methacrylated collagen increases
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its stiffness with respect to the soft collagen up to 10%. Briefly, 5.5 mg/ml collagen
was mixed with 1/9 of PBS 10x and 19 puL NaOH 1M. The solution was mixed and
6 % of methacrylic anhydride (Sigma), 9 puL of Irgacure initiator (Advanced
Biomatrix) and 19 pLL. NaOH 1M was added. The solution was vortexed and a neutral
pH around 7-8 should be obtained. Collagen solution (either soft collagen or
methacrylated) was poured in a hydrophilic 24 mm square coverslip and covered with
a hydrophobic 22 mm @ circular coverslip to generate a flat surface and to get a
homogeneous gel height. The collagen solution between the coverslips was incubated
for one hour at 37°C at 5 % CO; for polymerization and once the gel was formed; the
top coverslip can be removed adding PBS to detach it easily. Methacrylated gels then

were exposed to 10 minutes UV light to increase gel stiffness.

3D-gels with cells in it were prepared as follows: first, collagen gel solution was
made: 5.5 mg/ml collagen was mixed with 1/9 of PBS 10x and 19 uL NaOH 1M. The
solution was vortexed and a neutral pH around 7-8 should be obtained. Then 4-10:
cells/ml were prepared and added to the collagen solution. 460 pL of collagen
solution were mixed with 40 pL of cells solution. The final cells’ concentration used
was 8-10° cells/cm®. Then, 250 uL of the mixed solution were poured in the 24 mm
square coverslips and covered with the 22 mm ¢ coverslips to generate a homogenous
flat surface for AFM experiments. The mixture was incubated for 1 hour at 37°C and
5 % CO:o. Finally, the top coverslip was released and the gels were immersed in cell

culture medium and incubated until AFM experiments were performed.

5.5.3 Coverslips functionalization

24 mm square coverslips were functionalized to make them positively charged.
Coverslips were washed with 100 % ethanol and exposed to ambient air until dried.
Then, they  were incubated with  NaOH 0.1IM and (N-
[3(Trimethoxysilyl)propyl]ethylenediamine) (Sigma Merck) for 3 minutes each step.
Coverslips were then washed three times with milliQ water for 10 minutes each step
and incubated with 0.5 % glutaraldehyde for 30 minutes. Finally, they were washed
three times with milliQ water for 10 minutes each step and exposed to ambient air

until they were completely dried.

22 mm ¢ circular coverslips were functionalized to make them hydrophobic.
Coverslips were washed with 100 % ethanol and dried. Then, they were covered with
sigmacote solution (Sigma) for 1 minute and washed three times with milliQ water

for 10 minutes each step. Finally, the coverslips were exposed to ambient air to dry.
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5.5.4 Cell culture

Three types of primary fibroblasts from the palm of the same patient who suffered
from Dupuytren’s disease were used in this work: healthy fibroblasts from the dermis
of the palm, scar fibroblasts from a wounded area, and Dupuytren fibroblasts from
the palmar fascia. All cell types were cultured in DMEM medium (containing 4.5 g/L
D-glucose, FG0435, Sigma) and incubated at 37°C in a humidified atmosphere of 95
% air and 5 % CO.. Medium was supplemented with 10 % FBS (fetal bovine serum)
(F7524, Sigma) and 2 % penicillin-streptomycin (P0781, Sigma). Prior cell seeding,
2D-collagen gels were incubated with medium for 30 minutes to promote serum
protein absorption on the gels, hence, cell adhesion. Cells were seeded 48 hours prior
to the AFM measurements. 3D-collagen gels were incubated 2 days, 1 week or 2
weeks prior to AFM experiments. Fibroblasts between passages 8-12 were used for
all the experiments. The study was conducted in accordance with the Declaration of
Helsinki, and approved by the local Ethics Committee ([Irztekammer Bremen,
#336/2012). Patient was informed pre-operatively and had given its informed consent

to anonymous tissue donation.

