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1. Introduction

1.1. Cells and their microenvironment

The cell is known as the fundamental unit of life, together with the extracellular matrix
(ECM), they constitute together the tissues of our bodies, as shown in Figure 1 1. ECM, a 3D
highly dynamic network, is the scaffold of the cellular component of tissues, mainly composed
of macromolecules such as proteoglycans and fibrous ones: collagen, elastin, fibronectin, and
laminins 173. The first one, collagen is the most abundant of these fibrous extracellular proteins
in animal tissues, they bind to each other side by side creating long collagen fibrils. Fibronectin
is a protein made of two dimers that bind to the cells’ integrins mostly via their Arg-Gly-Asp
RGD sequence. And finally, laminins, the major component of the basement membrane, are
composed of three different chains a, B and v, it has been proven to play a role in cell
differentiation, migration, and adhesion #*°. The ECM is organ-specific and has a crucial role
in many cellular processes including growth, migration, differentiation, survival, homeostasis,
and morphogenesis 37,

Figure 1. Schematic of the extracellular matrix and its components. Adapted from Huang et al.®

Cells are embedded into the ECM via their surface receptors considered as the primary
transmembrane molecule %, the integrins. Those integrins bind to the receptors of matrix
proteins like fibronectin laminin and collagen ®° and are composed of a and B heterodimers;
they are able to both transmit and detect changes in mechanical force on the ECM as they are
connected directly to the cell’s actin cytoskeleton %°. The cytoskeleton is composed of three



sub-structures: the actin filaments (made of f-actin), the microtubules MT and the
intermediate filaments, as presented in Figure 2.

It is then evident the role of integrins in the regulation of many vital functions of the cells such
as cell spreading, growth, proliferation, and differentiation 91, Every combination of a and B
dimers of integrins specifically connects to an ECM protein %1, as presented in Figure 3.

Figure 2. Representation of the cell's cytoskeleton, adapted from S. Seetharaman et al. 12

Figure 3. Scheme of the possible combination (represented by the line) between and o and [ sub-units
of the human integrins for laminin, collagen and RGD domains binding 11.

Cell’s microenvironment not only consists of the extracellular matrix but include also
neighbouring cells; the interaction of the cells with their peers contributes to a wide variety
of processes: embryonic development, wound healing but also tumour progression and
metastasis 11314,

Cell junctions are regulated by cadherins, as presented in Figure 4, which link one cell to
another via homophilic (same cells) or heterophilic binding (different cell, often weaker than



its counterpart). There is a huge variety of cadherins, the classical ones being E-cadherin, P-
cadherin and N-cadherin 1. Cadherin bonds are mainly mediated by linker proteins called
catenin, who transmit signals to the cytoskeleton. E-cadherins, mostly present on epithelial-
type cells, are the main molecules in charge of the maintenance of the epithelial
differentiation and integrity of basal layers 3. P-Cadherins are found in basal and lower layers
of epithelium, while the N-Cadherins is in general specific to motile cells like neuronal and
fibroblast 13,

There is a need to understand how cells communicate, understand, and process all the stimuli
received from their microenvironment. It is through those connections, that the cells sense
and respond in a comprehensive manner: this is mechanotransduction.

Figure 4. Schematic of cadherins binding between cells, adapted from Essential cell biology .

1.2. Mechanotransduction

Mechanobiology describes generally how molecules organize themselves in tissues
and cells, generate or are being affected by external forces. They are interwoven and have an
impact on one another®>. Mechanotransduction is the particular process by which the physical
(mostly mechanical) properties of the surrounding microenvironment are perceived by the
cells and converted into mechanical, biochemical and/or electrochemical activity, inducing

intracellular changes via the cytoskeleton remodelling and activation of signalling pathways
15-17

At the base of the connection between the cell and the matrix, there is the activation of the
integrins that happen during the binding of both FERM—domain protein talin and kindlin to
the B subunit of the integrins. This binding induces a conformation change from closed-bent
to active-open of the integrins 1®18 as presented in Figure 5. Integrins are then linked to the
actin cytoskeleton of the cells via so-called adaptor proteins (i.e., talin and vinculin).



Figure 5. (A) Representation of the molecular clutch and retrograde flow, adapted from Elosegui et al.
19, (B) Integrin activation process and focal adhesion formation: an internal signal A activates the
integrin, to then form focal adhesion with ECM. The whole cell-ECM complex subsequently transmits
direct signal, signal B, to the cell through its cytoskeleton. Adapted from Hamidi et al. 8.

The interconnected complex of matrix, integrins and actin filament drives the cells during its
migration by actin polymerization and actomyosin contraction in a process called the
“retrograde actin flow” (Figure 5A). This molecular clutch, representative of the ECM-cells’
cytoskeleton system, is highly tuneable and dynamic, it senses the stiffness of the ECM and
responds accordingly by converting the retrograde movement of the actin into a protrusive
force 1°.

The integrin adhesion complexes (IAC) are the connections for the detection of external
mechanical stimuli; these integrin transmembrane complexes are the bridge between the
ECM and the cytoskeleton. Different form of IAC exists: Nascent adhesion, which could then
transform into focal adhesions (FA) via integrin clustering. Their attachment reinforcement is
driven by the force of the molecular clutch in response to external stimuli 129, controlled for
example by ECM rigidity (Figure 6A) or binding site densities 7!° (Figure 6B). It has been
demonstrated that a more rigid substrate induced stronger transmission forces and loading
19 In the case of fibroblasts, FA can then further evolve into fibrillar adhesion and be able to
remodel and synthesize the ECM. It is nowadays quite clear that integrin primary function of
is to mediate mechanical signalling *22.
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Figure 6. Response of the integrins to (A) the rigidity and (B) ligand density of the ECM. Adapted from
Kechagia et al. °.

Looking even closer at the cell-ECM interface, we can identify another role player: the
glycocalyx, a surface brush layer attached to the cell’s surface made of glycoproteins,
proteoglycans, and polysaccharides 222, The role of the glycocalyx in mechanotransduction is
not well understood, nevertheless, it is considered a promoter of integrin clustering acting as
a kinetic trap 2324 (Figure 7). Glycocalyx have been used also both as a potential biomarker and
therapeutic target in cancer; in fact, tumoral cells showed bulky glycocalyx’ composition 2°
compared to normal ones, indicating that glycocalyx composition could potentially favour
metastatic spreading 2%%’.
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Figure 7. (A) Visualization of brush by scanning electron microscopy of (a) cancerous and normal cell.
Colors are artificial. (b) Confocal images of the cells with their glycocalyx brush with their 3D cross-
section. Adapted from lyer et al. %. (B) Detailed of electron microscopic overview of the glycocalyx a
rat left ventricular myocardia. Adapted from Van den Berg et al.%8.

Mechanotransduction allows us to appreciate the most prominent feature of the cell-ECM
interaction i.e., it is reciprocal, one player influencing the other and vice versa. Therefore,
more efforts are needed to understand their inter-communication and the study of each entity
one by one but also of all entities as a whole. Alteration of ECM rigidity, and hence,
mechanotransduction processes can be associated with physiological processes but also
cancer, as described in the next section.

1.3. Cells-microenvironment interaction in cancer disease

Cancer, coming from ancient Greek karkinos (“crab”), is a generic term for a disease
that describes the transformation of normal cells to tumoral cells that colonizes a secondary
site and metastases.

Normal cells are regulated by a strict cell cycle that controls their proliferation, growth, and
death. On the contrary tumoral cells are abnormal functioning cells, that have an altered
mechanism through genome instability, acquiring resistance to apoptosis as well as
uncontrolled proliferation 293!, Benign tumours are non-invasive, while malignancy
characterizes the ones that break the basement membrane. Metastasis cells are involved in
the spreading of tumours via migration and invasion of other tissues and organs (Figure 8) 3.

While in theory, the overall process of cancer is simple: initiation of the mutation,
proliferation, survival, tissue invasion and metastasis, a deep understanding of the fine
mechanisms remains challenging: in fact, cancer is nowadays the leading cause of death
worldwide 2.
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Into the defined hallmarks of cancer 239 the cell-microenvironment interaction represents a
key element. As an example, during Epithelial to Mesenchymal Transition (EMT), cells become
more mobile and as a primary tumour, invades adjacent tissues, colonizing secondary sites
and forming metastases (Figure 8). This whole process is mainly induced by growth factors
such as TGF-B1%. One of the most notable changes during that transition is in cell-cell
junctions, the so-called “cadherins switch” 34: the downregulation of E-cadherin function by
TGF-B1 is compensated by the upregulation of the N-cadherins. The cadherin switch is an
indicator of an ongoing EMT and development of various cancer 13143537 often associated
with more aggressive and less differentiated cells that gain in migratory capacity, resistance
to apoptosis, and invasiveness 8.

During the colonization of the second site, the reverse process is observed: Mesenchymal to
Epithelial transition (MET) 3°. Those mechanisms require changes in the cells’ interaction with
their microenvironment %41, the affected proteins include cell adhesion molecules (CAMs)
that regulate cell-cell communication via cadherins but also cell-ECM interaction with
integrins 34,

Figure 8. (A) Schematics of the Epithelial to Mesenchymal transition with their associated markers. (B)
Schematic of the EMT and reversed process MET in the context of cancer invasion. Adapted from
Kalluri et al. 3°.

Metastatic cells have been generally characterized as softer than their healthy counterpart in
most cancer #4243 (Figure 9A), the reason for that deformability could be explained by the
need of the metastatic cells during cancer progression to migrate through the basement
membrane (both in EMT and MET) reorganizing their cytoskeleton #*%> during extra and
intravasation. The amount of actin has been related to cellular stiffness “¢ and F-actin filaments
and microtubules were found to be altered in more invasive cells #’. At a cellular level, the
glycocalyx has also been demonstrated to be affected by cancer: changes in its composition °
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seem to be in favour of metastasis 222748, Targeting the glycocalyx to reduce cell migration

and growth has been reported to have efficient and open potential for cancer biomarkers 2448
51

While the cells undergo internal changes during cancer progression, one cannot omit the niche
of the cells: the extracellular matrix. The increase of specific collagen deposition during
tumour formation induced by matrix crosslinking and ECM protein deposition >?7>° |eads to
stiffening >67>° of the matrix. This process is called desmoplasia and is a direct response to
tumour progression and metastasis. Among all the players of that (re)organization of the ECM
we can identify the enzyme LOX ®° that by its upregulation, increases the collagen crosslinking
by cancer-associated fibroblast CAFs ®1. CAFs oversee the remodelling and production of the
matrix via matrix metalloproteinases (MMP), enzymes that degrade ECM by releasing growth
factors and cytokines. High activity of MMPs has been correlated to tumour development
34546162 |n general, the matrix is found to be stiffer than its healthy counterpart, as presented
in Figure 9B, for breast cancer 6293, but also colon %4, peritoneum metastasis of colon cancer
6566 and other cancers ©7:8,

Figure 9. (A) The Young’s modulus distributions with Gaussian fit for breast MCF7 and T47D cancer cell
lines compared to normal breast 184A, adapted from Lekka et al.**. (B) Young’s Modulus distribution
for normal mammary gland tissue, benign lesion, and malignant tumour with their corresponding H&E-
stained section, adapted from Plodinec et.al ®3. While cancer cells exhibit softer Young’s Modulus in
comparison to their normal counterpart, the breast cancer tissues get stiffer and show bimodal
distribution with the invasiveness.
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1.4. Bladder cancer and its mechanics

The bladder is composed of multiple layers, as shown in Figure 10. The first layer
starting from the internal cavity is the mucosa, also called urothelium, principally made of
epithelial cells. This is part of the organ in contact with urine. This internal part of the bladder
is wrinkled, allowing the organ to undergo stretching while filled with urine and then emptied.
It is followed by the submucosal (lamina propria), detrusor, and adventitia. We considered the
muscle layers detrusor and adventitia part; the latest one constituting the external part of the
bladder ¢°. The decellularized ECM of the bladder is then mostly constituted by submucosal
up to adventitia layers, since the urothelium, which is made of epithelial cells, is destroyed by
the decellularization process.

Figure 10. The bladder walls are composed of four layers: urothelium, submucosal, detrusor and the
external surface, adventitia. Adapted from Ajalloueian et al.®®.

Bladder cancer, particularly urothelial carcinoma, is the most common urinary bladder cancer.
There are two disease types: Non-Muscle Invasive (NMIBC) and Muscle Invasive (MIBC)
bladder cancers, respectively, as presented in Figure 11. At diagnosis, 60% of cases are NMIBC.
While the non-muscle invasive one requires trans-urethral resection of the bladder followed
by chemotherapy as treatment, the other requires radical cystectomy (i.e., the removal of the
whole organ). Bladder cancer is the 10" cancer in terms of new cases and the 13" in the
number of deaths in 2020, according to the international agency for research in cancer 3279,
The median age of patients detected with bladder cancer is 70 years, and it affects mostly
male patients. The biggest risk factors of bladder cancer are environmental, such as exposure
to carcinogenic molecules from contaminated water, as well as smoking 7°.

There is currently a real need in the early diagnosis and disease monitoring of bladder cancer
to provide personalized therapies to increase patients’ longevity and reduce costs for the
states. In both cancer types, a lifetime check is needed due to the possible relapse, making it
one of the most expensive cancers to be treated.
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Figure 11. Stage of bladder cancer according to the Tumour-Node-Metastasis classification. Adapted
from Knowles et al. 2015 °

At the cellular level, bladder cancer cells are showing the classical trend of cell softening during
EMT. Many papers 4>4371 characterized the mechanics of bladder cancer cells reporting
evidence of the decrease of elasticity for the more metastatic cells, such as T24 used in that
thesis. This trend has also been observed in many other cancers such as breast cancer 437273,
The bladder tissues interestingly are not studied as much as its cells, most probably because
of their huge mechanical flexibility due to the filling of the organ (from 9,6 kPa to 106,9 kPa
with a 19-mmHg difference) 4.

Moreover, it has been observed that bladder matrix ultrastructure from MIBC patients was
demonstrated denser and with a higher vascularization, with an increase of organization
compared to their healthier conditions 7>, also observed in colon cancer 4.

1.5. Atomic Force Microscopy for the study of biological

interactions

Atomic Force Microscopy (AFM) is a branch of Scanning Probe Microscopy (SPM). The
first member of the family, the Scanning Tunnelling Microscope STM was invented by Binnig
et al. in 1982 7®and awarded a Nobel Prize in 1986.

The system consists of a tip attached to an elastic cantilever that interacts with a surface while
it is scanned across it or simply brought at a close distance (typically from 1 um to contact).
The interaction force causes the deflection of the cantilever, which is registered by an optical
beam deflection (OBD) system based on a quadrant photodiode that reads the displacement
of the spot of a laser reflected on the back of the cantilever 7/-8% as shown in Figure 12.
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Figure 12. Schematic an atomic force microscope detection system including the optical beam
deflection detection (OBD). Adapted from Ref. 7.

AFM can be used in different modes depending on the type of sample and measurement
needed; it can be run both in air and liquid and in the case of biological sample measurement
can be carried out also with temperature and CO> control 882 as shown in Figure 14.

Nanomechanical measurements by AFM consist of measuring the elastic deformation of the
sample upon application of a controlled force 82 The raw cantilever deflection vs
displacement data are then properly rescaled into force vs indentation data in physical units
and a suitable contact mechanics model is fitted to the force curves. To describe the working
principles and the applications of AFM to characterize the statical mechanical properties of
biological systems, from cells to tissues and ECMs, a recently published paper by Holuigue et
al.®%is reported at the end of this section. More specific methodological aspects are presented
in the Material and Methods of each chapter of this thesis. Appendix A present the
development of procedures to correct for the influence of a stiff substrate on the Young’s
modulus of elasticity of thin sample such as cells.

While the AFM is able, as discussed above, to test the mechanical properties of samples by
nanoindentation measurements, it is also a reliable tool to sense weak forces related to
biomolecular and adhesive processes. This particular application of AFM in the
mechanobiology field is called force spectroscopy and includes, besides single molecule force
spectroscopy, several types of cell-cell and single-cell force spectroscopies 82, which target
specifically the study of cell-microenvironment interactions. AFM shows its versatility and
value to perform mechanical investigations with a high spatial resolution (down to the
nanoscale) and high force sensitivity (down to 10 pN), making it a reliable tool in quantitative
biophysics .

In so-called Single Cell Force Spectroscopy (SCFS), among all potential configurations, we can
point: cell-coated cantilever in contact with another cell (a single adherent cell or a cell within
a confluent monolayer) to study cell-cell, cadherin-driven interactions (Figure 13A) 14°0°1: 3
cell-coated cantilever in contact with a functionalized substrate, decorated typically with
adhesive motifs like fibronectin, collagen, vinculin, etc. to study cell-microenvironment
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interactions 2859293 (Figure 13B). In single molecule force spectroscopy (SMFS), which is not
considered in this study, the cantilever is typically functionalized by attaching single proteins
and biomolecules and is brought to interact with a suitable substrate, where other
biomolecules of counter molecules are present 87,883,949

Figure 13. Scheme of Single Cell Force Spectroscopy. (A) A cell attached to a cantilever is brought into
contact with another one for cell-cell measurements, adapted from Helenius et al. %1, (B) A cell attached
to the cantilever is entering in contact with a coated subs trate, adapted from Friedrichs et al.*’.

Other application of AFM includes the topographic imaging of biomolecules, cells, and tissues,
a topic that we will not cover here %01 AFM can also be combined with other
complementary techniques, to implement correlative high-resolution microscopy, making it a
very valuable tool for the investigation of biological systems2, To cite only a few techniques:
electron microscopies 193194, advanced fluorescence optical techniques 1931957107 Raman 108109
and Infrared 1 spectroscopy .
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Abstract: Biosensors are aimed at detecting tiny physical and chemical stimuli in biological systems.
Physical forces are ubiquitous, being implied in all cellular processes, including cell adhesion,
migration, and differentiation. Given the strong interplay between cells and their microenvironment,
the extracellular matrix (ECM) and the structural and mechanical properties of the ECM play an
important role in the transmission of external stimuli to single cells within the tissue. Vice versa,
cells themselves also use self-generated forces to probe the biophysical properties of the ECM.
ECM mechanics influence cell fate, regulate tissue development, and show peculiar features in
health and disease conditions of living organisms. Force sensing in biological systems is therefore
crucial to dissecting and understanding complex biological processes, such as mechanotransduction.
Atomic Force Microscopy (AFM), which can both sense and apply forces at the nanoscale, with
sub-nanonewton sensitivity, represents an enabling technology and a crucial experimental tool in
biophysics and mechanobiology. In this work, we report on the application of AFM to the study of
biomechanical fingerprints of different components of biological systems, such as the ECM, the whole
cell, and cellular components, such as the nucleus, lamellipodia and the glycocalyx. We show that
physical observables such as the (spatially resolved) Young’s Modulus (YM) of elasticity of ECMs or
cells, and the effective thickness and stiffness of the glycocalyx, can be quantitatively characterized by
AFM. Their modification can be correlated to changes in the microenvironment, physio-pathological
conditions, or gene regulation.

Keywords: Atomic Force Microscopy; colloidal probe; biosensors; glycocalyx; extracellular matrix;
mechanobiology

1. Introduction

In recent years, there has been a growing interest in studying the physical properties
of biological samples, such as tissues, single cells, and their microenvironment, to better
understand how they change during the progression of diseases, such as cancer [1-3], and
how they influence each other in their mutual interaction [4-11]. The extracellular matrix
(ECM), which is a fundamental component of the cell microenvironment, is a ubiquitous
acellulated component present in all tissues, comprising molecules that are secreted by
cells and assembled to form specific insoluble components; the ECM plays a fundamental
role as a scaffold for cell growth, in the regulation of cell-cell and cell-matrix signaling,
also affecting cell mechanics mainly through the remodeling of the cytoskeleton, and
determining cell fate [4,5,12-16]. There is a reciprocal interaction between the ECM and
the cells, allowing the active modification of the ECM structure and composition, which

Sensors 2022, 22, 2197. https:/ /doi.org/10.3390/s22062197 https://www.mdpi.com/journal /sensors
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affects its mechanical properties as well [9,17-19]. An important physical layer is located
between the cell membrane and the cell microenvironment: the glycocalyx, also known as
the pericellular matrix. The glycocalyx is a surface brush layer that is present on every cell,
and made of glycoproteins, proteoglycans and polysaccharides [16,20]. As the first contact
interface between the cell and its microenvironment, the glycocalyx plays an important
role in their mutual interactions [21]. The glycocalyx acts as a water reservoir, helps in the
transport of metabolites and control of the signaling molecules [20,22], regulates integrin
clustering and focal adhesion maturation [21,23-25]. The characterization of the glycocalyx
thickness in relation to different pathological states of the cell would help to understand the
communication between cells and the ECM [26]. More importantly, a link has been demon-
strated between glycocalyx and cancer: tumoral cells tend to show a wider distribution of
glycocalyx chain lengths compared to normal ones [27]; moreover, their bulky composition
seems to favor the metastatic spread [28-30]. The physical characterization of glycocalyx
has a good potential in cancer research, both as a cancer biomarker [20,25,27,30,31] and as
a therapeutic target, since the reduction or degradation of the glycocalyx has been reported
to reduce cell migration and suppress cell growth [32,33].

The study of the mechanical properties of cells and tissues in the context of health
and disease implies the need for reliable instrumentation and methods. Atomic Force
Microscopy (AFM), which is able to both sense and apply forces at the nanoscale, with
sub-nanonewton sensitivity, represents an enabling technology and a crucial experimental
tool in biophysics and biomechanics [34-37].

