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List of abbreviations and acronyms

Abbreviation Definition
ADAMTS A disintegrin and metalloproteinase with
thrombospondin motifs
AFM Atomic force microscopy
BC Big cluster
BW Bodyweight
CAF Cancer-associated fibroblast
CD Cluster of differentiation
DMD Disease modifying drug
DS Double string
ECM Extracellular matrix
ELISA Enzyme-linked immunosorbent assay
FBG Fiber Bragg grating
HCC Hepatocellular carcinoma
LCSC Liver cancer stem-like cell
MMP Matrix metalloproteinase
MSC Mesenchymal stem cell
OA Osteoarthritis
PCM Pericellular matrix
qPCR Quantitative polymerase chain reaction
SC Small cluster
SKMC Skeletal muscle cell
SS

Single string




1 Introduction

Biomechanical properties of living tissues are of prime importance for their survival,
correct function and performance (Aszodi et al., 2006; Fletcher and Mullins, 2010; Lo et
al., 2000). Proper interaction with the environment, protection from stress and fulfillment
of the basic physiological functions are all processes that are closely linked to
biomechanics (Mammoto et al., 2012; Provenzano and Keely, 2011). Inadequate
mechanical stimulation and disturbed biomechanical properties in a tissue may lead to
disease and degeneration.

In order for an organism to interact correctly with the permanent exposure to mechanical
stimuli, it should be capable of protecting itself from harmful mechanical stress, sensing
its environment in terms of mechanical inputs, and generating the appropriate response to
those stimuli. Hence, the different living tissues have developed specific architectures and
compositions that enable an adequate interaction with the environment. The cells and
their surrounding connective tissue are structured in such a manner that they can naturally
maintain their 3D shapes and withstand basic mechanical stress without suffering any
damage (Ingber et al., 2014). Additionally, the cells possess a broad range of mechanical
sensors, which enable them to discern fine mechanical stimuli and react appropriately, in
aprocess called mechanosensing. This in turn permits the tissue involved to remodel itself
in both the short and long term (Martino et al., 2018).

The complex processes that underlie mechanosensing and tissue remodeling are prone to
dysregulation and can lead to disease development. Monitoring and comparing the
organism’s responses to mechanical stimuli under healthy and impaired conditions can
deliver important information about the pathophysiology of a disease. Several factors that
play a key role in the protection from mechanical stress and the assimilation of
mechanical inputs can be identified. The first of them is the extracellular matrix (ECM),
which plays a relevant role in withstanding mechanical stress as a result of the particular
nature and arrangement of its structural proteins. The ECM is principally composed of
collagens and proteoglycans (Eyre, 2004; lozzo and Schaefer, 2015), which exist as
different subtypes and have been well characterized among the different connective
tissues (Badylak, 2007). The second principal actor is the cytoskeleton, which confers the
cell its own framework. The cytoskeleton is composed of actin, intermediate filaments,

microtubules, and the numerous protein associated with these three main scaffold



elements (Fletcher and Mullins, 2010). Finally, assuring the link between the ECM and
the intracellular milieu, a large group of regulators exist (cell-ECM adhesion molecules,
sensor proteins (i.e. mechanoreceptors), signaling pathways, gene expression regulators),
which enable adaptative processes and coordinate the cell response to acute or chronic
mechanical stimulation (Jin et al., 2020; Lee et al., 2014; Lin et al., 2022).

A wide range of research tools are available to display and monitor those different actors.
For instance, the structural components of the cell or the ECM can be directly displayed
using different imaging/microscopy technics or quantified at the protein levels. Moreover,
the activity of the mechanoreceptors can be monitored, and the gene expression profile
of cells submitted to different mechanical stimuli can be determined. Putatively, these
different components may be used as biomarkers for diagnostic or be targeted for
therapeutical purposes.

The ability of a tissue or cell to resist deformation is referred to as stiffness, whereas its
ability to recover its shape after the deformation generated by the applied force is referred
to as elasticity. In the literature, both terms are employed to describe the mechanical
properties of tissues, cells and materials. For increased consistency, the term stiffness will
be preferred throughout this thesis. To measure this parameter, different devices have
emerged and continuously been improved during recent decades (Cykowska et al., 2022).
At the present time, atomic force microscopy (AFM) is considered the gold standard to
measure the stiffness with a precision down to the nanoscale (Allison et al., 2010; Gerber

and Lang, 20006).

1.1 Atomic force microscopy (AFM)

Invented in 1986, AFM (Binnig et al., 1986) is a powerful technique that allows
topographic imaging, force measurement and sample manipulation up to the nanoscale
level. The principle of AFM relies on the interaction between a probe — also known as a
cantilever — and the surface of the investigated sample. The tip of the cantilever can
consist of different materials and exhibit different forms (e.g. pyramidal, spherical,
conical, needle-like or tip-less). Several operating modes are available (Dufréne et al.,
2017), the choice of which depends on the experimental design and the nature of the

sample. For imaging, the device may be used in contact mode, where the cantilever is



directly driven over the sample’s surface, deflecting according to the relief, revealing
detailed topography. Similar results can be achieved in dynamic mode, a procedure during
which the cantilever is oscillating over the surface of the sample. The dynamic mode has
the advantage of inflicting less damage on the inspected surface and hence allows a better
preservation of the sample’s integrity. Topographic maps realized with AFM are of high-
resolution. For example, topographic scans in contact mode can reveal the relief of single
membrane proteins with a resolution <1 nm (Miiller et al., 1995). Regarding its force
measurement capabilities (force spectroscopy), AFM has been used to investigate the
physical properties of a broad range of surfaces, from artificial materials in industry to
biological tissue (Karoutsos, 2009; Nandi and Ainavarapu, 2021). For this purpose, the
device is typically used in contact mode. However, in this case the cantilever is not
displaced over the surface of the sample (x-, y-axis) but is slowly moved vertically (i.e.
on the z-axis) until its tip comes in direct contact with the surface of the sample. The
bending of the cantilever resulting from the force applied at its tip can be quantified using
a laser beam that reflects on the cantilever’s surface and reaches a photodiode sensor
(Figure 1 in appendix). The movement of the laser beam on the photo diode is initially
measured in volts and is converted into newtons after calibration of the device. The
cantilever is extended into the investigated sample until a given force (i.e. “setpoint” in
nN) or indentation depth is reached. The output of a measurement is a force-distance
curve, depicting the extension of the cantilever up to the setpoint and its retraction. The
fit of the curve using mathematical models permits calculating the Young’s modulus,
which is representative of the stiffness of the examined sample.

The Young's modulus (E) is dependent of the stress applied on the surface of the sample

(o in Pa) with regard to the resulting strain (¢ dimensionless) (equation 1).
o
E=— (1
&
In the case of a spherical indenter, the use of the classical Hertz model is the most
established method to calculate the Young's modulus. (Krieg et al., 2019) (equations 2

and 3).
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Where F = force; E = Young’s modulus; v = Poisson’s ratio; 6 = indentation; a = radius
of contact circle; Rs = radius of sphere.

AFM was used in the framework of this thesis to investigate the stiffness of articular
cartilage and malignant cells. In both cases, a cantilever with a spherical tip was used and

the Hertz fit model was applied for the data analysis.

1.2 Biomechanical properties of articular cartilage

Healthy cartilage is a fundamental requirement for a well-functioning joint. Hyalin
cartilage covers the surface of bones where they come into contact with each other. Its
remarkable mechanical properties allow for a well-balanced force transfer and a smooth
friction between the two surfaces in contact. Among the different joints of the human
body, a broad range of degree of freedom and applied strain grades can be observed,
leading to a varied demand on cartilage as a function of its localization. For example, the
glenohumeral joint is known as the most mobile joint of the human body, and as a
drawback of this attribute it is commonly subjected to dislocation and lesion of the
periarticular apparatus (ligaments, tendons, labrum, etc.) (Quillen et al., 2004). On the
other side, the large joints of the lower limb are qualified as “load bearing” since they
support the whole body weight (BW) (e.g. knee and hip) and may be subjected to
tremendous forces. As an example, cartilage of the knee can be exposed to forces up to
3x the BW during daily activities like stair climbing and up to 20x BW during the most
demanding exercises (e.g. jumping) (D'Lima et al., 2007; Lee et al., 2017). Beside the
scope of acute traumatic and sport injuries, those joints are typically prone to lesions of a
degenerative nature occurring at later age and impacting the cartilage at the localization
where the load transfer is at his highest, eventually leading to osteoarthritis (OA).

OA is a common disease principally affecting articular cartilage but also extending to the

whole joint as it slowly progresses. At first, the cartilage surface erodes, prompting a



superficial fibrillation of the tissue. Subsequently, fissures appear, protruding into the
deeper layers. Eventually a full thickness erosion of the cartilage is observed, whereby
the subchondral bone is exposed to friction. The whole locale environment is turned into
an inflamed-like milieu, supporting further degeneration (Scanzello 2017). The bone is
also subjected to remodeling processes, with the formation of subchondral sclerosis,
cysts, and osteophytes.

As previously mentioned, OA mainly affects the elderly, and notably women are more
commonly affected than men. In Germany, the prevalence of the disease has been
evaluated at 17.9% of the total adult (>18 years old) population. In the 18-29 years age
group, OA affects 0.9% of women and 0.4% of men. By comparison, in the > 65 years
age group, 48.1% of woman and 31.2% of men are affected (Fuchs et al., 2017). From an
etiologic point of view, OA is considered the result of the wear that the joint has
experienced throughout its life, whereby factors such as genetics, physical activity habits
and BW are thought to play an important role (Guilak, 2011). Nonetheless, OA can also
appear at younger age, following a traumatic injury, a joint misalignment or any state
leading to a repetitive and “unnatural” stress on a specific joint (typically by competitive
sport or the practice of particular professions). At some point, the disease may evolve into
a severe disabling condition due to the high levels of pain and joint movement restriction,
leading to a pronounced decrease in the quality of life and a substantial economic burden
(Safiri et al., 2020). At present, the diagnosis of OA mainly relies on clinical examination
and imaging (Hunter and Bierma-Zeinstra, 2019). Established in 1957, the Kellgren-
Lawrence score (Kellgren and Lawrence, 1957) remains one of the standard tools to
assess OA via radiographs. Because of the broad availability of X-rays and the relative
simplicity of the classification proposed, the Kellgren-Lawrence score is an attractive
option for a rapid evaluation of the disease’s state. However, the inability of the score to
detect OA at an early stage has been pointed out (Felson et al., 2011). For more accuracy,
several authors propose the implementation of more specific yet more expensive and
time-consuming methods such as MRI and diagnostic arthroscopy (Luyten et al., 2012).
The most widespread classification in order to categorize OA-related lesions
arthroscopically is the one that was developed by Outerbridge in the early-1960s
(Outerbridge, 1961) and has since been adapted (Slattery and Kweon, 2018). It is based

on haptic sensing and visual assessment of cartilage surface during arthroscopic



procedure and enables an orienting estimation of the cartilage integrity. However, due to
the fact that this technique strongly relies on the individual perception of the examiner,
the Outerbridge classification is criticized for being only moderately reliable (Cameron
et al., 2003).

The therapeutical options to treat OA are limited. They range from a conservative strategy
in the earlier stage of the disease (pain relief, physical therapies) to the use of
endoprosthesis when the joints have already reached a high level of destruction.
Regenerative approaches are either reserved for focal defects (Makris et al., 2015) or
clinically show rather inconclusive results when applied to the whole joint (Sahin and
Yesil, 2023). A rapidly growing panel of potential disease-modifying drugs (DMDs) is
raising hope to provide a significant improvement of the actual therapeutical management
of OA. DMDs are a large group of molecules including — among others — signaling
pathways regulators, growth factors, and enzyme inhibitors (Rodriguez-Merchan, 2023).
Their usage aims to influence the homeostasis within the joint in order to turn the
inflammatory/catabolic processes into favorable conditions for cartilage regeneration.
Clinical trials show heterogenous results depending on the DMD tested, with a clear
breakthrough remaining unmet at the present time. Several authors have emphasized the
fact that the potence of DMDs may not be uncovered until the selection of the patients
for the clinical trials is revised. It is thought that most of those therapeutical agents are
only able to reverse the course of OA if the disease is addressed at an early stage (Cai et
al., 2021). This indicates that new diagnostic methods are needed, not only relying on
macroscopic aspects of cartilage degeneration (like radiographs and arthroscopy
evaluation does), but also detecting the fine alterations that are representative of OA
onset. To this end, a deep understanding of the tissue at the cellular and molecular level
is needed.

Articular cartilage is organized in a specific three-dimensional structure. The 3-5mm
thick coat of tissue covering the bone can be divided in three distinct layers. The upmost
layer is the superficial zone, in which the collagen fibers are oriented tangentially (i.e.
bending and ending their course almost parallel to the surface) and the concentration of
the chondrocytes is at its highest (Ulrich-Vinther et al., 2003). Then comes the transitional
zone, which is the thickest of all and hence contributing the most to the cartilage’s total

volume. The orientation of the collagen fibers here is predominantly perpendicular to the



surface and the chondrocytes become more sparsely scattered. As the third zone, the deep
zone delimits the final territory where the cartilage displays its classical organization with
the group of chondrocytes being embedded in a soft ECM of collagen and proteoglycans.
Beyond, the cells begin to be surrounded by hydroxyapatite crystals. This switch in the
matrix composition is termed “mineralization” and is indicative of the zone of calcified
cartilage. This zone and the deep zone are separated by a clear, histologically visible
delimitation, termed the tide mark. Eventually the ECM consists exclusively of
mineralized substance and chondrocytes are replaced by osteoblasts, whereby the
subchondral bone is reached.

At the microscopical level, hyalin cartilage presents the peculiar architecture of
connective tissue. The ECM represents the main part of the substance and contains the
sparsely scattered chondrocytes, which constitute <10% of the total volume (Ulrich-
Vinther et al., 2003). In the direct vicinity of the chondrocytes, a specialized version of
the ECM is deployed: the pericellular matrix (PCM). The chondrocytes are grouped in
small assemblies, which together with their surrounding PCM are histologically referred
to as chondrons.

At the molecular level, the ECM is composed principally of collagen type II (Eyre, 2002)
and the proteoglycan aggrecan (Hardingham and Fosang, 1992). Both molecules are
secreted by the chondrocytes themselves and play an important role in withstanding
compressive load, hence conferring cartilage its particular elastic properties (Eschweiler
et al., 2021). The PCM displays a modified molecular composition, as collagen type VI
and IX are predominant here (Poole et al., 1992; Poole et al., 1997) and additional specific
molecules have been identified in this region (e.g. the proteoglycans perlecan and
biglycan, and the glycoproteins fibrillin-1 and fibronectin-1) (Keene et al., 1997; Melrose
et al., 2008; Miosge et al., 1994). The PCM has been shown to be involved in the
regulation of the metabolism of the chondrocytes (Zhao et al., 2020), in mechanosensing
and mechanotransduction (Guilak et al., 2006; Vincent et al., 2007). The PCM seems to
be particularly altered in osteoarthritic cartilage (Guilak et al., 2018).

During OA, the previously described architecture is disrupted and interestingly the spatial
organization of the chondrocytes is remodeling. The group of cells display different
patterns that are specific for the grade of the cartilage degeneration. In healthy cartilage

of the knee joint, the chondrocytes of the superficial zone are typically organized in small



groups of few aligned cells, whereby these formations are referred as to single strings
(SS) (Rolauffs et al., 2008). As the cartilage starts to degenerate, the cells then appear to
form double strings (DS) (Rolauffs et al., 2010). Subsequently, with disease progression,
the cells build small clusters (SC) and big clusters (BC) (i.e. groups of >20 chondrocytes)
in highly degenerated areas (Danalache et al., 2021; Rolauffs et al., 2008). Eventually a
complete loss of the organization can be observed, with the chondrocytes being randomly
spread across the volume of the cartilage surface, without exhibiting any recognizable
pattern. This end stage is referred as to “diffuse” arrangement (Felka et al., 2016).

Interestingly, it has been shown that the stiffness of articular cartilage at the microscopic
level is decreasing with progressing degeneration. This stiffness loss — measured with
AFM — remarkably correlates with the cellular patterns displayed at the surface of the
cartilage (Danalache et al., 2020). Articular cartilage containing SS at its surface (i.e.
healthy tissue) displays the highest stiffness. The stiffness is then gradually decreasing
over DS, SC and reaches its lowest value by the BC. This observation is true for both the
ECM and the PCM (Danalache et al., 2019). Hence, not only the chondrocytes
organization but also the stiffness of the tissue appears to be a reliable biomarker capable
of providing precious indications about the actual OA stage and may be used as a highly

sensitive tool to explore the pathophysiology of cartilage degeneration.

1.3 Biomechanical properties of bone- and soft-tissue cancers

Cancer is broadly defined as a pathologic cell transformation that leads to uncontrolled
growth, as well as invasion and destruction of the surrounding healthy tissue. Originally
these alterations are the result of uncompensated pathogenetical mechanisms, which lead
to mutations in the DNA sequences at the single cell level. These cells and their
descendants can then modify themselves in order to grow faster, escape the
immunosurveillance and break the anatomical boundaries. The malignant cells display an
altered gene expression, molecular pathways activity and surface-receptor exposition.

Major efforts have been driven to understand the molecular biology of tumors. Over
recent decades, in addition to the well-known significant contributors to cancer initiation
(e.g. p53 (Vousden and Lane, 2007), Wnt (Kikuchi, 2003) or Ras (Bos, 1989)), a growing
number of new tumor suppressors or oncogenes have been discovered. For example,

within lung carcinomas, the cancer category accounting for the most victims due to
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neoplastic disease in Germany (RKI, 2023), in the adenocarcinoma subgroup alone more
than fifteen genes have been reported to be mutated in over 1% of the investigated tumors
(Wadowska et al., 2020). For the EGFR gene alone, which has been shown to be altered
in 30-40% of lung adenocarcinomas, more than twenty different common mutations
including insertions, deletions, substitutions and amplification are well known (Tsiambas
et al.,, 2016). The characterization of a tumor is crucial for the complete medical
management from diagnosis to treatment, and is furthermore an important predictor for
the overall prognosis. For many cancer types, the preference for the chemotherapeutical
choice is dictated by the genetic profile of the tumor. As a consequence, the field of
oncology is increasingly evolving towards the discipline of personalized medicine (Riedl
etal., 2023).