5.5.5 AFM experiments

AFM experiments were performed with a MFP3D AFM (Asylum Research, Santa
Barbara, CA, USA) to measure mechanical properties of fibroblasts in 2D- and 3D-
environment. An optical microscope was combined with the AFM to be able to
control tips and samples (Zeiss Axiovert 135, Zeiss, Oberkochen). PFQNM
cantilevers presenting three-sided pyramidal tips with 70 nm tip radius (Bruker,
nominal spring constant 100 pN/nm and 45 kHz resonance frequency in air) were
used to investigate cell properties in 2D-gels. MLCT-SPH-5UM (Bruker, nominal
spring constant 150 pN/nm and 17 kHz resonance frequency in air) with 5.5 um tip
radii were employed to assess gel properties in 3D-environment (fibroblasts inside
the gels). Samples were fixed to an aluminum holder with vacuum grease and
mounted on the AFM stage with two magnets. The entire set-up was enclosed in a
home built polymethylmethacrylate (PMMA) box in order to inject and maintain 5%

CO: during experiments.
Apparent Young’s modulus values were extracted from regular force curves and

sweep frequency method was used to obtain cell rheological properties. For

measuring cells seeded on 2D-collagen matrices, force map scan size was 5 pm and
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composed of 16 or 256 force curves (4 x 4 or 16 x 16 lines per frame). Typically,
force curves were recorded at a scan rate of 2 Hz; corresponding to a maximum
velocity of 20 um/s. Indentation depths were always greater than 500 nm in order to
average the stiffness over a large contact area. For 3D-gels measurements, force
curves were acquired over a large area 20 x 20 um and force maps were composed of
16 or 36 force curves (4 x 4 or 6 x 6 lines per frame). Force curves were recorded at

a scan rate of 1 Hz, corresponding to a maximum probing velocity of 7.94 um/s.

5.5.6 AFM data analysis

The data analysis software IGOR (Wavemetrics, Lake Oswego, OR, USA) was used
to evaluate the mechanical properties of cells in terms of apparent Young’s modulus
(E). The Hertzian model for spherical tips was used to calculate the apparent Young’s
modulus for each force curve within a force map. The median and 25/75 percentiles
and logarithmic histogram of apparent Young’s modulus were considered as
representative modulus of each force map. Sweep frequency data were fitted with the
power law structural damping model. £* data are separated into real (in phase) and
imaginary (out of phase) parts. The real part represents the storage modulus and it is
a measure of the elastic energy stored and recovered per cycle of oscillation. The
imaginary part depicts the loss modulus and it accounts for the energy dissipated per
cycle of sinusoidal deformation. We also calculate the loss tangent, which is an index
of the solid-like (<1) or the liquid-like (>1) behavior of the cell. This model assumes
a storage modulus that increases with frequency following a power law with exponent
a, and a loss modulus that includes a term that is a fraction # of the storage modulus

and a Newtonian viscous term.

5.5.7 Live/Dead staining

After 2 days, 1 week and 2 weeks of culture, cells were stained to assess cell viability
within 3D collagen gels. Live-dead kits (ThermoFisher, R37601) were used by
following manufacturer instructions. Calcein AM solution was transferred to BOBO-
3 lodid solution and mixed. All content was added to the 3D-gels with the same
amount of cell culture medium. Samples were incubated for 15 minutes at room
temperature and finally imaged. Calcein AM provides green color to alive cells and
BOBO-3 Iodid red to dead cells. Nikon Eclipse Ti Inverted epifluorescence
Microscope (Nikon Instruments Inc., Melville, New York) with a 20x objective lens

was used to image the samples.
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5.5.8 Cells staining for morphological analysis

Cells seeded on 2D-collagen gels and petri dishes were fixed with 4%
paraformaldehyde for 30 minutes and permeabilized with 0.2% Triton X100 for 5
minutes. Samples were washed with PBS after each step and then incubated with 10%
FBS for 30 minutes at room temperature. ActinRed (Invitrogen, ready probes) was
used to label actin fibers and NucBlue (Invitrogen, ready probes) for nuclear staining,
two drops of each solution was added to 1 mL PBS and then incubated for 30 minutes
at room temperature. After three times washing with PBS, cells were finally stored in
PBS at 4°C prior to image acquisition. Nikon Eclipse Ti Inverted epifluorescence
Microscope (Nikon Instruments Inc., Melville, New York) with a 40x objective lens
was used to observe cells and collect fluorescent images.