In AFM, an elastic cantilever with an intrinsic spring constant k in the range 0.05-50
N/m is used as both a force sensor and a force transducer (Figure 1A). The surface force F is
applied on the cantilever, typically at its end, where a micro-tip with a radius of curvature of
typically 2-100 nm is located. The force induces a vertical cantilever deflection z = F/keg,
which is typically measured by an optical beam deflection apparatus [38-40] (Figure 1), or
in some cases by an interferometer [41]. In the above equation, an effective spring constant
keff is used, rather than the intrinsic one, to account for specific features of the loading
configuration, such as the cantilever mounting angle 0 (usually 8 = 10°-15°), the tip height,
the loading point position, etc. [42]. In the simplest case of a negligibly small tip at the very
end of the cantilever, keg = k/ cos?(0).

A small spring constant provides high force sensitivity, meaning that a small force
produces a large, easily measurable, deflection. A lower limit to the measurable deflection
(and therefore to the measurable force) is set by the thermal noise zy, of the cantilever,
which can be estimated from the equipartition theorem as zy, = /kgT/k, with kg and
T being the Boltzmann constant and the absolute temperature, respectively [43,44]. The
minimum, thermal noise, limited detectable force that can be measured dynamically with
an instrumental bandwidth BW is Fy, yin = +/4kgTbBW, where b is the damping coefficient
(the proportionality factor between the tip velocity and the viscous force). Equivalently,
since b = k/(27frQ), Fyymin = /2kgTkBW/ (7frQ); Q and fr being the quality factor
and the resonance frequency of the cantilever, respectively; similar expressions for the
minimum force gradients can be obtained [45,46].

Besides measuring the tip-sample interaction force with sub-nN sensitivity, AFM
allows us to reconstruct the tip-sample distance corresponding to the force measurements,
which translates into a sample deformation after contact is established [47]. The possibility
of measuring force vs. distance, spatially resolved with nm resolution, assigns AFM
a leading position as a force (bio) sensing technique. AFM is at present an enabling
technology and a crucial experimental tool in biophysics and biomechanics, allowing both
force spectroscopy and nanomechanical characterization of biologically relevant interfaces
and systems.
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Figure 1. (A) Scheme of the optical beam deflection (OBD) system. The vertical displacement of the
cantilever induced by the sensing of a force F perpendicular to the sample surface is detected on a
segmented photodiode as a raw voltage signal AV. The cantilever is typically mounted at an angle 8
with respect to the sample surface. (B) A raw force curve, representing the photodiode output AV as
a function of the z-piezo displacement dp,. Both the approaching and retracting branches of the curve
are shown.

In this work, we present an overview of how AFM can be used as an enabling force-
sensing technology for the study of biological systems at different spatial and force scales.
To this purpose, we report on the application of AFM to the study of biomechanical
fingerprints of several components of biological systems, such as the ECM, the whole cell,
and cellular components, such as the nucleus, lamellipodia and the glycocalyx. We show
that physical observables such as the (spatially resolved) Young’s Modulus of elasticity of
ECMs or cells and the effective thickness and stiffness of the glycocalyx can be quantitatively
characterized by AFM. In particular, we carried out three representative experiments from
the microscale to the nanoscale: mechanics on healthy and neoplastic decellularized tissue
from one patient with peritoneal metastasis; mechanics of three bladder cancer cell lines
who are representative of the progression of urothelial bladder cancer; and eventually
glycocalyx characterization of those cell lines. We demonstrate through these illustrative
experiments the high sensitivity that can be achieved with AFM on detecting small changes
in the biomechanical properties of biological samples, from single living cells and their
biomolecular components to tissues; the modification of these biophysical observables
can in turn be correlated to changes of the cell microenvironment, physio-pathological
conditions of the tissue and related organs, or gene regulation phenomena.
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2. Materials and Methods
2.1. Sample Preparation
2.1.1. Human Tissues

Peritoneal tissue was collected from one patient with peritoneal metastatic colorectal
carcinoma (CRCPM) who underwent surgical resection at the Peritoneal Malignancies Unit
of the IRCCS Foundation, Istituto Nazionale dei Tumori di Milano, Milan, Italy. The patient
was staged according to the World Health Organization (WHO) classification. The study
was approved by the Institutional review board (249/19) and was conducted in accordance
with the Declaration of Helsinki, 2009. Written informed consent was acquired.

Omentum-derived CRCPM lesion and apparently normal tissue (>10 cm from the
metastatic lesion) were harvested. Tissues were frozen in liquid nitrogen and used to
develop the decellularized ECMs.

2.1.2. Decellularized Extracellular Matrices

Decellularized extracellular matrices were obtained from the omentum fold of human
peritoneum from a patient with metastases derived from colorectal cancer. The decellu-
larization was performed as in Genovese et al. [48]. The success of the decellularization
procedure was already verified in the work from Varinelli et al. [49]. The ECM samples
were embedded in optical cutting compound (OCT) and frozen in 2-propanol, then kept in
a liquid nitrogen bath.

ECM slices of approximately 100 um thickness were cut with a microtome (Leica)
and attached to positively charged poly-L-lysine-coated glass coverslips (ThermoFisher
Scientific, Waltham, MA, USA) exploiting the electrostatic interactions to improve the
attachment. The samples were stored at —4 °C until AFM analysis.

2.1.3. Cells

Three commercial human bladder cancer cell lines of different grades (a marker of
invasiveness), kindly provided by Dr. M. Alfano (San Raffaele Hospital, Milano), were
used (see Table 1) [50,51]. The cell lines were cultured in RPMI medium containing 2 mM L-
glutamine supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% amphotericin
and grown in an incubator at 37 °C and 5% CO, (Galaxy S, RS Biotech). All reagents and
material were from Sigma-Aldrich (St. Louis, MO, USA) if not stated otherwise.

Table 1. Characteristics of the bladder cancer cell lines used in this work.

Cell Line Specie/Organ Morphology Tumor
RT4 Human Bladder Epithelial Papilloma, transitional cell (Grade I)
RT112 Human Bladder Epithelial Papilloma, transitional cell (Grade II)
T24 Human Bladder Epithelial Carcinoma, transitional cell (Grade III)

For AFM measurements, the cells were plated the day before on glass bottom Petri
dishes (& 40 mm Willco Wells) coated with poly-L-lysine (0.1% w/v for 30 min at RT) to
improve cell attachment, in the RPMI medium without phenol red, as it can cause damage
to the AFM probe holder.

2.2. Histochemistry

Before histochemistry staining, ECM Formalin-Fixed Paraffin-Embedded (FFPE) sec-
tions were cut into slices and dewaxed in xylene, rehydrated through decreasing concentra-
tions of ethanol, and washed with water. Slices were stained with van Gieson trichrome
(Bio-Optica, Milan, Italy) following the manufacturers’ instructions.

2.3. Force Sensing with the AFM

All the experiments have been performed using a Bioscope Catalyst AFM (Bruker)
mounted on top of an inverted microscope optical microscope (Olympus X71, Tokyo, Japan).
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The system was isolated from noise using an active antivibration base (DVIA-T45, Daeil
Systems, Wonsam-myeon, South Korea) placed inside an acoustic enclosure (Schaefer,
Vigilliano Biellese, Italy). Living cells were measured using a thermostatic fluid cell, with
the temperature of the medium kept at 37 °C by a temperature controller (Lakeshore 331,
OH, USA). The measurements on ECMs were performed at room temperature in a droplet
of PBS confined on the glass slide using a hydrophobic pen.

Homemade colloidal probes were produced by attaching borosilicate glass or soda
lime spheres to rectangular tipless cantilevers (NanoandMore TL-FM and MikroMasch
HQ:CSC38/Tipless/No Al); both production of the probes and characterization of their
radius were performed according to custom procedures [52]. Different sphere radii R and
spring constants k of the probes were selected according to the needs of each experiment
(Table 2).

Table 2. Radius and typical spring constant of the AFM probes used for every experiment.

Experiment Colloidal Probe Radius (um) Spring Constant (N/m)
Mechanics of the ECM 20 5
Mechanics of cells 5 0.01
Glycocalyx characterization 5 0.01

The raw output on an AFM force measurement consists of the raw deflection signal
AV of the cantilever, measured by the optical beam deflection (OBD) system in volts, as a
function of the z-piezo displacement dp, in nm units (Figure 1A,B). Depending on the AFM
system, the z-piezo can displace either the probe or the sample.

Exploiting two calibration parameters, the effective spring constant kg (N/m) and
the deflection sensitivity S (or inverse optical lever sensitivity invOLS, in units of nm/V),
the raw deflection AV can be transformed into the cantilever deflection z, in nm, and the
latter deflection can then be transformed into a force, in nN:

z=SAV 1)

F=Keff 2z = ket S AV 2

The tip-sample distance d can be calculated as:
d=dp+z—d 3)

In Equation (3), dp decreases as the tip gets closer to the sample surface, and z is
positive when the cantilever is deflected upwards, under the action of a repulsive force, and
negative in the opposite case. The parameter dy represents the location along the dp + z
axis where the tip-sample distance is zero. The identification of d is easy when the tip is
ramped against a stiff substrate, since all data points belonging to the contact region of the
force vs. dj, + z distance curve must collapse along a vertical line, whose corresponding
mean abscissa value is dy. On deformable surfaces, dy is typically obtained through a fit of
a suitable contact mechanics model (typically the Hertz model [53-55]) to the Fvs. dp + 2
curve [56].

The cantilever spring constant has been calibrated using the thermal noise method [43,44],
and fine corrections were applied to account for geometrical and dimensional issues [42,57].
The deflection sensitivity S of these probes was calculated according to different procedures:
either as the inverse of the slope of the raw deflection AV vs. z-piezo displacement d,,
curve (Figure 1B) acquired on a stiff substrate [47], or via the SNAP method [58], assuming
a previously accurately calibrated intrinsic spring constant as reference.

After identification of dy and proper translation of the distance axis, negative distances
correspond to deformations, i.e., indentations of the deformable sample. In nanomechanical
tests, the negative semiaxis is the relevant one, and an indentation axis 5 can be defined as:
5=—d,ford<0.
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Processing of the data was carried out using custom routines written in a Matlab
environment (Mathworks, Natick, MA, USA).

The precise alignment of AFM and optical images was possible using the Bruker
MIRO software and allowed us to choose the regions of interest for ECMs and cells. For
the ECMs, the regions for measurements were chosen based on the evaluation of optical
images; thanks to the reduced thickness of the slices and their consequent transparency, it
was possible to select regions with moderate roughness and better structural integrity.

Indentation of Living Cells and ECMs by AFM
o Cells

For the mechanical characterization of cells, the Hertz model was applied [53-55]. To
extract the value of the Young’s Modulus (YM) E, which is the proportionality constant
(within the limits of linear elastic response) of stress o (force per unit area, in Pa) and strain
¢ (relative deformation): E = 0/¢. The YM is an intrinsic elastic property of a material
and provides a measure of sample rigidity. According to the Hertz model for a parabolic
indenter, the force vs. indentation relation is:

4 E 1.3
BT @)

X!

F

which is accurate as long as the indentation ¢ is small compared to the radius R. In
Equation (4), v is the Poisson’s coefficient, which is typically assumed to be equal to
0.5 for incompressible materials.

When indenting compliant thin cells (typically a few microns tall at their maximum
height, i.e., above their nucleus), the finite-thickness effect must be taken into account.
This effect is related to the influence of the stiff glass substrate underneath the cells, which
confines the strain and stress fields and makes the elastic cell response stiffer, i.e., the
measured Young’'s Modulus larger [55,59-62]. The finite-thickness correction depends on
the ratio x of the contact radius a = v/R3 to the sample thickness h (and not trivially on
the ratio 6/h):

X = ©®)

Notably, AFM provides the unique capability of measuring simultaneously both
the height and elastic properties of a sample (combining topographic and mechanical
imaging [55]), therefore allowing us to implement point by point corrections that depend
on ratios like the one reported in Equation (5) as for the present work.

A polynomial correction factor A(x) can be applied to the Hertz equation (Equation (4)),
under the hypothesis that cells are partially bound to the substrate, and this allows us
to extract correct YM values irrespective of the local thickness of the sample. Following
Dimitriadis et al.”s work [55,59]:

A(x) = 1+1.009x + 1.032x2 + 0.578%> + 0.051x* (6)

Introducing the rescaled force F'(8) = F(8)/A(x(8)), Equation (4) can be replaced by the

formally similar Equation (7):
4 E 1

3

BT <7)

For the evaluation of the Young’s Modulus of single and clustered cells, at least 10 cells,
each from three to five Petri dishes, were measured. For each measurement, FCs on both
the substrate and the cells were acquired with a minimum of 10 FCs on the surrounding
substrate and 100 FCs on the cell; this allowed us to calculate the local height of each single
cell [55]. For full mapping of single cells/clusters, FCs were collected on a grid spanning an
area of up to 100 um x 100 pm around the cells, including both cells and substrate. Each FC
contained 8192 points, with ramp length 1 = 15 um, maximum load Fmax = 5-10 nN, ramp

F/
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frequency f = 1 Hz. The probe radius was R = 5.7 um or R = 6.4 um. Typically, indentation
up to 2 um was achieved.

We created masks based on the obtained topographic maps to select force curves
belonging to distinct regions: the nuclear region and its complement, which is the union of
cell perinuclear and peripheral regions [55,62].

The same data were used for both mechanical analysis of cells and glycocalyx charac-
terization. The first 10% of the indentation range after the contact point is usually attributed
to the contribution of the glycocalyx [21,27,31,63,64]. The YM of the cells was extracted
by fitting the Hertz model to the FCs in a suitable sub-interval of the remaining 10-90%
indentation, typically identified as the range where the value of E does not change with
indentation (Figure 2).

Figure 2. Typical approaching force curve on top of a cell (top) and ECM (bottom). The indentation
range for model fitting is highlighted; on cells, we used typically [0-10%] for the glycocalyx and
[10-80%] for the YM, while on ECMs we used [20-80%] for the Young’s Modulus.

e Glycocalyx thickness

The glycocalyx characterization was performed following the soft brush model im-
plemented by Sokolov et al. [27,31,65,66]. The separation H between the tip and the cell
membrane can be expressed as (Figure 3A):

H=dp—do+8+z 8)

where d is the position of the non-deformed cell membrane (the contact point referred to
Hertzian indentation), d;, is the relative z-piezo position, and  and z are indentation and
cantilever deflection, respectively, as previously defined.

The indentation § in Equation (8) is calculated using the standard Hertz model
(Equation (4)). When the glycocalyx is completely compressed (which typically occurs
well before cell indentation is significant), H is negligibly small; it follows that if one plots
the force as a function of H, the force points related to the Hertzian indentation of the cell
collapse along a vertical line at H £ 0. This can be seen in Figure 3B, where the force for
H > 0 can be identified with Fgiycocalyx, the force exerted by the glycocalyx. The latter force
can be modeled as [65]:

Fylycocalyx = 100 kgT R N*/? L exp(—2nH/L) 9)

where L and N are the effective thickness and the grafting density of the pericellular brush,
respectively.
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Figure 3. (A) Schematics of the distances used to determine the tip-cell membrane distance H
(Equation (8)). (B) A typical force curve showing the force exerted by the glycocalyx as a function of
the tip-cell membrane distance (the red continuous curve is the fit by Equation (9)).

e ECM

The mechanical properties of ECMs were studied by collecting sets of typically 15 x 15
force curves (force volumes, FV) in different macroscopically separated regions of the
sample. Each selected region was typically as large as 115 um x 115 um. Each FC contained
8192 points, with ramp length L = 15 pm, maximum load Fmax = 800-1500 nN, ramp
frequency f = 1 Hz and R = 12.8 um. Typical maximum indentation was 5-9 um. For each
patient condition, 2000-5000 FCs were obtained.

The value of the YM of elasticity of ECM was extracted as described previously for
cells. The Hertz model was fitted to the [20-80%] indentation range of the FCs (Figure 2)
without the finite-thickness correction (given the large thickness of the slices, x < 0.1). On
tissues and ECMs, the first 20% of the FCs is typically neglected, due to the contribution of
superficial non-crosslinked fibers, surface roughness -related issues, etc. [5].

2.4. Statistics

For both cells and ECM, the mean median value Ej .4 of the Young’s Modulus E
(or the mean values of other observables) has been evaluated for each tested condition,
averaging over cells or measured ECM samples. The associated errors were calculated
adding in quadrature to the standard deviation of the mean 0g, . AN instrumental error
of 3%, calculated through a Monte Carlo simulation, as described in [55,67], based on the
uncertainties in the calibration parameters (5% for the deflection sensitivity S, 10% for the
spring constant k).

The assessment of the statistical significance of the differences among the tested
conditions was carried out using the two-tailed ¢-test. A p-value < 0.05 was considered
statistically significant.

For the glycocalyx analysis, the length L of the glycocalyx for each force curve located
on the nucleus was extracted, by fitting Equation (9) to the data, and the histograms of the
logarithmic values were reported. Median values were calculated.

3. Results
3.1. AFM at the Microscale: Mechanical Properties of ECMs

In this experiment, we carried out mechanical measurements on healthy and neoplastic
decellularized extracellular matrices coming from the same patient affected by CRCPM. We
measured YM values of the samples at deep indentation with a focus on their distribution.
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The production of custom colloidal probes allows us to tune both the spring constant
k of the cantilever and the sphere radius R, to match the typical length scale of tissues and
ECMs, which is approximately 10-50 pum (cf. Material and Methods)

Exploiting the large colloidal probe radius allows us to effectively average local
nanoscale heterogeneities due to the fine structure of the ECM, while capturing the over-
all mesoscopic mechanical response of the sample. To this purpose, it is important to
achieve reasonably large (in absolute terms) indentations (5-9 um, compared to the 100-200
um thickness of the samples). In these operative conditions, finite-thickness effects are
negligible, and we are confident to test the bulk sample properties, as in a 3D structure,
and not only those of a surface layer, which in similar samples can be different from the
bulk. The measured mechanical response therefore reflects the collective contribution
of all components of the ECM, organized in micrometer-sized structural and functional
domains [5,17,68-72]. Small colloidal probes, and to a larger extent sharp pyramidal
tips, would permit a greater spatial resolution, but the mechanical output would be more
scattered and less representative of the overall properties of the ECM [55].

In Figure 4A, we show the distribution of the logarithmic YM values from each FC
taken on ECM samples. The fact that log YM values are approximately normally distributed
suggests that the distribution of YM is lognormal, as it is typically observed [73].

Figure 4. The stiffening of ECM in CRCPM samples. (A) Logarithmic values of the YM and their
distribution in normal and neoplastic ECM samples obtained from one patient. Violin plots were
plotted collecting YM values from all single FCs. Violin plots suggest that the distribution of local
YM values is approximately lognormal. The circle and the black bars represent the median and
the interval between 25th and 75th percentiles. (B) Comparison of median YM values E;eq4 from
each force volume in linear scale for normal and neoplastic samples from one patient. The red line
represents the median value, the box encloses the interval between 25th and 75th percentiles of
the sample. Whiskers go from the upper and lower limits of the interquartile range to the furthest
observations, within 1.5 the interquartile range; data points beyond this limit are considered outliers.
(C) Comparison of the mean median YM values for the two conditions tested. In (A, C), * means
p <0.05.

During cancer progression, the neoplastic ECM becomes stiffer; indeed, the logarithmic
YM distribution appears rigidly shifted to higher values (higher median value), while the
logarithmic standard deviation is approximately preserved among normal and neoplastic
conditions (Figure 4A). In Figure 4B, we show the distribution of the median YM values
measured in different locations (FV) and slices of ECM are reported. Neoplastic-derived
samples showed a significant increase in stiffness, and this result was in line with data
already published [1,2,9,74-76]; this stiffening during cancer progression is related to an
outcome of the tumor microenvironment remodeling and changes in the ECM composition
and structure, including aggregation and realignment of ECM components, mediated
by tumoral cells [9]. Reorganization of the matrix through cancer progression is also a
parameter that can be seen optically, with classical staining of the ECM (Figure 5). The
neoplastic ECM shows collagen accumulation (Figure 5B), while the healthy counterpart
shows organized collagen fibers (Figure 5A).

27



Sensors 2022, 22,2197

10 of 17

Figure 5. Collagen of ECM of healthy (A) and tumoral region (B) stained with van Gieson trichrome.

3.2. Mechanics of Cell, down to Cellular Components

Using AFM, it is also possible to sense small mechanical changes in single cells related
to different physio-pathological conditions; using colloidal probes, the spatial resolution
can be good enough to discriminate among single cell components, such as nuclear and
perinuclear regions and lamellipodia [55], while sharp tips allow us to discriminate fine
cellular structures as small as single actin fibers [77].

We performed AFM nanoindentation on three bladder cancer-derived cell lines, RT4,
RT112, and T24, with different degrees of invasiveness (Table 1), and compared their
median YM values.

From the force vs. distance curves, we reconstructed three-dimensional cell morpholo-
gies and the mechanical maps, as described in [55]. All FCs, and consequently all maps,
have been corrected for the contribution of the finite-thickness of the sample, as explained
in the Methods.

Mapping both topography and YM and comparing with the optical image (Figure 6)
allowed us to decouple the contributions of the nuclear regions and the other regions of
the cells in the same cluster. Examples of the distributions and median values of the YM
extracted from different parts of the cell body (e.g., nuclear vs. perinuclear and peripheral
regions, or lamellipodia) are shown in Figures 7 and 8.

Figure 6. Representative images for the combined topographical and mechanical analysis of cell
clusters. Optical image of a cell cluster from the RT112 cell line (A); topographic map (B), and Young's
modulus map (C) in logarithmic scale, of the same cluster shown in (A).
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Figure 7. Histograms of the YM from the perinuclear and peripheral region of an RT112 cell (orange),
and from the nuclear region (red).

Figure 8. The Young’s modulus (whole cell) measured by AFM for bladder cancer cells RT4, RT112,
and T24, with increasing grades of invasiveness (left to right). * Means p < 0.05.

As shown in Figure 8, the higher degree of invasiveness of cells (from RT4 to T24)
correlates to a decrease in the YM (whole-cell value); this is consistent with previously
published data [78]. The reported differences in YM between cell lines RT4 and RT112 and
between RT4 and T24 were found to be significant, while this was not the case between
RT112 and T24.