Aside from genetical and molecular features, neoplastic material can also be characterized
based on its mechanical aspect. As a tumor develops, its mechanical properties
increasingly deviate from those of the healthy tissue, at both the macroscopic and
microscopic level. Macroscopically, a stiffness increase is typically observed (Butcher et
al., 2009; Paszek et al., 2005). This feature is indeed commonly used clinically for primal
screening/diagnostic of numerous cancer entities. The most eloquent examples are
prostate and breast cancers, in which cases the presence of the tumor is often revealed by
the physician’s palpation (Fiorica, 2001; Naji et al., 2018). Different imaging techniques
such as magnetic resonance elastography or sonography based procedures also exist and
enable quantifying the stiffness of the tissue at different stages of the disease in a non-
invasive manner to make assumptions about the type of the tumor, its advancement or the
response to treatment (Payen et al., 2020; Pepin and McGee, 2018; Yuan et al., 2022).
The enhanced stiffness observed on the overall tumor mass is principally due to
reorganization at the ECM level (Deng et al., 2022). A modified secretion of matrix
components from the tumor cells and the action of the cancer-associated fibroblasts
(CAFs) are the leading mechanisms causing such changes (Anderson and Simon, 2020).
While looking closely at the mechanical features of tumorous tissues, strong
heterogeneity can be observed. When probed at the microscopic level using AFM, tumor
biopsies of breast cancer display distinct stiffness peaks within the same tumor. Indeed,
the stiffness values even reach beyond both sides of the range of the usual stiffness

observed in healthy tissue (i.e. tumorous material displays not only stiffer but also softer
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areas compared to a control) (Plodinec et al., 2012). This is due to the fact that the
different microscopical components of the tumor mass themselves exhibit very distinct
mechanical properties. If it is true that neoplastic ECM is typically stiffer than that of the
healthy stroma, malignant cells have been shown to be of a particularly soft nature. For
instance, malignant metastatic cells of non-small cell carcinoma of the lung have been
shown to be almost four times softer compared to normal mesothelial cells of the same
patients (Cross et al., 2007). HeLa cells (cervical cancer) have a Young’'s modulus of
about 2.5 kPa, whereas healthy cervical cells’ stiffness is measured around 5.5 kPa
(Hayashi and Iwata, 2015). The MCF-7 cells that are representative of invasive breast
ductal carcinoma have been shown to be 1.4 to 1.8 times softer than normal cells from
the mammary gland (Li et al., 2008). It is thought that the loss of stiffness dispenses an
advantage to cancer cells, increasing their chances regarding survival, invasion and
metastatic potential (Makale, 2007). The plasticity of the cell is thereby enhanced,
allowing it to carry out its malignant role, namely to find a way through the stroma of the
surrounding tissue, or manage to pass through the endothelium of the blood vessel to
reach the bloodstream. Indeed, it is often the case that when investigating the
biomechanical properties of a pallet of cancer cell lines belonging to a given tumor entity,
an inverse correlation between the invasive potential and the stiffness of the cells is
observed (Abidine et al., 2015; Omidvar et al., 2014; Xu et al., 2012). In an experiment
where spheroids of malignant cells were deposed into an artificial 3D matrix, and the
subsequent invasion was monitored, Wullkopf et al. (2018) showed that a decreasing
gradient of the cell’s viscoelasticity exists from the center of the spheroid until the tip of
the invading branches. This observation suggests that even within a particular population
belonging to the same cell line, the cells displaying the most aggressive behavior are once
again those with the lower stiffness (Wullkopf et al., 2018). Under certain circumstances,
the stiffness of the malignant cells is an adaptable parameter and it strongly relies on
interaction with the microenvironment. Differences in the stiffness of the surrounding
matrices not only dictate cell growth and survival (Tilghman et al., 2010) but also
influence the own stiffness of the developing neoplastic cells (Wullkopf et al., 2018).

The initial efforts of understanding cancer mechanobiology have been logically turned
towards the cancer entities that are the most prominent in the field of oncology. The

malignant diseases displaying the highest incidence and the highest mortality, leading to
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the greatest economic burden, or simply benefiting from existing and well-established
cell lines are the most prominently addressed. Concretely, publications treating breast,
prostate, lung, bladder, colorectal or ovarian cancers account for the large majority of the
available literature on the subject (Butcher et al., 2009; Deng et al., 2018; Vasudevan et
al., 2023).

Soft-tissue sarcomas and bone cancers are rather seldom tumor types. Bone cancers —
which encompass the three main entities of osteosarcoma, chondrosarcoma and Ewing
sarcoma — are estimated to represent less than 1% of all diagnosed cancers every year
(Ferguson and Turner, 2018). Soft-tissue sarcomas — a group of more than 80 indexed
subtypes (according to the WHO classification (Gronchi et al., 2021)) — form a very
diverse ensemble that is difficult to follow epidemiologically. Their incidence is thought
to variate between 1.8 and 5.0 per 100,000 persons per year (S3-Leitlinie ,,Adulte
Weichgewebesarkome®, 2022). Despite their relatively low prevalences, bone and soft-
tissue sarcomas remain clinically highly relevant, since they are associated with poor
outcome. The five-year survival rates are estimated to hold around 62% and 58%,
respectively (Stiller et al., 2013). In addition, children are particularly affected by both
diseases. Bone cancers and soft-tissue sarcomas each represent approximately 5% of all
malignant conditions at young age (Deutsches Kinderkrebsregister, 2019). Notably
osteosarcoma and Ewing sarcoma have a peak incidence between 10 and 25 years old and
when not lethal they often require limb amputation, leading to dramatic disability in
young patients (Esiashvili et al., 2008; Mirabello et al., 2009).

Given the fact that bone and soft-tissue sarcomas are neoplastic transformations of
connecting and supporting tissues, it may be suspected that biomechanics plays an even
more significant role in the biology of those tumors. However, little is known about this
topic presently. In contrary to the main cancer entities mentioned earlier, the literature
concerning the mechanobiology of mesenchymal tumors is not extensive. Some studies
have addressed the question of the mechanical relevance of the microenvironment in the
development of bone cancers (e.g. Deng et al., 2023; Jiang et al., 2019)), although works
investigating the biomechanics of the cells themselves are not frequent. Similarly, the
number of publications dedicated to soft-tissue sarcomas remains limited. It is probable
that musculoskeletal sarcomas behave like “classical” tumors regarding several of their

physiological aspects, although it remains unclear whether and to what extent the
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knowledge accumulated from breast, lung or bladder neoplasia can be directly transferred
to the field of bone and soft-tissue cancers. Overall, the mechanobiology of mesenchymal
cancers appears to be largely unexplored and currently the need for the mechanical

characterization of those tumors remains unfilled.

1.4 Aim of the thesis

There is accumulating evidence suggesting that the biomechanical properties of
tissues/cells play a crucial role in the balance between health and disease. In consequence,
the need for mechanical characterization of biological systems and the development of
reliable models to study them is growing. To this end, the AFM still represent a milestone
in the field of applied biomechanics. The precision and the reliability of the data delivered
by this device make it the gold standard for force measurement and investigating the
mechanical properties of a large range of biological constructs.

In the present thesis, we introduce two studies that focus on the mechanical
characterization of tissue and cells using AFM.

The first study aimed to establish an in-vitro model for studying articular cartilage
biomechanical properties. One of the main objectives was to process cartilage in order to
obtain samples with properties close to native cartilage, as can be found in the joint. Imm
thick cartilage discs were generated from femoral condyles of patients having underwent
total knee arthroplasty. These discs were sorted according to their predominant
chondrocyte organization pattern (SS, DS, SC, BC, diffuse) and their stiffness was then
assessed with AFM micro-indentation. This work is presented as a methodological
protocol, where the different steps for tissue preparation, sorting and indentation
measurements are thoroughly detailed. A particular focus is placed on the possible
complications that may arise using this technique and solutions to overcome them are
proposed. The reproductivity of the sample preparation process, the stability of the sample
during AFM measurements and the determination of adapted indentation probes with
regard to the investigated tissue surface represented central concerns. The principal
objective was to establish an effective method to generate cartilage samples of high

quality, which represent histologically and biomechanically different stages of OA.
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In the second study, the mechanical and cytoskeletal alterations of neoplastic cells of the
musculoskeletal system were analyzed. Five different cell lines of bone and soft-tissue
sarcomas (chondrosarcoma, osteosarcoma, Ewing sarcoma, fibrosarcoma and
rhabdomyosarcoma) were investigated and compared to their related healthy controls
(chondrocytes, osteoblasts, MSCs, fibrocytes and skeletal muscle cells (SKMCs)
respectively). The cells were submitted to AFM indentation measurements, and their F-
actin and B-tubulin distribution profiles were displayed using fluorescent labeling. The
protein amount and gene expression levels of F-actin and B-tubulin were determined.
Since the structure and biomechanics of cancer cells and tissue are known to be implicated
in tumor genesis, development, neighboring tissue infiltration and metastasis, the
characterization and comparison of the different malignant entities is a crucial step

towards the comprehension of such versatile diseases.

These works have already been published and will be presented in the following order:

1. Daniel, C; Alexander, D; Umrath, F; Danalache, M (2022): Addressing practical
issues in atomic force microscopy-based micro-indentation on human articular

cartilage explants. In Journal of visualized experiments, JoVE (188). DOI:
10.3791/64371.

2. Daniel, C; Traub, F; Sachsenmaier, S; Riester, R; Mederake, M; Konrads, C;
Danalache, M (2023): An exploratory study of cell stiffness as a mechanical
label-free biomarker across multiple musculoskeletal sarcoma cells. In BMC

cancer 23 (1), p. 862. DOI: 10.1186/s12885-023-11375-3.

https://app.jove.com/t/64371/addressing-practical-issues-atomic-force-microscopy-based-micro

https://link.springer.com/article/10.1186/s12885-023-11375-3
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2 Results

2.1 Addressing practical issues in atomic force microscopy-based micro-indentation

on human articular cartilage explants

jove

Addressing Practical Issues in Atomic Force Microscopy-
Based Micro-indentation on Human Articular Cartilage
Explants

Cyril Daniel’, Dorothea Alexander®, Felix Umrath'2 Marina Danalache'

1 Laboratory of Cell Biology, Department of Orthopaedic Surgery, University Hospital Tubingen 2 Department of Oral and Maxillofacial Surgery, University
Hospital Tubingen

Cyril Daniel

eyl Senledmerkuntuetingen.de Without a doubt, atomic force microscopy (AFM) is currently one of the most powerful
and useful techniques to assess micro and even nano-cues in the biological field.
Citation However, as with any other microscopic approach, methodological challenges can
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10.3791/64371 preparation, as well as the actual AFM procedure together with the subsequent data

analysis, are also presented. We show how basic but crucial steps such as sample
URL preparation and processing, topographic sample characteristics caused by advanced
jove.com/video/64371 degeneration, and sample-tip interaction can impact data acquisition. We also subject
to scrutiny the most common problems in AFM and describe, where possible, how to
overcome them. Knowledge of these limitations is of the utmost importance for correct
data acquisition, interpretation, and, ultimately, the embedding of findings into a broad

scientific context.

Introduction

Due to the ever-shrinking size of electronic devices and technology and equipment has gained momentum. One such

systems, the rapid development of micro- and nano-based  device is atomic force microscopy (AFM), which can scan
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biological surfaces and retrieve topographic or biomechanical
information at both nano- and micrometer scales':2. Among
its vast features, this tool can be operated as a micro- as well
as a nano-indenter to obtain information about the mechanical
properties of various biological system33'4~5~‘5. The data
are collected by physical contact with the surface through a
mechanical probe, which can be as small as about 1 nm at its
tip7. The resulting deformation of the sample is then displayed
based on the indentation depth of the cantilever tip and the

force applied on the sample®.

Osteoarthritis (OA) is a long-term degenerative chronic
disease characterized by deterioration of the articular
cartilage in the joints and surrounding tissues, which can
lead to complete exposure of the bone surfaces. The burden
of OA is substantial; currently, half of all women and one-
third of all men aged 65 and over suffer from OA®. Traumas,
obesity, and the resulting altered biomechanics of the
joint10 determine the articular cartilage degeneration, which
is viewed as a common end result. The pioneering study of
Ganz et al. posited that the early steps of the OA process
may involve the biomechanical properties of cartilage11 , and
since then researchers have confirmed this hypothesis12.
Likewise, it is generally accepted that the biomechanical
properties of the tissue are functionally orchestrated by
the ultrastructural organization as well as cell-cell and cell-
matrix crosstalk. Any alterations can dramatically impact
the overall tissue biomechanical functioning13. To date, OA
diagnosis is clinical and is based on plain film radiography'4.
This approach is two-sided: firstly, the lack of a defined
degenerative cut-off threshold to formulate the diagnosis of
OA makes the condition difficult to quantify, and, secondly,
imaging methods lack sensitivity and standardization and
cannot detect localized cartilage damage15’16’17. To this

end, the assessment of the mechanical properties of the

cartilage has the decisive advantage that it describes a
parameter that changes during the course of OA regardless of
the etiology of the disease and has a direct influence on tissue
functionality at a very early stage. Indentation instruments
measure the force by which the tissue resists the indentation.
This is, in fact, not a new concept; the earliest studies date
back to the 1980s and 1990s. In this period, numerous
studies suggested that indentation instruments designed for
the arthroscopic measurements of articular cartilage could be
well suited to detect degenerative changes in the cartilage.
Even 30 years ago, some studies were able to demonstrate
that indentation instruments were able to detect in vivo
changes in the cartilage surface during tissue degeneration
by conducting compressive stiffness measurements during

arthroscopy1 8,19,20

AFM indentation (AFM-IT) of the articular cartilage provides
information about a pivotal mechanical property of the tissue,
namely, stiffness. This is a mechanical parameter that
describes the relation between an applied, nondestructive
load and the resultant deformation of the indented tissue
area2!, AFM-IT has been shown to be capable of quantifying
age-dependent modifications in stiffness in macroscopically
unaffected collagen networks, thus, differentiating between
the pathological changes associated with OA onset (grade
0 on the Outerbridge scale in articular cartilage)?2. We
have previously shown that AFM-ITs, on the basis of spatial
chondrocyte organization as an image-based biomarker for
early cartilage degeneration, allow for not only quantifying but
also actually pinpointing the earliest degenerative mechanical
changes. These findings have already been confirmed by
others?3:24 Hence, AFM-IT acts as an interesting tool to
diagnose and identify early degenerative changes. These

changes can be already measured at a cellular level,
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reshaping the understanding of the OA pathophysiological

process.

In this protocol, we demonstrate a complete histological
and biomechanical grading procedure of articular cartilage
explants, from native cartilage explant preparation to AFM
data acquisition and processing. Through a step-by-step
approach, we show how to generate, grade, and visually
classify articular cartilage tissue according to different stages
of degeneration by means of 2D large mosaic imaging,

followed by micro-AFM indentations.

Even though, currently, AFM-IT is one of the most sensitive
tools to measure biomechanical changes in cartilage’, like
any other instrumental technique, it has limitations and

25 that can lead to erroneous data

practical peculiarities
acquisition. To this end, we subject to scrutiny the most
common problems that arise during AFM measurements of
the cartilage explants and describe, where possible, how to
minimize or overcome them. These include topographical
aspects of the samples and the difficulties to stabilize them
in an AFM-compatible environment, physical peculiarities
of the tissue's surface, and the resulting difficulties in
performing AFM measurements on such surfaces. Examples
of erroneous force-distance curves are also presented,
emphasizing the conditions that may cause them. Additional
limitations inherent to the geometry of the cantilever tip and
the use of the Hertz model for the data analysis are also

discussed.

Protocol

Femoral condyles collected from patients undergoing total
knee arthroplasty at the University Hospital of Tibingen,
Germany, were used. Only articular cartilage samples

from patients with degenerative and posttraumatic joint

pathologies were included in this study. Departmental,
institutional, as well as local ethical committee approval were
obtained before the commencement of the study (Project
no.674/2016B02). Written informed consent was received

from all patients before participation.

NOTE: A flowchart of the experiment steps in their

chronological order is given in Figure 1.

1. Tissue processing and generation of cartilage
discs

1. Tissue preparation

1. Following post-operative resection, place the

cartlage samples in a container filled with
Dulbecco's modified Eagle's medium (DMEM)
supplemented with 5% (v/v) penicillin-streptomyecin.
Make sure the samples are completely submerged
in the medium. The duration between surgical
resection and further processing of the cartilage
should not exceed 24 h. Ensure that, throughout the
entire processing, the samples are fully submerged

in media to avoid sample drying.
2. Cutthe cartilage away from the bone using a scalpel.
2. Cartilage disc generation

1. Generate cartilage discs of 4 mm in diameter using
a biopsy punch.
NOTE: It is important to select and resect the
areas of the condyle where the cartilage layer
thickness exceeds 1 mm. This might be problematic,
especially around loadbearing zones, where the
cartilage layer typically loses its thickness due to

wear and tear processes or degeneration.
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2. Place the previously generated 4 mm cartilage discs
on a custom-made cutting device and fix and hold
the cartilage discs stable by means of a spatula.
When placing the cartilage discs on the cutting
device, care must be taken. Position the samples
so that the cartilage's topmost layer (the superficial
zone of the articular cartilage) does not face the

blade

3. Cut the cartilage discs with a razor blade. Disc-
shaped cartilage samples of 4 mm x 1 mm are, thus,
generated. To prevent sample drying, perform tissue

cutting as quickly as possible.

4. Collect each disc with the help of a spatula and

cryotome device, the embedding medium freezes at

low temperatures.

