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Abstract 

Cells and tissues respond to environmental forces transducing them into biochemical signals. 

This cellular property has induced a large interest in biomedical area to study the possibility of 

using cell (or tissue) mechanical properties (e.g., their stiffness) as a marker for early diagnosis of 

pathologies or as trigger point to modulate cell/tissue behavior via new, ad hoc designed, 

prosthetic materials. In order to study the mechanical properties of cellular systems, it has been 

necessary to take advantage of nano-technological tools and techniques such as the Atomic Force 

Microscope (AFM). In this thesis work I have shown that AFM could represent an excellent tool 

to evaluate the mechanical properties of different cellular systems. In particular, I have studied 

the biomechanics in the onset of calcific aortic valve disease, in the tumor associated p53 

missense mutants and in myogenesis. 

Calcific aortic valve disease is the most common heart disease and is the main cause of aortic 

stenosis. The primary driver for valvular calcification is the differentiation of valvular interstitial 

cells (VICs) into a disease-associated phenotype: from myofibroblasts cells to osteoblastic-like 

cells. Another characteristic of this disease is the significant change in the organization, 

composition and mechanical properties of the extracellular matrix (ECM) that beside being the 

result of the dysfunction of the valve cells, seems to contribute to the progression of the 

pathology altering cellular molecular signalling. In this context, I have initially investigated on 

the variation of mechanical and morphological properties in human Valve Interstitial Cells when 

grown on flat polyacrylamide gels at different stiffness. I performed this task using both AFM 

force spectroscopy and molecular biology essays. My results show that there is a strong direct 

dependence of cellular rigidity by that of the underlying substrate, resembling a sort of flat 

matrix. As general rule, any stiffness variation in the matrix affects the activation and consequent 

nuclear localization of YAP transcription factor. This has allowed me to speculate on the 

mechanisms regulating human VICs mechanobiology in natural matrix environment identifying 

three conditions: i) with stiffness lower than  ̴ 18 kPa, YAP is inactivated; ii) with stiffness 

between  ̴ 18 kPa and  ̴ 28 kPa cells could be considered in a “quiescent state”; iii) with stiffness 

is larger than  ̴ 60 kPa a high YAP nuclear localization takes place.  

In addition, I observed that inhibition of Rho kinase will result in a preclusion of actin 

polymerization followed by a reduced cellular stiffness and YAP activation. These processes 
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revealed to be reversible but, interestingly, stiffness recovery appeared to be slower than the 

molecular recovery.  

I have performed the same AFM characterisation on a more complex experimental model that 

involves thin sections of explanted stenotic calcific human valves, obtained from patients that 

underwent aortic valve replacement. I carried out AFM force mapping and immunofluorescence 

staining on all the leaflet slice. My results demonstrate that the calcified regions of the tissue 

showed a preferential YAP- nuclear localization.  

After this, I moved my studies on the effect of a nanostructured extra-cellular matrix like 

substrate could have on VICs. I did that taking advantage of multi-walled CNTs carpets grown on 

glass slides above which I subsequently seeded porcine Valvular Interstitial cells. CNTs substrate 

developed in our laboratory have two very important features for this study: 1) they are 

transparent allowing, for the first time, to performed simultaneously AFM force spectroscopy and 

immunofluorescence essays; 2) their rigidity falls within a range in which I observed a sort of 

cellular quiescent state, meaning they are “neutral” for cells from the stiffness point of view. 

Initially I performed a morphological characterization pointing out that CNTs have a positive 

effect on pVICs, in particular the myofibroblat percentage in VICs developed above CNTs is 

similar to that of a healthy valve. As consequence of that, I hypothesized a strong interaction 

between pVICs and CNTs. Interestingly, I performed cell stiffness measurements via AFM and I 

discovered that myofibroblast stiffness is not significantly altered by CNTs. I associated this 

result to the low density of focal adhesions expressed on these cells by the nanostructures 

substrate. Therefore, in order to point out the deep CNT/cell membrane interaction, I have broken 

the cell through osmotic shock making available to direct observation this hidden cellular portion: 

what I observed is that CNTs below the plasma membrane crossed it completely. At this point I 

could hypothesize that CNTs, piercing and pinching the plasma membrane, are able to facilitate 

the creation of clusters of FAs that, at the very end, will increase the cellular rigidity. 

Subsequently, I focused my studies to the mechanobiology of tumor associated p53 missense 

mutants: a mutation associated to a very aggressive cancer, characterized by a strong metastatic 

potential and drug resistance. In this part of my work I studied the cellular processes and 

biochemical pathways stabilizing mutant p53 cells. After a drug screening on MDA-MB 231 cell 

line, a class of drugs, Statins, has been identified as associated with the reduction of p53 mutant 

levels. Statins have an inhibitor effect on mevalonate pathway and enzymatic activity of RhoA. 
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Therefore, I performed an AFM force spectroscopy characterization of cells after treatment with 

different drugs and I confirmed a stiffness reduction in treated cells determined by an actin de-

polymerization process. In parallel, I observed that a reduction of stress fibers happened in 

conjunction with a significant reduction of mutant p53 levels. Following, I studied the same 

process in a ex vivo model taking advantage of AFM nano-indentation procedure. My results 

established, in vivo as ex vivo, that the mevalonate pathway is strongly involved in tumor 

mechanosensing and mutant p53 levels regulation. 