We observed a wider distribution of the YM values in the perinuclear and peripheral
regions of the cells, compared to the nuclear region (Figure 7). In the perinuclear and
peripheral regions, both softer and stiffer areas coexist, as shown in Figure 6C; the higher
Young’s Modulus values are found at the cell-cell boundaries, where adherent junctions
are present. The nuclear region exhibits a narrower distribution of YM values (Figure 7)
and is stiffer than the perinuclear region, as reported previously [19,79].

It is well known that during embryonic and cancer development, cells exhibit a soft-
ening that can favor extravasating through the blood capillaries, allowing the attachment
to a secondary site, favoring the metastatic spread in cancer [80]. The softening of the
neoplastic cells has already been reported in breast and bladder cancer models [80-83]. It
was reported that RT112 cells possess both mesenchymal and epithelial phenotypes as they
are an intermediate cell line for those states [11,84]. In our case, this correlates with the
intermediate YM values observed for these cells compared to RT4 and T24.
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3.3. Down to the Nanoscale: Characterization of the Glycocalyx

As previously described, AFM is capable of sensing the mechanical resistance to
compression of tissue components such as cells and ECM; it is possible to go further down
along the size and force scales, characterizing even smaller and more delicate structures
such as the pericellular matrix, a sugar-rich coat, called glycocalyx.

Many models have been developed for the data analysis and the characterization of
the glycocalyx and similar brushes [27,85]. Here, we followed the protocol developed by
Sokolov et al. [21,27,31,66], which is based on decoupling the deformation of the ultrasoft
glycocalyx layer on top of the soft cell, within the acquired FCs. We applied this model to
the FCs collected for the nanomechanical measurement of bladder cancer cells, to prove the
feasibility of extracting more information from the same data set (see Section 2).

To better appreciate the subtle differences between the three cell lines RT4, RT112, and
T24, we considered the distribution of the glycocalyx thickness values extracted from the
single FCs in log scale (Figure 9). There are differences in the distributions of L values in
the three cases. Compared to the intermediate grade of invasiveness (RT112), the less and
most invasive cells (RT4 and T24, respectively) possess a broader distribution of brush
lengths, with tails extending towards longer and shorter lengths, respectively; the median
values of the glycocalyx thickness therefore tends to decrease going toward a higher degree
of invasiveness, from L = 730 nm (RT4 and RT112) to L = 652 nm (T24). Nevertheless, the
distribution seems to possess different modes (highlighted by the dotted vertical lines in
Figure 9), and one can see that the relative importance of higher-thickness modes increases
for more invasive cells, which are also characterized by the more asymmetric brush length
distribution, as it was observed for tumoral cells [25,30]. These data suggest that beside the
mere thickness/length of the brush, also the change of other glycocalyx physical properties
such as the stiffness, the effective graft density, and degree of crosslinking should be
quantitatively characterized since they are likely correlated to the transformation of a tissue
from a normal to neoplastic condition.

Figure 9. Distribution of the lengths of the glycocalyx brush (extracted according to Equation (9)
from single FCs) for the three cell lines RT4, RT112, and T24. Vertical dotted lines are a guide for the
eye in the tentative identification of the main modes of the distributions.
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4. Conclusions

In this paper, we discussed the capability of the AFM as a reliable force sensor for
the study of biological systems. The representative results presented here demonstrate
the possibility of using AFM nanomechanical measurements to characterize physical
modifications related to specific physio-pathological conditions of cells and tissues.

As demonstrated in this work, as well as in many others [36,86-89], AFM can be used
to test biological samples at several different scales, in terms of dimensions and forces,
from large, rough, and relatively stiff ECMs and tissues, passing through smaller and soft
cells, to extremely compliant pericellular brushes. Here, in particular, we reported on the
capabilities of the instrument to characterize the mechanical differences of urothelium
bladder cancer cells and the different organization of their glycocalyx brushes using the
same mechanical data sets. At a larger scale, the stiffening of human-derived ECM during
the progression of colorectal carcinoma could be detected.

The crosstalk between cells and their microenvironment is complex and challenging
to quantitatively assess; the reliability of AFM also stands in its flexibility of measurements,
which is demonstrated by the capability of AFM to both sense and apply forces in aqueous
physiological conditions with controlled temperature, as well as by the possibility of resolv-
ing the measurements not only spatially, but also in the time and frequency domains; this
makes the tracking by AFM of dynamic biological processes possible, including monitoring
cell mechanical changes through cytoskeleton rearrangement, for example, due to drug
actions or genetic modifications [77,90].

AFM and AFM-inspired instruments will likely play an increasingly important role in
establishing experimental approaches for the mechanical phenotyping of cells and tissues
in health and disease conditions, with the potential to develop effective early diagnostic
tools based on biomechanical measurements.
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1.6. PhD project and objectives of the thesis

This thesis project has been carried out within a Marie-Sktodowska Curie ITN project
called Phys2BioMed, which focuses on providing advanced and innovative tools for early
diagnosis by means of Atomic Force Microscopy AFM and correlative techniques. As it is
proven that in the context of cancer the mechanical properties of the biological samples, such
as cells or tissues, are giving insight into many physiological and pathological processes #3, the
project aimed at looking for mechanical fingerprints of diseases.

As presented above, the inter-relation of cells with their microenvironment in healthy or
tumoral conditions is complex and its study is difficult. Atomic Force Microscopy was
demonstrated to be, in combination with other techniques, a valuable technique for the
investigation of the physical properties of cells and biological systems.

The main aim of this thesis is the study of the interaction and mutual influences of cells and
their microenvironment, both in healthy and tumoral conditions, employing of Atomic Force
Microscopy. We focused on adhesion force spectroscopy by AFM as the main experimental
approach to unravel the integrin-related adhesive mechanisms that characterize the cell-ECM
interaction. This work has been carried out in collaboration with clinical partners (Ospedale
San Raffaele, OSR, Milano, Dr. Alfano Massimo, and Istituto Europeo di Oncologia, IEO, Milano,
Dr. Giuseppe Diaferia), who provided both samples and models for the analysis and
appropriate methodology to develop our force spectroscopy approach, besides fundamental
expertise in cellular biology and medicine. This work has benefited from continuous discussion
and collaboration with partners of the Phys2BioMed network, in particular during scientific
secondments in the laboratories of prof. M. Radmacher lab, Institute of Biophysics, University
of Bremen, Bremen, Germany, and of Prof. C. Franz, NanolSl, University of Kanazawa,
Kanazawa, Japan, for cell-cell force spectroscopy experiments, and Dr. B. Walter, VMicro SAS,
Lille, France, for AFM cantilever calibration.

As the target of our study, we concentrated mostly on bladder cancer with the use of cell
models and decellularized matrices from the murine bladder (produced at OSR).

The main objectives of this thesis work are:

The development of a method for AFM force spectroscopy to move the research of
cell-microenvironment interaction one step closer to physiological conditions, by the
attachment of native ECM directly to AFM probes. Our goal is to develop a tool for
personalized medicine that can potentially use in clinics for early diagnosis. We aim at
elaborating a reproducible, reliable and straightforward procedure that would operate
with direct sample, ECM and/or cells, from patient. This development may open new
possibilities for using AFM for biosensing.

The functionalisation of custom colloidal probes with ECM proteins to have insights
into the change of integrin-related adhesion between cells and the matrix in the
particular context of bladder carcinoma evolution, for the promotion of epithelial to
mesenchymal transition.

The improvement of calibration of AFM cantilevers by comparison of three main
methods: AFM thermal noise, Sader, and Laser Doppler vibrometer. The aim is to
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evaluate a robust protocol in the order to use the AFM for the characterisation of cell-
microenvironment interactions in the most reliable and reproducible way.

The contribution of the network activities within the project Phys2BioMed in which we
aimed at standardising mechanical measurements of pancreatic cells PANC-1 and of
bladder cancer tissues. Our objective was also the development of a new protocol for
faster acquisition and analysis of data.

Finally, as the cell microenvironment not only consists of the extracellular matrix but
also other cells, we will investigate the cadherin switch in the framework of bladder
carcinoma, with two extreme grades of invasiveness cells.

1.7. Thesis outline

The Introduction presents the topic of the cell and the microenvironment interactions in the
context of both health and disease. It also presents an overview of the applications of AFM in
the field of nanomechanics supported by original results, on cells and tissues, in the form of a
paper recently published in Sensor journal by H. Holuigue et al.®

Chapter 1 reports on improving the calibration procedures of tipless AFM cantilevers and
custom colloidal probes in the scope of using them for Adhesion Force Spectroscopy
experiments. For those experiments, the calibration of the force sensor is a key aspect to
perform reliable and reproducible measurements.

In Chapter 2, the results of a force spectroscopy study of the interaction of bladder cancer
cells with bladder ECM are presented. This work is based on the functionalization of custom
colloidal probes with two types of ECM proteins (laminin and fibronectin).

Chapter 3 represents the core of my research and reports on the development and application
of novel native ECM probes to study cell-microenvironment interaction using AFM in adhesion
force spectroscopy mode.

Conclusion and perspectives briefly summarize the obtained results and discuss potential
improvements and future experiments.

In Appendix A, the bottom effect correction method in the study of cell mechanics is presented
as well as the development of an improved approach for its implementation in the context of
confluent monolayers of cells, where the reference substrate is not available in the maps.

Appendix B describes some preliminary results in the study of cell-cell interactions among
bladder cancer cells through cell-cell force spectroscopy. This work was done in collaboration
with both the University of Bremen, Institute of Biophysics, Germany (Prof. M. Radmacher)
and NanoLSl, University of Kanazawa, Japan (Prof. C. Franz).
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2. General Material and Methods

2.1. Atomic force microscopy equipment

Experiments at the University of Milan have been performed using a Bioscope Catalyst
AFM (Bruker) (Figure 14), mounted on top of an inverted optical microscope (Olympus X71).
The whole system was isolated from the noise using an anti-vibration active base (DVIA-T45,
Daeil Systems) and an acoustic box (Schaefer, Italy).

The precise alignment of AFM and optical images were possible using the Bruker MIRO
software, allowing choosing the regions of interest for both matrices and cells. For living cells’
measurements, cells were kept in a petri dish with phenol red-free medium at 37°C in a
perfusion stage incubator governed by a temperature controller (Lakeshore 331).
Measurements on ECMs were performed at room temperature in a droplet of PBS confined
on the glass slide within a circle of hydrophobic ink drawn using a hydrophobic pen (Sigma).

Experiments performed at the University of Kanazawa were performed with a CellHesion 200
(Bruker) module allowing a z-range of 100um installed on a Nanowizard || AFM (JPK) equipped
with a BioCell (Bruker) heating stage (Figure 15).

Experiments performed at the University of Bremen were performed with an MFP-3D-Bio AFM
(Asylum Research). Measurements on living cells were performed at room temperature in a
petri-dish couple to a homemade setup for CO; addition during measurements (5% of CO.).

Appendix A presents cell-cell experiments performed with two different AFM setups: the
Nanowizard Il (JPK) and MFP-3D-Bio AFM (Asylum Research). Principally temperature control
was preferred while performing biological experiments, nevertheless, some cells such as T24
(bladder cancer, grade 3) were found to be quite resistant while performing AFM without
control of temperature.
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Figure 14. (A) Picture of the AFM setup. Catalyst AFM with its optical microscope and antivibration
base inside the acoustic box, and (B) Perfusion stage incubator on the XY scanner and microtranslation
stage of the AFM.

Figure 15. (A) Picture of the AFM setup at NanoLSl, Kanazawa, Japan. Nanowizard Il AFM with its optical
microscope and antivibration base inside the acoustic box, and (B) close-up of the AFM head with
CellHesion module on top of a sample placed on a glass slide with the heating stage.

2.1.1. Production and calibration of colloidal probes

Homemade colloidal probes (CPs), as presented in Figure 16, were produced by attaching
borosilicate glass spheres to non-coated tipless cantilevers (MikroMasch
HQ:CSC38/Tipless/NoAl or NanoandMore TL-FM), following the protocol developed by Indrieri
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et al. 111112 Glass beads placed on gold-coated glass slides (to minimize capillary adhesion)
were captured using the AFM XYZ microtranslation stage and the optical microscope (Figure
14) at the end of tipless cantilevers, previously dipped in Vaseline for easier capture. The newly
created cantilever-microsphere assemblies are then placed in an oven at 780°C, the softening
temperature of borosilicate glass, to allow the firm covalent attachment of the sphere to the
cantilever.

One of the main advantages of CPs is their larger contact area that induces less stress and
strain compared to sharp tips, making it advantageous in the case of studying biological
samples like cells and tissues. Their well-defined and characterized geometry contributes to a
clear application of the analytical model of a sphere indentation on a flat surface. Providing a
higher signal-to-noise ratio, CPs are widely used for adhesion force spectroscopy
experiments?1105113114 3i5o  for their easy functionalization and cleaning?®. Regarding the
drawbacks of those probes, while their radius can be easily characterized by reversed AFM*1?,
this additional spherical mass can induce modification of the dynamic of the cantilever and
reduce the accuracy of the spring constant calibration!!2. With larger probes comes the need
for bottom-effect correction, the CPs sense the effect of the hard substrate underneath during
the indentation of thin and soft samples, such as biological ones 167118 Both of those aspects
are discussed in Chapter 1 and Appendix A respectively.

The calibration of the spring constant of the AFM probes has been performed using the
thermal noise method based on the equipartition of energy 19121, Special corrections and
procedures for the calibration of the colloidal probes, in particular, to account for geometrical
and dimensional issues, have been considered, as described in Ref. 2. Details on the
calibration of the AFM probes are provided in Chapter 1.

The deflection sensitivity S (or inverted optical lever sensitivity, invOLS) of the probes was
calculated as the inverse of the slope of the raw deflection AV (in Volts) vs. z-piezo
displacement (in nm) curve acquired on a stiff substrate 1°. The SNAP method was performed
before every experiment for the recalculation of the new sensitivity, assuming a previously
accurately calibrated value (considered as a reference) of the spring constant and sensitivity
122 'Indeed, the measurements of S for CPs can be affected by the loading configuration of the
probes: the loading is applied on the tip apex and not the cantilever geometrical end,
generating torque and influencing the sensitivity value. The implementation of the SNAP
method before every experiment allows for the reduction of the variability of measurements
and increased their reproducibility.
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Figure 16. Front view of a custom-made colloidal probe with Scanning Electron Microscopy. Image
acquired in collaboration with VMicro SAS (Lille, France).

The cleaning of the probes was performed with Oxygen Plasma (80W, 2min) before
functionalization, Helizyme for organic debris in between the experiments, and Piranha
solution (3:1 v/v H,S04:H,0;, 80°C for 30 minutes) for deeper cleaning of organic debris. All
those processes are commonly used in the AFM community 123,

2.1.2. Functionalization of AFM probes

Any functionalization of the AFM probes was performed on a clean cantilever (CPs or tipless);
for this, we used oxygen plasma (Diener electronic) at 80W for 2 minutes to restore -OH
groups '?* Functionalisation with ECM proteins such as fibronectin and laminin was
performed using a first coating of 3-aminopropyl triethoxysilane, (APTES) by mean of 3
minutes vapor deposition in static N, from a reservoir 2°7127 followed by glutaraldehyde
(GAH) for 2h, and the protein deposition for 1h following previously established protocols 128~
130, The cantilevers were stored in PBS and used the same or the next day for experiments.

For cell-cell force spectroscopy, a cell was directly attached to the cantilever using
Concanavalin A as adhesive °'. This procedure is described in detail in Appendix B.
Concanavalin-probes could be stored in PBS at 4°C for a couple of days but were rather used
directly after functionalisation.

The production of native ECM probes with the functionalisation of the probe with APTES and
Genipin is described in detail in Chapter 3.

APTES, Concanavalin A, glutaraldehyde, and Genipin were purchased from Sigma. Genipin was
diluted in 1,5% (v/v) in PBS, Concanavalin A at 2mg/ml, and glutaraldehyde at 2,5% in PBS
(v/v). Fibronectin and Laminin were both used at 0,5ul/ml.

2.1.3. Force spectroscopy and nanomechanical measurements

For details on the use of AFM as a force sensor and for indentation measurements the reader
is addressed to the paper by Holuigue et al. 2022 reported at the end of the Introduction of
this thesis 8.
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Both force spectroscopy and nanomechanical AFM experiments are based on the acquisition
and analysis of force curves FC as displayed in Figure 17. The raw FCs consist of the recording
of the raw deflection signal from the photodetector (in Volts units) as a function of the z-piezo
displacement (in nm); raw FCs have been rescaled into force in nN vs indentation or tip-sample
distance in um using the measured calibration factors (deflection sensitivity S and spring
constant k), according to the standard procedure 23,
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Figure 17. Schematic of a standard force curve approach (blue) and retract (red) during force
spectroscopy measurements.

Both approaching and retracting parts of a rescaled FC provides information about the sample.
Nanoindentation analysis exploits the contact portion of the approaching part, from the initial
contact point to the maximum indentation, at maximum force. The mechanical
characterization is typically done by determining the Young’s modulus (YM) of elasticity E of
the sample, i.e., the proportionality factor between stress ¢ (in Pa) and strain €: E = %,

through the fit of the Hertz model to the experimental force (F) vs indentation (8) curve 31~
134.

R262 )

In Eg. 1 Ris the tip radius and v is the Poisson’s coefficient, which is typically approximated at
0,5 for incompressible materials like cells and is defined as the ratio of transversal to
longitudinal relative deformations 31,

Eqg. 1, originally developed for parabolic indenters, is accurate for spherical tips as long as the
indentation 6 is small compared to the radius R, 6 < R.

Exploiting the retraction portion of the force curve, and focusing on the region of pull-off, we
can study adhesive events, as long as the tip detaches from the sample 891113135 ' Details on
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adhesion force spectroscopy methodology can be found in the Introduction and on the
preprint of the paper by H. Holuigue et al, 2022, reported in Chapter 3.

2.1.4. Data analysis

Processing of the data was carried out using custom routines written in Matlab (Mathworks)
if not stated otherwise. Detail procedure for data averaging and error estimation is reported
in specific Material and Methods of each chapter.

2.2. Cell cultures

Four commercial cell lines, three from human bladder cancer of different grades (a
marker of invasiveness) and one from tumoral rat bladder, were kindly provided by Dr. M.
Alfano (San Raffaele Hospital, Milano) and used in this work, as described in Table 1 and
presented in Figure 18.

The cell lines were cultured in RPMI medium containing 2 mM L-glutamine supplemented with
10% FBS, 1% penicillin/streptomycin, and 1% amphotericin and grown in a CO, incubator at
37 °C with 5% CO, (Galaxy S, RS Biotech). All reagents and materials were from Sigma-Aldrich
(St. Louis, MO, USA).

Cell line Species/Organ Morphology Tumour
RT4 Human bladder Epithelial Papilloma, transitional cell (Grade I)
RT112 Human bladder Epithelial Papilloma, transitional cell (Grade Il)
T24 Human bladder Epithelial Carcinoma, transitional cell (Grade lll)
AY27 Rat bladder Epithelial Carcinoma, transitional cell

Table 1: Description of the cell lines used in this work, with indication of their species, morphology,
and tumour.

Figure 18. Optical images of (A) RT4, (B) RT112 and (C) T24 cell lines.
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For AFM measurements, the cells were plated the day before on glass bottom Petri dishes (@
40 mm Willco Wells) coated with poly-L-lysine (0.1% w/v for 30 min at RT) to improve cell
attachment and sterilized with UV radiation. Cells were plated in the RPMI medium without
phenol red as it can use damage to the AFM liquid tip holder of the Catalyst AFM. Indeed, the
use of phenol-red has been correlated with the etching of the resin surrounding the tip holder.
Cells were kept overnight in the incubator and used the next day for AFM experiments.

2.3. Decellularized extracellular matrix

Decellularized extracellular matrices from healthy rats were produced at Ospedale San
Raffaele, Milano, under the guidance of Dr. Alfano. The decellularization was performed
according to the protocol of Genovese et al.>®, validated for bladder 3¢ (Figure 19).

The ECM samples were embedded in optimal cutting temperature (OCT) compound, frozen in
dry ice, and kept at -80°C. ECM slices of 10 um and 50 pm thickness were cut with a cryostat
and attached to classical microscope glass slides (for laser microdissection) and super-frost
glass slides (for mechanical measurements). The complete protocol for the preparation of
ECM for mechanical measurements or laser microdissection is described in Chapter 3.

Laser micro-dissected slides were stored at -4°C and OCT embedded sections were kept at a
temperature of -20°C prior to AFM measurements.

All procedures and studies involving mice were approved by the Institutional Animal Care and
Use Committee of San Raffaele Scientific Institute and performed according to the prescribed
guidelines (IACUC, approval number 942). Adult (9-10 weeks old) female Fischer rats were
from Charles River Laboratories, Italy.
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Figure 19. Optical image of a decellularized rat bladder. The inner cavity (where urine is present) and
the outer region of the bladder are indicated.
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3. Chapter 1

Calibration methods of AFM cantilevers for force

spectroscopy measurements

The reliability of AFM data resides in a good calibration of the instrument. The correct
calibration of the instrument is consequently crucial for the detection of tiny forces of the
order of tenth of piconewton, such as those in the cell-microenvironment: in fact,
miscalibration can directly induce misinterpretation of data. In the scope of this thesis, |
dedicated part of my time to the comparison and amelioration of the calibration methods in
order to collect reliable data while performing adhesion force spectroscopy experiments.
While the calibration of commercial cantilevers is widely discussed 821191377140 " cqo|oidal
probes, even commercial ones, require particular attention 111:112,138,141-147. i the context of
this thesis, both types have been used.