2. Using a standard cryotome, section the tissue
sideways at a 60 pm thickness until the middle of
the disc is reached (i.e., when cryosections reach a
length of 4 mm) and collect the slices. By sectioning
the disc explant perpendicularly, all zones of the
cartilage (superficial, middle, and deep) can be

visualized.

3. Collect the sections on a glass slide and remove the
water-soluble embedding medium by washing three

times with phosphate-buffered saline (PBS).

2. Cartilage disc sorting as a function of the

place the generated cartilage discs into 1.5 mL tubes  cellular spatial pattern

containing 1 mL of DMEM supplemented with 5%
1. Staining of the disc-shaped cartilage samples

(v/v) penicillin-streptomycin. Place approximately 15

discs in one tube.

Cryotome sectioning of the cartilage discs (for
perpendicular slices)

NOTE: This step is optional, and it can be employed if a
side-view visualization of the cellular pattern distribution
within the cartilage discs is desired. It can be used as a

verification method as the distribution of cellular pattern

is a 3D feature of articular car’tilage%. Optical sectioning
and 3D reconstructions of the entire cartilage discs using
a confocal microscope can also be used, removing, thus,
the need to section the samples as described in the

protocol.

1. Cover the cartilage disc with water-soluble
embedding medium and place it on its edge on
the cryotome knob (with the surface of the disc

perpendicular to the surface of the knob). In the

1. Place one cartilage disc (section 1.2) in each well
of a 96-well plate and add 130 pL of cell permeable

fluorescence dye at a dilution of 1:1,000 to each well.

2. Visually inspect the entire plate and make sure that
only one disc is placed in each well. Incubate the
plate for 30 min in the standard cell culture incubator

at 37 °C.
Staining of the 60 um cartilage slices

1. Gently place the cartilage disc sections (section 1.3)

on glass microscope slides with the help of forceps.

2. Cover the cartilage sections with mounting medium
containing nuclear DAPI counterstaining and gently
place coverslips that are suitable for fluorescence

microscopy.

3. Seal the edges of each coverslip with regular

transparent nail polish and allow to dry for 3 min.
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3. Top-down and side-view cartilage sorting and imaging
NOTE: Each disc must be examined under a fluorescent

micrascope. The aim of this step is to sort the discs based

on their predominant cellular pattern (single strings, 4.

double strings, small clusters, big clusters, or diffuse).

1. Place the 96-well plate on the plate holder of the

fluorescence microscope.

2. Select the appropriate fluorescence filter of either
Em 495 nm/Ex 515 nm (for top-down imaging of
the cartilage discs prepared in section 2.1.) or Em
358 nm/Ex 461 nm (for side-view imaging of the
cartilage sections prepared in section 2.2) and the
10x objective.

NOTE: Using the 10x objective allows the whole
circumference of the disc to be inspected, and
samples with inhomogeneous or improper staining
can be excluded. However, using only the top-
down view may result in the perception of changes
in cellular organization as a result of analysis of
the deeper tissue layers made visible to top-down
observation by superficial erosion. As an example,
an ascending string following the collagen arcades

could be perceived as a single cell or scattered cells

(diffuse patterr:)zs. As a result, both sides of the
discs must be inspected to ensure proper cellular

pattern selection.

3. Determine visually the cellular pattern displayed in
each cartilage disc. It is unlikely that a disc will have
only one type of cellular pattern. For the portion
of the disc where the chondrocyte arrangement
does not match the pattern of interest, only accept
the samples if the undesired pattern is at the very

periphery, where AFM measurements are not taking

place (i.e., up to 0.5 mm from the disc border), and
ensure that this does not exceed 10% of the total

surface of the disc?”:28.

Image acquisition of the entire cartilage discs

Select the 10x objective of the microscope
and position it underneath the preselected well
containing an individual cartilage disc. Focus on the

disc to see the cellular pattern.

Select the Navigator Function to get an overview of
the entire well. Use the left mouse button and drag
to navigate to a different stage position. With the
mouse wheel, zoom in and out.

NOTE: At this point, a preview of the well with the
entire sample can be seen by double-clicking on

each area of interest sequentially.

Select a square that encompasses the area of
interest to be scanned; at this point, all single tiles

that compose the mosaic will become visible.

Adjust the exposure/light intensity so that the cells
can be clearly visualized from the background. At
this point, the picture's brightness/contrast has been
adjusted for all the tiles and can no longer be
customized individually for each tile.

NOTE: As the cells near the disc's edge often emit
a higher fluorescence signal than the cells in the
center, the exposure/light intensity settings must be

adapted.

1. To evaluate if the exposure time is appropriate
for a particular channel, examine the distribution
of the signal in the histogram. By using the
automatic exposure mechanism included in the
microscope's image software, visualize all the

cells residing within the disc.
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Select the software's Focus Map Point option, and
then select each individual tile by left-clicking in the

center of it.

Select the option Focus Map. A window is displayed
with all the previously selected tiles. Double-click on
a tile in the list to display and bring it into proper

focus.

Click Set Z to save the focal plan and proceed to
the next tile. After adjusting the focal plan for each
individual tile, begin image acquisition by pressing

Start Scan.

1. If the scan is displaying darker horizontal and/
or vertical bars, this may be due to improper
and uneven illumination of the single frames.
Resolve this by using the Linked Shading
option incorporated in the software prior to the

actual scan.

Save, export, and correctly annotate the images.

3. Biomechanical approach of cartilage explants

1.

2.

Sample preparation for AFM measurements

Fix each preselected cartilage disc containing a
cellular pattern (section 2) in Petri dishes by means
of biocompatible glue.Add sufficient sample glue on

the top, bottom, left, and right sides of the disc.

Cover the discs with 2.5 mL of Leibovitz's L-15
medium without L-glutamine. Add the Leibowitz
medium gently onto the samples to avoid sample
detachment from the surface due to waves created

by the medium.

Loading of the samples into the AFM

1. Position the Petri dish in the AFM device's sample
holder and turn on the Petri dish heater set to 37
°C. Allow the tissue culture dish to reach the desired
temperature. This is done to exclude possible

artifacts caused by temperature variation.
AFM-cantilever calibration

1. Initialize the software setup as previously described

by Danalache et al.2°.

2. Select a suitable glass block cantilever holder for
liquid measurements and carefully place it on the
AFM head. A locking mechanism secures the glass
block in the AFM head. Ensure that the glass block's
reflective surface is straight and parallel to the AFM

holder.

3. Place the cantilever on the surface of the glass
block cantilever holder with care. The cantilever itself
should rest on the polished optical plane, in the

center of the glass block.

4. Carefully place a silicone skirt (silicone membrane)
on the base of the cantilever holder in order to

prevent medium condensation in the AFM head.

5. Lower the cantilever in 100 pm steps using
the stepper motor function until it is completely

submerged in the medium.

6. Run a scanner approach with the approach

parameters described by Danalache et al.?? Retract
the cantilever by 100 um once the bottom of the Petri

dish is reached.
7. Calibrate the cantilever using the exact steps and
run the parameters described by Danalache et

al.2®. At the end of the calibration, the vertical

deflection is saved and displayed in newton (N)
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units of force rather than volts (V)-the unit of the
original registration by the photodiode detector. In
the experiments here, a set point of 4.47 nN resulted

after calibration.

Using the stepper motor function, retract the

cantilever to 1,000 um.

4. Identifying the desired cartilage measurement site under

the AFM

NOTE: Due to the 1 mm thickness of the cartilage discs,

the cantilever is not visible in the field of view while

navigating over the sample.

1.

Use the CCD camera of the microscope to identify
the cantilever. The AFM cantilever should be

positioned in a sample-free area of the Petri dish.

Start a scanner approach with the cantilever on a

clean, sample-free area of the Petri dish, using the

same parameters described by Danalache et al.29.

Further retract the cantilever 1.5 mm away from the
bottom of the plate with the stepper motor control.
This step is crucial in order to avoid a direct collision

between the cantilever and the sample.

Switch from brightfield to fluorescence view and

visually identify the top of the disc.

Move the AFM sample holder exactly 2 mm toward
the middle of the disc. This peint is considered to be

the center of the cartilage disc.

Run a scanner approach and, once the surface of
the cartilage disc is reached, retract the cantilever

by 100 um.

5. Force-distance curve measurements

1.

Focus on the cells positioned in the desired

measurement site. Click the Run button to start the

6.

3.

measurements and the generation of force-distance

curves in the targeted position.

Acquire five force-distance curves on each
measurement site. Retract the cantilever by 500 pm
and move the cantilever to the next measuring site.
NOTE: The retraction of the cantilever is a
crucial step, as the cartilage disc surface is not
homogenous and has irregularities. A high hillock on
the surface of the sample can result in a dramatic
collision, leading to unwanted cantilever tip/sample
damage. We recommend selecting a minimum of
five different measurement sites dispersed across
the surface of the disc and acquiring a minimum of

five force-distance curves at each site.

Inspect the force-distance curves and save them.

Estimation of Young's moduli using the Hertz fit model

1.

Open the generated force-distance curves to be
analyzed (.jpk file) in the data analysis software
using the Open a Batch of Spectroscopy Curves

option.

Select the Hertz fit model and then select the

Elasticity fit option.

1. The elasticity fit option automatically performs
the following computations on the selected
force-distance curve: calculates the baseline
and subtracts from the whole curve to remove
the baseline offset (the baseline is brought back
to zero on the y-axis); determines the contact
point by detecting the point where the force-
distance curve crosses the zero force-line (the
contact point is set to zero on the x-axis);
calculates the tip-sample separation (the height

signal of the piezo accounting for the bending of

Copyright @ 2022 JoVE Journal of Visualized Experiments jo

ve.com

October 2022 - 188+ 64371- Page 7 of 23

22



jove

the cantilever is subtracted); and fits the force-
distance curve automatically with the selected
model. If desired, each of these steps can also

be carried out independently.

3. Adapt using the following fit parameters: Poisson
ratio of 0.5 and the appropriate cantilever tip radius.
NOTE: When using a cantilever with a spherical
cantilever tip, the Hertz fit model should be used.
The cantilever used in this study had a spherical
tip with a radius of 5 ym. We recommend fitting
the force-distance curve until the maximum applied

force is reached (setpoint).

4. Check visually the force-distance curve fit to ensure
correctness. This step has to be done for each of the

force-distance curves analyzed.

Indentation depth determination

NOTE: Depending on the data analysis tool being used,
this process may differ. The experimenter can easily read
the indentation depth by following a series of steps that

are included in the data analysis program.

1. Open each of the generated force-distance curves
in the data analysis software and select the Hertz fit

Model as the analysis process.

2. Apply the Subtract Baseline Offset option to zero
the vertical deflection axis (y-axis) and select the

Offset + Tilt function.

3. Use the Find Contact Point function to
automatically identify the contact point, which is

automatically brought to an x-coordinate of zero.

4. Subtract the distance accounting solely for
cantilever deflection from the raw piezo height during
the indentation using the Vertical Tip Position

function.

5. Select the Elasticity Fit option to display the
processed force-distance curve and select the area
of the graph so that it lines up with the most negative

value on the Vertical Tip Position Axis (x-axis).

6. Read and document the indentation from the X Min
box in the parameter tab. Save and document the

results.

4. Statistical analysis

Open the statistical software. Select New Dataset from

the drop-down menu.

Open the Variable View tab after selecting the DataSet
file. Define the numerical variables for each cellular
pattern category: single strings = SS, double strings =
DS, small clusters = SC, big clusters = BC, diffuse and

the Young's moduli.

In the data view tab, enter the measured Young's
moduli data for each of the corresponding cellular pattern
categories. Analyze the data distribution by selecting
Analyze from the menu bar, and then Exploratory Data

Analysis.

Select Young's Moduli as the dependent variable and
Cellular Pattern as the factor list. A box plot used for
the results section is displayed among the results in the

output file.

To conduct a statistical analysis, choose Dependent
Samples in the nonparametric test section of the analyze
menu bar tab. Select Young's Moduli as Test Fields
and Cellular Pattern as Groups under the fields tab.
Press Run.

NOTE: The results are displayed in the output file. For

the statistical analysis, a Friedman test is performed.
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6. Incorporate the nonparametric test's p-values into the
box plot that was created in step 4.4. Save the results by

clicking File in the menu bar and selecting Save.

Representative Results

Using a self-made cutting device, we were able to explant
and generate small (4 mm x 1 mm) cartilage discs from
fresh human condyles containing a single cellular spatial
pattem30 of single strings (SS, Figure 2A), double strings
(DS), small clusters (SC), big clusters (BC; Figure 2A), and
diffuse (Figure 2B). A representative cartilage explant is
depicted in Figure 3A. The selection of discs displaying only
one type of pattern was done using top-down fluorescence
imaging (Figure 2). The topographic variation of the cartilage
surface disc was further illustrated by side-view imaging of
60 pm thick sections generated from the cartilage discs
(Figure 2C). On the surface of the explanted osteoarthritic
cartilage discs, superficial fibrillation and matrix clefting
were present (Figure 3B,C). This was particularly notable
in the discs representative of advanced OA progression-
represented by the presence of BC (Figure 2A). Following
post-fluorescence sorting, the stiffness of the discs was
assessed by AFM micro-indentations. To this end, the
generated cartilage discs were successfully fixed in the AFM
Petri dish by means of biocompatible glue (Figure 3D) to
avoid sample drifting during the measurements (Figure 3E).
The amount of glue used has to be adjusted. An insufficient
amount of glue will result in disc instability, while adding
too much glue may lead to an unwanted spreading of the
glue either under and/or over the cartilage disc. The latter
leads to measurement artifacts and poor identification of
the disc under the fluorescence microscope. Inadequate

glue application or sudden movements of the sample during

fixation are frequent issues that cause the tissue to detach

from the Petri dish and should be avoided.

A representative gradual stiffness reduction alongside the
cellular pattern arrangement is displayed in Figure 4A.
The stiffness values were higher in the discs containing
SS (median of 2.6 kPa)-representative of uncompromised
heathly cartilage areas. With OA onset and progression, the
AFM measurements showed a strong stepwise decrease in
stiffness of 42% in DS (1.5 kPa), 77% in SC (0.6 kPa),
and, ultimately, 88% in advanced stages represented by BC
(0.3 kPa; Figure 4A). The discs containing a diffuse pattern
displayed an elevated elasticity with an important variation of
the Young's modulus single values. For all of the cartilage
discs with assigned predominant cellular pattern organization,
the indentation depth associated with the employed setpoint
(4.477 nN) was found to be inversely proportional to stiffness
(Figure 4B). A representative generated force-distance curve
is shown in Figure 4C, and a Hertz fit as well as the

identification of the contact point is shown in Figure 4D.

The correct fit depends on, among other factors, the correct
determination of the baseline. If the automatic baseline
detection is erroneous (for example, because of a turbulent
baseline), the fit can also be determined manually, and it
allows the user to select a more representative baseline for
the measurements. However, if the generated force-distance
curve does not allow a proper fit, it has to be discarded.
Figure 5 shows examples of incorrect force-distance curves.
Generating suitable force-distance curves on osteoarthritic
articular cartilage explants can be difficult due to the tissue's
irregular surface, on the one hand (examples are shown
in Figure 5A,B), and the sample's instability caused by
improper sample fixation (examples displayed in Figure

5C,D). Artifacts may be caused by multiple probe-sample
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contact points (due to the uneven surface of degenerated a suboptimal contact between the AFM cantilever and the
cartilage) or unwanted tissue movement (visible through cartilage surface or improper sample fixation to the Petri dish
changes in the focal plane). These artifacts can be seenin the (see Figure 5A-D).

generated force-distance curves and are indicative of either

Condyles
e resection

Fluorescence

Cellular Staining

Pattern
Sorting

*"O‘

in AFM-compatible
Petri Dish

Elasticity
Measurement

—

Force-Distance Curves

Farce (nN)

Distance (um)

Figure 1: Flow chart of the experimental procedure. Summary of the experimental steps in chronological order, starting

from intraoperatively resected cartilage samples to the generation of 4 mm x 1 mm cartilage discs, fluorescence staining
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and sorting of the discs on the basis of the cellular pattern organization by means of top-down and side-view imaging, and,
ultimately, elasticity assessment by means of atomic force measurements. Please click here to view a larger version of this

fAnir
ngure.

Figure 2: Fluorescence imaging of representative cartilage discs. (A) Mosaic 2D images and a zoomed exemplary field
of cartilage discs stained with cell membrane permeable dye at 100x magnification. The top disc displays a representative
single strings disc, while the lower one is representative of a big cluster disc (bottom). (B) Mosaic picture of a diffuse pattern
disc seen from the surface (top), and the same disc imaged from the underside (bottom). (C) Side view of nuclear staining
of 60 pm slices of cartilage discs. The white scale bar represents 500 um for the mosaic pictures (larger field of view, A [left
panel], B, C) and 100 um for the zoomed in, focused pictures (A[right panel]). Please click here to view a larger version of

this figure.
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Figure 3: Explanted articular cartilage discs. (A) Representative image of a generated 4mm x 1mm cartilage disc explant
from fresh human articular cartilage. The scale bar depicted in white represents 2mm. (B) Representative image of native
osteoarthritic cartilage where the tissue surface presents macroscopically visible superficial fibrillation and clefting. The scale
bar depicted in white represents 1,000 mm. (C) Schematical depiction of the fibrillated cartilage surface. (D) Prior to the AFM
measurements, each of the cartilage disc explants was properly fixed by means of bio-compatible sample glue to the surface
of the AFM Petri dish to avoid artifacts due to sample drifting during the actual indentation measurements as shown in (E).

The white scale bar represents 4 mm. Please click here to view a larger version of this figure.
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Figure 4: Representative results of atomic force microscopy measurements of articular cartilage discs sorted on
the basis of their predominant cellular pattern organization. (A) Boxplot displaying the median of the computed Young's
moduli of five discs, one for each cellular pattern, originating from one patient. A total of 25 measurements were performed
on each disc (five measurements for five distinct measurement sites). The black line inside the rectangle represents the
median value, the lower and upper extremities of the rectangle represent the first and third quartiles, respectively, and the
error bars represent the lowest and highest values for each group. (B) Point-plot depicting the 125 indentation depth points
for each cellular pattern. (C) Exemplary force-distance curves acquired with the AFM with a computed Young's modulus of
0.4 kPa. (D) A representative Hertz fit and contact point determination for the force-distance curve shown in (C). The x-axis
displays the vertical tip position (which is the distance crossed by the piezo, with the length accounting for the cantilever
bending being automatically subtracted from the contact part of the force-distance curve). *p < 0.05. For statistical analysis,
the Friedman test was used. Abbreviations: SS = single strings; DS = double strings; SC = small clusters; BC = big clusters.