Eccentricity of the cells was computed by adjusting an ellipse to the polygon
described generated by Imagel software, as described in (Klinker ef al., 2017). Cell
number inside each 3D collagen gels was obtained counting the number of nucleus in

each z-stack layer using Image J software.

5.5.9 Gel immunostaining

3D-gels were stained for fibronectin to assess the secretion of ECM proteins by the
different fibroblasts. Samples were fixed with 4% PFA for 30 minutes at room
temperature. Samples were then blocked with PBS, 0.4 % Triton and 10 % donkey
serum solution for one hour at room temperature. Primary antibody against
fibronectin (mouse anti-fibronectin, 1:50, ThermoFisher, CSI 005-17-02) was
incubated in a solution of PBS, 0.4 % Triton and 0.1 % donkey serum for 24h at room
temperature. The samples were rinsed three times with the same solution. Hoechst
33342 (1:1000, A-21202 Invitrogen) was used to visualize cell nucleus and secondary
antibody (donkey anti-mouse AlexaFlour 488, 1:1000, H3570 Invitrogen) was
incubated in PBS and 0.4 % Triton for 2 h at 37°C. Three times rinsed with PBS were
applied to eliminate unbound secondary antibodies. Olympus FluoVIEW 3000 RS
confocal microscope with 10x and 20x objective lens was used to acquire images.

5.5.10 Statistical analysis

Differences between the apparent Young’s modulus and rheological parameters of

different cells or gels were determined with Wilcoxon signed-rank test and Cohen’s
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d test using IGOR. P-values obtained from Wilcoxon signed-rank test, * indicating p
< 0.01 and Cohen’s d test with # indicating 0.2 <d < 0.5 and ## indicating d > 0.5.

5.6 Conclusion

The modulation of the mechanical properties of collagen gels was possible thanks to
the addition of methacrylic anhydride, a crosslinker that increases the number of
crosslinks between collagen fibers leading to an increase of the gel’s stiffness.
Healthy and scar fibroblasts behaved similarly when changing the mechanical
properties of the underlying support, suggesting that the scar fibroblasts’ mechanical
properties under these specific conditions resembled more those of healthy
fibroblasts. Moreover, the apparent Young’s modulus of these fibroblasts when
seeded on soft collagen gels was similar or even higher than when seeded on hard
Petri dishes. However, Dupuytren fibroblasts modified its stiffness to that of the
substrate, supporting its myofibroblast phenotype. Furthermore, the morphology of
fibroblasts in soft collagen gels closely resembled that in hard Petri dishes, suggesting
that the morphological and mechanical properties of our fibroblasts are not only
influenced by the substrate’s stiffness but also by the biochemical composition. The
different fibroblast types embedded in soft 3D-collagen gels did not produce large
differences in gel mechanical properties; thus, gel tension. Dupuytren fibroblasts
spread faster at shorter time periods; nevertheless, at longer time periods all
fibroblasts presented similar morphology and contraction properties. The stiffness of
the 3D collagen gels prepared was not sufficient to activate the contractile properties
of fibroblasts; hence, cells did not differentiate to myofibroblasts; thus, the fibroblasts
presented dendritic protrusions as if they were in resting state. This study corroborates
the fact that myofibroblast differentiation is governed by changes in the stiffness of
the surrounding environment and is facilitated by stiffer environments. Our study
encompasses a wide range of cell response, from 2D to 3D environment, increasing
the resemblance of tissue-like conditions, which is closer to the cell’s natural
environment. We believe that artificial hydrogels made of some representative ECM

protein, such as collagen, are a good compromise to study cell behavior in 3D.
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5.12 Supporting information
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symbols the loss modulus. a) Healthy fibroblasts, b) scar fibroblasts and ¢) Dupuytren
fibroblasts. From lightest to darkest color in each graph represents fibroblasts seeded
on soft collagen to Petri dish (n = 50).
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