The most common calibration methods exploit the Brownian fluctuations of a cantilever
(typically collected through the optical beam detection system (OBD) of the AFM 79:148149) to
extract a thermal noise spectrum of the cantilever.

One such method is based on the equipartition theorem 8112119 which related the mean
quadratic oscillation of the cantilever at equilibrium at a given temperature to its spring
constant; this is the most widely used method, usually simply called the thermal noise method,
and it is usually implemented within the AFM software, although it can also be implemented
through external acquisition and processing of the deflection signal. This method requires the
implementation of several corrections, accounting for the tilt of the cantilever and the non-
ideal (i.e., non-perfectly rectangular) geometry of the cantilever, and also for the influence of
an added mass of the tip (or the non-uniform mass distribution along the cantilever axis) that
could induce incorrect estimation of the spring constant 12, This method necessitates the
calibration of the sensitivity, a conversion factor for the OBD method that rescales the voltage
into deflection. This parameter is not always simple and accurate to evaluate; its calibration
requires the registration of FCs on clean and hard substrates, not always possible in the case
of biological experiments (Otherwise, a contactless method can be performed if the spring
constant is precisely known 1°°). CPs calibration of sensitivity could also be critical due to the
loading point of the probe, which might induce strong torque effects 112,

Sader’s method is also based on the acquisition of a thermal spectrum of the cantilever
oscillations but exploits the study of the dynamics of the oscillating body in a viscous fluid
(typically, air). This method requires the measurement of a few parameters related to the
cantilever oscillation (first normal mode): the cantilever quality factor Q, and the resonance
frequency fo. Initially, the method also required the knowledge of the in-plane geometry and
dimension of the cantilever, but in its latest implementation (the Global Calibration Initiative
based on an online platform: https://sadermethod.org/ *°) the request for the geometrical
information has been relaxed since it is possible to select the cantilever type and model
directly from a database. The internal calibration parameters necessary to implement the
Sader method are therefore statistically evaluated based on the contribution of several
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scientists worldwide. A great advantage of the Sader approach with respect to the standard
thermal noise method based on equipartition and the use of the OBD is that the deflection
sensitivity is not required to calibrate the deflection axis. Sader method has been proven to
be in good agreement with the standard thermal noise method 152153

Finally, as suggested in many articles, interferometry-based systems >4 and especially Laser

Doppler Vibrometer (LDV) 149142153 are powerful tools to perform calibration of AFM
cantilevers and are nowadays considered as gold standard. As the measurement of the
deflection is direct, there is no need for calibrating the deflection sensitivity; consequently,
the calibration of the spring constant is more reliable.

This work presents the comparison of three calibration methods: standard thermal noise,
Sader’s, and LDV for tipless cantilevers and colloidal probes, with the objective of developing
a reliable calibration procedure for applications in cell-microenvironment research. The
experiments have been performed at VMicro (Lille, France) in collaboration with Dr. Benjamin
Walter, during a secondment, as part of the project Phys2BioMed.

3.1. Material and Methods

3.1.1. AFM Probes

We used ultrasoft tipless cantilevers (HQ:CSC38/TIPLESS/NO AL, Micromasch), A
(short) and B (long), as well as soft tipless cantilevers (TL-CONT, Nanosensors), as presented
in Figure 20. Table 2 resumes the geometrical parameters (length L, width w and thickness t)
and characteristics of the cantilevers, which are made of single crystalline silicon, n-dopped
with antimony, and have a density of 2,33 g/cm3. All cantilevers have a rectangular planar
sections and trapezoidal cross-sections, with a small apical triangular end.

Homemade colloidal probes, presented in Figure 21 and Figure 22, were produced as
explained in the General Material and Methods section. The characterization of the radius of
the sphere was done either by calibrated optical microscopy images, in the case of large
spheres, or by reversed AFM imaging on a spiked grating (TGT1, NT/MDT) for spheres with a
radius smaller than 10 pum 11134 Table 3 recapitulates the produced CPs and their
characteristics: the tip radius R with a density of borosilicate glass spheres as 2,23 g/cm3, the
reduced mass M, the gyration radius T (as defined in the Eq.15 and 16 respectively), as well as
the added mass corrected factor Beorr, Xcorr aNd Qcorr, defined in Eq. 14 and 28.
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Type L (um)

w (um)

t (um)

Knominat (N/m) fo (kHz)

A - Ultrasoft Tipless long

HQ:csc38/TIPLESS/NO | 350£5
AL

B - Ultrasoft Tipless
short

HQ:CSC38/TIPLESS/NO
AL

250+5

C - Soft Tipless
TL-CONT

450+ 10

325+3

325+3

50+7

1,0+ 0,5

1,0+ 0,5

2+1

0,03 10

0,09 20

0,02-0,77 6-21

Table 2. Table of the typical geometrical parameters, length L, width w and thickness t of the tipless
rectangular cantilevers used in this work to create the CP. Indicated their nominal spring
constant kyomina: @nd nominal resonance frequency f, according to the manufacturer.

Figure 20. Optical microscopy images of the tipless cantilevers. (A) Micromasch HQ:CSC38/Tipless/No

al and (B) Nanosensors TL-CONT as indicated in Table 2.
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Name Tipless type R (um) m r Beorr Xcorr Acorr
cp1 B 8,09 +0,12 0,26 0,04 | 09935 1,0399  0,9187
cP2 B 4,97 +0,16 0,06 0,02 | 09812 1,0702  0,8567
cP3 B 10,02 0,22 0,49 0,05 | 09971 1,0259  0,9475
cP4 A 8,32 +0,44 0,20 0,03 | 09915  1,0459  0,9065
cP5 A 5,72+0,18 0,06 0,02 | 09812 1,0702  0,8566

Table 3. Table of the measured and calculated characteristic parameters of the homemade CPs. The
tipless cantilever used to assemble the CP is indicated (A or B cf. Table 2). Also indicated the tip radius
R, the reduced mass ni’, the gyration radius ", the added mass corrected factor Beorr, Xcorr aNd Qcorr.

Figure 21. Schematic of a colloidal probe with the geometrical parameters defined : the radius R, the
lenght L, the tilt angle 8 and the shift of the loading point AL of the CP in comparison to the cantilever

end.
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Figure 22. Scanning Electron Microscopy images of the colloidal probes (A) CP 1, (B) CP 3 (C) CP 4 and
(D) CP5. Images acquired at VMicro (Lille,France).

3.1.2. Geometrical spring constant of AFM probes

Considering a cantilever with perfectly rectangular planar and transversal sections,
with uniform density, width w, thickness t, length I and Young’s modulus E, the theoretical
formula for the spring constant is 1°°;

Ewt3

ar @

The accuracy of Eq. 2 to predict the spring constant of a cantilever is severely limited by the
fact the nominal geometry is not perfectly rectangular, the dimensions are not uniform, as
well as the density and the Young’s modulus. Importantly, the thickness (typically around 1
pum or below) is subject to large relative variations, which have a strong impact on the value
of k due to the cubic dependence.

3.1.3. Standard thermal noise method

The standard thermal noise method for the calibration of the spring constant is based on the
Boltzmann’s equipartition theorem 119120;
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1 1
SId) = kT ©)

, Where kg is the Boltzmann constant, T the absolute temperature and (di) is the mean
square oscillation amplitude of the free end of the cantilever. Here, we follow Ref. 78 for the
implementation of the thermal noise method.

The first flexural mode of oscillation contains 98,5% of the oscillation amplitude. To take it
into consideration, we must add a correction factor 3 counting for the fraction of the total
quadratic oscillation amplitude (dil> in the first normal mode:

(di.) = p(d?) 4)
B =0,971 for a tipless rectangular cantilever. The spring constant is then calculated as:

_ BkgT
{aty) ®

k

—_~

The quadratic oscillation (dil> can be calculated as the area below the first resonance peak
in the power spectral density (PSD) of the cantilever oscillation %157, The following formula
then holds:

<dJ2_,1> = XeffzSZPV (6)

, Where Py is the area below the first peak of the PSD of the raw deflection signal (PSDy, in
units of V2/Hz), S is the deflection sensitivity, and the additional correction parameter X
accounts for the difference between the static and dynamic deflection sensitivity and includes
the effect of the cantilever tilt and other geometrical factors (Xefr = Xo = 1,09 for an ideal
tipless rectangular cantilevers)!19:156-162;

( R Y
_3 L
1 /2 ALy tanb
AL (i-T
Xeff = Xo 3 (1 - T) R cosb ¢ (7)
1-2 - AL tan6
\ (1-7) J

It follows that the intrinsic spring constant can be calibrated through the analysis of the PSDy
as:
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B kyT

k=———— (8)
Xerr? S*Py
, and more specifically as:
( R 2 \
_3 L
2 1-2/, A7 tand
B AL (-7 ks T
k=—HA (1——) cos?0 9
Xo* L R S2py
_ L
1-2 (1 _A_L) tand
\ L J

When the Simple Harmonic Oscillator (SHO) model is fitted to (Figure 23A):

B2fR*
QZ

PSD(f) = A, + [(F2 - f*) + £212% /07 (10)

, the area below it (Py) can be calculated analytically in terms of characteristic parameters of
the oscillator (the amplitude By, the resonance frequency fgr and the quality factor Q,
respectively):

o) BZ
P = [ psny(ar =2 (11)
0 2Q
We end up with:
( R 2 )
_3 L
i 1-2/, A7 tand
B AL (1-7) 20
k= (1 - —) 0520 p———kyT  (12)
Xo? L R S?mBy fr
L
1-2 (1 _A_L) tan@
\ L J

In this work all CPs were produced with relatively long rectangular cantilevers and small
spheres attached to the cantilever end, and the laser spot was located at the very end of the
cantilever; therefore, the characteristic ratios were all small and, according to Eq. 12 and the
intrinsic spring constant could be calculated as:
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20

k=0817———k
S2mB2f, ©

T (13)

B
2

Xeff Xo?

a, = 0,817.

~
=~

, Where

In the case of CPs, the addition of the mass of the sphere to the end of cantilever will affect
the modal shapes of the normal modes, decreasing the resonance frequency while increasing

the quality factor 112141, which changes the pre-factor . B > = a of Eq. 8. In our case (see Eq.
ff

e
13) the value changes from a,to a value that can only be calculated numerically (as long as
the hypothesis of rectangular geometry holds 112183 or by finite element (FEA) analysis 1>°

Practically, the added mass correction to the spring constant is implemented by multiplying
the intrinsic spring constant by the correction factor oo = ai

kCOTT = aCOTTk (14)
, Where k is the measured spring constant and keorr is the corrected one 112,

The value of o, depends on two parameters, the reduced mass m and the reduced radius t
of the sphere °2120 (Table 3):

=D (15)
mC
7R
R 16
7 £ (16)

, Where mg and R are the mass and radius of the sphere, respectively, and m.. is the mass of
the cantilever. In the case of rectangular cantilevers, the values of o, for different values of
m and T are tabulated in Refs 112163,

Once the intrinsic spring constant of the cantilever has been calibrated, the effective spring
constant k¢ is calculated and used to rescale the force axis, as shown in the paper Holuigue
et al. in the General Material and Methods. In case of negligibly small tip, loaded at the end of
the cantilever:

k
cos?20

In case that AL it is not negligeable, we calculate k¢ as:
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kepr = {[1 — mmne] 00529} <L I (18)

Figure 23. Representative of a measured PSD Py at the first normal mode for a probe A - Ultrasoft
Tipless long (HQ:CSC38/TIPLESS/NO AL) taken with the (A) Standard thermal noise method and the (B)
LDV.

To be noted that in the literature the denomination of the factors of corrections such as f3, a
and x are not yet standardized within the AFM community; in this work we followed the of
the Ref. 78,

3.1.4. Sader method

Sader’s method is derived from the modelling of the cantilever dynamics in a viscous
fluid upon thermal excitation 78137:151,164.165 \where the spring constant is stated as followed:

k = Bpb*LA(Re)wg?Q (19)
b2
Re = PLR (20)
4p

, where p and p are density and shear viscosity of fluid surrounding the cantilever,
respectively; L and b are the cantilever length and width, respectively; wg is the angular
resonance frequency and A(Re) the hydrodynamic function depending on the Reynolds
number!®416> B relates to the fraction of the quadratic oscillation amplitude of the first
normal mode 1191%8 Also, Sader’s method requires the knowledge of B factor; nevertheless, it
does not require the calibration of the deflection sensitivity, at odd with the standard thermal
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noise method. Moreover, Sader’s method does not require the determination of the
cantilever thickness, since only the planar dimensions of the cantilever are required in the
original implementation.

In this work the AFM cantilevers were calibrated using Sader’s global calibration initiative
online toolbox 13!, which represents a further simplification of Sader’ approach, only requiring
the measurement of the resonance frequency f, and the quality factor Q for cantilevers that
are present already in the database, which is contributed by a community of AFM users
worldwide. The database is populated with cantilever specific correction factors that can be
calculated once the spring constant of the cantilever is calibrated by another independent
accurate method (such as LDV). The relation between the parameters of a reference cantilever
(Kref » Qrer and f.of) and those of a non-calibrated one of same planar geometry, dimensions
and properties is:

Q fr
k = kyes Orer (m) (21

, Wwhere a = 0,7. This equation can be written as:

k =AQf,"? (22)

The factor A, specific to a type of cantilever, implicitly accounts for the hydrodynamic function
151,166 and can be calculated statistically as the average of the N user-contributed values:

TR

Following the online calibration initiative, the calibration of the intrinsic spring constant of the
cantilever simply requires fitting the SHO model to the PSDy and determining f, and Q. To this
purpose, we asked colleagues in Sader’s group to add TL-CONT, Nanosensors, tipless
cantilevers to the database; the other one (HQ:CSC38/TIPLESS/NO AL, Micromasch) were
already inserted.

3.1.5. Laser Doppler Vibrometer

The measurements of interferometry were performed at VMicro, Lille (France) using a
Polytech MSA 500 with a velocity controller VD_06 1mm/s/v or VD_06 2mm/s/v and a
displacement controller DD_300. The measurements were performed by aligning a first laser
aligned on the back of the cantilever and the second laser (reference) aligned at the cantilever
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base, as shown in Figure 24. The probe was placed on an AFM multimode (Bruker) tip holder,
mounted on a 3D printed stage to compensate for the 11° tilt of the probe.

LDV is a non-contact interferometric technique that uses the doppler effect to measure the
displacement of a moving surface 140167.168 The Doppler effect is the shift of the frequency of
the light (or acoustic wave) emitted at the source when it reaches an observer, caused by the
relative motion of the source and observer. By moving towards the source, a higher frequency
is detected, while a lower frequency is detected in the opposite case 6°,

For the calibration of AFM cantilevers, in the LDV apparatus the laser light reflected at the end
of the cantilever that oscillates due to Brownian motion, experiences a Doppler shift
compared to the reference beam placed at the base of the cantilever, as shown in Figure 24.
The Doppler shift Afy(t) is equal to >4

2v(t)

Afp(t) = 0 (24)

, With v(t) the instantaneous speed and A the wavelength of the initial emission. This method
primarily measures the speed v, which is then transformed into displacement (oscillation
amplitude) of the cantilever by integration over time. The first value of the displacement signal
d, o isassumed at O, then the followed displacement d ; is defined as:

dJ_,i = dJ_,i—l +UAt (25)

, with At the time interval, assuming that the current velocity is constant. LDV allows the direct
measurement of the displacement (d3 ), which eliminates one of the greatest sources of the
OBD error in the standard thermal noise methods i.e., the calibration of the deflection
sensitivity S, which makes the LDV a contact-less calibration method *4%%42_ |t then allows for
the elimination of the factor of correction X, counting for the correction from the statistic to
the dynamic S. Accuracy of interferometric detection makes LDV and other interferometric
techniques 193170 the gold standard for the calibration of the AFM spring constant 149171

Using LDV, the intrinsic spring constant k is therefore calculated using the equipartition
formula (Eqg. 11):

=
~3

kg
k = @) (26)

, given that the amplitude of oscillation of the cantilever (d?) is measured directly and the
amplitude of the first normal mode and (di1> can be extracted from the PSD, as described for
the other methods, with the difference that the PSD in physical units (m?/Hz) is used, instead
of the PSDy of the raw deflection signal (V2/Hz) (Figure 4B).

The spring constant using the LDV system is then:

k= ﬁikBT (27)
B2 fr
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, Where B here is the PSD amplitude as in Eq. 10.

As for the OBD-based method, while calibrating colloidal probes there can be a modification
of the modal shapes due to the added mass effect!!?!41, inducing a change in the parameter
o, which in the case of LDV reduces to a change in the 3 factor only, since y is not present.

In this case, we introduce the correction factor .o = Sﬁand in the same way as Eq. 14, we
0
calculate the corrected spring constant k. as:
kCOT‘T = BCOTTk (28)

To be noted that the modal factor 3, accounting for the fraction of the total quadratic
oscillation amplitude in the first normal mode, is present also in the case of the LDV method.
Noticeably, the factor §3 is required for all three techniques considered so far, and this fact
poses a serious issue for the accurate calibration of the cantilever spring constant since this
factor can only be calculated by FEA for non-ideally rectangular cantilevers.

Figure 24. Image displayed by the Laser Doppler Vibrometer instrument. The cantilever and the chip
are visible, with the spot of both lasers.

3.1.6. Data analysis

Processing of calibration data from LDV and AFM was carried out using custom Matlab
scripts (Mathworks). The SHO model (Eq. 10) was fitted to the peak of the first mode of
oscillation (Figure 23) and the parameters Q, f, and By (or B) were extracted, to compute the
area below the PSDy (or PSD). For the Sader’s method, the fitted Q and f, values were used in
the global calibration initiative online toolbox.

In the following, we refer to the values of the intrinsic spring constant calculated using the
different methods as Ky ominal, fOr the spring constant communicated by the manufacturer,
Kgeom the one recalculated geometrically (Eq.2), Kt the one calculated by the standard
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thermal noise (Eq. 14), Kypy via the laser Doppler vibrometer (Eqg. 28) and Kg,qer Using the
Sader global initiative methods (Eq. 22). For the colloidal probes Ky, n¢ and Ky py nc indicates
the intrinsic spring constants non corrected via standard thermal noise method (Eq. 13) and
LDV (Eq. 27) respectively.

The error associated with the calculation of Kgeom Was evaluated by propagating the
geometrical uncertainties through Eq. 2:

8kcoom Sw\* <5L)2 <5t>2
= [[—) +9(=) +9(— 29
kGeom < w ) + L + t ( )

Regarding ky,, the error was calculated by propagating the uncertainty of the deflection
sensitivity S (5% for tipless cantilever and 10% for colloidal probes), based on equation 13:

Ok _ (6—5) (30)

Krn S

The error for kKg,4or Was directly provided by the online tool and is based on the distribution

of A factors of the users, equivalent to the standard deviation of the mean regarding Eq. 23
151

Interferometry-based calibration for k; py are supposed to be the most reliable calibration
method 14%171 | The error on the spring constant was evaluated as 2% compared to a Sl
traceable electrostatic force balance method 17%; here, we assume a conservative error of 5%.

3.2. Results

In the results below, we compare the outcomes of those calibration techniques for
both tipless and colloidal probes.

3.2.1. Comparison of calibration methods for tipless cantilevers

In Table 4 and Figure 25 are presented the intrinsic spring constants measured using
the different calibration methods for the tipless cantilevers. As expected, the nominal and
theoretical values of the spring constant are similar, considering that usually manufacturers
indicate a wide range of values. The error on the geometrical calculation (Eq. 29) is dominated
by the cubic dependence of the relative error on the thickness (0,5 um uncertainty compared
to a thickness of 1um); this explains the large error bars in Figure 25.

Interestingly, while comparing kt, and k;py (Figure 26), we observed a good agreement,
expressed by an R? of 0,9918. The difference between the calibration with AFM and LDV can
be explained by the method of acquisition: LDV does not require the evaluation of the
sensitivity of the OBD system. Concerning the comparison of kpy, and kg,4er Spring constants,
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they do also show an R? close to 1 (0,9962). In general, the calibration of the tipless cantilevers
with all methods provides similar values consistently.

In comparison to TP1 and TP2, TP3 spring constant values are really dispersed and do not seem
to converge to an agreement. The nominal and geometrical values have large errors, the
manufacturer indicates indeed a nominal value between 0,02 and 0,77. This tipless cantilever
was then not chosen to produce colloidal probes in this work, but rather the ultrasoft ones
(TP1 and TP2 short and long).

Name / Spring constant (N/m) Knominat  Kgeom krn kipy Ksader
0,088 0,070+ 0,075 0,078 +

TP 1 short 0,09 +0,132 0,007 +0,004 0,005
0,088 0,080 + 0,080 0,085 +

TP 2 short 0,09 +0,132 0,008 +0,004 0,005
0,032 0,029+ 0,027 0,031 +

TP 1 long 0,03 +0,048 0,003 +0,001 0,001
0,032 0,028+ 0,029 0,032 +

TP 2 long 0,03 +0,048 0,003 +0,001 0,002
3 0,02 - 0,185 0,097 + 0,455 0,326 +

0,77 +0,279 0,010 +0,023 0,018

Table 4. Comparison of intrinsic spring constants in N/m measured using the three calibration
methods: the standard thermal noise method (kty,), the LDV method (ki py) and the Sader’s method
(Ksader)- The nominal and the geometrical values (Knyominal @nd Kgeom) for the tipless cantilevers are
also indicated.
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Figure 25. Bar plots representing the intrinsic spring constants in N/m measured with all calibration
methods for the tipless cantilevers. Error calculations were evaluated as explained in Data analysis
section of the Material and Methods of this chapter.
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Figure 26. Comparison between (left) ki, and (right) both ky py and kg,qer-The light blue dotted line
representing the 95% confidence intervals. TP3 is not presented in those graphs.

3.2.2. Comparison of custom colloidal probes

The homemade CPs were calibrated using the same methods as the tipless cantilevers
described above. The added mass corrections are reported in Table 2 and their intrinsic spring
constant in Table 5.