Please click here to view a larger version of this figure.
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Figure 5: Examples of erroneous force-distance curves. (A) The force-distance curve shows a massive deviation

followed by recovery near to the baseline level before a continuous indentation of the surface is observed. This phenomenon

can be attributed to a relatively large obstacle (e.g., large surface clefts protruding from the topmost layer of the cartilage).

(B) The extended force-distance curve shows multiple small peaks. These curves are thought to be caused by micro-scale

irregularities on the cartilage surface (e.g., fibrillation). Both (C) and (D) display force-distance curves with biphasic courses.

Both force-distance curves are representative of poor sample fixation and sample drift. It is also quite common in these

cases to see a sudden change in the focal plane. Please click here to view a larger version of this figure.

Discussion

As a progressive and multifactorial disease, OA triggers

structural and functional changes in the articular
cartilage.Throughout the course of OA, impairments in
mechanical features are accompanied by structural and
biochemical changes at the surface of the articular
cartilage?’-31. The earliest pathological events occurring in
OA are proteoglycan depletion coupled with collagen network

disruption32:33.34 sych early subtle surface changes are

difficult to pinpoint and identify with bulk testing, because
the mechanical behavior is averaged over the whole tissue
depth. Additionally, a still unaddressed question is whether
functional changes at the organ and tissue levels relate to
micro- or nano-scale structural and functional changes. To
this end, AFM is considered to be one of the most sensitive
methods, capable of detecting the earliest biomechanical
changes occurring with OA onset’. It allows stiffness

measurements on both micro- and nanometer scales in native
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samples, providing information on the mechanical properties

of articular c;arlilage?"r"36

. In this protocol, using micro-
AFM indentations, we measured the elastic properties of
healthy and osteoarthritic articular cartilage human explants.
The results showed that the cartilage explants are highly
representative of early local OA events with a notable gradual
decrease in stiffness occurring in pattern-specific cartilage
explants. Furthermore, the results are in line with previous
published research that showed a notable stiffness decrease

alongside the cellular pattern 0rganization23’24'27'37.

Corroborated native human models that mimic various
aspects of OA pathogenesis and progression are currently
needed to address the shortfalls of translational research
and the challenges of translating in vitro data to a clinical
setting.To date, no model can accurately represent the
complex native human cartilage compartment, let alone the
age-related joint tissues which are prone to OA in response
to disease-initiating stimuli®®. The most commonly used
explant-based models thus far were of bovine or cattle
origin and applied either a strong inflammatory cytokine
treatment or mechanical loading®®-4%:41 This protocol, on
the other side, demonstrates how to generate small (4 mm
X 1mm) explanted disc-shaped human cartilage samples,
which are indicative of the individual stages of specific
OA events. The cartilage explants are sorted and stage
assigned using the cellular spatial organization as an image-
based biomarker®®-42 Since early changes in biomechanical
properties can be already identified and quantified as soon

as double strings start arisingzs’27

, at a stage where the
cartilage surface still appears macroscopically intact?®, this
explant-based model allows the investigation of a local native
cartilage compartment and may provide insightful information
on early OA. Furthermore, this cartilage model could be useful

in investigating the cells and matrix response to mechanical

and inflammatory alterations in a 3D native local habitat38-39
Being relatively simple and easy to generate, these cartilage
explants can be also used to study OA heterogeneity,
which is a limiting factor in developing and testing disease-
modifying OA drugs*3. It also has to be noted that scalability
and dependency on patients undergoing joint replacement

surgery are two of the model's shortcomings.

It is well known that articular cartilage presents a peculiar
behavior depending on the scale level that is tested. As
indicated by Loparic et al., at the micro-scale, the cartilage
behaves as a nonstructured and uniform material®®, and
such an approach gives an approximation of localized overall
cartilage stiffness. With respect to whether micro- or nano-
indentations are better suited, a 2004 study by Stolz et
al.44 compared both micro- and nano-scale indentations in
assessing the structure-mechanical properties of articular
cartilage. The authors emphasized that for micro-scale
spherical indentation of the articular cartilage, the nano-scale
fine structural components (i.e., individual collagen fibers and
proteoglycans) commonly share the task of load bearing. In
such, the aggregate mechanical properties differ markedly
from those of the individual nanocomponents. The same
authors proposed that a combination of micro- and nano-
indentations could be used to assess the overall local stiffness
profiles of articular cartilage, as well as the stiffness related to

the fine structural components44.

Numerous AFM-based indentation experiments have

used sharp pyramidal cantilever tips (radius = 15-20
nm)22'35-44 for assessing cartilage mechanics. Although
the nanoindentations with sharp cantilevers are currently
regarded to be more suitable for assessing the finest

mechanical properties, spherical cantilever tips produce

results that are more consistent and easier to model
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and interpret when testing soft biological samples*4:4°.

Furthermore, Stolz et al. demonstrated that AFM nano-
indentations of enzymatically (i.e., elastase) degraded
articular cartilage are not possible because the tissue
becomes so sticky that tip-sample adhesion dominates the

force-distance curves, rendering the data unfeasible**.

In the present AFM measurements, a cantilever with a
spherical cantilever tip of 5 pm radius was used. The
cantilever choice was motivated by the intention to average
the mechanical properties of the tissue over a fairly large
surface while minimizing the inflicted damage on the cartilage
surface. The relationship between the cantilever-applied force
and the resulting sample indentation was fitted with the Hertz
fit model. When using spherical indenters, the Hertz fit model
is recommended, with the attractive forces acting between the
cantilever tip and the sample surface being neglected48. The

equations for the Hertzian model are shown in Eq.1 and Eq.2.

- E a2+RSZI R.+a ”
T1-vZ[T 2 "Re—a 7| Eqq
a Rs;+a
§=—=In—=
2 Ri—a Eq2

Where F = force; E = Young's modulus; v = Poisson's ratio;
0 = indentation; a = radius of contact circle; and Rg = radius

of sphere.

The model ultimately computes the cellular/tissue elasticity“,
formally expressed as the Young's modulus (E). The Hertz
fit model takes into consideration several characteristics
such as the tip shape and size, indentation, and sample
deformability. If these requirements are not ideally met, the
model may provide an inaccurate estimate of the Young's

modulus*®.

The Hertz fit model assumes that the strain and elastic stress
depend linearly on the elastic modulus, which implies that
the indentation in the sample remains much smaller than the
sample thickness itself*®. This assumption was easily met in
this setup, where the cartilage explants had a 1 mm thickness

compared to indentations of few micrometers.

Articular cartilage can be modeled as a porous viscoelastic

material*® 4?9, The viscoelastic behavior results from

friction between the intracellular/cytoplasmic or matrix
constituents such as molecules, organelles, and the collagen-
proteoglycan network®?:51 . As the name implies, viscoelastic
materials combine two distinct properties: viscous-the
material deforms slowly when subjected to an external load-
and elastic-the material returns to its initial configuration once
the applied load is removed®? 33 The viscoelastic behavior is
manifested as a hysteresis between the approach (extended)
and retraction curves in the force-distance curves*6.92,
similar to the ones obtained in this study (Figure 4C).
Furthermore, a characteristic of viscoelastic materials is
that their mechanical properties depend on the deformation
rate, with the material's stiffness increasing with the rate
at which loading is applied (indentation speed)54. Thus, by
selecting different loading rates, a family of force-distance
curves is generated, each of which represents the mechanical
properties of the tested sample at each loading rate2. So,
when attempting to compare the outcomes of various works, it
is critical to take all of the indentation parameters into account.
Overall, when measuring at the micrometer scale (as in this
study with a 5 um spherical cantilever tip), articular cartilage
behaves as a nonstructured and uniform material, generating
a cumulative elastic modulus that includes both elastic and
viscous contributions to stiffness due to the poroviscoelastic

nature of the tissue3°.
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Another assumption of the Hertzian model is that the
indentation depth is lower than the radius of the spherical
cantilever tip55. The indentation depth represents the
maximum displacement of the cantilever tip after first
contact with the sample. At maximum load, the maximum
indentation depth is the overall displacement of the sample
and the cantilever tip. Bueckle's guideline states a maximum
indentation depth of 10% of the overall thickness of a sample
with the same structure throughoutss, else, the results vary
according to the depth-to-thickness ratio. For a cantilever
tip radius of 5 um, the cartilage explants in this study were
indented at 1.1 ym on average, with a few peaks of 3 ym
in a few instances, particularly for the highly degenerated
cartilage explants.In this case, a compromise was sought, as,
in the experimental setting, relatively high forces associated
with large indentations are required to neutralizethe surface
irregularities of degenerated cartilage.A milder indentation
would result in the examination of superficial fibrillation and

collagen fissuring, both of which are common features of

highly degenerated cartilageST.

Crucial for the Hertz fit model is also the correct identification
of the point at which the cantilever tip comes into direct
contact with the sample, generically termed the contact
point. However, this might turn out to be problematic when
indenting too sticky or too soft samples, as it may result

58,59 In fact, as

in multiple probe-sample contact points
nicely emphasized by A-Hassan et al., for soft biological
tissues, the accurate determination of the point of contact
is one of the most vexing problemsﬁo. This effect was
also observed in the native osteoarthritic cartilage explants,
as, depending on the stage of degeneration, the tissue
surface loses its native mechanical characteristics and is

often uneven, presenting superficial fibrillation and clefting

(Figure 3B,C). This phenomenon was particularly noted in

the cartilage explants where the dominant cellular pattern
was big clusters (Figure 2C). These inhomogeneities in the
cartilage surface might lead to multiple probe-sample contact
points and, thus, erroneous results. Vast deflections were
observed in some cases, followed by a rapid recovery of the
baseline before the final stretch of the force-distance curve
(Figure 5A). This could be attributed to a large obstacle in
the cantilever tip's path (e.g., advanced fibrillation areas with
fraying and splitting cartilage). In other instances, the final
slope of the force-distance curve was scattered with smaller
irregularities (Figure 5B), indicating contact with successively
smaller hindrances (e.g., micro-fibrillation of the tissue). In
such cases, the measurement site must be remeasured or
even changed to ensure data reliability and reproducibility.
To this end, it is also important to carefully inspect the force-
distance curve output of the AFM for the correct identification
of the contact point. This is a crucial point to be aware of,
as it has been shown that an incorrect identification of the
contact point by 50 nm results in an incorrect estimation of
the value of E by an order of magnitudem. Several studies
have begun to use automated approaches to determine
the contact point of force-distance curves, with the goal
of bypassing subjective user input when estimating the
contact point by visual inspection and improving accuracy.
This becomes even more crucial when dealing with a
large number of force-displacement curves, such as those
generated in cell mechanics mesurements?? 62 Although
several strategies have been proposed to automate the

contact point determination?’63,64,65

, the optimal strategy
is highly dependent on experimental conditions and factors
such as the model used to analyze the data, the shape
of the probe, the (non-)adhesive mechanical interaction
between the cantilever tip and the sample, as well as the

(non-)Hertzian behavior of the sample®3.
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Sample drift is another common issue that may cause artifacts
and erroneous contact point determination (Figure 3E). It
basically means that the sample is not properly mounted
in the sample holder (Petri dish) and the sample is moving
during the AFM measurements. The effect is particularly
pronounced when moving the AFM cantilever to a new
measurement site. This aspect can be easily observed
during the actual measurements by a sudden change in
the focal plane. The resulting force-distance curves typically
have a biphasic extended slope, with a mild rise at first,
corresponding to the narrowing of the empty space between
the bottom of the disc and the Petri dish as the disc is pushed
down by the cantilever (see Figure 3E), followed by a firmer
inclination in the second section of the slope, indicating that
the disc is being further indented now that it is in direct contact
with the bottom of the Petri dish (Figure 5C,D). To overcome
the distortions, one can try to better fix the samples by
using an adequate sample adhesive (Figure 3D), keeping the
temperature constant by turning off external sources of heat
(lights) to avoid thermal drifting, and conducting fast scanning
measurements.In the experiments here, we observed a
cantilever deflection drift that occurred within the first 15 min of
the cantilever's immersion in media (due to sudden changes
in temperature). After this time lapse, the drift is usually
negligible. As a result, we advise the experimenter to carefully
examine the baseline after cantilever immersion and to begin
measuring once it has stabilized.The duration of this process

can vary greatly depending on the cantilever used.

Another critical parameter for any AFM measurement is the
set point, which is, simplistically, a measure of the force
applied by the cantilever to the sample. For the contact mode
(as used in this study), the set point represents a certain
deflection of the cantilever. When performing several scans or

several site repetitions, like in the protocol here, the cantilever

tip can adsorb particles from the sample surface, thus making
it sometimes necessary to remove the cantilever, properly

166

clean it°®, and then recalibrate before proceeding with the

measurements.

While AFM micro-indentations provide new and interesting
data collection opportunities, in particular in the context of
osteoarthritic cartilage, the consistency and reproducibility
of the data produced are heavily dependent on several
parameters, as outlined above.When using this approach
to assess the mechanical changes caused by cartilage
tissue degeneration, some pilot measurements on various
spatial patterns must first be performed in order to scale
up the results to the specific experimental design.Pilot
AFM measurements should be performed with the most
standardizable procedure taking enough samples (e.g., five
discs) of the same pattern to provide an indication of the
extent of data variability. This is particularly important when
attempting to quantify and assess the earliest relevant OA
stiffness changes (i.e., between single strings and double
strings, Figure 4A). In fact, in a previous study, using a
similar approach, we showed that a sample size of 30 human
specimens was required to assess biomechanical changes
in the matrix as a function of the spatial organization of the

cells’ .

Furthermore, many of the steps presented in this protocol are
susceptible to human error and heavily rely on the operator's
experience.Given all of the factors that can influence the
actual AFM results, the absolute E values reported in this
study are not generalizable and are rather specific to this
experimental setup. However, the relationship presented here
between the various Young's moduli and the cellular pattern-
based cartilage explants (the more pathologic the spatial

pattern, the lower the elastic modulus [EM] of the cartilage)
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is unaffected, as the findings are consistent with previous
studies showing stiffness changes as a function of cellular

pattern organizationZ3:37 ,

Overall, this step-to-step protocol demonstrates the
functionality of standardized 3D native articular cartilage
explants, which are not only representative of OA-driven
cellular reorganization events ranging from onset to advanced
progression but are also associated with a gradual decrease
in stiffness. The explants may reflect a reliable biomimetic
model for studying OA onset and progression, allowing the
testing and development of different treatment modalities
ex vivo. The use of such a human explant model in
combination with AFM-based biomechanical assessment
could result in a paradigm shift for biomedical research and
the pharmaceutical industry, paving the way for new ways to

identify greatly needed effective OA drugs.
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Abstract

Background Cancer cells are characterized by changes in cell cytoskeletal architecture and stiffness. Despite
advances in understanding the molecular mechanisms of musculoskeletal cancers, the corresponding cellular
mechanical properties remain largely unexplared. The aim of this study was to investigate the changes in cellular
stiffness and the associated cytoskeleton configuration alterations in various musculoskeletal cancer cells.

Methods Cell lines from five main sarcoma types of the musculoskeletal system (chondrosarcoma, osteosarcoma,
Ewing sarcoma, fibrosarcoma and rhabdomyosarcoma) as well as their healthy cell counterparts (chondrocytes,
osteoblasts, mesenchymal stem cells, fibroblasts, skeletal muscle cells) were subjected to cell stiffness measurements
via atomic farce microscopy (AFM). Biochemical and structural changes of the cytoskeleton (F-actin, B-tubulin and
actin-related protein 2/3) were assessed by means of fluorescence labelling, ELISA and gPCR.

Results While AFM stiffness measurements showed that the majority of cancer cells (osteosarcoma, Ewing

sarcoma, fibrosarcoma and rhabdomyosarcoma) were significantly less stiff than their corresponding non-malignant
counterparts (p<0.001), the chondrosarcoma cells were significant stiffer than the chondrocytes (p < 0.001).
Microscopically, the distribution of F-actin differed between malignant entities and healthy counterparts: the
organisation in well aligned stress fibers was disrupted in cancer cell lines and the proteins was mainly concentrated
at the periphery of the cell, whereas B-tubulin had a predominantly perinuclear localization. While the F-actin content
was lower in cancer cells, particularly Ewing sarcoma (p=0.018) and Fibrosarcoma (p=0.023), this effect was even
more pronounced in the case of B-tubulin for all cancer-healthy cell duos. Interestingly, chondrosarcoma cells were
characterized by a significant upregulation of B-tubulin gene expression (p=0.005) and protein amount (p=0.032).

Conclusion Modifications in cellular stiffness, along with structural and compositional cytoskeleton rearrangement,
constitute typical features of sarcomas cells, when compared to their healthy counterpart. Notably, whereas a
decrease in stiffness is typically a feature of malignant entities, chondrosarcoma cells were stiffer than chondracytes,
with chondrosarcoma cells exhibiting a significantly upregulated B-tubulin expression. Each Sarcoma entity may have
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| his own cellular-stiffness and cytoskeleton organisation/composition fingerprint, which in turn may be exploited for

diagnostic or therapeutic purposes.

| Keywords Cancer, Musculoskeletal sarcomas, Atomic force microscopy, Stiffness, Biomarker, Cytoskeleton

Introduction
Cancer cells differ from normal cells and these differ-
ences refer to alterations in cell morphology, cell-cell and
cell-extracellular matrix (ECM) interactions, cell inva-
sion and adhesion, as well as cell death [1]. Sarcomas of
the musculoskeletal system are a heterogeneous group of
malignant tumors, including over 80 different histological
diagnoses [2]. Commonly, sarcomas are categorized into
two main categories: bone sarcomas and soft tissue sar-
comas. With diagnostic means getting better constantly,
more and more subtypes are characterized, thus, steadily
increasing the number of possible different diagnoses [3].
The majority of sarcoma subtypes continue to pose a sig-
nificant diagnostic and treatment challenge, with over-
all survival rates falling between 20 and 30% [4]. Due to
the high degree of heterogeneity in their genetic profile,
histology, as well as clinical features, the implementation
of specific biomarkers, could function as a diagnosis and
therapeutic Achilles’ heel [5].