In general, we measured higher values of the spring constant when using the LDV system
k; py compared to the kr}, (Figure 27) for CPs. Even though the slope in Figure 28 exceeds 1
(witnessing a systematic overestimation by one method compared to the other), the linear
regression coefficient is close to 1 (R?=0,8447). The values of kg, and Kgaqer Were not well
correlated (R? = 0,6505), as expected since the online tools do not account for added mass
effects but assumes that the effects of the mass of the tip and any mass distribution non
uniformity are negligible.
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Name / Spring constant
(N/m) knominal kGeom kTh NC kTh kLDV NC kLDV kSader

0,088 0,082 0,092 0,094 0,096 0,129+

cP1 009 10132 +0016 +0,0018 40,005 0,005 0,008

0,088 0,022 0,023 0,056 0,057 0,091+

P2 0,09 +0,132 +0,004 0,005 +0,003 0,003 0,006

cP3 009 0,088 0,081 0,095 0,125 0,128 0,119+
’ +0,132 +0,016 0,019 +0,006 0,006 0,007

cPa 003 0,032 0,045 0,050 0,050 0,051 0,056+
’ +0,048 +0,009 0,010 +0,002 0,002 0,003

+

CP5 0,03 0,032 0,012 0,013 0,012 0,013 0,016+

+0,048 +0,002 +0,003 +0,001 0,001 0,001

Table 5. Comparison of intrinsic spring constant in N/m with the three calibration methods (the AFM
standard thermal noise kry,, the laser doppler vibrometer k; py and the Sader method kg, qer) as well
as the nominal one from the manufacturer K,ominar and recalculated one from geometrical
parameters Kgeom for colloidal probes. NC indicates the non-corrected spring constant.

Both nominal and theoretical spring constants values are not taking into consideration the
exact geometrical configuration of the cantilever neither the added mass, thus, show lower
values. CP2 exhibits an unexpected and non-repeated softer spring constant for the
kp, this value was overall considered as an outlier.

Figure 27. (A) Bar plot of spring constant with all calibration methods for the colloidal probes . (B)
Calibration of the colloidal probe before and after correction, both for k;p, and ky, measurements.
Error calculations were evaluated as explained in Data analysis section of the Material and Methods of
this chapter.
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Figure 28. Comparison between (left) AFM and both LDV and (right) Sader’s methods of calibration.
The light blue dotted line representing the 95% confidence intervals.

When the correction for the added mass is not applied, cantilever spring constants
ki pyv and kyy, reveal a little overestimate, as shown in Figure 28B. This was also observed in
the work by Chighizola et al.}'? that shows that even the for a reduced mass as small as m =
9.8x10%, a shift of the resonance frequency compared to the tipless cantilever can be
observed 173,

3.3. Discussion

LDV, despite being noninvasive, faster, and supposedly more precise *°, is not

accessible to all labs, as it requires the purchase of expensive equipment. As presented in the
Figure 23B, the PSD acquired with the LDV system show higher signal to noise ratio compared
to the one taken by the OBD system, which could impact on the accuracy of the estimation of
the area under the first resonant peak and therefore of (dil).

One of the parameters whose estimation is most prone to errors is the deflection sensitivity
S. The deflection sensitivity plays a critical role both in the rescaling of both force and tip-
sample distance (or indentation) axes, and in the calibration of the spring constant by the
standard thermal method.

For the CPs, the larger they are, the stronger the adhesion between the probe and a hard
surface (especially in air). Since friction is proportional to load, friction-induced torque effects
can be strong 169174 and can modify the bending profile of the cantilever and consequently the
measured deflection during the acquisition of a force curve. An approached proposed by
Chighizola et al.}'? consists in calibrating the spring constant on the tipless cantilever prior to
the attachment of the sphere; the presence of the attached mass indeed does not change the
intrinsic stiffness of the cantilever, as long as we can exclude rigidification of the portion of
the cantilever where the sphere is attached (due to the glue, for example). As explained in
previous published papers 112141 the addition of the mass of the sphere to the cantilever
modifies the cantilever dynamics, inducing an apparent stiffening of the measured spring
constant. As the Sader’s calibration does not include these corrections (through the 3 factor),
the values are expected to be higher than the ones measured with AFM and LDV as we
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observed in this work (Figure 28). This observation is confirmed by Sader et al. ¢4, where it is
mentioned that a sphere with a diameter comparable to the cantilever’s width could induce
an underestimation of the spring constant.

To be noted that in this work is presented calibration with regular rectangular cantilevers. The
theory presented in the previous sections strictly applies only to the ideal rectangular
geometry. The triangular geometry already needs an FEA approach. Nowadays, a variety of
exotically and far from regularly shaped cantilevers and probes are produced for different
applications, most of which, in addition to a non-standard geometry, possess a non-uniform
mass distribution along the cantilever axis. For a precise evaluation of the correction factors
B and y, FEA must be used 175176, this would allow a reliable estimation of the spring
constant for cantilevers of arbitrary geometry and tip dimensions. To be noted that FEA in
principle considers all possible effects due to mass, geometry, shift of the loading point, etc.
provided it is well guided by the accurate knowledge of the three-dimensional shape of the
probe; the latter information can be acquired in house with some limitations in accuracy or
could be better provided by the manufacturer.

The main objective of this chapter was to evaluate the relative accuracy of the different
calibration procedures for both tipless and colloidal AFM probes, establishing best practices
and standard procedures for our future experiments. While for the calibration of tipless
cantilevers we reached a good agreement among the different methods (standard thermal
noise, LDV and Sader’s), the calibration of the CPs seemed to be more problematic. More
systematic research, with more measurements should be performed to assess the best
calibration method.

The protocol followed in the rest of the work presented in this thesis for the calibration of
both tipless (Chapter 3) and colloidal probes (Chapter 2), in air, is reported below.

3.3.1. Calibration protocol for tipless cantilevers

1. The deflection sensitivity S is measured from raw FCs (raw deflection signal in Volts vs z-
piezo displacement in nm) taken on a hard surface as the inverse of the slope in the contact
region. It is advised to take the FCs on a TGT1 (NT/MDT) spiked grating to limit the contact
area with the substrate and precisely define the loading point that is not well defined with
a tipless cantilever and that could lead to potential inaccuracy of the sensitivity.

2. Data processing is performed using custom-made routines in Matlab (Mathworks) or
directly within the Labview software, allowing extraction of PSD parameters as in Eq. 11
and calculation of intrinsic spring constant according to Eq. 13 with

3. The effective spring constant k¢ used to compute the force axis is calculated according
to Eq. 17 with oy = 0,817.

3.3.2. Calibration protocol for colloidal probes

When the pre-calibration of the tipless cantilever, prior to the attachment of the sphere, is
not possible (i.e., commercial CPs, lack of time), we proceed for the calibration of the CPs as
follows:

1. The deflection sensitivity S is measured from raw FCs (raw deflection signal in Volts
vs z-piezo displacement in nm) taken on a hard surface as the inverse of the slope
in the contact region. When too much adhesion is observed, the FC is taken on a
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TGT1 (NT/MDT) spiked grating, reducing the adhesion between the CP and the
glass. To ensure that the sphere rests on one spike rather than several (that could
potential induced large torque effects of the CPs), this procedure can be carried
out on a reversed triangular tapping mode cantilever (i.e., fixed on a glass slide) for
relatively tiny spheres.

The radius of the CP (necessary to implement the corrections in Eq. 12 and 16) is
characterized as described in Indrieri et al. 11, by reverse imaging on the same
TGT1 spiked grating. For probes with radius larger than 10um, calibrated optical
images can be used instead.

Data processing is performed using custom made routines in Matlab (Mathworks)
or directly within the Labview software, allowing extraction of PSD parameters as
in Eq. 11 and calculation of intrinsic spring constant according to Eq. 13.

The a., correction factor (Eq. 14) for the added mass effect is calculated and
applied to the measured intrinsic spring constant. An online tool based of Ref.163
allows the calculation of the correction factors within the limit of AL negligeable:
https://perso.ens-lyon.fr/ludovic.bellon/wp/tools/colloidal-probe-calibrator/

The effective spring constant kg used to compute the force axis is calculated
according to Eq. 17 or 18.

64



4.Chapter 2

Study of cell-microenvironment interaction during

bladder cancer invasion

During the progression of cancer, the epithelial to mesenchymal transition (EMT) and
its reverse, mesenchymal to epithelial one (MET), is characteristic of the metastatic cells
moving toward a secondary site and settling (Figure 8). During that process, there is a switch
between epithelial markers and a gain in mesenchymal ones 3°. The matrix plays an important
role in that transition as the cells require a niche to support their growth (the pre-metastatic
niche) #%>* and displacement (the metastatic niche) °. It is then clear that it is in the adhesion
between cells and the microenvironment, more specifically the ECM with its proteins, that
resides the clues to the understanding of cancer progression3.

Since cell-microenvironment interaction forces are of the order of 1-100 pN, AFM arises as the
most suitable instrument to characterize them using the Force Spectroscopy mode (See the
section Atomic Force Microscopy for the study of biological interactions for details). In this
method, a functionalized probe with either proteins 2293 or ECM motifs 913 js approached to
a cell and allowed to interact for a defined contact time. Once done, the cell and the cantilever
are separated and several parameters are extracted from the retracting curves: F,, the
maximum adhesion force; W, the work done during that detachment; N;, the number of
events (respectively jumps and tethers), with their mean forces per event Fj;. All these

parameters give us an insight into the cell-microenvironment interactions and affinities
97,113,135

Previous research established the link between the invasiveness properties of the cancer cells
and their adhesion to ECM proteins, using for example adhesion assay: a typical test to assess
in which cells are plated onto a functionalized substrate, after a washing step, colorimetric
detection of bound cells is performed ”7. Nonmalignant bladder cells HCV29 have been shown
to have a higher affinity to laminin, fibronectin, and collagen IV than their cancerous
counterpart T24 178, The variations in integrin expression in healthy and cancerous cells may
account for those adhesion discrepancies. Even though the a2, a3 and a5 integrin subunits
were found to be similar in HCV29, T24, and HU456 cells 17, it is in general well known that
the alteration of the integrins can be linked to cancer invasion: as an example, a533 was found
to facilitate tumor invasion and metastasis, also with T24 bladder cells in 3D reconstructed
ECMs 180,

In the following chapter, we aimed at assessing the role of specific ECM proteins, in cancer
invasion by means of reversed single-cell force spectroscopy. In this approach, rather than
attaching the cell to the cantilever and approaching it to functionalized substrate, an ECM’s
protein functionalized CP is approached to adherent cells. The advantages of this strategy are,
among others, the study of multiple cells and a more precise evaluation of the contact region
between the cell and substrate for an accurate assessment of the observed and applied forces.

We conducted adhesion force spectroscopy experiments on a human model of bladder
carcinoma in contact with laminin and fibronectin functionalized colloidal probes. The purpose
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was to gain a better knowledge of how cells alter their integrin-related adhesion to the ECM
matrix as their invasiveness increases to promote the epithelial-to-mesenchymal transition.
Laminin and fibronectin, two of the most common matrix proteins, and three cell lines with
invasiveness grades ranging from grade 1 to 3 were used: RT4, RT112, and T24. These cells
lines have been widely studied in terms of mechanics 4243181 and our nanoindentation data
are presented in the published article on Sensor by H. Holuigue et al. 8, which confirmed the
softening of grade 3 cells, T24, compared to RT4, their less invasive counterpart as expected
from cells undergoing the malignancy process %73,

4.1. Material and Methods

4.1.1.  Fabrication, calibration, and functionalization of colloidal probes

Custom-made Colloidal Probes (CP) have been fabricated, and calibrated according to
previously established protocols 1%'12 and discussed respectively in General Material and
Methods and in Chapter 1 of this thesis.

We used ultrasoft tipless cantilevers from Micromasch USA HQ:CSC38/TIPLESS/NO AL,
cantilever B (long) as presented in Figure 20A for their small spring constant (around 0,03N/m)
that allows the recording of tiny unbinding events below 10 pN. The radius of the sphere was
kept around 5um.

The deflection sensitivity was calibrated before every measurement using the SNAP
method!??, using as a reference the spring constant of the cantilever characterized before the
functionalization as described in Chapter 1; in this way, no contact with a hard substrate (in
that case the glass bottom of the petri dish) was established, avoiding possible degradation of
the functionalization of the CP.

The functionalization of clean CPs with ECM proteins was performed using a first coating of
(APTES) followed by glutaraldehyde (GAH) and then protein incubation in solution for 1h
128129 35 explained in the section Functionalization of AFM probes of General Material and
Methods.

4.1.2. Cell culture

The experiments were carried out with the three cells line RT4, RT112, and T24
representative of the human cell model of bladder carcinoma, from grade 1 to grade 3 of
invasiveness. They were kindly provided by Dr. M. Alfano (San Raffaele Hospital, Milano) and
used in this work, as described in Table 1 and culture as presented in General Material and
Methods

For AFM experiments, cells were seeded one day before the measurements and the medium
was exchanged 20 minutes before with phenol red-free medium to avoid damage to the AFM
tip holder.

4.1.3. Force Spectroscopy experiments

Experiments were performed at CIMAINA, Department of Physics, Universita degli
studi di Milano, with a Bioscope Catalyst (Bruker) as presented in Figure 14. During the
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experiments, cells were kept at 37°C degree with a perfusion stage incubator (Bruker) and a
temperature controller (Lakeshore 331, Ohio, USA), as described in General Material and
Methods.

We performed force spectroscopy on the three cell lines with functionalized probes with
laminin and fibronectin and with bare borosilicate glass as a control experiment at 4 contact
times: 0, 20, 60 and 120s, as shown in Figure 29. Each FC containing 8192 points was acquired
with the z close loop on, with a maximum load of 1nN, with a ramp size of 15um and a ramp
frequency of 1Hz. During the contact time the AFM controller maintained a constant z-piezo
position. At least 4 cells were tested for each contact time, for each condition (different cell
lines, different proteins etc.) and at least 3 FCs were acquired per cell. To be noticed that these
experiments are time-consuming since the contact time can be of several minutes.
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Figure 29. (A) FCs representing at different contact time, the interaction between the RT4 cells and a
laminin functionalized probe, with insights on of representative (B) tethers and (C) jumps.

4.1.4. Data analysis

Data analysis was carried out using custom Matlab (Mathworks) routines. Analysis of
the rescaled retraction portion of the FCs was performed as described in recent works 13135,
The numerical derivative of the FC is directly used to detect events out of a manually defined
noise threshold, as presented in Figure 30. Adhesion events give rise to discontinuities in the
derivative, which allows to identify them. Those adhesion events can be of two forms, jumps
and tethers, as shown in Figure 29B and C; while both are associated to breaking of integrins
bonds, jumps are the one for which integrins is directly linked to the cell’s cytoskeleton while
tethers are generally providing information about the cell’s membrane, and are associated to
receptors not anchored to the cell’s cortex. In the study that follows, we focus on jump events
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and their corresponding mean forces and force distributions as we are studying on active
integrins related bond, that are implied in mechanotransduction processes, hence
transmitting information from the matrix to the cell.

Mean values of the parameters were calculated for each cell (from 3 FCs) and then further
averaged across the cell population for each contact time and condition. The associated errors
were calculated as a sum in quadrature of the standard deviation of the mean (across the
number of cells or the numbers of events for the case of mean forces) and an instrumental
error of 3% previously calculated by propagation of the calibration uncertainties through
Monte Carlo simulation 134,

Figure 30. Numerical derivative of a representative FC used to detect events in the retraction part of
the FC. Adapted from Chighizola et al.13,

4.2. Results

We reported in Figure 31 the mean adhesion, work, and number of jumps for every
cell line with glass and protein functionalized probes: fibronectin (Fn) and laminin (Lam). The
distribution of the jumps precisely at 60 and 120s contact time for all cell line with laminin and
fibronectin are presented in Figure 33. The distribution of jumps at 120s for the three cells
line, compiled using data from Figure 33 as well as those from the non-functionalized probes,
is shown in Figure 32.

4.2.1. Less invasive cell lines exhibit a higher affinity to Laminin

We observed markedly higher adhesion for all cell lines on laminin rather than on glass
and Fibronectin, although while for RT4 and RT112 the force reaches a plateau after 60s and
20s contact time, respectively, for T24 cells the force keeps increasing at all contact times.
Fibronectin and glass seem to have similar adhesion trends for all contact times and all cell
lines (Figure 31A, B, C). Glass events were considered as not representative of the cell-ECM
interaction as they do not engage any integrins-ECM protein complex.

Furthermore, we examined the work (Figure 31D, E, F), which is representative of both typical
bond lengths and forces of all events (jumps, tethers) as well as their numbers. This makes the
interpretation of the trends of the work not straightforward. The general trend observed in
adhesion is observed also for the work: in particular, we see a higher work with laminin,
markedly for the RT4 cells, which also show significantly smaller work for glass and fibronectin
compared to the other cell lines. The difference between laminin and fibronectin for RT112
cells is lost. RT112 and T24 cells show a similar increasing trend of the work, with an
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unexpected rise at 120s for T24 cells, which could be explained by the large maximum
adhesion F, values (doubled from 60s to 120s for T24 cells with laminin).

T24 cell line seems to need longer contact time to reach strong adhesion with laminin,
compared to less invasive cells (Figure 31C). Interestingly, the number of jumps for RT4 and
T24 cell lines seems to be slightly higher with laminin (Figure 31G and I)., whereas for RT112
cells it is higher with fibronectin (Figure 31H). The number of jumps in general increases with
the contact time.

Figure 31. For the three cell lines in order of invasiveness RT4, RT112 and T24, ordered column wise
left to right, (A-C) adhesion force F,, (D-F) work and (G-I) the mean number of jumps per force curve
N; are shown. Errors bars represent the effective standard deviation of the mean as explained in
Material and Methods.
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4.2.2. Unbinding forces with laminin are stronger than fibronectin in RT4 and RT112
cells.

The forces of jumps at the longest contact time 120s (Figure 32), where most of the
difference in adhesion, work and the number of jumps is seen, show different distributions
according to the cell and protein association.

The distribution of forces for laminin bonds is wider for grade 1 (RT4) and grade 2 cells (RT112),
while for the most invasive T24 cells we observe a shift towards weaker bonds and less
dispersed distribution (Figure 32C). Fibronectin on the contrary display weaker bonds than
laminin, with a maximum around of 250 pN; more concentrated between 0 and 100 pN for
RT112 cells.
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4.2.3. Fibronectin forces do not differ with the contact time for less invasive cells.

While looking at Figure 33, we can observe that the forces of fibronectin unbinding did
not differ by doubling the contact time for RT4 and RT112. T24 on the contrary seems to have
reinforced its fibronectin-cell binding at 120s contact time, seen by the widening of the
distribution. This effect is not seen in laminin, where the forces get stronger with respect to
the contact time for all cell lines. In general, we observed the weaker laminin related bonds
with T24 cells than with less invasive cell RT4 and RT112.

Figure 33. Distribution of force (A and B) s at 60s and (C and D) 120s contact time for all cell lines, with
(A and C) fibronectin FN and (B and D) laminin LAM functionalized probes. Containing similar data as
in Figure 32. Frequency represents the relative frequency counts.

4.3. Discussion and perspectives

In this work, it has been observed a change in the interaction between the cell and the
ECM proteins in respect of the cell’s invasiveness. Our results demonstrated that T24 cells
were less adhesive to laminin compared to their less invasive counterpart. Laminin is an ECM
protein of the basal lamina and a strong interaction with an epithelial-like cell such as RT4 and
RT112 was expected *°, while T24 cells, which represent grade 3 of invasiveness of urinary
bladder carcinoma, are closer to the mesenchymal type and therefore are less adhesive
towards the ECM and their motifs.
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Laminin-related unbinding forces were seen to be generally stronger for grade 1 and 2 cell
lines compared to fibronectin ones. Regarding the most invasive cell line T24 it is observed a
specific strengthening of the fibronectin bonds with respect to the contact time, that is not
observed in RT4 and RT112. Taubenberger et al.” observed that cell adhesion with collagen
was slowly increasing in the first 60s and was strongly reinforced after that time 82, it might
be an indicator of integrin clustering and reinforcement of the original bond that could be
studied via live fluorescence imaging 103,

With this approach, we can confirm the general hypothesis that during EMT, here represented
by different grades of invasiveness, those cells interact differently with their
microenvironment. More invasive cells were demonstrated to have less affinity with epithelial
markers like laminin, and slightly stronger with fibronectin; protein that has been in multiple
paper, associated with cell invasion and helping in building niche for neovascularization83184,
The forces related to those fibronectin-binding were in general, shown to be weaker than the
laminin counterpart in less invasive cell lines.

The fact that the cell-probe events associated with ECM proteins (laminin, fibronectin) are in
the same force range as one of those measured on the bare glass surface (Figure 32), which is
supposed to provide unspecific protein-cell binding, could give rise to concerns regarding the
nature of the unbinding events characterized. Glass has been selected in this experiment as a
negative control, representative of a non-functionalized probe, to give us an idea of the range
of forces expected for non-specific protein-protein interactions. As explained in General
Material and Methods, measurements were made in cell media without phenol red. The
proteins in the cell's medium, which are primarily derived from FBS, might have adsorb onto
the probe glass surfaces and caused a minimal amount of binding between the glass and the
cell. Due to time constraints, controls to confirm the precise nature of those interactions
between glass with the three-cell lines were not performed.

Integrin and in general CAMs related bonds are calcium-dependent %985 among all the
possible approach to assess the nature of the integrins related bond, one could be the addition
(or reduction) of calcium within the medium. Inhibition of specific integrin subunit: targeting
B1 that regulates most of the laminin related bonds, or aV for fibronectin for example (Figure
3) is also a possibility.