Cell stiffness has previously been proposed to serve as
a label-free biomarker for cancer detection [6-8], and
refers to a cell’s ability to deform in response to external
stress. It has recently been emphasized that alterations
in the mechanical properties of cells and the surround-
ing environment (i.e. extracellular matrix (ECM)) play a
decisive role during malignant transformation and cancer
progression [9]. In fact, several studies have shown that
cells derived from primary tumors as well as metastatic
cells (e.g., lung, breast, and pancreatic neoplasia) are
more elastic than their benign counterparts [6, 10]. Such
changes in cellular stiffness may be a feature of carcino-
genesis or even part of cancer cell’s survival strategy to
adapt to new environments. The cytoskeleton is the cell’s
primary mechanical structure; it is a complex, dynamic
biopolymer network composed of microtubules, actin,
and intermediate filaments [11]. Actin filaments (F-actin)
along with multi-protein actin complexes (i.e. ARPC2/3)
dictate the directionality, orientation, and large-scale
architecture of the cytoskeleton framework [12], and are
thought to be major contributors to cell stiffness [13].
The close link between actin filaments and cell stiffness is
well documented by the use of disruptive pharmacologi-
cal agents such as cytochalasin D [14]. Microtubules, like
actin, play also an important role, with magnetic twist-
ing cytometry studies showing that destabilizing micro-
tubules decreased cell stiffness while stabilizing them
increased it [15].

The advancement of technology in measuring stiffness
of individual cells has resulted in powerful techniques

capable of bridging the gap between mechanical prop-
erties and cellular functioning and structures. Pioneer-
ing research over two decades ago demonstrated the
importance of mechanical properties in characterizing
cancerous cells [16]. Various techniques for probing the
mechanics of tumors have been developed, with atomic
force microscopy (AFM) emerging as an excellent plat-
form for simultaneously characterizing the structures
and mechanical properties of living biological systems
[17]. It has a phenomenal spatiotemporal resolution,
opening up new avenues for understanding tumor phys-
ics and contributing significantly to cancer research.
Indeed, AFM-stiffness assessment has been demon-
strated to be useful not only for early cancer diagnosis
by measuring cancer-specific proteins, but also for can-
cer progression monitoring by correlating the amount
of cancer-specific proteins with cancer progression [18].
This seems logical given that metastatic cells require the
ability to deform in order to metastasize and infiltrate,
and several studies have shown that cells with higher
elasticity have increased invasiveness and metastatic
potential [19, 20]. Cell mechanical properties in mam-
malian cells are primarily determined by the cell cyto-
skeleton network, where the density and arrangement of
filaments, the number of cross-links, activity, and stress
generation all influence elastic properties [21-23].

The aim of this study was to investigate the mechanical
characteristic alterations (i.e. stiffness) that occur at the
cellular level of a wide range of tissue sarcoma types (i.e.
chondrosarcoma, osteosarcoma, fibrosarcoma, Ewing
sarcoma, rhabdomyosarcoma) as well as their healthy
counterparts and to gain insight into the cytoskeleton
changes (actin and microtubules), that may cause such
changes.

Materials and methods

Cell lines and culture

Five different sarcoma cell lines: chondrosarcoma
(SW1353, #HTB-94, American Type Culture Collec-
tion (ATCC), Manassas, Virginia, USA)), osteosarcoma
(SaOs-2, #HTB-85, ATCC), Ewing sarcoma (RD-ES,
#HTB-166, ATCC), fibrosarcoma (HT-1080, #CCL-121,
ATCC) and rhabdomyosarcoma (RD, #CCL-136, ATCC)
were used in this study. SW1353 and SaOs-2 cells were
cultured in Dulbecco’s Modified Eagle Medium DMEM/
F12 (Gibco, Darmstadt, Germany) with 5% (v/v) FCS
(fetal bovine serum; Gibco) and 1% (v/v) penicillin/
streptomycin (Biochrom, Berlin, Germany), RD-ES
cells in RPMI-1640 with L-glutamine (Gibco) media,
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supplemented with 15% (v/v) FCS (Gibco) and 1% (v/v)
penicillin/streptomycin  (Biochrom), while HT-1080
cells and RD were cultured in DMEM with GlutaMAX,
4.5 g/l D-glucose (Gibco) supplemented with 10% (v/v)
FCS (Gibco) and 1% (v/v) penicillin/streptomycin (Bio-
chrom). Chondrocytes isolated from femoral condyles
collected from patients undergoing total knee arthro-
plasty were used as healthy control cells (for comparison
with chondrosarcoma). As a control group for the osteo-
sarcoma, human bone marrow- mesenchymal stem cells
(MSC) were isolated, differentiated and propagated into
osteoblasts as previously described [24]. Adult human
fibroblasts (#PCS-201-012, ATCC) were used as a control
for the fibrosarcoma, MSC for the Ewing sarcoma and
primary human skeletal muscle cells (SKMC, #PCS-950-
010, ATCC) for the rhabdomyosarcoma. Chondrocytes,
fibroblasts, skeletal muscle cells were cultured in RPMI
1640 with L-glutamine (Gibco) supplemented with 10%
(v/v) FCS with 1% (v/v) penicillin/streptomycin (Bio-
chrom), while MSC were cultured in DMEM (Gibco)
media containing 10% (v/v) human platelet lysate (hPL)
and 1% (v/v) amphotericin B and penicillin/streptomy-
cin (Biochrom), 200mM glutamine (Sigma-Adrich, St.
Louis, Missouri, USA), 1 IU heparin (AppliChem GmbH,
Darmstadt, Germany). The hPL was purchased from the
Tibingen Centre for Clinical Transfusion Medicine; it
did not contain heparin and was referred to as a research
lysate due to the absence of a quarantine period. All cells
were cultured at 37 °C in the incubator supplied with 5%
CO, and trypsin-versene EDTA (1X, Lonza, Basel, Swit-
zerland) was used to passage cells.

Cell stiffness assessment - atomic force microscopy

All cell types were seeded at a density of 310" in petri
dishes (TPP Techno Plastic Products AG, Trasadingen,
Switzerland) and covered with Leibovitz’s L-15 medium
w/o l-glutamine (Merck KGaA, Darmstadt, Germany)
media. The stiffness of living cells was assessed using a
CellHesion200 (Bruker, Billerica, Massachusetts, USA)
atomic force microscope (AFM) system, mounted onto
an inverted light microscope (AxioObserver D1, Carl
Zeiss Microscopy, Jena, Germany). A 5 um radius spheri-
cal tip (model: SAA-SPH-5 pum, k=0.2 N/m, Bruker) was
used for microscale indentation (Fig. 1 - A). The can-
tilever was calibrated on the extended curve, and the
spring constant was determined using the thermal noise
method built into the device software (Bruker, Fig. 1 -
B). In force spectroscopy mode, force-distance curves
were sampled at 2 kHz, with a force trigger of 3nN and
a velocity of 2 pm/sec. To assess the stiffness of the cells,
we performed indentations on selected cells identified by
microscopic examination (3 repetitions/cell; 90 cells per
each cancer entity, Fig. 1 - C). Using the Hertz-fit model
for spherical intenders included in the data processing
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software (Version 5.0.86, Bruker), the cell stiffness in
the form of the Young’s modulus or elastic modulus
(EM) was calculated from the force-distance curves. The
Hertzian model’s equations are shown in Eq. 1 and Eq. 2.

E [d>+R) R, +a
e b t® _ om 1
1-2| 2 "R,—a ™" M
. R.
§ = %m = - Z 2)

Where F=Force; E=Young’s Modulus; v=Poisson’s ratio
(which was set at 0.5); §=indentation; a=radius of con-
tact circle; R, = radius of the sphere.

Cytoskeleton structural investigation - immunolabelling

Following AFM measurements, the cell lines were labeled
with F-actin and B-tubulin. Briefly, the cells were fixed
for 10 min with 4% (v/v) paraformaldehyde (PFA, Sigma-
Adrich) in PBS at room temperature and then washed
three times with PBS. For F-actin, a solution of 1pM Cell-
Mask™ Green Actin Tracking Stain (#A57243; Thermo
Scientific, Waltham, Massachusetts, USA) in 1% (w/v)
bovine serum albumin (BSA) in PBS was used for 1 h.
For B-tubulin, the cells were then incubated with anti-
B-tubulin (rabbit, 1:100, #2129 9F3, Cell Signaling, Dan-
vers, MA, United States) in 1% (w/v) BSA-PBS overnight
at 4 °C in a humidity chamber. Afterward, the cells were
washed three times with PBS and incubated with a sec-
ondary conjugated antibody (Alexa Fluor-594 goat anti-
rabbit IgG, #a21429, Thermo Scientific) at a dilution of
1:200 in 1% (w/v) BSA-PBS for 2 h at room temperature
in the dark. Nuclear staining was performed with 2 pg/
ml DAPI (4/,6-diamidino-2-phenylindole, Thermo Fisher
Scientific). The cells were washed three times for 5 min
each in PBS. Images were acquired using a Leica DMi8
microscope (Leica, Wetzlar, Germany) at a 40x objective.

Cytoskeleton biochemical investigation - ELISA

The changes in F-actin and B-tubulin content were ana-
lyzed by means of enzyme-linked immunosorbent assay
(ELISA). For protein isolation, cells (density 1x10%) were
washed with PBS and lysed in protein lysis buffer (40
mM Tris/HCI pH 7.4, 300 mM NaCl, 2 mM EDTA, 20%
(v/v) glycerol, 2% (v/v) Triton X-100) supplemented with
1X proteinase inhibitor (Halt™ Protease-Inhibitor-Cock-
tail, Thermo Scientific) at 4 °C. A soluble fraction was
obtained by centrifugation at 15,000 g for 15 min at 4° C.
Protein aliquots were first tested for total protein concen-
tration using the Bradford protein assay before being nor-
malized (Bio-Rad Laboratories, Richmond, CA, USA). A
total of 20 pg of protein for each cell type was subjected
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Fig. 1 Experimental settings for cell stiffness assessment. (A) Schematic representation of cell micro-indentations using a 5 um radius spherical cantilever.
(B) Representative force-distance curve obtained from AFM indentations for cells. The extend curve that is used for fitting of the Hertz fit model is shown
in red. (C) Microscopic pictures of AFM measured cancer cell lines and their corresponding non-malignant counterparts. The cantilever used for measure-
ments is also shown (white arrow). Scale bar (white) represents 100 um. Abbreviations: AFM — atomic force microscopy

to F-actin ELISA (#CSB-E13678h, Cusabio Technology
LLC, Houston, Texas, USA) and pB-tubulin ELISA (#RD-
TuBbl-Hu, Reddot Biotech, Kelowna, Canada) following
the manufacturer’s protocol. Absorbance was recorded at
450 nm by using an EL 800 reader (BioTek Instruments
GmbH, Bad Friedrichshall, Germany). Three indepen-
dent measurements of the ELISA assays were performed
for each cell type.

Cytoskeleton gene analysis
RNA was isolated from the cells (1x10° using the
RNeasy Mini kit (Qiagen, Hilden, Germany). Using the

innuSCRIPT reverse transcriptase (Analytik Jena, Jena,
Germany), 1 pg of RNA was reverse transcribed. A
NanoDrop™ (Thermo Scientific) spectrophotometer was
used to determine the purity and concentration of RNA.
In a total volume of 10 pl, cDNA (50ng) was analyzed in
duplicate reactions by quantitative-real-time-PCR (qRT-
PCR) using gene-specific primers and 1X SYBR select
master mix for CFX (Life Technologies GmbH). Primer
pairs: F-actin (for: 5-ACAGAGCCTCGCCTTTG-3',
rev:  5-CCTTGCACATGCCGGAG-3),  B-tubulin
(for: 5-TCTTGCCCCATACATACCTTG-3 rev:
5-TCACTGATCACCTCCCAGAA-3"), ARPC2/3
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complex (for: 5-CTCTGGAGCTGAAAGACACA-3’,
rev: 5-AGGTTGATGGTGTTGTCTCG-3"), were pur-
chased from Eurofins Genomics (Ebersberg, Germany).
qRT-PCR was carried out in a QuantStudio3 (Thermo
Scientific) and was analyzed using data analysis software
incorporated in the device (Thermo Scientific). Relative
expression levels were calculated using the AACt (2-4aCh
method as previously described [25], using GAPDH as
reference gene.

Statistical analysis

The data is either graphically displayed as the median
in a boxplot, or as mean with standard deviation (SD)
in a bar diagram. Normality of the data was assessed
by histograms and Shapiro-Wilk test. Depending on
the normality, the comparison between experimental
results was performed either by a Kruskal-Wallis with

A
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Mann-Whitney-U test as a post hoc test (AFM data) or
t-test as a post hoc test (ELISA and qRT-PCR). Statistical
analysis was performed with SPSS Statistics 22 (version
280.0.0.0 (190), IBM Corp., Armonk, NYY, USA).

Results

For each cell type, 270 AFM measurements were con-
ducted (n=3 biological replicates, 30 cells/ replicate,
3 repetitions/ cell) and Fig. 2 displays the computed
Young’s moduli. Cancer cells were significantly less stiff
(more elastic) than their corresponding non-malignant
counterparts (osteosarcoma cells - osteoblasts: p<0.001,
Ewing sarcoma cells - MSC: p<0.001, fibrosarcoma cells
- fibroblasts: p<0.001, rhabdomyosarcoma cells - SKMC:
p<0.001) with the exception of chondrosarcoma cells
and chondrocytes, where the trend was the opposite
(p<0.001, Fig. 2). Absolute values were thereby reduced
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Fig. 2 Analysis of Young's modulus of musculoskeletal cancer cell lines and heathy controls. (A) Box plots (medians, first and third quartiles, minimum,
maxirmum) of the cellular stiffness (kPa) for each cell line is displayed. Outliers are depicted by circles. Healthy control cells were stiffer than their cor-
responding neoplastic cell line (p<0.001), only exception being the chondrocytes that exhibited a lower stiffness than the chondrosarcoma cell line
(p<0.001). (B) Representative force-distance curves for various cell types. (C) Images showing histogram distribution of elastic modulus of all cell types ***
p<0.001. Abbreviations: MSC- mesenchymal stem cells, SKMC - skeletal muscle cells
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by 69% for the osteoblast - osteosarcoma group (median:
0.842 kPa to 0.256 kPa), 31% for the MSC - Ewing sar-
coma (median: 0.381 kPa t0 0.260 kPa), 70% for the fibro-
blasts - fibrosarcoma (median: 1.008 kPa to 0.315 kPa)
and 36% for the SKMC- rhabdomyosarcoma group
(median: 0.418 kPa to 0.267 kPa), while for the chondro-
cyte - chondrosarcoma group a notable increase in stift-
ness (i.e. a lower elastic profile) was observed (median:
0.239 kPa to 0.414 kPa corresponding to a 73% increase).
In terms of stiffness distribution, malignant cells showed
a unimodal skewed to the left distribution, while for nor-
mal cells the distribution is broader and have a higher
stiffness. The chondrosarcoma cells exhibited a bimodal
stiffness distribution with two prominent peaks at
0.2940.05 kPa (‘peak 1') and 0.48+0.06 kPa (‘peak 2').

Since cytoskeletal remodeling may be a major con-
tributor to the observed differences in cell stiffness [26]
between cancer cells and their healthy counterparts,
we examined the cytoskeletal structure by F-actin and
B-tubulin labelling. The results presented in Fig. 3A-]
show that in comparison to all cancer cells (Fig. 3 - B, D,
E H, J), healthy cells show denser, better-aligned F-actin
with longer stress fibers. Chondrocytes (Fig. 3 - A)
showed a similar actin pattern, however at a lower den-
sity. For the stiffer healthy cells (Fig. 3 - C, E, G, I) the
actin filaments are dispersed throughout the cell body,
with actin bundles aligned along the long axis of the cell
with well-defined stress fibers. Actin filaments in the
softer cancer cells, in contrast, are less organized and
F-actin bundles are oriented randomly with short seg-
ments, forming a tangled network (Fig. 3 - D, F, H, ]).
All cancer cells showed a predominant cortical F-actin
structure, with the majority of filament lying in the cell’s
periphery (Fig. 3 - B, D, E, H, ]).

All of the cancer cell lines- healthy controls duo had a
strong perinuclear presence of B-tubulin, forming a tor-
tuous microtubular structure with longitudinally and
obliquely concentrated crossed filaments, with a decreas-
ing tendency toward the cytoplasm’s periphery. This
effect was especially noticeable in cancer cells (Fig. 3
- D, E H, J), where the -tubulin presence was reduced
in F-actin enriched areas of the cell periphery. The chon-
drosarcoma cells (Fig. 3 - B) exhibited a similar -tubulin
distribution to their healthy counterparts (Fig. 3 - A),
with long, rich, well defined, and elongated microtubule
networks, a feature shared by the rest of the healthy cells
(Fig. 3-E, G, 1).

We further looked into the cytoskeleton composition
to get a better understanding of the changes we saw at the
structural level. To this end we quantitatively analyzed
actin filaments (F-actin), microtubules (B-tubulin) and
actin-related protein 2/3 (ARPC 2/3) complex known to
act as a nucleus for actin polymerization (Fig. 4).
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While there was a significant difference in F-actin
protein content between osteoblasts and osteosarcoma
(p=0.020), fibroblasts and fibrosarcoma (p=0.004), and
SKMC and rhabdomyosarcoma (p=0.016), no other
cancer-healthy duo group showed a substantial difference
in the F-actin protein content (Fig. 4 - A). At the gene-
expression level, a similar trend was seen, between MSCs
and Ewing sarcoma (p=0.018) and fibrocytes and fibro-
sarcoma (p=0.023, Fig. 4 - B).