Although the effectiveness of the functionalization procedure was accepted as following
established protocols 1267130 it is still considered that additional research is required to confirm
the firmly attached nature of the proteins to the probe. As an example, the addition of a PEG
chain to the functionalization (between the glass and the protein), might provide more
flexibility for the protein to interact with the cells.

Finally, as demonstrated in the article Holuigue et al. in the Introduction, the three cell lines
exhibit different Young’s Modulus, the most invasive T24 being significantly softer than the
less invasive RT4. During Force Spectroscopy, the maximum loading force has been kept at
1nN for the three systems, and one could argue that the different indentation of the cells
could induce a larger contact area, consequently leading to a higher adhesion and/or higher
number of available receptors for binding. The presented data are not normalized according
to the contact area, In in vitro conditions, the invasive cell's cytoskeleton
rearrangement/softening is also part of their change toward mesenchymal phenotype and
consequently, those cells can have a different perception and/or adjustment to their
microenvironment. The estimated maximum relative change (from RT4 to T24) in the contact
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area is 10%. Cells, however, dynamically modulate the contact area during the development
of an adhesive interaction, to an extent that probably overtakes the difference in contact area
due to the contact mechanics predictions. We think therefore that the absence of a
normalization with respect to the contact area, besides being probably not reliably
implementable, does not introduce a strong bias in our data and conclusions. This issue
deserves further attention in the future.

The force spectroscopy experiments performed with a single ECM protein attached to the tip
is an oversimplification of a more complex system, which does not represent faithfully the
reality of the complex 3D ECM network interacting with the cells. The production of
functionalized AFM probes that better mimic the ECM complexity could provide stronger
insight into the interaction between cells and their microenvironment. While one of the
approaches could be the engineering of more complex probes, with a combination of more
ECM components 3%, we have addressed this issue by developing fully native ECM probes.
They should allow us to achieve a deeper understanding of the cell-microenvironment
interaction and characterize the specific adhesive properties of selected cells against selected
ECMs. Proof-of-principle of the production, characterization, and application of native ECM
probes is presented in the following chapter, Chapter 3.
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5. Chapter 3

Production and characterization of native ECM probes
for adhesion force spectroscopy studies of the cell-

microenvironment interactions

This Chapter focuses on the development of an innovative way to study cell-
microenvironment interaction using AFM in force spectroscopy mode. While many aimed at
mimicking the ECM environment via functionalization of probes with ECM proteins 21.86:97
including collagen %2130 or using nanostructured probes to reproduce the ECM
nanotopography!!?>, we wanted to get one step closer by reproducing the ECM
microenvironment by attaching a piece of native ECM to the tip and perform adhesion force
spectroscopy experiments on target cells.

To this purpose, we designed, produced, and characterize native ECM probes for AFM using a
combination of decellularization procedures, Laser Microdissection (LMD) and AFM. This work
has been carried out in collaboration with Dr. Massimo Alfano (Ospedale San Raffaele, Milano)
and Dr. Giuseppe Diaferia (Instituto Europeo di Oncologia, Milan).

A preprint currently on BioRxiv, “Novel native extracellular matrix probes to target patient-
and tissue specific cell-microenvironment interactions by force spectroscopy”, doi:
10.1101/2022.12.02.518867, present the results of this work. Reported here as a major part
of this Chapter the updated version, containing modification on the control experiments.
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Abstract

Atomic Force Microscopy (AFM) is successfully used for the quantitative investigation
of the cellular mechanosensing of the microenvironment. To this purpose, several force
spectroscopy approaches aim at measuring the adhesive forces between two living cells
and also between a cell and a suitable reproduction of the extracellular matrix (ECM),
typically exploiting tips suitably functionalised with single components (e.g. collagen,
fibronectin) of the ECM. However, these probes only poorly reproduce the complexity
of the native cellular microenvironment and consequently of the biological
interactions.

We developed a novel approach to produce AFM probes that faithfully retain the
structural and biochemical complexity of the ECM; this was achieved by attaching to
an AFM cantilever a micrometric slice of native decellularised ECM, which was cut by
laser microdissection. We demonstrate that these probes preserve the morphological,
mechanical, and chemical heterogeneity of the ECM.

Native ECM probes can be used in force spectroscopy experiments aimed at targeting
cell-microenvironment interactions. Here, we demonstrate the feasibility of dissecting
mechanotransductive cell-ECM interactions in the 10 pN range. As proof-of-principle,
we tested a rat bladder ECM probe against the AY-27 rat bladder cancer cell line. On
the one hand, we obtained reproducible results using different probes derived from the
same ECM regions; on the other hand, we detected differences in the adhesion patterns
of distinct bladder ECM regions, such as submucosa and detrusor, in line with the
disparities in composition and biophysical properties of these ECM regions.

Our results demonstrate that native ECM probes, produced from patient-specific
regions of organs and tissues, can be used to investigate cell-microenvironment
interactions and early mechanotransductive processes by force spectroscopy. This
opens new possibilities in the field of personalised medicine.

Keywords. Atomic Force Microscopy (AFM), laser microdissection (LMD), adhesion
force spectroscopy, extracellular matrix (ECM), cell-microenvironment interaction.
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1. Introduction

Cells and their microenvironment have a strong intercommunication and
interplay, influencing each other. The extracellular matrix (ECM) surrounding the cells
is mainly composed of a three-dimensional network of collagen and crosslinked
proteins, such as fibronectin and laminin; ECM from various tissues can have strong
differences in their composition and biophysical properties (i.e., rigidity and structural
features, such as nanotopography) 4. Cells use the ECM as a scaffold for their
anchorage and interact with it in a reciprocal manner. Cells can convert external
mechanical and topographical stimuli into biochemical signalling, which often
determine changes in the mechanical properties of the cell through the reorganisation
of the cytoskeleton and modulates gene/protein expression, a process called
mechanotransduction. Cells are therefore able to perceive changes in the physical
properties of their surrounding ECM. The cell itself uses force to sense the biophysical
characteristics of the ECM. The study of these reciprocal interactions pertains to the
fields of cellular mechanobiology 5.

Different techniques are used to study these cell-ECM interactions, among
which Atomic Force Microscopy (AFM) stands out due to its ability to both sense and
apply forces at the nanoscale, with sub-nanonewton sensitivity :3-17. In the context of
biophysical investigations, many AFM-based force spectroscopy (FS) configurations
can be found 8: a single-cell probe approaching a substrate coated with proteins 19-24;
an ECM-mimicking probe approaching an adherent cell :25-29; a single-cell probe
approaching an adherent cell :5:30:31, Both cell-cell and cell-ECM interactions can be
investigated, through the direct measurement of faint (10-100 pN) interaction forces,
which are mostly cadherin or integrin related, respectively 32-36,

The main advantage of FS techniques using tips functionalised with single
proteins 26:28:29 js the simplification of the complex cell-microenvironment interface,
allowing us to study one specific molecular interaction at a time. An example for this
approach for the study of cell-ECM interactions consists in the functionalisation of
AFM tips with collagen, a major component of the ECM 29:37. While these methods
enable an accurate characterisation of specific molecular interactions, the
reconstituted interface is poorly mimicking the complexity of the native interface in
physiological conditions.

Aiming at reproducing the native cell-ECM interface within a typical AFM-based

FS experiment, we developed native ECM probes and demonstrated that they can be
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reliably used to scrutinise integrin-related adhesive interactions between cells and
their microenvironment. Attaching the ECM to the cantilever and ramping it against
adherent living cells, instead of using single-cell functionalised cantilevers against an
ECM sample, is advantageous, among other reasons, because it allows to test i) many
different cells with the same probe, that can be used and re-used repeatedly, and ii)
cells seeded on different substrates, i.e. polarized or with different phenotypes such as
type 1 and type 2 macrophages or epithelial cancer cells or cancer cells during and after
epithelial-mesenchymal transition. Indeed, the ECM is more stable and easier to
handle than living cells, and each single-cell probe requires a different cantilever and
a new calibration; overall, using ECM probes more likely provides improved reliability
and statistics of the FS experiments.

Here we describe the fabrication approach of novel native ECM probes and the
results of their characterisation, showing that the chemicophysical properties of the
native ECM are preserved, also after intense and prolonged use. We also report on the
application of these new probes in adhesion force spectroscopy experiments, showing
that the peculiar patterns of adhesive molecular interactions observed in FS
experiments were reproduced. As a proof-of-principle, we focused on rat bladder -
derived ECM and used the rat bladder tumour cell line AY-27 as a suitable interaction
partner. The described protocol is, however, universally applicable, and allows to
reliably fabricate probes out of any ECM, and even from specific regions of the same
ECM, to be tested against both immortalised and primary cells, paving the way to the

investigation of patient-specific cell-ECM interactions.

2. Results and Discussion

3.1 Production of native ECM-probes for adhesion force spectroscopy

To produce native ECM probes, we developed a novel approach based on the
cutting of ECM pieces from a glass-supported, decellularised ECM slice; these pieces
will then be detached from the glass slide and attached to tipless functionalised
cantilevers (Figure 1A-D).

To cut pieces with predefined and reproducible dimensions and shapes from the
ECM slice, we used an LMD apparatus (in Figure 1A, square cuts with 2o0um x 20um

area are shown).
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LMD is typically used to cut a selected area from a dehydrated tissue section
attached on the upper surface of a glass slide, where a thin plastic membrane is
cemented to the glass at its edges leaving a rectangular area with air trapped between
the membrane and the glass backbone (Figure S1A-C). A focused UV laser then cuts
the selected regions of the tissue, together with the plastic membrane allowing the
microdissected pieces to fall by gravity in a reservoir located below. These samples are
then typically digested for genomics or proteomics assays 3839, where the presence of

the rigid plastic membrane does not interfere with the subsequent molecular reactions.

Figure 1. Schematics of the ECM probe production. (A) Optimised use of the LMD system to
produce native ECM-probes, keeping the ECM directly on the standard microscope glass slide,
used without the plastic membrane, resulting in ECM fragments physically separated from the
surrounding matrix. (B) Tipless cantilevers are functionalised with APTES and genipin
(covalently bonded), and then used for the attachment of the ECM probes (C), exploiting the
XY micro-translation stage of the optical microscope that includes the AFM (stand-alone
stages can be used equivalently). (D) The resulting ECM-probes are used for biological
experiments, such as force spectroscopy measurements on top of living cells.

For our application, given that the objective is to transfer and attach intact
fragments of ECM to either AFM tipless cantilevers or spherical tips, the presence of
the plastic membrane is detrimental. We therefore modified the standard LMD
procedure to develop an optimised approach, based on the elimination of the plastic
membrane from the glass slide and the introduction of suitable procedures to detach
the cut pieces from the slide and to transfer them to the AFM cantilever or tip.

The protocol is represented schematically in Figure 1. Here, the laser is still used
for the cut, but the ECM slices are attached directly on the glass slide, without the
plastic membrane in between (Figures 1A and S2A) and placed on the microscope, with

the tissue facing up. After the cut, the microdissected pieces remain on the glass surface
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(Figures 1A and S2B-D), separated from the surrounding ECM by a narrow empty
region vaporised by the laser, where they can be picked up by, and deposited onto, the
functionalised cantilever used for the assembling of the ECM probe, exploiting the XY
motorised stage of the AFM integrated in the optical microscope (see Supporting
Movies SM1-SM3). This procedure takes place in liquid. After the attachment, the
cantilever is withdrawn from the surface and kept at rest for 10 min. ECM probes were
typically stored in PBS at 37°C in a humid environment (for example in the cell
incubator) and used in the following days.

The fact that the ECM pieces remain on the glass slide after the cut facilitates
the investigation of same or twin specimens by other techniques, like
immunofluorescence. Moreover, having the ECM attached to the cantilever and testing
it against a cell population cultured on a suitable support is very convenient compared
to having a single cell probe that interrogates an ECM sample; indeed, in the first case
many cells can be tested with the same ECM probes, while in the standard
configuration each new tested cell requires the preparation of a new probe.

In this work, 20um x 20um, 10um thick squares (Figure 1A) were cut in different

regions of decellularised rat bladder: submucosal, detrusor and adventitia 17-4041,

3.2 Characterisation of ECM and ECM probes

LMD provides many advantages including the possibility to precisely select the
ROI, cut ECM pieces with predefined, reproducible geometry and dimensions, and
collect the samples without damaging them. To ensure that the ECM pieces retain the
properties of the pristine ECM, we performed several assessments of biophysical and
compositional parameters.

Firstly, we controlled the possible effect of the laser cut on morphology,
mechanics and composition of the ECM, respectively, through combined AFM
topographic and nanomechanical measurements (Figure 2) and quantitative
immunofluorescence staining (Figure 3). For the nanomechanical assessment of the
ECM, we measured the region inside and outside the microdissected piece; the inner
region is the one that it is then attached to the AFM cantilever, while the outer region
is taken as reference for the untreated ECM. For the immunofluorescence analysis, we
measured the fluorescent signals detected after immunostaining from the inner
regions of the microdissected pieces and the same regions from a consecutive section

obtained from the same ECM specimen not subjected to laser ablation.
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Figure 2. (A) Optical image, (B) Young’s modulus and (C) topographic maps of an ECM slice
with the cut of the laser clearly visible (highlighted in C). (D) Distribution of the measured
Young’s Modulus values for the internal and external regions of the cut.

Figure 2A-C shows the optical image of a cut ECM piece together with AFM
topographic and mechanical maps. The borders of the cut region are clearly visible in
both optical image and topographic AFM maps. No evident differences between the
inner and the outer regions are visible, regarding both morphological and mechanical
properties (the median Young’s modulus values are 280 and 289 kPa for the internal
and external parts, respectively). Besides the medians, also the distributions of Young’s
modulus values E (Figure 2D) are similar (the distribution of the external part is
slightly broader, which can be explained by the larger covered area, encompassing a
larger heterogeneity of the sample).

These results are in line with the results obtained by quantitative staining of
major ECM proteins such as collagen, laminin, and fibronectin on different cut pieces
of ECM, demonstrating that the composition of the matrix is not affected by the cut
(Figure 3). The UV laser of the LMD apparatus could induce thermal damage and
autofluorescence 42, and fibronectin inactivation 43 around the edge of the ablated
region; nevertheless, the central area used for the production of the probes and

interacting with the cells is not affected by these phenomena.
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Figure 3. Immunostaining for Collagen IV (COL-IV, green), laminin 1 (LAMB1, red), and
fibronectin (FN, cyan) before (A, Pre-LMD) and after (B, Post-LMD) the cut. The white boxes
in the Pre-LMD image represent the matched area subjected to microdissection. (C)
Quantification of the fluorescent signal associated to the different proteins in each ROI (white
squares). The data represent normalised fluorescent signal (a.u., arbitrary units) scaled
between o0 and 1 (n=30, 5 ROIs per each field, 6 fields acquired distributed along the layers of
the bladder).
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Stress tests were performed to assess the firm attachment of the matrix to the
cantilever and the force spectroscopy functionality after repeated use. The ECM
remained attached to the cantilever after scanning continuously in Contact Mode on a
glass slide for 1th (Figure S3A); similar adhesion forces were measured during
continuous acquisition of 400 FCs (Figure S3B).

To further assess the lifetime of ECM probes, in particular the structural
resistance of the ECM fragments, the firmness of their attachment to the cantilevers
and their capability to sense reliably molecular interactions, we performed adhesion
force spectroscopy experiments during two consecutive days (day 1 and day 2) on cells
from the same passage plated on two different petri dishes. We observed that the probe
detected similar mean number of jumps N; (Figure S4A), with some discrepancies at
higher contact times, and very similar force per jump <Fj> (Figure S4B). Remarkably,
besides the satisfactory agreement of the mean Nj and <F;> values, the distributions of
the measured single-bonds forces for the two days for the same contact times agree
very well (Figure 4A,B), and also clearly show that there is an increase of the force at
higher contact times. This leads us to conclude that the same probe in different days is
able to measure the same adhesive events, i.e. the probe maintains its ability to capture
both qualitatively and quantitatively the biological picture of the adhesive cell-ECM
interaction. The slight difference observed from day to day in the measured parameters
could be explained by the well-known heterogeneity of cells, as well as by their high

sensitivity to slight changes in the environmental conditions.
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Figure 4. Results of the adhesion force spectroscopy measurements performed with the same
ECM probe in two consecutive days (day 1 in blue and day 2 in red) on AY-27 cells from the
same passage. The distributions of the force of single jumps at two contact times are shown in
(A) (ct=60s) and (B) (ct=120s).

3.3 Use of tailored native ECM probes in adhesion force spectroscopy

experiments

To demonstrate the potential of native ECM-probes for the study of cell-
microenvironment interactions, we carried out adhesion force spectroscopy
experiments with these probes against AY-27 cells.

For the proof-of-principle presented here, we selected two main bladder regions
for the creation of the ECM probes: the submucosal region, closer to the lumen of the
bladder, rich in connective tissue to support the attachment of the urothelium, a type

of stratified epithelium made of transitional epithelial cells, and the detrusor region, a
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central layer of the bladder made of muscle fibres that allow contraction 4041, as shown
in Figure 5A-C. The ECM probes, named after their corresponding region of origin
(Probe SM, submucosal, and Probe D, detrusor) are interesting because, albeit deriving
from adjacent areas of the same bladder tissue, they are characterised by major
differences in the composition and mechanical properties 7:4°.

We performed immunostaining and quantification of the abundance of
principal ECM proteins, such as collagen, laminin, and fibronectin, which are
responsible for major integrin-mediated cell/ECM interaction in the bladder tissue
(Figure 5D,E). We observed a lower frequency of occurrence of collagen IV in detrusor,
compared to submucosal and adventitia regions of the ECM (Figure 5E).

While laminin seems to be consistent in all the matrix, fibronectin is more
present in the detrusor compared to the other two proteins. We furthermore observed
different mechanical properties of the ECM regions (Figure S5), in agreement with the
results recently reported for the three tissue layers of the rat bladder (i.e., urothelium,
lamina propria and muscle layer)'7. These assessments confirm that the different parts
of the bladder ECM reproduced by Probe SM and Probe D exhibit significant

distinctions in their compositional and biophysical features.
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Figure 5. Optical images of the ECM before (A) and after (B and C) the LMD cut. The white
circles highlight the regions of the cuts, from where the ECM probes have been produced:
probe SM from the submucosal, and probe D from the detrusor. The denomination of the
specific regions of the bladder in (A) follows Refs 4041, (D) Immunostaining of different regions
of the decellularised bladder (submucosal, detrusor and adventitia) with collagen IV (COL-1V,
green), laminin 1 (LAMB1, red), and fibronectin (FN, cyan). (E) Quantification of the
fluorescent signal associated to the different proteins in each ROI (white squares). The data
represent normalised fluorescent signal (a.u., arbitrary units) relative to the mean value of the
submucosal layer for each matrix (n=10, 5 ROIs per each field, 2 field acquired per each layer).
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We then performed adhesion force spectroscopy experiments comparing Probe
SM and Probe D against AY-27 cells. For both substrates, Nj rose initially (0-60s) and
then remained nearly constant. While no clear difference is seen in the number of
jumps (Figure 6A), we observed important differences between the two ECM probes in
both <F;> (Figure 6B) and F, (Figure 6C). For both parameters, the values were higher
for the SM substrate at almost all time points. The maximum adhesion force for Probe
SM reached ~1.5 nN, compared to only ~0,5 nN for Probe D. A similar outcome was
detected for <Fj>.

Remarkably, the distribution of the forces of jump unbinding events (Figure
6D,E) are very different for the two probes. For Probe SM, a more ample spectrum with
occurrence of higher forces per jump was noted, whereas for Probe D the forces are
restricted to lower values. Moreover, at longer contact times we observed a moderate
shift towards lower forces for Probe D, while in the distribution of Probe SM the
frequency of both smaller and higher forces increased slightly.

These results demonstrate that our approach allows to produce ECM-probes
from different regions of a tissue with tailored adhesive properties, to sense
qualitatively and quantitatively different molecular interactions. The unbinding events
might be attributable to different types of bonds, i.e., cell-fibronectin or cell-collagen
IV interaction, depending on the ECM portion attached to the probe. Since AY-27 rat
bladder tumour cells are derived from a urothelium transitional carcinoma,44 they
likely express those receptors that bind ECM components present in the submucosal
layer, since this region of the bladder allows urothelial cells attachment, as mentioned
above. The probe derived from the fibronectin-dominated, muscular type detrusor
layer is probably less ideal for AY-27 attachment therefore explaining the poorer
affinity observed. The increase of the frequency at higher forces at longer contact times
for Probe SM is congruent with the transition from single to cooperative a2f1 integrin
receptor binding to collagen I during the early steps of adhesion, shown by
Taubenberger et al4s. In the fibronectin-prevalent Probe D condition this does not
occur (the trend is more in the opposite direction). However, the forces measured for
the first pristine adhesion events to Probe D at 0s are in the range of what was
measured for a2f1 integrin/fibronectin binding by Sun et al. (39+8 pN versus 3619
pN in our measurements, see Table 1). The lower binding force and the lower adhesion

pattern measured with Probe D are consistent with the invading character of cancer
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cells in the inner muscular detrusor layers of the bladder4647, which is necessary for
the tumour to become muscle invasive. Altogether, the specific adhesive features
measured with the two ECM probes are in line with the composition of the native ECM

portions (Figure 5D,E) and distinct types of cell-ECM interactions.

Figure 6. The figure shows the results of adhesion force spectroscopy measurements
performed with two different ECM probes on AY-27 cells of the same passage: Probe SM
(green) and D (yellow), obtained using ECM fragments from submucosal and detrusor regions,
respectively. Four different cell/probe contact times have been tested (ct = 0's, 20 s, 60 s, 120
s). (A-C) The mean number of events (jumps) N;j, the mean force per jump <F;>, and the mean
total adhesion force F, as a function of the contact time, respectively. (D,E) The distributions
of the force of single jumps at two contact times (ct=60s and 120s, respectively). Error bars in
A-C represent effective standard deviations of the mean, as explained in the Methods.
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Table 1. Mean forces per jump at contact times 0, 20, 60 and 120 seconds.