The total protein content of -tubulin was significantly
lower in sarcoma cell lines compared to controls (osteo-
blasts — osteosarcoma, p=0.001; MSC - Ewing sarcoma,
p=0.001, fibroblasts - fibrosarcoma p=0.001; respec-
tively SKMC - rhabdomyosarcoma, p=0.002, Fig. 4 -
C). In contrast, the opposite trend was observed for the
chondrocyte — chondrosarcoma duo, with the chondro-
sarcoma cells exhibiting significantly more p-tubulin
(p=0.032). A similar trend was seen at the gene level,
where B-tubulin expression was significantly upregulated
in chondrosarcoma cells (p=0.005), while the remaining
difference between the other cancer-control duos did not
reach statistical significance.

The ARPC2/3 expression (Fig. 4 - E) was tendentially
elevated in cancer cells relative to their healthy coun-
terparts, except for the fibroblasts-fibrosarcoma group
in which the opposite trend was significantly observed
(p=0.038).

Discussion

Due to the wide range of histological subtypes and clini-
cal and histopathological characteristics that are not
always distinct, musculoskeletal sarcomas remain a
diagnosis challenge [27]. To date, there are still no reli-
able biomarkers that can be used for disease surveillance
and screening. With the advent of quick biomechanical
assaying techniques, stiffness may become a particularly
important biomarker [28, 29] for load bearing tissues. In
our study, we sought to determine whether cell stiffness
is a valid, universal biomarker for different musculoskel-
etal sarcoma cell entities. Our study was designed as a
large-scale exploratory one, in which we used the same
AFM method and micro-mechanical indentation analysis
on some of the major sarcoma entities to compare 10 cell
lines, including 5 distinct sarcoma cell lines and 5 con-
trols (healthy cells).

Our AFM results showed that, in four of our five exper-
imental groups, the heathy cells were significantly stiffer
than their corresponding cancer cell lines (osteosarcoma,
Ewing sarcoma, fibrosarcoma, rhabdomyosarcoma).
These results are in line with previous research showing
reduced elastic moduli values of cancer cells compared
to healthy cells [7, 8, 26]. Healthy and non-invasive cells
are thought to have bulk stiffnesses far from the critical
range, whereas cancerous and invasive cells are thought
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Fig. 3 Cytoskeleton structure in musculoskeletal cancer lines and healthy cells. Healthy cells: (A) chondrocytes, (C) osteablasts, (E) MSC, (G) fibroblasts, (1)
SKMC and their corresponding cancer cell line: (B) chondrosarcoma, (D) osteosarcoma, (F) Ewing sarcoma, (H) fibrosarcoma and J) rhabdomyosarcoma
were subjected to B-tubulin immunaclabelling (red) coupled with fluorescence labeling of F-actin (green). Cell nuclei are depicted in blue. Pictures taken
at a 40x objective and scale bars (white) represent 50 um. Abbreviations: MSC - mesenchymal stem cells, SKMC - skeletal muscle cells
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to modulate their stiffness to a value near the criti-
cal range in order to maximize the migratory potential
required for tumor progression [30]. Softening tumor
cells boost their ability to self-renew [31]. Although a
correlation has been established between cell stiffness
and tumor cell malignancy [32], the link between cellular
mechanical properties and metastatic preference remains
inconclusive.

One of the most interesting findings of our study was
that the chondrosarcoma cell line had the exact oppo-
site elastic fingerprint as the other sarcoma cell lines we
looked at - it was much stiffer than the healthy control
- chondrocytes. This interesting observation might be
attributed to the molecular fingerprint of the neoplastic
entity, and the nuanced differences between the cancer
cell and the healthy control cell: chondrocytes. Chondro-
sarcomas have been shown to express several proteins
known as MSC markers [33]. In fact, two cell types with
distinct marker expression signatures have been isolated
from primary conventional chondrosarcomas: one group
of multipotent MSC origins (CD49b high/CD10 low/
CD221 high), and another that resembled fibroblastic
lineage (CD49b low/CD10 high/CD221 low) [34], sug-
gesting that both chondrosarcoma cell types arose from
multipotent MSC origins, the presumed origin of chon-
drosarcomas [34]. In fact, when looking at the elastic pro-
file obtained in our study of the chondrosarcoma (median
of 0.414 kPa) it resembles closely the MSC elastic profile
(0.381 kPa) (p=0.358). While adult chondrocytes also
express MSC markers (CD105/CD166) [35] that increase
with osteoarthritic driven degeneration of the articu-
lar cartilage [36], it is unclear whether this increase in
MSC markers is an attempt at cartilage repair or a pre-
requisite for macroscopic cartilage degradation due to a
lack of extracellular matrix maintenance. The differences
between the two cell lines were also corroborated by a
study done by Gabauer et al. which found only very lim-
ited similarities between SW1353 chondrosarcoma cells
and chondrocytes, implying that the SW1353 cell line has
a very limited potential to mimic chondrocytes [37].

Reorganization of the cytoskeleton, particularly actin
microfilaments, has been shown to play a critical role
in all aspects of cancer pathomechanism, including cell
invasion and metastasis [38—40]. As such, we examined
the organization of F-actin both qualitatively and quan-
titatively in these cell lines and compared their cyto-
skeletal architecture. All musculoskeletal cancer cells
(chondrosarcoma, osteosarcoma, fibrosarcoma, Ewing
sarcoma and rhabdomyosarcoma) exhibited a distinct
F-actin arrangement pattern, barely displaying organized
actin stress fibers (Fig. 3). This is consistent with previous
research that also found actin stress fibers in the apical
regions of healthy cells, but not in cancerous cells, sug-
gesting that there fibers cannot contribute to stiffness
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[41]. This peculiar cytoskeletal reorganization might
represent an adaptation mechanism used by the cancer-
ous cells to adjust their stiffness to match the compli-
ance of their substrates [42, 43]. The organization of the
actin network can be altered by actin-binding proteins,
among which is the ARPC2/3 that induces the forma-
tion of branched filaments, affecting actin dynamics [44].
Deregulation of the ARPC 2/3 regulatory framework has
previously been described in cancer migration [45]. Our
results showed that it is mainly expressed in cancer enti-
ties as well as in fibroblasts. The ARPC 2/3 complexes
has been detected in both filopodia and lamellipodia of
spreading fibroblasts, and their interplay is considered
a significant factor in determining the motility choices
made by the cells [46].

Also, in the healthy - cancer cell group where the can-
cer cells showed a lower stiffness (osteosarcoma, fibro-
sarcoma, Ewing sarcoma, and rhabdomyosarcoma),
there was a decrease in the quantity of filamentous actin
(F-actin) fibers, albeit to a lesser extent in the chondro-
sarcoma cell line (SW1335). These features reinforced the
notion that the chondrosarcoma cell line has a distinct
molecular, structural and mechanical fingerprint. In fact,
previous research found an inverse relationship between
the malignancy of chondrosarcoma cells and their degree
of chondrocytic differentiation, implying, thus, that their
metastatic ability was more dependent on the expression
of specific matrix metalloproteases, that are required
for egress from the tumor matrix and invasion into the
extracellular matrix [47, 48]. Similarly a study done by
Calzado-Martin et al. showed that although actin stress
fibers contribute significantly to stiffness in healthy breast
cells, the elasticity in tumorigenic cells does not appear to
be primarily determined by these structures [41].

It is also conceivable that in chondrosarcomas, actin
stress fibers are not the primary candidates responsible
for changes in the stiffness profile. Interestingly, when
looking at the cytoskeleton from the microtubules per-
spective, B-tubulin was significantly upregulated in
this cell line (SW1335) when compared to chondro-
cytes (Fig. 4- C, D). The remaining cancer-healthy cell
duos showed an exact opposite trend. Moreover, the
beta-tubulin data seems to be consistent with the AFM
stiffness data (Fig. 2), which showed that for all cancer
cells-healthy controls duos, the healthy cells were sig-
nificantly stiffer than the cancer cells, with the exception
of chondrocytes-chondrosarcoma, where the opposite
effect was observed. In fact, prior studies have demon-
strated that microtubules possess a similar elastic modu-
lus as actin filaments, measuring around 1 GPa, however,
they also exhibit a bending rigidity approximately 100
times greater than that of actin [49, 50]. As dynamic
components, microtubules also have the ability to form
bundles with the aid of other proteins, consequently
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enhancing their stiffness. Remarkably, cross-linking two
microtubules leads to a four-fold increase in stiffness, a
considerable alteration that highlights their substantial
role in cellular mechanics [51].

The presence of tumor cells with varying degrees of
stiffness within the same tumor tissue may be due to the
heterogeneity of the tumor mechanical microenviron-
ment [52]. As a result, it is unclear whether the unique
cell cytoskeleton arrangement, composition and stiffness
are due to their adaptation to the particular mechani-
cal microenvironment of the targeted organ or to their
intrinsic features independent of extracellular factors.
Also, it should be noted that because we only studied
one chondrosarcoma cell line - SW1335, thus, it is highly
conceivable that the elastic behavior varies between cell
lines from the same cancer entity, as chondrosarcoma is
known to be a highly heterogeneous disease [53]. Darling
et al., showed that among 3 different grade II chondrosar-
coma cells lines (JJ012, FS090, and 105KC) the mechani-
cal properties differ significantly [54], which also exhibit
different levels of aggressiveness and metastatic poten-
tial. The authors also suggested that cell deformability
may reflect certain phenotypic characteristics associated
with the metastatic process [54].

Overall, we found that most sarcoma cell lines from the
musculoskeletal neoplastic family are associated with sig-
nificant stiffness decrease at a cellular level coupled with
a specific structural and compositional rearrangement
of the cytoskeleton. Together with previous biochemi-
cal findings, these results could lead to new diagnostic
or prognostic approaches at a cellular level for determin-
ing the metastatic potential of musculoskeletal sarcomas.
Recent studies, for example, have reported a microfluidic
cell sorting approach based on cell stiffness that can iden-
tify molecular mechanisms of drug resistance and exam-
ine the heterogeneous responses of cancers to therapies
[55]. Moreover, a better understanding of the mecha-
nisms underlying these mechanical changes coupled with
tumorigenic transformation could lead to the develop-
ment of new pharmacological approaches (i.e. inhibiting
metastasis by chemically targeting cytoskeletal structures
that regulate cell stiffness and its subsequent motility).

Conclusion

This study suggests that changes in cellular stiffness are
a peculiar feature found in the majority of musculoskel-
etal sarcomas investigated. The mechanical properties
of chondrosarcoma cell lines show a distinct mechani-
cal fingerprint, that potentially may vary substantially
depending on the cell line tested. The structural rear-
rangement and composition of the cell cytoskeleton are
also distinguishing features of these cell lines. These find-
ings highlight the importance of cell stiffness in muscu-
loskeletal sarcomas, which may not only reflect but also
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influence metastatic potential, and may be utilized for
diagnostic, prognostic or therapeutic purposes.

Study limitations

Cellular heterogeneity in tumors is a well-established
phenomenon [56, 57] that is thought to be an important
cause of drug resistance that impedes treatment outcome
[58, 59]. Since, we only examined one patient-derived
cell line for each neoplasia type in our study, the entire
neoplastic cell population may not be represented. Our
findings are, however, highly consistent with the previous
publications that analyzed and showed a loss of stiffness
in cancer cells coupled with a structural rearrangement
of the cytoskeleton [8, 26, 30, 31]. It also has to be noted
that our heathy control for the chondrosarcoma — the
chondrocytes, were isolated from osteoarthritic carti-
lage samples received from patients receiving total knee
replacement surgery. Thus, it is possible that, several cel-
lular and molecular features of these cells may be altered
when compared to chondrocytes derived from com-
pletely healthy cartilage samples.
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3 Discussion

The biomechanical properties of a tissue are shaped by a multitude of dynamic processes
that take place at the cellular level and within the ECM. The type and amount of collagen,
the diversity of proteoglycans and their capacity to bind water, and the presence of
particular enzymes that support regeneration or degradation are the main variables that
will influence the stiffness of a tissue (Panwar et al., 2015; Thibbotuwawa et al., 2021).
All of these parameters are highly dependent on the synthesis function of the on-site
settled cells (Lu et al., 2011). In turn, those cells display a broad array of sensing
mechanisms, in the form of membrane channels, metabolic pathways, cytoskeleton
constructs or nuclear force-transmission systems (Burridge and Guilluy, 2016; Lee et al.,
2014), which impact gene expression and protein synthesis. Hence, the whole acts as a
feedback loop, where both the ECM and the cells have the possibility to transmit
information to each other and remodel. All of these complex mechanisms represent as
many putative targets for therapy.

Tissue and cell stiffness shape the interaction with the environment and can determine
the frontier between health and disease. As is apparent in both of the presented works,
stiffness can be a good indicator of the pathological state of a biological system.
Consequently, the mechanical properties of tissue/cells may offer a great opportunity to
improve existing diagnostic procedures or develop new therapeutical methods. As the
field of mechanobiology represent a relatively recent discipline, the need for mechanical
characterizations of biological systems and the creation of appropriate models to study

them remains considerable.

3.1 Cartilage stiffness: a biological marker throughout the course of

osteoarthritis

At the present time, although many of the factors leading to OA are known, our
understanding of the key components involved in the modulation of the disease remains
limited and the treatment options are poor. Since decades, the field of regenerative
medicine has explored the possibilities to comprehend cartilage regeneration (Guilak et
al., 2022; Sittinger et al., 1999). The growth of the tissue, its sustainment in a particular

environment and its transfer to the in-vivo milieu have revealed themselves to be
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remarkably difficult. Some techniques (e.g. microfracture, mosaicplasty, autologous
chondrocyte implantation) are applied clinically, principally to attempt reappearing focal
damages, and show varying degrees of success (Bentley et al., 2012; van Assche et al.,
2010). However, those approaches are not adapted to treat patients suffering from
extensive tissue degeneration. Besides cartilage engineering and the use of auto-/allograft
to reimplant tissue-depleted regions, another strategy is giving hope to significantly
improve the condition of OA patients, namely the use of DMDs. This therapy option relies
on the fact that OA is a slowly developing disease that gradually progresses over many
years or even decades. Articular cartilage degeneration occurs as the result of prolonged
exposure of the tissue to inappropriate mechanical stress (Lee et al., 2017), inflammation
(Scanzello, 2017), and uncontrolled enzymatic digestion (Troeberg and Nagase, 2012),
with the whole leading to an imbalance between anabolic and catabolic processes. The
“re-equilibration” of this fragile balance may participate to tissue protection and lead to
a significant slowdown of OA progression. Indeed, several serious candidates have
already been identified for a targeted pharmacological modulation. These include the
large family of matrix metalloproteinases (MMPs) and A disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTSs). For instance, MMP-13 and
ADAMTS-5 are known to be closely involved in articular cartilage degradation (Jiang et
al., 2021; Mitchell et al., 1996) and have already been targeted by inhibitors as a part of
clinical trials (Krzeski et al., 2007; Larkin et al., 2015). Like many other studies using
enzyme inhibitors, the beneficial outcome for the patients ranges from moderate to non-
significant and the adverse side effects constitute a serious concern, both indicating that
further investigations are needed. Another limitation of these studies is that the articular
cartilage of the selected patients may have already reached an advanced level of
degeneration. It is conceivable that at later OA stages, the damage induced to the tissue
may be irreversible, masking a potential effect of the DMDs. Yet, it is complicated to
determine a pool of participant manifesting the adequate advancement in the disease,
since the early stages of OA cannot be assessed precisely in vivo.

Overall, there are several indications that the modern field of orthopedic research requires
new reliable models to develop the most promising technic in terms of diagnostic and
therapy for OA. In the present study, we propose the use of cartilage discs that are easy

to generate, simple to handle, compatible with standard laboratory methods, and can be
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submitted to mechanical measurements. This model may be used to test different
diagnostic and therapeutical approaches of OA in vitro and monitor them at the
biomechanical level. The fact that the tissue stems from patients undergoing total knee
arthroplasty ensure wide availability, which is convenient to conduct routine experiments.
On the other hand, it has to be kept in mind that the cartilage originates from osteoarthritic
joints. For this reason, it is questionable that the samples labeled as SS effectively
represent the healthiest state of the tissue. This fact leads to the limitation that the ideal
controls (i.e. SS cartilage discs originating from subjects with healthy joints) may be
missing in this model. In the case of our mechanical measurements, it is conceivable that
the stiffness measured by the SS discs may already be reduced in comparison to fully
healthy cartilage samples.

One of the main advantages of the depicted cartilage discs is their large diameter and their
thickness. This allows for the original properties of the tissue to be relatively well
preserved and probably makes them comparable to those of the native cartilage in the
joint. The exact limits between the different zones in the tissue (superficial, transitional,
deep) cannot be clearly drawn, since they are overlapping at their point of transition. In
the literature, the proportion of each zone is typically given as the percentage (Ulrich-
Vinther et al., 2003) of a total cartilage thickness, therefore varying depending on the
investigated specie, the nature of the joint, the location on the articular surface, and the
degree of erosion. The discs are Imm thick, which implies that the superficial zone
(=300um) is definitely encompassed and a large portion of the transitional zone is also
included. Additionally, the original surface of the cartilage systematically remains. This
means that the mechanical measurements could be directly performed on the authentic
surface, which is naturally exposed to strain within the joint. Other works employed fine
cartilage slices processed with microtome (Danalache et al., 2019; Wilusz et al., 2012b).
This approach permits removing the eroded cartilage surface and directly exposing a
deeper part of the tissue, whose architecture has been better preserved. For instance, this
technique enables specifically targeting a desired location (e.g. the PCM). This would not
be possible with the actual Imm discs, unless confocal microscopy is used. On the other
hand, with slices in the micrometer range, the bulk of the tissue present in the deep of the
indentation point is limited and cannot account for the determination of the stiffness, as

is the case in situ. Yet, this may be only a minor concern in the case of AFM indentations
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of very few micrometers, but would definitely impact the outcome if the model was
submitted to mechanical measurements using indenters working at a larger indentation
depth. The need for devices that are able to measure cartilage stiffness in vivo in clinical
settings is presently unmet. AFM and numerous other possible candidate techniques
(Cykowska et al., 2022) seem to be difficult to implement in clinical settings due to their
complex handling and the voluminous aspect of the setups. In this context, fiber Bragg
grating (FBG) appears as one of the most promising methods. This optical-fiber based
indenter could be used in minimal invasive settings (i.e. could be introduced in an
arthroscope) and directly probe patients’ cartilage in vivo. The capacity of FBG to discern
between different grades of cartilage stiffness using AFM as a reference has already been
experimented (Hartmann et al., 2020). Since FBG has a probe diameter of ~125um and
works at an indentation depth up to 300pum (Marchi et al., 2017), the cartilage discs
presented in this protocol would offer the perfect condition for such mechanical trials.
Additionally, it would be interesting to test if this device could — based on the measured
stiffness similarly to AFM — discriminate between cartilage explants exhibiting different
cellular organization patterns.

Concerning the analysis of the data generated with AFM indentation, a disc thickness of
Imm also averts certain shortfalls of the fitting models used to extract the Young’s
modulus from the force-distance curves. In the case of the present study, a cantilever with
a Sum radius spherical tip was used and the model employed to fit the curves was the
classical Hertz model. This model implies several assumptions about the experimental
settings, one of which is that the indentation depth remains under 10% of the total
thickness of the sample (Krieg et al., 2019). A thickness of Imm hence permits satistfying
this assumption for absolutely any AFM measurements. Another recommendation in
order for the model to yield the most accurate estimation of the stiffness is that the
indentation depth should not overcome 10% of the indenter’s diameter. This is a common
problem in the field of mechanical characterization of soft tissue, since a sufficient
indentation depth must be reached to gain a representative estimation of the stiffness.
Hence, a compromise has to be found. In the present study, the indentation depth ranged
up to 3um for a minority of measurements. Principally the cartilage samples with a high
degeneration stage (i.e. BC) were concerned. This rely on the fact that due to the relative

softness of altered cartilage, the resistance to indentation is reduced. For this reason, in
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order for the tissue to offer a sufficient opposite force to reach the established setpoint
(4.477nN in the case of the present study), the compression has to be amplified and the
indentation depth increased. There is already evidence in the literature that a higher
indentation depth/indenter diameter ratio is still being relatively well supported by the
model, if the investigated sample is not too thin (Wu et al., 2016). Nonetheless, to test for
the solidity of the fit model on those measurements, we separately performed a data
analysis based only on the first 1um of indentation of such force-distance curves. The
results showed that the resulting Young’s moduli differed by maximally a few tens of
pascals in comparison to the analysis conducted on the totality of the curve (Figure 2 in
appendix). These differences can be considered as negligeable and should not interfere
with the determination of a trend between the experimental groups, since intervals of up
to several kilopascals can be observed between the medians of those groups (e.g. between
SS and BC). This information additionally indicates that the experiments could probably
also be conducted successfully using a given/fixed indentation depth as a setpoint (e.g.
lum for all measurements) instead of using a predefined force like in the present case.
This would have the advantage to keep the ratio indentation depth/indenter diameter at
10%, thereby better satisfying the theoretical assumptions of the Hertz model.

Alternatively, a cantilever with a larger tip size could be employed in order to minimize
the indentation depth/probe-diameter ratio. The choice of the cantilever depends
principally on the nature of the sample (e.g. tissue vs cells) and the scale at which the
sample should be investigated. Articular cartilage can be mechanically investigated at the
micro- or nanoscale. For nanoscale measurements, pyramidal cantilevers with a tip radius
in the nanometer range are typically used. With this technique, it is assumed that different
molecular territories of the tissue can even be distinguished (Loparic et al., 2010). Given
the size of the nano-probe compared to the size and the arrangement of the ECM
components (Chen and Broom, 1998; Roughley and Lee, 1994), collagen microfibrils or
proteoglycan networks can be encountered separately, hence returning two distinct
profiles of stiffness within the same sample. On the other hand, microscale measurements
represent an averaged value of those two populations (collagen microfibrils +
proteoglycan networks) since the indented surface encompasses both the collagen and the
proteoglycans. With a radius of Sum and a spring constant of 0.15N/m, the cantilever

used in the present study is of intermediate size and rigidity in comparison to the probes
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typically used for microscale AFM measurements in the literature (Danalache et al., 2020;
Stolz et al., 2009; Wilusz et al., 2012b). The fact that the native surface of degenerated
cartilage was investigated led to the problem that the texture that directly entered in
contact with the cantilever was not plane. Superficial fibrillation and clefting of the tissue
complicated the measurements and in the worst case led to substantial artifacts, such as
multiple contact points in the force-distance curves. The purpose of the wide cantilever
tip used in the present work was hence not only to average the molecular components of
the matrix but also the irregularities protruding on the surface of the cartilage. It is
conceivable that the fulfillment of this objective could be further refined by the use of a
cantilever with a tip radius superior to the actual Sum in order to average a larger amount
of the discontinuous surface. Additionally, the use of a cantilever with a higher spring
constant would allow applying a greater force thereby compressing the superficial
protrusions to reach a deeper, more representative portion of the tissue.

In the literature, a broad range of values have been described for the stiffness of human
articular cartilage, fluctuating from kPa (Darling et al., 2010; Wilusz et al., 2013) to mPa
(Loparic et al., 2010; Stolz et al., 2009). In the present study, >90% of the Young’s moduli
were comprised between 300Pa and 6kPa, which is fairly low compared to the values
generally reported, inclusive in comparison to those obtained in previous works of our
group (Danalache et al., 2019). From our experience, processed cartilage slices (e.g.
35um thick sections prepared with a microtome) exhibit a higher stiffness than cartilage
samples where the original surface is still preserved. This observation probably relies on
the fact that in resected tissue, a relatively flat surface is created, as it is cleanly sliced by
the cutting device. Conversely, on a native eroded cartilage surface the fibrillation of the
ECM render a loser structure that contributes to weaken its resistance to applied forces.
Yet, higher stiffness values also have been reported in a study using similar settings as
our (Tschaikowsky et al., 2021). In this work, a cantilever with a S5pum in radius spherical
tip was used, the native surface of the cartilage was indented, and the indentation depth
was settled to 1um. The most notable difference to our study design was the thickness of
the samples. The discs investigated by Tschaikowsky et al. (2021) were only 300um
thick, although this should not affect the measured stiffness given the comparatively low
indentation depth. Particularly for samples classified as healthy (i.e. SS), stiffness maps

with Young’s moduli of several hundreds of kPa were recorded. We tested our AFM
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equipment on commercially available Petri dishes, with a ground stiffness (of several tens
of kPa) nominally specified by the manufacturer. The measured Young’s moduli were
always comparable to the specified values, so that we are confident that our data depict
the genuine stiffness of the studied samples.

Real artifacts compromising the reliability of the data are typically detectable by
analyzing critically the force-distance curves. This is the case — for instance — when an
undesired motion of the disc occurs during the measurement. Hence, an apparently trivial
yet decisive aspect of the protocol was the fixation of the disc in its AFM-compatible
environment. Following resection, the tissue had generally the tendency to retract slightly,
so that the discs were not completely flat but tended to bend at their extremities.
Furthermore, due to their thickness, these samples were rather rigid macroscopically and
did not always line closely with the bottom of the Petrie dish like — for example — a fine
slice of flexible tissue would have done. The result was that the piece of cartilage was
sometimes holding in balance into the fluid. In this situation, the fixation of the discs
required particular attention. For this purpose, diverse commercially available glues were
tested. We deduced that the most appropriate adhesive should present itself in a liquid
form in order to line all of the borders of the disc and penetrate in the empty interstices
between the sample and the Petri dish. Thus, the glue finally formed a compact block,
containing the embedded section of interest after drying. During the indentation
measurements, the stability of the disc had to be systematically controlled. This was
principally enabled by the observation of the focal plan in the optical microscopy, whose
shift would reveal a movement of the sample. Additionally, an unstable disc could
commonly be detected in the related force-distance curves, since those displayed a
biphasic slope, with an initial portion accounting for the compression of the disc against
the ground and a second for the actual indentation of the resulting firmly held tissue.
These concerns related to the physical aspect of the discs may account for the drawback
of the model. Although these issues may be further assessed — for instance — by re-
sectioning the bottom of the disc to flatten the contact spot with the ground, or
diminishing the thickness to facilitate the fit with the Petri dish, any further processing of
the tissue was avoided. The two reasons for this were the need to keep the sample as close
as possible to the in-situ situation, and avert any supplemental damages of the cells.

Further resection of cartilage typically requires to freeze the tissue and the subsequent use
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of a cryotome. Although cryotome processed slices have been broadly employed in the
literature, the effect on the integrity of the tissue and the cells is uncertain. Our model
intends to induce only a minimal traumatic handling of the cartilage, since there are only
few processing steps between the harvest and the mechanical measurements.
Additionally, the samples can be kept for almost the entire procedure (except the few
minutes required to resect the disc to the correct diameter/thickness and glue it to the
bottom of the AFM-compatible Petri dish) in medium and at a constant temperature. As
the produced discs display a fairly healthy and unaltered tissue, it is conceivable that not
only its passive but also dynamic physiological properties can be studied. The samples
can be kept in culture for several days and be monitored again at any time point. As an
example, the ECM/PCM remodeling which occurs during OA could be investigated. With
the development of OA, a decrease in aggrecan amount coupled with a switch from
collagen type II to collagen type I content (type II degradation and type I overproduction)
can be observed in the ECM (Lahm et al, 2010; Maldonado and Nam, 2013).
Subsequently, the water content in the tissue increases. With modern imaging and
spectroscopy technics, these parameters can be measured in an atraumatic manner in
living tissue (e.g. Fowkes et al., 2022; Padalkar et al., 2013; Ross et al., 2013). A study
design including correlation of such relevant parameters with the stiffness of the tissue
would be conceivable. Similarly, the critical processes of enzymatic digestions that take
place alongside with OA progression could be further investigated, if desired. During
cartilage degeneration, a myriad of proteases are active at different time points, different
localizations, and target different substrates (Rose and Kooyman, 2016), and these
processes can be studied in vitro (Park et al., 2008; Wilusz et al., 2012a). The present
model would offer the perfect platform to monitor selective enzymatic digestion optically
and at the biomechanical level. Similarly, as the pathways underlying mechanosensing
are starting to be elucidated, mainly through experiments being conducted at the level of
single cells (Lee et al., 2014), the next step could possibly be carried out in an
environment nearing the physiological conditions, on cells embedded in their native
PCM, hence enabling all extracellular components to play their important role in filtering

the mechanical inputs.
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3.2 Mechanical- and cytoskeletal characterization of bone- and soft-

tissue cancer cell lines

As interest in mechanobiology within the field of oncology grows, the need for
biomechanical characterization of the various tumor entities gains in importance. If this
characterization occurred to a certain extent for the “classical”/most common cancer
types, the actual available data on this subject concerning the bone and soft-tissue
sarcomas remains very scarce. In the presented study, we propose expanding this
knowledge by investigating five cell lines that are representative of some of the clinically
most relevant sarcomas. Cells from chondrosarcoma, osteosarcoma, Ewing sarcoma,
fibrosarcoma and rhabdomyosarcoma lineage were subjected to stiffness measurements
with AFM, the organization of their intracellular scaffolding was revealed by
microscopical imaging, and gene expression as well as protein levels of some of the most
relevant cytoskeleton components were quantified. As controls, the healthy cells
corresponding to the different malignant cell lines were used, namely chondrocytes,
osteoblasts, MSCs, fibrocytes and SKMCs respectively.

Regarding the cell stiffness, osteosarcomas, Ewing sarcoma, fibrosarcoma and
rhabdomyosarcoma appeared less stiff than their corresponding controls. This
observation is in line with the established notion that malignant cells are typically less
stiff than their healthy counterpart of the originating tissue, a fact that has already been
demonstrated for numerous cancer entities of all kinds (e.g. Hayashi and Iwata, 2015, Li
et al., 2008, Lekka and Pabijan, 2019). Interestingly, on the other hand, chondrosarcoma
cells displayed the opposite characteristic, namely that their stiffness was significantly
higher when compared to the obtained values for the chondrocytes. To put this finding
into perspective, it first has to be noted that few publications exist in which some cancer
cells were indeed reported to be stiffer than their healthy controls. Using AFM
indentation, Rosenbluth et al. (2006) found that HL-60 cells (myeloblast isolated from a
leukemia patient) were approximately six times stiffer than normal human neutrophils.
However liquid tumors represent a peculiar entity, particularly regarding the exposure to
stress/strain forces, since those cells — once evaded from the bone marrow — are
continuously left to mercy of the blood flow. Another group found that the stiffness of
hepatocellular carcinoma (HCC) cells (SMMC 7721 cell line) — measured as the

viscoelastic coefficient using micropipette aspiration — was higher than that of normal
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hepatocytes (Zhang et al., 2002). However, these results are to be interpreted carefully,
since it seemed that the trend could not be observed in every experimental groups. In
addition, a recent study using AFM indentation was not able to reproduce those findings:
Zeng et al. (2023) explored the stiffness of normal human hepatocytes (HL-7702) and
two HCC cell lines (SMMC-7721 and HepG2), yet the malignant cells appeared to be
consistently less stiff than the healthy controls. In this last work, it also becomes apparent
that albeit derived from the same tumor entity, different tumor cell lines may display a
distinct stiffness range. In this case, the HepG2 cells were less stiff than the HL-7702.
This fact was also observed for numerous other tumor cell lines of diverse origin, such as
between different cell lines of breast cancer (Omidvar et al., 2014), ovarian cancer (Xu et
al., 2012), prostate cancer (Lekka and Pabijan, 2019), osteosarcoma (Kita et al., 2021)
and even chondrosarcoma themselves (Darling et al., 2007). Darling et al. (2017)
investigated the stiffness of FS090, 105KC and JJ012 cells, all of chondrosarcoma
origins, with AFM. The reported averaged stiffnesses were 1.27 kPa, 0.78 kPa and 0.34
kPa respectively, but no comparison to control cells of any kind were presented in this
publication.

The chondrosarcoma cell line that we choose to conduct our experiments was the
SW1353. The median of the measured Young's moduli in our settings was 0.41 kPa
(against 0.24 kPa for the chondrocytes). The SW1353 is a well-established cell line,
initially isolated from the tumor of a 72-year-old white female. SW1353 cells have been
used for experimental research in the field of oncology to study chondrosarcoma biology
(e.g. Jeong et al., 2020) diagnosis (e.g. Lohberger et al., 2012) and response to putative
treatment (e.g. Reumann et al., 2016, Veys et al., 2021). Furthermore, the SW1353 have
also been employed as a model of OA in the field of orthopedic research because of their
demonstrated similarities with chondrocytes (e.g. Pang et al., 2021, Welhaven et al.,
2022). However, because of the lacking resemblances between the SW1353 cells and
chondrocytes in terms of gene expression and response to particular
mediator/transcription factors, the use of this cell line for the purpose of OA research has
been questioned (Gebauer et al., 2005). Currently, it is not completely clear from which
cells chondrosarcoma primarily originate, although accumulating evidence indicates that
it may be MSCs (Boehme et al., 2018). Supporting this hypothesis, an interesting study

from Diaz-Romero et al. (2010) investigated the expression of eleven surface markers (=
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clusters of differentiation (CDs)) that are relevant for mesenchymal lineage, among
human chondrocytes, MSCs, malignant cell lines of different origins, fibrocytes and cells
extracted from tumors of chondrosarcoma patients. The different entities were compared
using hierarchical clustering, which revealed that chondrosarcoma cells clustered strongly
with MSCs but poorly with chondrocytes (Diaz-Romero et al., 2010). Together those
findings raise the question of the appropriate control for tumor entities of uncertain origin.
In our results, MSCs and SW1353 cells appeared to have a resembling stiffness range
(0.38 kPa and 0.41 kPa respectively), with the chondrosarcoma cell line thereby
remaining slightly stiffer.

To further investigate the reasons for the changes in stiffness observed with AFM, the
main actor responsible for the biomechanical properties of the cell was examined, namely
the cytoskeleton. The cytoskeleton is recognized to be the principal contributor to the
overall cell stiffness (Galie et al., 2022). Principally actin microfilaments have been
shown to be of prime relevance in this regard. Inhibition of actin filament formation by
cytochalasin B or latrunculin led to a considerable decrease in cell stiffness
(Moeendarbary et al., 2013; Rotsch and Radmacher, 2000), whereas the repression of the
FAK-ERK1/2 pathway by salinomycin that led to an accumulation of F-actin in the cell
is correlated with stiffness increase (Sun et al., 2017). Additionally, the same authors
compared two cell lines of close lineage (liver cancer stem-like cells (LCSCs)) and a
human hepatoma cell line (MHCC97H)) and found that the cell stiffness positively
correlated with the actin content (Sun et al., 2016). Studies investigating the
microtubule’s contribution to the cell’s biomechanical properties are rather inconclusive.
Notably, pharmacological disruption (polymerization hindrance) using nocodazole had
no significant effect on the stiffness of the cells, as reported by Moeendarbary et al.
(2013). On the other hand, using the same drug, Kasas et al. (2005) suggested that only
the deeper layers of the cell (i.e. the layer that are dominated by tubulin presence) may be
affected by this microtubule destabilization. Our immunostainings against F-actin and -
tubulin revealed evident differences in the cytoskeleton organization between the
malignant cells and their healthy counterpart. Concretely, actin forms a clearly discernible
structure in controls, such as stress fibers and bundles of appreciable thickness dispersed
throughout the cytoplasm, an observation in accordance with previous findings (Li et al.,

2008; Stricker et al., 2010). By contrast, the protein was rather confined to the periphery
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in a bulky manner in Ewing sarcoma, fibrosarcoma and rhabdomyosarcoma cells.
Chondrosarcoma and osteosarcoma displayed an actin organization closer to that of the
controls. B-tubulin presented a strong perinuclear presence with decreasing staining
intensity towards the cytoplasm’s periphery. This pattern was particularly marked in the
malignant cells where the boundaries between tubulin- and actin-rich areas were strongly
pronounced, except for the chondrosarcoma cells, where a more diffuse repartition could
be observed.