Contact time (s) | 0 20 60 120
Probe SM 63+7 7714 85+5 87+6
Probe D 3619 51%5 45+3 45+4

To validate the association of measured jumps to integrin-related events, we
performed a control experiment treating the cells with an allosteric inhibitory antibody
against B1 integrin (4b4), at fixed contact time (ct=60 s), using two ECM probes made
from a submucosal region (Probe CTRL1 and CTRL2, Figure S6). The major
component of the submucosa is collagen IV (Figure 5D,E), which is bound by a1f1 and
a2f1 integrins, targeting 1 was then strategical. We observed force of adhesion, mean
force of jumps and tethers and mean number of events before and after the addition of
4b4 (Figure 7). We considered both jumps and tethers as representative events in these
experiments, since the inhibitory antibody targets all 1 subunits of the integrins,
either linked to the cell cytoskeleton (jumps related events) or not (tethers)4548-50, The
two ECM-probes CTRL1 and CTRL2 (Figure S6) were used on two consecutive days
and data were grouped together, as it was observed that the force of events were similar

and displayed similar distributions (Figure S7).

Figure 7. The mean force of adhesion F,, mean number of events N, (both jumps and tethers)
and mean force of jumps and tethers measured <Fj> and <F:> respectively, using control
probes CTRL1 and CTRL2 before (B) and after (A) the addition of the 4b4 inhibitory antibody
against 1 integrin at concentration of 5ug/ml. Errors represent effective standard deviations
of the mean, as explained in the Methods.
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Figure 7 shows a significant decrease upon exposure of cells to the antibody of
the total adhesion force F. as well as the mean force of jumps <Fj>. A decrease of the
total number of events Ny (jumps and tethers) and the mean force of tethers <Fi> was
also observed, although not significant. These results confirm that the measured

interaction forces depend at least partially on 1 subunits of integrin proteins.

3. Conclusions

In the current work, we presented a novel adhesion force spectroscopy approach
for the study of the cell-microenvironment interaction obtained by attaching selected
pieces of native ECM to an AFM tipless cantilever, exploiting laser microdissection.
These probes reproduce the full complexity of the cell-ECM interface in the
physiological condition, in terms of both biophysical cues and composition.

We demonstrated, as proof-of-principle, the functionalisation of AFM
cantilevers with native rat bladder ECM pieces from different regions of the tissue, and
the use of these novel probes in adhesion force spectroscopy experiments against
bladder cancer cells AY-27.

With this novel strategy, we could highlight differences in the adhesive pattern
between the AY-27 cells and the ECM when isolated from the submucosa or the
detrusor layer. The lower adhesion force detected when the detrusor ECM was used
highlights the relevance of our strategy to investigate the impact of cell-ECM adhesion
on tumour invasion 4647, An added value of our approach is that its spatial resolution
allows measurements at the single cell level, and thus it could be used to assess the
heterogeneity of neoplastic clones.

The robustness and durability of the ECM probes were demonstrated by stress
tests performed both in ramping and contact scanning modes. In addition, we showed
the ability of this approach to reliably and repeatedly detect specific integrin-related
events, as well as to assess significant differences in the mechanotransductive
parameters such as the mean number and force of unbinding events, and their
distribution, depending on the ECM region used to produce the probe. The observed
differences correlate with the differences in the ECM protein and collagen composition
and biophysical properties, revealed by the immunostaining and mechanical analysis.

Our results demonstrate the potential of these novel AFM probes to perform
highly specific force spectroscopy investigations. Indeed, the adhesive properties of the

probes can be tailored by selecting the type and the specific region of the ECM. The
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target cells can also be selected to probe specific mechanotransductive and
mechanobiological interactions.

For example, experiments can be performed probing different types of matrices
against a wide variety of cells (both healthy, tumoural, and from metastatic sites). Both
ECM and cells could be extracted from different organs and tissues of the same patient,
which might find application in identifying biomarkers for early diagnosis of diseases
(particularly the context of cancer and metastasis, but also other diseases). This could
allow in-depth understanding of disparities in the cell/microenvironment interaction
between healthy, tumoural and metastatic cells confronted with different ECM
substrates. The approach can also be used to test the effects of chemotherapeutic drugs
targeting mechanotransduction-associated key players (such as integrins or Rho
signalling-related proteins) and structures (e.g., components of the ECM, glycocalyx,
and cytoskeleton) in pathophysiological conditions, with a very high precision at the
level of forces and number of adhesion sites.

This novel adhesion force spectroscopy approach is therefore characterised by a
high potential versatility, which could be a key element in the nanotechnological toolkit

of nascent personalised medicine.

4. Material and methods

Cells

The rat bladder cancer cell line AY-27 (Sigma-Aldrich, cat. number SCC254) was
authenticated for lack of cross-contamination by analyzing 9 short tandem repeats
DNA (IDEXX Bioanalytics, Ludwigsburg, Germany)s. The cell line was cultured in
RPMI 2mM L-glutamine with 10 % FBS, 1% penicillin/streptomycin and 1%
amphotericin; cells were cultured in an incubator at 37°C and 5% CO. (Galaxy S, RS
Biotech). All reagents and materials are from Sigma Aldrich, if not stated otherwise.

For AFM measurements, the cells were plated one day before on glass bottom
petri dishes (& 40 mm Willco Wells) coated with poly-1-lysine (0.1% w/v for 30 min at

room temperature), in the same RPMI medium without phenol red.
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Extracellular Matrices

The bladder from healthy rat was decellularised following the protocol from
Genovese et. al 52, validated also for bladderss. The ECM samples were embedded in
optimal cutting temperature compound (OCT), frozen in dry ice and kept at -80°C. All
procedures and studies involving mice were approved by the Institutional Animal Care
and Use Committee of San Raffaele Scientific Institute, and performed according to
the prescribed guidelines (IACUC, approval number 942). Adult (9-10 weeks old)
female Fischer rats were from Charles River Laboratories, Italy.

For the laser microdissected slices, 10um thick ECMs were cut with a cryostat
and mounted onto classical optical microscopy glass slides. The sample was then
immerged in PBS to remove OCT and then in Ethanol 70% to dehydrate it prior to laser
microdissection.

We tested the effect of dehydration of the ECM and we confirmed that this
process does not alter the mechanical properties of the matrix. For the comparison of
mechanical properties before and after dehydration, an ECM slice was first
characterised after gently washing away the OCT with PBS, then dehydrated in 70%
EtOH (following the same procedure used for LMD) and measured again (Figure S3C).

Two different slices were used for the comparison of morphological and
mechanical properties of the inner and outer regions of the LMD cut.

For AFM mechanical experiments, 5o0um thick ECMs were cut with a cryostat
and attached to super-frost microscope glass slides. The prepared ECM slices were kept
at -20°C prior to the AFM experiments. Before starting the AFM measurements, the

slices were washed with PBS to remove the OCT.

Reagents

For the functionalisation of the probes, 3-aminopropyl triethoxysilane
(APTES) and Genipin were used, both purchased from Sigma. Genipin was diluted in
1,5% (v/v) in PBS. 4b4 antibody was purchased from Beckman Coulter.

Laser Microdissection (LMD)

400 pm? (20pum X 20um) regions were cut using a UV-based LMD7 laser

microdissection system (Leica Microsystems) at 20x magnification placing the slide
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with the ECM section facing up. This setup allowed to separate the regions of interest
(ROIs) from the rest of the tissue without detaching them from the glass. The engraved
sections were kept dry at 4°C until further processing.

Atomic Force Microscopy

All the experiments have been performed using a Bioscope Catalyst AFM
(Bruker), mounted on top of an inverted optical microscope (Olympus X71). The
system was isolated from the ambient noise placing the AFM on top of an active anti-
vibration base (DVIA-T45, Daeil Systems) and enclosing it in an acoustic box
(Schaefer, Italy).

Mechanical measurements, aimed to characterise the Young’s modulus of

elasticity of the ECM were performed by recording force versus distance curves (shortly
force curves, FCs), then transformed into force vs indentation curves, as described in
Refs 13:54.55, We used custom colloidal probes, produced by attaching borosilicate glass
spheres to tipless cantilevers (MikroMasch HQ:CSC38/Tipless/No Al or
NanoandMore TL-FM), as described in Ref. 56. The tip radius was calibrated by means
of reverse AFM imaging 5°. The cantilever spring constant was calibrated using the
thermal noise method 5758, and fine corrections were applied to account for
geometrical and dimensional issues 59:60. The deflection sensitivity (or inverse optical
lever sensitivity, invOLS) of the optical beam deflection apparatus was measured as the
inverse of the slope of the deflection vs z-piezo displacement curves acquired on a stiff
substrate 55. The deflection sensitivity was monitored and if necessary corrected during
AFM experiments using the contactless SNAP method ¢!, assuming as reference spring
constant the intrinsic spring constant previously calibrated.

The probes used had spring constants of 3-4 N/m, radii of 5.5 and 9 um. 10 sets
of force-distance curves (force volumes, FVs), consisting of 20x20 curves each,
spanning typically an area of 5oum x 50um, were acquired on regions separated by
more than 200 um on each slice. All measurements were carried out in a droplet of
PBS, confined on the glass slide by means of hydrophobic ink (Sigma).

The precise alignment of AFM and optical images was possible thanks to the
Bruker MIRO software, which allowed to choose the ROIs on the ECMs for the analysis
(as during the force spectroscopy experiments). The transparency of the slices with

thickness below 50 um allowed us to identify and select regions where pieces of ECM
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had been cut by LMD. The ECM probe can be placed precisely on top of a cell using the
optical alignment, ensuring that contact is established with the ECM, and not with

another part of the cantilever.

Adhesion Force Spectroscopy measurements were performed according to the
protocol described in Refs 125, by acquiring several FCs per cell on at least 4 cells per
each contact time, using the ECM probes. In force spectroscopy experiments, the
adhesion pattern in the retracting portion of the FC is studied; upon contact with the
sample, the tip was retracted after a contact time (ct) of 0, 20, 60 and 120s, during
which the z-sensor position was kept constant by the feedback of the AFM. A typical
retraction portion of a FC is shown in Figure S8, where the adhesive features (jumps
and tethers) can be clearly observed. We typically used the following values for the
ramp parameters: ramp frequency, 1 Hz; ramp size, 10 pum; maximum force, 1nN.

For the control (inhibition) experiment, the 4b4 antibody, an inhibitor of B1
integrin, was added to the medium, at a concentration of 5 pg/mL, 20 minutes before
the AFM measurement. Experiments were carried out at 37°C using a thermostatic
fluid cell and a temperature controller (Lakeshore 331, Ohio, USA).

Functionalisation of tipless cantilever. The tipless cantilevers were cleaned in

an oxygen plasma chamber at a power of 80W for two minutes prior to the
functionalisation, to remove organic contaminants and maximise the number of
surface -OH groups. The vapor APTES deposition was performed under static nitrogen
for three minutes in a desiccator with s5oul of APTES (Sigma). Cantilevers are then
washed in toluene to remove any unbound APTES and left in an oven for the curing of
the functionalisation 6263, The successful functionalisation of the cantilevers with
APTES was checked by wettability measurements on an equivalent silicon substrate
(with native oxide layer on top), before and after APTES deposition (Figure S9). This
substrate has the same surface chemistry of AFM cantilevers. Deposition of APTES
typically makes a hydrophilic surface more hydrophobic, as revealed by the marked
increase of the contact angle in Figure Sg9. On APTES functionalised cantilevers, we
deposited a droplet of genipin for 20 min to allow covalent reaction both with APTES
and future ECM 6465, Afterwards, the cantilevers were gently washed with PBS and
directly used for assembling with the ECM pieces. The obtained probes can be reused
many times; indeed, the removal of the functionalisation can be done by piranha

cleaning, as discussed in Supporting Note SN166.
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Production of native ECM probes. The laser microdissected pieces of ECM

(Figure S2 and S6) were attached to functionalised tipless cantilevers (MikroMasch
HQ:CSC38/Tipless/No Al). Attachment of ECM pieces to tipless cantilevers, rather
than to cantilevers with tip, was found to be more reliable. The procedure for the
detachment of ECM pieces from the glass slide and the attachment to the tipless
cantilever is described in detail in the Results section. For force spectroscopy
experiments, the spring constant of the cantilevers was chosen in the range 0.01-0.05
N/m.

Data analysis. Processing of the data was carried out using custom routines
written in Matlab (Mathworks) language. The raw FCs, consisting of the raw deflection
signal from the photodetector (in Volts) units as a function of the z-piezo displacement
(in nm), have been rescaled using the measured calibration factors (deflection
sensitivity and spring constant) into force (in nN) vs indentation or tip-sample distance
(in nm), according to the standard procedure 55.

The elastic properties of cells and ECMs were characterised through their
Young’s modulus (YM) of elasticity, extracted by fitting the Hertz model to the 20%-
80% indentation range of the FCs (details in Refs 13:54),

, which is accurate as long as the indentation 6 is small compared to the radius R. In
Eq. (1), v is the Poisson’s coefficient, which is typically assumed to be equal to 0.5 for
in-compressible materials, and E is the YM.

Finite thickness correction for cells was applied as described in Refs 54.67:68, In
the case of ECM, despite the relatively small thickness of the slices, this correction was
not applied because the thickness is not known with good accuracy, being the
underlying substrate not always accessible; nevertheless, despite a systematic
overestimation of the YM of the ECM, we were able to carry out a comparative
characterisation of ECM elasticity in different conditions.

For the analysis of adhesion force spectroscopy data, a custom MATLAB routine
was used to detect specific adhesion events in the FCs (jumps and tethers 22:25) and to
calculate the values of the relevant parameters (see Figure S8), as described in
Chighizola et. al. 25:99, like the mean number of jumps and tethers per force curve, N;

and N, respectively, the total number of events Ni=N;j+N;, and the mean total
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adhesion force Fa., all these quantities being averaged across all FCs for a given
condition; the mean force per jump <Fj> and the mean force per tether <F:> represent
the mean values from the distribution of F; and F; values measured in a specific
condition. The associated errors were calculated by summing in quadrature the
standard deviation of the mean to an instrumental error of 3%, calculated by
propagating the calibration uncertainties in the fitting procedure through a Monte

Carlo simulations4.

Immunofluorescence

ioum thick snap-frozen OCT-embedded cryosections were mounted on
positively charged glass slide (Superfrost plus adhesion slide, #J1800AMNZ, Epredia
Inc) and processed as described above for laser microdissection. Engraved and non-
engraved sections were fixed in 4% Paraformaldehyde (#15710 EM grade, Electron
Microscopy Sciences) at room temperature for 10 min. After washing in PBS, sections
were incubated for 1 hour with blocking buffer (2% Donkey serum, 1.5% BSA, 0.25%
Fish Gelatin, PBS pH=7.2) and then incubated overnight at 4°C with the following
primary antibodies: anti-Laminin 1 (4ug/ml, sc-17810, Santa Cruz Biotech), anti-
Fibronectin (10 pg/ml, NBP1-91258SS, NovusBio), anti-Collagen IV (20 pg/ml,
AB769, Millipore).

After washing, anti-goat Alexa Fluor® 488, anti-mouse Alexa Fluor® 647 and
anti-rabbit Alexa Fluor 555 conjugated fluorophore-labeled F(ab)2 donkey secondary
antibodies were used (Jackson Immunoresearch). Sections were DAPI counterstained
and 3x3 Z-stacked large images (9 mm depth, 11 stacks) were acquired using a
Yokogawa Spinning Disk Field Scanning Confocal System (CSU-W1, Nikon Europe BV,
Amsterdam, Netherlands) equipped with 405, 488, 561, 640, 785 nm lines of solid-
state lasers, 40x/1.15NA water immersion objective lens and a Prime BSI sCMOS
camera (Teledyne Photometrics, Tucson, AZ).

Mean fluorescent intensity signal was quantified in multiple ROIs (175 um2 each;
n=10, 5 ROIs per each field, 2 field acquired per each layer) and normalised to the
respective average pixel intensity of the entire stained area. Data represent the
normalised signal intensity compared to the average value of the submucosal layer for
each matrix. For pre- and post-cut evaluation, fluorescent signal intensity was

quantified in the central portion of the engraved region (Post-LMD) and the
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corresponding area on a consecutive section not subjected to laser cut (Pre-LMD). The
normalised signal intensity was averaged for each ECM and scaled between 0 and 1
(n=30, 5 ROIs per each field, 6 fields acquired distributed along the layers of the

bladder). Mann-Whitney test was used to compare differences in the signal intensity.
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Figure S1. Schematics of the conventional use of the LMD system. (A) ECM
fragments are cut by the UV laser together with the underlying plastic membrane and collected
in a suitable reservoir where they fall by gravity. (B) The resulting circular pieces are 20 pm in
diameter and 10um thick, excluding the plastic membrane. (C) Upon cutting and collecting the
pieces, circular holes are left in the ECM slice.
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Figure S2. Optical images of the ECM rat bladder. (A) Before LMD cut, after PBS
wash and ethanol dehydration. (B) After the LMD cut; the region of the cut is indicated. (C,D)
Magnification of the cut region. The AFM cantilever is visible in D.
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Figure S3. Stress tests on the ECM probes. (A) Optical images of an ECM probe
before and after continuous scanning across a 20um x 20um area in Contact Mode for 60
minutes on a glass surface with a scan frequency of 1Hz. (B) Representative retraction curves
acquired using an ECM probe ramped against a glass substrate before (0%), during (25, 50 and
75%), and at the end (100%) of an adhesion force spectroscopy experiment consisting in the
acquisition of a total of 400 FCs. (C) The ratio Edehyar/Enyar of Young’s modulus values E of an
ECM sample before and after dehydration with 70% EtOH (the error bar represents the error
calculated as the propagation of the effective standard deviations of the mean of Epysr and
Edehydr)-

Stress tests were performed to assess the firm attachment of the matrix to the
cantilever and the force spectroscopy functionality after repeated use.

Firstly, we perform continuous scanning of a 20um x 20um square on glass at a
frequency of 1Hz with the probe for more than 60 minutes and observed no appreciable
displacement or damage (Figure S3A). Then, we carried out force spectroscopy in
liquid on a glass surface, with 10s contact time, by recording 400FCs at 1Hz with 5nN

applied force. Looking at representative FCs at the beginning (0%), during (25, 50 and
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75%) and at the end of the experiment (100%), we did not notice important changes in
the measured total adhesion force (Figure S3B) (a slight decrease can be noted at the
end of the test, while no significant differences is observable in the first 75% of the test).
Interestingly, in this case, where the ECM is interacting with a glass surface instead of
a cell, we did not detect unbinding events (jumps and tethers) in the FCs, which are
typically associated to integrin-related specific adhesive interactions.

Furthermore, as LMD requires the dehydration of the matrix with a minimum
of 70% Ethanol, we performed AFM nanoindentation measurements on the same ECM
before and after dehydration with Ethanol. No significant difference in the Young’s

modulus of the ECM was observed (Figure S3C).

107



Figure S4. Mean number of jumps and force per jump measured on
consecutive days (boxes A and B, respectively), during adhesion force spectroscopy
experiments performed with the same ECM probe on AY-27 cells from the same passage: day
1 (in blue) and day 2 (in red). Different contact times (ct) have been used (ct = 0 s, 20 s, 60 s,
120 S).
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Figure S5. Young’s modulus of the different ECM regions: sub-mucosal,
detrusor and adventitia. The mean median values are reported; error bars represent standard
deviations of the mean. Data have not been corrected for bottom effect and might therefore
overestimate the true Young’s modulus values. All measurements have been performed on the
same 10um decellularised ECM slice, on microdissected pieces (inside and outside taken as
equivalent). Error bars represent the standard deviation of the mean.
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Figure S6. Optical image of the rat bladder ECM with the LMD cut. The red
circles in (A) highlights the region in the submucosal layer where the ECM was cut to produce
the control probes CTRL1 and CTRL2, shown in (B). The control probes were used in the
integrin inhibitory experiments.
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Figure S7. Distributions of jumps and tethers forces before and after the
addition of the 4b4 integrin inhibitor antibody on AY-27 cells (boxes A-B and
C-D, respectively), measured during control adhesion force spectroscopy experiments with ct=
60s performed with the CTRL1 and CTRL2 probes (see Figure S6).
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Figure S8. Representative force curve acquired during an adhesion force
spectroscopy experiment using a native ECM probe. The relevant features and
parameters are indicated: unbinding events (jumps and tethers), and the total adhesion force
F.. The forces Fj and F; necessary to break a single integrin-ECM bond in jumps and tethers,
respectively, are shown. From the distribution of jumps and tethers forces, the mean jumps
and tethers forces <Fj> and <F;>, as well as the mean number of jump and tether events per
force curves, Nj and N, and the total number of integrin-related events Ni:=N;j+Ny, are be
calculated. The adhesion force F, is calculated as the absolute difference between the minimum
force value and the baseline value.
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Figure S9. Contact angle analysis of water on functionalised silicon
substrates, (A) before, and (B) after functionalisation with APTES. The contact angle
increased from 7° to 79.5° upon APTES functionalisation of the oxidised silicon substrate.

Supporting Note SN1. Cleaning and re-use of the ECM probes

ECM probes can be cleaned and re-functionalised. In fact, the ECM can be degraded with
proteolytic enzyme solutions such as helizyme, while the APTES coating (as well as the ECM)
can be removed by piranha solution. Piranha solution is known to degrade any organic residues
out of substrate such as silicon wafer and is commonly use in the AFM community for cleaning
the probes.

Supporting Movies SM1, SM2, SM3. Attachment of ECM pieces to
functionalised cantilevers
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5.1. Conclusion and perspectives

Native ECM probes are likely to offer a different approach for cell-microenvironment
interaction studies. Indeed, the possibility to select either the ECM region or/and the specific
cell (including when both are taken by the same patient) makes this approach the most
versatile and close to reproducing the original biological conditions in the field of adhesion
force spectroscopy, so far. The developed protocol paves the way for applications to the study
of cases of biological and clinical relevance in the context of cancer research and therapy, and
beyond.