To explore the most relevant cytoskeleton components in a quantitative manner, the
protein and gene expression levels of F-actin and B-tubulin were determined. The
enzyme-linked immunosorbent assays (ELISA) for F-actin revealed a decreased protein
amount in malignant cells for the osteosarcomas/osteoblasts, fibrosarcoma/fibroblasts
and rhabdomyosarcoma/SKMCs pairs, consolidating the disturbances in the actin
scaffold as a putative reason for the observed reduced stiffness in those cancer cell lines.
The chondrosarcoma/chondrocytes and Ewing sarcoma/MSCs pairs showed a similar yet
statistically not significant trend. The quantitative polymerase chain reaction (qQPCR)
results indicated a significantly reduced F-actin gene expression in Ewing sarcoma/MSCs
and fibrosarcoma/fibroblasts duos. It should be noted that if it is true that the level of gene
expression (i.e. mRNA amount) correlates with the effective protein amount in many
cases, this does not constitute an absolute rule (Buccitelli and Selbach, 2020). B-tubulin
protein levels were substantially decreased in all cancer cells compared to the control,
except for the chondrosarcoma group, where a higher amount of the microtubule
structural protein was detected. An increased B-tubulin gene expression was also observed
in chondrosarcoma cells, whereas no significant differences appeared in the remaining
cancer/control pairs. The interesting results of the microtubule quantification may provide
an explanation to justify the elevated stiffness in chondrosarcoma cells, and would
warrant further exploration by focusing on this particular component of the cytoskeleton.
For instance, new series of AFM measurement of the SW1353 cell line under
pharmacological disturbance of the microtubules (e.g. with nocodazole) could be
considered.

Overall, the presented work investigated the stiffness of five of the most relevant bone
and soft-tissue cancers compared to their respective control cells. For most of the

malignant/healthy pairs studied, a classical constellation of decreased stiffness and
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reduced F-actin content in the cancer cells was observed. However, the chondrosarcoma
cell line displayed a surprising profile, with a stiffness superior to chondrocytes (and all
other measured sarcoma cell lines) and a marked increase in B-tubulin protein content and
gene expression. These results illustrate the relevance of a thorough characterization of
the individual cancer entities, particularly when such heterogenous groups as the bone
and soft-tissue sarcomas are considered. While in some cases a decrease in the stiffness
can be regarded as a common feature of malignancy, certain tumor cells may not follow
this precept. The cellular and molecular correlates of the mechanical properties of
cells/tissues may be utilized as a label-free biomarker and a putative therapeutic target in
the field of oncology. Researchers are currently attempting to use the stiffness shift
observed in cancer cells/tissue to develop new diagnostic methods. The idea of taking
advantage of stiffness disparities to identify diseased state is not new: for example, more
than 20 years ago, macroscopical indentation was successfully employed to distinguish
breast tumor from healthy tissue in experimental settings (Wellman et al., 1999). With
the advance of stiffness measuring tools and computational methods, the precision of
tissue recognition based on mechanical properties has increased. It is now possible using
indentation techniques to even distinguish between single components of a tissue (i.e.
blood vessels, fat, collagens of different kinds, tumor cells, duct cells of the breast) with
a high precision and use this information to identify tumorous structures (Sneider et al.,
2022). Furthermore, the accuracy of cell-type differentiation can be increased when
mechanical properties are combined with the analysis of additional characteristics of
rheological and morphological nature (Nyberg et al., 2018). From a therapeutical point of
view, the tumor microenvironment — which encompasses the ECM, stroma cells (i.e.
CAFs), immune cells and blood vessels — has stand in the focus of recent research. It is
known that the tumor microenvironment is establishing favorable conditions for the
development and protection of malignant cells. Particularly, it hinders drug penetration
towards the location of interest (Papavassiliou et al., 2023). Targeting CAFs with
saridegib — an hedgehog pathway inhibitor — lowers the ECM induced solid stress, allows
a better perfusion of the tumorous tissue and hence a better drug penetration
(Stylianopoulos et al., 2012). Similarly, reducing collagen type I using angiotensin
inhibitors led to a blood vessel decompression and enhanced drug delivery in animal

models of pancreatic tumors (Chauhan et al., 2013). Aside from tumor microenvironment

63



modulation, malignant cells can also be directly targeted. Increasing the membrane
stiffness of melanoma cells in vitro by the use of a cholesterol depleter (methyl-f-
cyclodextrin) considerably augmented their susceptibility to be killed by T-cells (Lei et
al., 2021). This finding could be reproduced in vivo, in an animal model inoculated with
tumor cells engineered to over-express a membrane-cholesterol regulator (acyl-
CoA:cholesterol acyltransferase 1). The tumor developing from those modified cells,
could be better controlled by adoptive T-cell transfer therapy (Lei et al., 2021). Finally,
mechanosensors that guarantee the mechanical interface between the cell and its
environment also represent an additional element that may be therapeutically addressed.
For instance, pharmacologically inhibiting ezrin — a protein linking the actin cytoskeleton
to the ECM — significantly reduced the metastasis formation from osteosarcoma in animal
models (Bulut et al., 2012). The Yes-associated protein 1 and WW-domain-containing
transcription regulator 1 (YAP/TAZ) are a pair of transcriptional factors which are
activated by mechanical stress (Dupont, 2016). These two proteins have been shown to
be upregulated in several cancer entities, where they confer drug resistance to the
malignant cells (Gargalionis et al., 2018). Experimentally shutting down the YAP/TAZ
pathway has been shown to restore drug sensitivity in overwise resistant melanomas and
non-small cell lung cancers (Kim et al., 2016; Lin et al., 2015). Mechanoreceptors of the
piezo family are mechanosensitive ion channels regulating the intracellular calcium
concentration. They have been shown to support malignant processes in various cancer
types. With a growing array of new drugs targeting the piezol and piezo2 channels, those
mechanoreceptors represent additional potential targets to hinder cancer growth, local
migration of cancer cells and metastasis (Felice and Alaimo, 2020).

Mechanobiology of cancer is a fast-developing field because of the great perspectives it
offers with regard to clinical applications. With the goal of improving the diagnostic and
therapy options by sensing/modifying the physical properties of tumor cells and
environment, the need for a precise characterization of the different malignant entities is
growing. The present work aspires to contribute to the effort of investigation of the
mechanical properties from bone and soft-tissue sarcomas, a large and diverse group of
diseases, with the hope of identifying putative candidates as biomarkers or therapeutical

targets.
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3.3 Conclusion

The transition from health to disease is characterized by a number of changes at the
cellular, tissue and whole organ level. Identifying those changes and attempting to make
them reversible — namely the diagnostic process and the therapy initiation — are the
successive steps to clinically address a disorder. Aside from morphological, biochemical,
and genetical alterations, biomechanical remodeling is nowadays a well-recognized
parameter providing important information about the pathology. To sense biomechanical
alterations up to the nanoscopic scale, AFM is currently established as the most powerful
method.

In a first study, we presented a new in-vitro model to study cartilage alteration during the
course of OA. The 4mm in diameter and 1mm thick cartilage discs extracted from femoral
condyles of patients undergoing total knee arthroplasty could be successfully classified
according to their chondrocytes organization patterns and their stiffness was subsequently
measured using AFM indentation. The inherent difficulties in the mechanical
investigation of tissue probes of this thickness could be overcome, and a stiffness decrease
was reliably observed along with each stage of OA progression.

In a second study, the mechanical properties of five cell lines of five different bone and
soft-tissue cancer entities were investigated. The stiffness of the osteosarcoma, Ewing
sarcoma, fibrosarcoma, and rhabdomyosarcoma cells showed a substantial decrease in
comparison to their respective healthy controls. However, chondrosarcoma cells
displayed the opposite trend and were significantly stiffer than chondrocytes. The F-actin
and B-tubulin staining revealed a less disorganized cytoskeleton structure in the
chondrosarcoma compared to the other malignant groups. Finally, while most of the
investigated sarcoma cell lines displayed decreased protein levels of both F-actin and B-
tubulin, chondrosarcoma cells appeared to substantially over-express B-tubulin. These
findings support the notion that cell stiffness is an appropriate parameter to dissociate
between healthy and malignant cells and that the changes in cytoskeleton organization
are responsible for this observation. However, if a stiffness decrease associated with
disturbance of the actin structure is the most common feature of malignant cells, the
stiffness shift may occur in the opposite direction (increase in tumor cells) in some cases,

with the microtubule potentially playing a central role in this process.
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4 Summary

Mechanobiology encompasses all of the mechanical processes that influence the cell and
its environment. Thereby, the major actors are the cell’s structural components (i.e. cell
membrane, cytoskeleton), the components of the extracellular matrix (ECM), and the
interface between both (i.e. mechanosensors, adhesion molecules). It is well established
that biomechanics plays a critical role in the homeostasis of living tissue, but the concrete
mechanisms by which mechanical cues are assimilated and regulate the balance between
health and disease are not yet fully understood. In recent decades, atomic force
microscopy (AFM) has emerged as the gold standard to measure the foremost mechanical
marker of a tissue/cell, namely the stiffness (measured as the Young's modulus). This
parameter provides important information about the state of a living entity, and can be
used to investigate a diseased/degenerative condition. In the present work, AFM was
employed to characterize the biomechanical alterations occurring during two major
disorders from the orthopedic field: osteoarthritis (OA) and bone/soft-tissue cancers.

OA is defined as a degenerative joint condition, characterized by articular cartilage
destruction. With progression of the disease the chondrocyte organization pattern is
evolving, from single string (SS) in healthy cartilage to double string (DS), small cluster
(SC), big cluster (BC) and finally diffuse pattern in the most advanced arthritic state.
Cartilage discs of Imm thickness and 4mm diameter were generated from condyles of
patient undergoing total knee arthroplasty and were sorted according to the
aforementioned cellular patterns. Subsequently the stiffness of the discs was measured
with AFM. A stepwise stiffness decrease was observed with an increasing degeneration
level, except for the group of the diffuse pattern, which displayed a large data spread with
a relatively high stiffness on average. The discs used for those experiments have the
advantage of being of appreciable thickness, they exhibit the native cartilage surface at
their upmost side and the cells within the tissue are kept alive. They hence represent a
suitable model to further investigate articular cartilage degenerative processes in situ.

Bone and soft-tissue sarcomas represent a group of diverse cancer entities from
mesenchymal origin, with overall poor prognosis. The stiffness of malignant cells of five
different bone and soft-tissue sarcoma cell lines were investigated using AFM and were
compared to their respective healthy control cells. Osteosarcoma, Ewing sarcoma,

fibrosarcoma and rhabdomyosarcoma cells were significantly less stiff than osteoblasts,
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Mesenchymal stem cells (MSCs), fibroblasts and skeletal muscle cells (SKMCs)
respectively, reflecting a typical feature observed in most of the neoplastic
transformation. However, chondrosarcoma cells appeared to be stiffer than chondrocytes
and the other malignant cell lines. Further cytoskeleton examination using fluorescence
microscopy, ELISA and qPCR revealed that if most of the malignant cells displayed a
disorganized internal scaffold and a decreased F-actin content, chondrosarcoma
maintained a cytoskeletal structure relatively close to the one of the healthy cells, with
the microtubule being the most affected components (increase in the B-tubulin gene
expression and protein content). These results define the biomechanical fingerprints of
the investigated cancer cell lines and expose the related molecular mechanisms.

Overall, the work presented in this thesis contributes to the effort of mechanical
characterization of the biological systems respectively addressed in the disclosed studies.
Understanding the processes underlying the biomechanical properties of cells and tissue

is of upmost importance for the development of novel diagnostic and therapy approaches.
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5 Zusammenfassung

Die Mechanobiologie bezeichnet alle mechanischen Prozesse, die die Zellen und deren
Umfeld beeinflussen. Die Hauptakteure dabei sind die zelluliren Geriistkomponenten
(i.e. Zellmembrane, Zytoskelett), die extrazelluldre Matrix und die Verbindung zwischen
beiden (i.e. Mechanosensoren, Adhdsionsmolekiile). Es ist anerkannt, dass die
Biomechanik eine wichtige Rolle bei der Gewebehomdostase spielt, dennoch sind die
konkreten Mechanismen, die der Assimilation von mechanischen Signalen unterliegen
und deren Rolle in der Beeinflussung der Gesundheit und von Krankheiten, noch nicht
vollig gekldrt. In den letzten Jahren, setzte sich die Rasterkraftmikroskopie (AFM) als
Goldstandard fiir die Messung der Steifigkeit (als Young’s Modulus gemessen) von
Gewebe und Zellen durch. Dieser Parameter kann relevante Informationen iiber den
Zustand von lebenden Entititen aufzeigen und kann angewendet werden, um
pathologische/degenerative Zustdnde zu untersuchen. In der vorliegenden Arbeit wurde
AFM benutzt, um die biomechanischen Verdnderungen, zwei der bedeutendsten
Krankheitsspektren in der Orthopddie zu untersuchen: Arthrose und Knochen-
/Weichteilsarkome.

Arthrose ist eine degenerative Gelenkerkrankung, gekennzeichnet durch die Zerstorung
des hyalinen Knorpels. Mit dem Fortschreiten der Krankheit, Chondrozyten-
Organisationsmuster entwickelt sich von single string (SS) im gesunden Knorpel, zu
double string (DS), small cluster (SC), big cluster (BC) und letztendlich diffusen Mustern
im fortgeschrittenen arthrotischen Zustand. Es wurden Knorpelscheiben, von 1
Millimeter Dicke und 4 Millimeter im Diameter aus Kondylen von Patienten, die fiir eine
Operation zur totalen Knie- Endoprothese geplant waren, herausprépariert. Die Scheiben
wurden je nach ihrem Chondrozyten-Organisationsmuster sortiert und deren Steifigkeit
wurde anschlieBend mit AFM gemessen. Eine schrittweise Reduzierung der Steifigkeit
konnte mit steigenden Degenerationsstufen festgestellt werden, auBer fiir die diffuse
Mustergruppe, die eine etwas breitere Verteilung der Messwerte und eine relativ hohe
durchschnittliche Steifigkeit =zeigte. Die fiir diese Experimente verwendeten
Knorpelscheiben boten die Vorteile einer ausgeprigten Dicke, einer verbleibenden
nativen Knorpeloberfliche und weiterhin lebendigen Zellen im Gewebe. Dieses Modell
eignet sich deshalb besonders gut zur in-situ- Untersuchung der degenerativen Prozesse

im Gelenkknorpel.

68



Knochen- und Weichteilsarkome sind eine sehr heterogene Gruppe von Krebsentitéten
mesenchymaler Herkunft, mit insgesamt schlechten Prognosen. Die Steifigkeit bosartiger
Zellen von fiinf verschiedenen Knochen- und Weichteilsarkomen-Zelllinien wurden mit
AFM untersucht und gegentiiber deren respektiven gesunden Kontrollzellen verglichen.
Osteosarkom-, Ewing-Sarkom-, Fibrosarkom- und Rhabdomyosarkom- Zellen waren
signifikant weicher als jeweils Osteoblasten, Mesenchymale Stammzellen (MSCs),
Fibroblasten und skelettale Muskelzellen (SKMCs); eine typische Eigenschaft, die bei
den meisten malignen Transformationen beobachtet werden kann. Chondrosarkom-
Zellen allerdings, zeigten sich steifer als Chondrozyten und die anderen malignen
Zelllinien. Die weitere Zytoskelettuntersuchungen anhand fluoreszenter Mikroskopie,
ELISA und qPCR zeigten, dass die meisten malignen Zellen ein desorganisiertes, internes
Geriist und einen reduzierten F-Aktin-Gehalt aufwiesen. Jedoch das Chondrosarkom
dahingegen erhielt eine zytoskelettale Struktur, relativ dhnlich zu der von gesunden
Zellen, mit den Mikrotubuli als die am meisten betroffenen Komponenten (Anstieg der
B-Tubulin Genexpression und Proteinmenge). Diese FErgebnisse ermitteln die
biomechanischen Eigenschaften der gepriiften Tumorzellinien und bestimmen die
zugrundeliegenden molekularen Mechanismen.

Die hier vorgestellte Arbeit trigt zu den wissenschaftlichen Bemiihungen bei, die jeweils
untersuchten biologischen Systeme, mechanisch zu charakterisieren. Das Verstdndnis der
grundlegenden biomechanischen Prozesse in Zellen und Geweben ist von hdchster

Relevanz fiir die Entwicklung neuer diagnostischer und therapeutischer Methoden.
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9 Appendix

Photodiode

Laser

Laser beam

J

Cantilever

Cantilever tip
(spherical)

Sample

Figure 1 - Principle of stiffness measurement with AFM

The cantilever is represented in deflected state. The laser beam is reflecting at the surface
of the cantilever. Variations in the course of the laser beam are monitored using a
photodiode panel. The principal variables necessary to calculate the Young's modulus

according to the Hertz-model are indicated in the schema. F = vector of the force applied
on the sample, 6 = indentation depth, Rs = radius spherical cantilever tip, a = radius of
contact circle.
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Figure 2 - Impact of the fitted portion of the force-distance curve on the Young’s

modulus

The portion of the curve to be fitted using the Hertz-fit-model can be chosen manually.
In this figure, the force-distance curve that reached the deepest indentation-depth (one of
the measurements performed on a BC cartilage disc) was used to investigate the impact
of the of the fitted indentation depth on the calculated Young's modulus. (A) Calculated
Young's modulus as a function of the fitted portion (i.e. indentation depth) of the curve.
(B) Fit of the extended force-distance curve using only the first Ium of the indentation
depth (the result of the fit is shown in green). (C) Fit of the extended force-distance curve

using the totality of the indentation depth.
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