Even though the results presented in the chapter are interesting and demonstrate the
capability of the probes to be used reliably, some further investigation should be carried out.

Firstly, some additional controls should be performed to identify more specifically the precise
nature of the unbinding events. The distinction and fine mechanisms behind jumps and
tethers, for example, are still an open issue within the community. A possibility of inhibiting
specific subunits of integrins or collagen could help in the assignment of jumps events to cell-
proteins interactions. In the last part of the paper, we targeted 1 which is common for most
of the collagen and laminin receptors 118 (Figure 3). By doing immunostaining on adjacent
slices of the ECM (spatially separated by approximately 10 um), we would be able to identify
the principal components of the cut region for the ECM probe and propose a specialized
control. For ECM probes mostly made from the detrusor region of the bladder, it might be
more interesting to perform the control with ay receptors. Similar approaches can be devised
for probes produced from tissue specimens of other organs.

One could argue about the staining, even when performed on consecutive slices, could show
some variation in protein composition within the original sample. In collaboration with IEO,
we tried to perform an enzyme-linked immunosorbent assay (ELISA)'®’ test directly on ECM
pieces that have been previously attached to the cantilever. Considering that the area of single
pieces was 400um?, the concentration of proteins was below the detection limit and did not
allow us to obtain reliable data. Another approach could be the use of mass spectrometry
tools to precisely identify and evaluate the quantity of proteins present in the ECM-
probes!88/189,

Scanning electron microscopy (SEM) images and/or hi-resolution AFM imaging of the ECM
before and after the laser microdissection treatment (including dehydration), but also at the
edges of the cut, would further help confirm that the collagen fibers maintain their integrity
during the process. SEM investigation of ECM probes could provide important information on
the outcome of the probe production procedure, on one side, and on the other side could
enrich the comprehension of the cell-ECM contact interface (effective contact area,
nanotopographical details, etc.) during the force spectroscopy experiment.

Following the overall strategy outlined in this work, one possibility is to use the human bladder
cancer cell models used in Chapter 2 in relation to human bladder ECM from the patients in
different stages of the disease. Combining our methodology with complementary tools like
immunostaining, SEM, ELISA, and mass spectrometry to precisely characterize the nature and
evolution of the cell-ECM integrins interaction, may help us understand how bladder
carcinoma has evolved throughout its stages from the perspective of the cells and the ECM.
By analyzing specific patient cell-ECM interactions, one could have an idea of the next
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potential target of the cancerous cells, leading to prevention and/or early diagnosis. This
method could result in patient-oriented studies in the context of cancer prognosis.
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6. General conclusions and perspectives

In this thesis the work carried out during my PhD project to study the cell-

microenvironment interaction with AFM was presented. AFM was once again demonstrated
to be an adjustable, resourceful, and most of all reliable technique for the quantitative
investigation of nanoscale phenomena in biological systems. The study of the extracellular
matrix but also cells’ influence on cell, specifically in the context of cancer, is not trivial, and it
was necessary to develop tools and methods to specifically target the players of cell-
microenvironment communication. Interdisciplinarity and strong scientific collaboration has
been proven to be a motor to scientific development.

The major results of the research work during my PhD are listed below.

In Chapter 1, the critical points of the calibration of AFM probes have been considered.
The available methods (LDV, Sader’s, equipartition-based thermal noise method) are
equivalent in principle, but require specific correction factors. Existing formulas, when
available, are limited to the ideal rectangular geometry, while FEA calculations are
necessary for handling the case (very frequently occurring) of non-ideal geometries; this
is however still far from being routinary available in the laboratories, either via custom
procedures or through the instrument software. Given the actual limitations, we
provided our best calibration procedure for both tipless and CPs for applications to AFM
studies of biological and other systems.

In Chapter 2, we reported on the investigation, using custom CPs properly
functionalized by ECM proteins, of the adhesion between cells and ECM in the context
of urinary bladder carcinoma. We have measured distinct adhesion features with
fibronectin and laminin in terms of maximum adhesion force and distribution of force,
depending on the grade of invasiveness of the cells. More invasive cancer cell exhibits
less adhesion and binding force with laminin, the major basal membrane protein,
indicating the change in integrin interaction throughout cancer progression.
Fibronectin binding was found to strengthen with time for the most invasive cell T24.

We successfully produced native ECM probes using a combination of decellularization
procedures and a novel Laser Microdissection approach, to faithfully reproduce, and
not simply mimic, the structural and compositional complexity of the ECM (Chapter 3).
We have opened a new path to perform personalized adhesion force spectroscopy
experiments, where both the ECM and the cells can be selected to probe specific
interactions and address specific biological and clinical questions. In fact, native ECM
probes have a potential to contribute to develop novel quantitative approaches in the
field of personalized medicine.

A method to speed up nanomechanical measurements on cells and other systems has
been developed, allowing for only partial mapping of the substrate (necessary for the
evaluation of the local thickness of the sample). This results in a sparse set of FCs
instead of a regular square or rectangular force volume; nevertheless, the total
acquisition time is greatly reduced, which allows primarily to acquire more maps on
different cells, to the benefit of statistics (Appendix A).

Within the standardization activity of the Phys2BioMed project, a method has been
developed to implement the bottom effect correction in nanoindentation experiments
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in those cases where the local thickness of the cellular sample cannot be directly
determined, such as with confluent cell layers, because the substrate (i.e., the bottom
of the Petri dish) is not exposed (Appendix A). The method requires the determination
of the mean layer thickness (i.e., by means of optical methods, such as confocal
fluorescence microscopy, or by AFM, from the subset of topographic maps where the
substrate is exposed). This method allows to accurately characterize the Young's
modulus of elasticity of cells and other thin transparent systems and is particularly
important when CPs are used, since the bottom effect in this case is typically amplified.
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7. Appendix A

Improved measurement and data analysis procedures
for faster and accurate nanomechanical investigation
of cells: partial mapping and finite thickness

correction

There is an interest in implementing robust methods for nanoindentation of cells, and
this also includes data analysis procedures. AFM simultaneously provides the mechanical and
topographical maps of the samples, allowing the user to implement point by point corrections
that depends on the local thickness of the sample. An important example is provided by the
bottom effect (or finite thickness) correction.

7.1. Development of the partial mapping method for the

combined topographical and nanomechanical imaging

AFM can provide a topographic map as well as a stiffness map, for those map the
better resolution, the more time consuming are the measurements. To have robust data,
especially in the case of cells, that are heterogenous and complex system, it is necessary to
have bigger statistics and measure the maximum of them. To that purpose, we developed
two new methods to allow us to save time during the measurements, hence enhancing our
statistics by measuring more cells.

As a reminder, the standard force mapping (or Force Volume) method 134190.%1¢consisted in
the acquisition of force curve on a defined grid of point, spanning the whole cell and its
substrate. In this way the recording of both topographical maps, as well as elasticity maps was
simultaneous and equivalent, allowing side by side comparison. The disadvantage of this
method is the time of acquisition, in fact for a well resolved force volume map both in term of
topography and Young’s Modulus, it could take up to hours. During that time, cells could
undergo changes in term of cytoskeleton and even initiation of mitosis, this could cause the
need for repetition of the experiments on consecutive days inducing potential difference
between the cells’ population.

Our new method consists in the following steps:

The acquisition of a limited number of FCs (minimum 10) on the rigid substrate around
the cell, possibly in points symmetrically distributed around the cell, and the rest of
the FCs acquired directly on the cells, at higher resolution, spanning the whole region
of interest within the cell body. This requires the capability of the AFM software to
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acquire an arbitrarily irregular set of FCs in precise locations, selected on an optical
image of the sample that is accurately aligned with the AFM scan area.

From the FCs recorded on the substrate, we reconstruct the local height z; as the value
of the z-sensor axis at the point of maximum force (a common deflection or force
setpoint is set during the acquisition of the FCs)!*%, The substrate coordinates x;, y;
and z, coordinates are then obtained.

A plane fit is performed to the image. To this purpose, using the x,, y; and z;
coordinates of the substrate, the parameters a, b, ¢, d defining the plane are obtained
through a multilinear regression:

ax+by+cx+d=0 (31)

For each of the points taken on the cells, with planar x., y. coordinates, we evaluate
the substrate height as follows:

Zsubstrate — — ~Xc — = YVc — (32)

Point by point reconstruction of the unperturbed (i.e., non-deformed, in the zero-force
limit) cell’s height h.,;; is done by subtracting the local substrate height zg,pstrate and
adding back the local indentation &, estimated in the process of the Hertzian fit (Figure
34A):

hcell = Z; — Zgybpstrate +4 (33)

Figure 34. (A) Schematic of the grid of point made during the AFM measurements, both on the
substrate and on the cell. (B) Allowing for reconstruction of the height of each point of the cells,
according to the fitted substrate plane.
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This method allowed for the reconstruction of the local plane-fitted undeformed cell
topography as shown in Figure 34B. The accurate reconstruction of the local cell’s height is
essential to implement the finite thickness correction 134, Thanks to this newly developed
method, we were able to reduce the time of acquisition from 40 min-1hour to 10 min, which
in principle would allow to measure at least 4 times more cells in the same amount of time,
for sake of stronger statistics. This novel imaging method could also help in the characterizing
of larger cells, such as potentially hundreds of micron-long fibroblast or neuronal cells, bigger
than the scan capacities of the AFM. Both methods have been used complementarily for the
characterization of the bladder cancer cells’ mechanics as shown in Figure 35.

Figure 35. (A and B) Representation of the partial method mapping in 2D and (C and D) 3D on two
different T24 cells.

7.2. Finite thickness correction on confluent cell monolayers:

when the local thickness is not directly measurable

The Phys2BioMed project aimed at developing standard AFM methods for the
nanomechanical mapping of cells and tissues. To standardize the mechanical measurements
on cells, it was decided to send same cells to different labs, where the cellular samples were
prepared, measured and data analysed according to common established procedures. The

120



work presented here contributed to an upcoming paper on the standardization of
mechanical measurements of cells in the context of the Phys2BioMed project 12,
Measurements have been carried out therefore in different laboratories, with different AFM
equipment (including commercial nanoindenters) and operators, on a monolayer of
pancreatic cells, PANC-1. Nanoindentation on a monolayer of cells was selected as a reliable
cells’ seeding control, allowing all the different partners to measure the cells at the same
confluency degree.

The finite thickness correction corrects the influence of a stiff substrate on the mechanical
measurement of thin and soft samples, making the elastic response stiffer (higher Young's
Modulus) than in the case of a thick sample!'®118 This is required when the sample thickness

h is not large compared to the maximum contact radius a = VR, where R is the tip radius.

. . RS - :
The non-dimensional parameter y = g must be much smaller than 1 for the finite thickness

effect being negligible. When CPs are used (large R) this condition can be hardly satisfied,
especially when indenting up to 1-2 um on relatively thin systems like cells. For the finite
thickness correction, the experimentally measured force vs indentation curve must be divided
by a polynomial correction function before the Hertz equation can be fitted to it. The details

of this correction are reported in the paper presented in the Introduction, Holuigue et al. 2022
85

The value of the ¢ factor was close to 2 for the hemispherical tip and the typical maximum
indentation we used during the cell standardization experiments (R = 5,5um and d < 1um
(Figure 36).

The drawback of measuring a cell monolayer is the impossibility to directly measure the local
height of the cells, given that the underlying reference substrate is typically non accessible
by the tip; this limitation in principle makes it impossible the application of the standard
finite thickness correction. When comparing the results of the measurements from different
labs, the dispersion of Young’s modulus values due to the changes in the local thickness of
the cell layer can severely hamper the interpretation of results, in particular it becomes
difficult to assess whether the observed differences are due to methodological issues or to
the finite thickness effect.

With the objective of allowing the implementation of the finite thickness correction also in
the case of confluent cell layers and similar systems, we developed a new method based on
the independent assessment of the mean layer thickness, and the use of the topographic
maps calculated from the FCs to calculate the relative thickness variations around the mean
value. The mean layer thickness can be conveniently and accurately evaluated through
either optical confocal images and/or other microscopy techniques, including AFM itself,
from those few maps where the substrate is exposed (provided they exist, and are numerous
enough).
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Figure 36. Estimation of the x, according to Dimtriadis et al.!'® parameters for a fixed radius of 5,5 pm
and indentation from 1 to 3 um.

The evaluation of the cell height for the finite thickness corrected monolayer of cells was
performed as follows:

The topographic maps Z’ (x,y) calculated from the force volumes,

(either as the contact point maps, or as the z-sensor height at the force setpoint plus
the maximum indentation) are mean-subtracted, so that the new maps represent the
relative thickness variation AZ (x,y) as presented in Figure 37:

AZ(x,y) =Z'(x,y) — mean(Z’(x, y)) (34)

The local thickness of the cell h(x, y) is calculated with the previously measured
mean thickness of the whole cell monolayer (h;,on0 ) as follows (Figure 38):

h(x,y) = hmono +4Z(x,y) (35)

Knowing the local height of the cell point by point, it is now possible to implement
the finite thickness correction.

In our case, the mean height of the PANC-1 cells was estimated with the classical full
mapping method described in Puricelli et al. 3* from two supplementary force volumes
acquired on regions where the substrate was exposed and accessible to the AFM tip. The
mean cell monolayer thickness was measured as hy, o0 = 5,40 + 0,30 um (Figure 37)
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determined as mean + standard deviation of the mean (n=2). This value is in good
agreement with the value hy, o0 = 5,30 £ 0,09 um determined as mean + standard deviation
of the mean (n=187) measured by Prof. M. Lekka (IFJPAN, Krakow, Poland) by means of
confocal microscopy, on the whole cell layer (which makes it presumably more accurate).

Figure 37. (A) Topographical maps where the substrate is visible with (B) their respective optical
images, used for the evaluation of (C) the mean cell’s height.
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Figure 38. From a zone with (A) a monolayer of cells, we reconstruct (B) the local variation of heights
at a mean heigh of hy, oo defined previously.

With this new method the finite thickness correction was applied on the 10 force volume
maps acquired in Milano for the standardization experiments. as shown in Figure 39, it was
observed a general shift of the Young’s Modulus towards lower values, which is typical result
of the finite thickness effect correction: the median Young’s modulus value decreased from
501,1 + 8,8 Pa to 239,9 + 10,7 Pa after the correction. Errors are evaluated as the standard
deviation of the mean (n=241). With this newly developed method it is possible to assess the
contribution of the glass substrate—in this example, the petri dish—in experiments involving
cell monolayers, and allow for the finite thickness correction. This approach was then
implemented to the standardisation of cell’s mechanics in an upcoming paper of the
Phys2BioMed project®?.
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Figure 39. Histograms of the Young’s Modulus of the PANC-1 cells before and after finite thickness
correction. The correction was performed on the 10 force volume maps of the cells’ monolayer.
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8. Appendix B

Cell-cell interaction between bladder cancer cells

As presented in the Introduction, the cell’s microenvironment consists in the
extracellular matrix, that we studied both in Chapter 2 and Chapter 3, but also it includes its
neighbouring cells. The importance of their mutual interaction regulates tumour progression
and metastasis as well as normal cell development %3193, Using the same bladder cancer cell
model as in Chapter 2, we decided to also study the cell-cell interaction. Preliminary cell-cell
force spectroscopy experiments have been performed, aiming at understanding another role
player in the cell-microenvironment interaction, in the peculiar context of disease: cadherins,
the cell-cell junctions.

This work has been performed in collaboration with partners of the Phys2BioMed network,
during scientific secondments in the laboratories of Prof. M. Radmacher lab, Institute of
biophysics, University of Bremen, Bremen, Germany, and of Prof. C. Franz, NanoLSI, University
of Kanazawa, Kanazawa, Japan.

It has been previously demonstrated that the cell models of bladder carcinoma in rat
previously used in this thesis express different cadherins 3719, as resumed in Table 6.
Preliminary tests, we performed homotypic cell-cell force spectroscopy with the most invasive
bladder cell T24, following previously established protocols 1018219519

Cell / Cadherin presence E-Cadherins P-Cadherins N-Cadherins
RT4 + + (cytoplasm) -
RT112 + + (cytoplasm) +
T24 - - +

Table 6. Table summarizing the presence (+) and absence (-) of classical cadherins in the bladder cancer
cells RT4, RT112 and T24.

8.1. Material and methods

8.1.1. Tip functionalization to produce single cell probes

We used DNP-like tipless cantilevers (triangular) for cell attachment. The procedure of
functionalization of the cantilever consists in activation of surface hydroxyl (-OH) groups on
top of the cantilever via oxygen plasma or UV cleaning. It has been noted that the UV
procedure demonstrated more reliable and repeatable results. This step was followed by
addition of Concanavalin A (ConA, at 2mg/ml for 2 hours), a plant lectin who specifically binds
to glycoproteins, and glycolipids 81%. Functionalized cantilevers were stored in PBS at 4°C.
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8.1.2. Cell culture

For the force spectroscopy measurements, two dishes were necessary: one dish as used as
substrate, covered with firmly attached cells that are grown for 2 days; the second dish was
used to provide suspended cells by detaching them with trypsin and resuspend them in their
regular medium?!0>1821% The suspended cells were then transferred in the first petri
containing the cell layer and that petri was used directly for measurements. By this method,
there was no necessity of changing petri for the creation of the cantilever and the
measurements.

8.1.3. Experimental setup

ConA cantilevers were placed on top of a suspended cells, and the attachment was performed
by approaching manually the cell with a maximum loading force of 3nN for 10 to 20s contact
time. The cell-cantilever assembly was then left few um away from the bottom of the petri
dish during the time necessary to observe firm adhesion of the cell to the tip of the cantilever
(Figure 40). Cell-cell Force Spectroscopy experiments were then carried out on firmly attached
cells (Figure 41A), and a minimum of 3 force curves per cells were collected, at each contact
time (1, 20, 60 and 120s). Maximum loading force was 1nN, and ramp frequency was 1Hz; we
performed the experiment on 3 cells per condition.

Figure 40. Evolution of the attachment of the cells to the cantilever (from A to C). Out of focus the cells
firmly attached to the Petri dish and the rounded suspended cells are visible. Images taken at NanolLSl,
Kanazawa University, Japan.

8.2. Results and discussion

The cell-cell experiments have been both performed in the laboratory of Prof. M. Radmacher,
at the University of Bremen, Institute of Biophysics, Germany, with an MFP3D (Asylum
research) with a homemade setup for CO, addition during measurement (5% of CO2). The
attachment protocol previously established on MDCK and fibroblast cells 1% was validated on
bladder cells, both T24 and RT. Due to the short range of the z-piezo at University of Bremen,
like in most of AFM, ~15um, we were not able to fully detach the cells, inducing incomplete
detection of jumps and tethers as well as underestimation of the total work (Figure 41B).

127



We thus decided to pursue the experiment with Prof. C. Franz at NanoLSI, University of
Kanazawa, Japan with the CellHesion system on the Nanowizard Il (JPK) as shown in Figure 15.
Indeed, while our protocol of attachment of the cells developed was also confirmed we
benefited from the higher piezo range of this instrumental setup to have full detachment of
the cells, as presented in Figure 42A in comparison to Figure 41B.

Figure 41. Image of the cell-cantilever on top of T24 cells, rounded cells are the suspended ones used
for the creation of the cell-cantilever (A). Representative retracting FC of the detachment of the T24
cell during homotypic contact at 120s. Highlighted in red, the unfinished recorded of an event (B).
Image taken at Institute of Biophysics, University of Bremen, Germany.

While data curation for mechanical measurement is quite similar in all labs with the Hertz
model 131132 cell-cell adhesion force spectroscopy data analysis is not yet standardized!*31%,
The main difference arises from the detection of events and their interpretation. While in the
University of Kanazawa the AFM software of JPK implemented a direct option for events
detection (Figure 42), at the University of Bremen this was implemented through a custom
code written in Igor (wave metrics, Lake Oswego, OR, USA) > for step detection and
identification of tethers and jumps, developed by Prof. M. Radmacher.

Figure 42. Data processing at NanolSI, University of Kanazawa, Japan of the force spectroscopy
measurements. (A) The selection of the baseline followed by the detection of (B) maximum adhesion
force, (C) work and (D) number of events.

The preliminary experiment was performed with T24 cells (Figure 43) on three consecutive
days at four different contact time (1,20,60 and 120 s). We extracted three main parameters:
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the mean work W, the mean adhesion F, and the mean number of events N, 113135, Errors
were calculated as presented in general material and methods. We observe the increase of
both work and adhesion force with the contact time (Figure 43A, B), both in accordance day
to day up to 120s contact time. The number of events (both jumps and tethers) reported in
contrary show no variations at contact time higher than 20s (Figure 43C).

Figure 43. Results of preliminary cell-cell experiments on T24 cells on three consecutive days at four
different contact time (1, 20,60 and 120 seconds): The mean work W, the mean adhesion F, and the
mean number of events Nyt are reported.

8.3. Conclusions

While the cell-cell force spectroscopy experiments performed so far are preliminary
and not conclusive, they gave us the opportunity to evaluate the main issues of the cell-cell
force spectroscopy techniques and offered the possibility to study other cell-
microenvironment interaction configurations.

Automatic distinction between jumps and tethers is one of the critical parts of the force
spectroscopy analysis; the implementation of a robust, automatic, and in general standardized
data analysis of the force spectroscopy experiments is challenging.

The complete detachment of cells while in contact requires the use of large z-piezo range
stages, which are not available in all setups.

Additional experiments, especially inhibiting of the both E and N-cadherins using Anti-E
cadherins antibody and ADH-1 (N-cadherins antagonist) could give an insight of the cell-cell
interactions, in hetero and homotypic linkage in the special context of bladder carcinoma.
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