At the end of my thesis I studied the muscle development process called myogenesis taking place 

in muscular tissues. These tissues are characterized by expression of contractile, multinucleated 

fiber, characterized by a highly-ordered assembly of sarcomeric myofibrils and relevant 

regenerative capacity. This last feature is strongly regulated by extracellular matrix in terms of 

spatial organization, structural support and mechanical functionality. These evidences have 

generated great interest in the design of biomimetic scaffolds able to direct skeletal muscle 

regeneration. In this framework, I have characterized a new HELP family polypeptide, HELPc, 

synthetized at the University of Trieste. By characterizing HELPc coating via AFM imaging, I 

found that proteins assemble in an amorphous topology. Following, HELPc coating was used as a 

substrate for C2C12 myoblasts growth together with HELP and HELP1 control samples. The 

results showed that the addition of a sequence to from the α2 isoform of collagen type IV, 

containing to RGD motives, determines an improve of cells activity by combining several 

methods, as immunofluorescence, Atomic Force Microscopy and Ca
2+

 imaging. In this context, I 

have studied HELPc three-dimensional hydrogel at different monomer concentration (5% and 7% 

w/v) and its effects on C2C12 myoblasts development by AFM imaging, force characterization 

and different molecular biology techniques. I pointed out that topological morphology is the same 

between the two hydrogels but is different from the properties of a bi-dimensional coating made 

with the same molecules (2D). Comparing the cell activity results, between gels and coatings, I 

found some intriguing differences. On the whole, the results underline the potential of HELP 

family polypeptides as a promising tool for muscle regeneration.   
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Introduction 

1 Mechanobiology 

Mechanobiology, or biomechanics, is a discipline that studies the mechanical properties of 

biological systems and how mechanical forces influence their development, differentiation, 

physiology and ultimately pathology [1]. 

In the last decades it has been shown that cells and tissues react to properties such as stress, 

pressure and extracellular matrix (ECM) microstructure activating specific pathways. This 

relation opens up the possibility to use cell/tissue mechanical properties as a marker to 

discriminate between healthy and diseased conditions [2]. 

1.1 Cell-extracellular matrix interaction 

Tissues and organs are formed by cells and by a non-cellular environment in which cells are 

embedded, called the extracellular matrix (ECM) (Fig. 1). ECM not only contributes to bind cell 

together, but also provides the physical scaffold into which the cells grow influencing their 

migration, differentiation, survival, homeostasis and morphogenesis. The ECM consists of an 

interconnected network of fiber-forming proteins and glycosaminoglycans (GAG) chains, built 

from proteins and polysaccharides locally produced by the cells in the matrix, which in turn helps 

in determining cells organization. Cells in fact interact with ECM both mechanically and 

chemically, to drive the matrix architecture. Starting from a reduced variety of building blocks, a 

wide variety of matrix materials are built, as the hard structure of the bones, the ropelike structure 

of tendons or the transparent organization of cornea. The same cells which build the matrix can 

degrade it, to allow for instance for tissue repairing, but also to guarantee tissue growth, cell 

division and migration. This close connection between cells and their supporting matrix is 

operated by cell-matrix receptors and is intimately dynamic, with the cells organizing the matrix 

and the matrix in turn influencing cell fate through the exchange of mechanical signals from the 

matrix to the cytoskeleton and viceversa. Therefore when a disease, as for instance cancer of a 

cardiovascular disease, occurs, the ECM should be strongly involved.  

In the next paragraph, we will review the major macromolecular component and superstructures 

of the ECM in animal tissues, as well as the basic players in cell-matrix junction formation, in the 

framework of their mechanical interplay and proteoglycans [3]. 
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Figure 1: Cellular and extracellular matrix scheme [4]. 

1.1.1 ECM components  

The major classes of macromolecules constituting the ECM are three: 1) glycosaminoglycans 

(GAG), unbranched, highly charged, large polysaccharides, and their covalent assembling with 

protein to form proteoglycans; 2) fibrous proteins, member of the collagen family; 3) non-

collagen glycoproteins, proteins linked to oligosaccharides. Hereafter we review the structure of 

the major components of the ECM. 

- Proteoglycans (PGs) (Fig. 2a) are the major component of the ECM. They consist of a 

core protein covalently attached to glycosaminoglycans (GAG) chains. GAGs can be of 

six different types called chondroitin sulfate (CS); dermatan sulfate (DS); heparan sulfate 

(HS); heparin (HP), Keratan sulfate (KS), hyaluronan (HA). CS, DS, HS, HP are 

composed by repeating disaccharides of hexosamines (N-acetyl-galactosamine or N-

acetyl-glucosamine) and uronic acids (D-glucuronic acid or L-iduronic acid) that are 

being sulfated at various positions, while KS is composed of repeating disaccharides 

containing N-acetyl-glucosamine and galactose. HA is the only GAG that is not 

covalently bound to any core protein. Proteoglycans are very important in the onset of 

various diseases, because they are markedly modified during ECM remodeling [5]. This 

phenomenon occurs in two ways: 1) strong interactions between PGs and other ECM 

components that define PGs GAGs chains and 2) their preferential interaction with growth 

factors, cytokines and chemokines.  
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- Collagen (Fig. 2b) constitutes the most abundant fibrous protein in the ECM of 

connective tissues and is synthesized by fibroblasts [6]. There exist  twenty-eight different 

collagen types, the type I being the major structural element in tissues. In all cases, 

collagen basic structural motif consists of three polypeptide chains wound together to 

form a triple helix which then elongates to form fibrils. Increased collagen deposition 

characterizes some pathologies, as tumor [7] or cardiomyopathies [8], and reflects into an 

ECM rigidity increase. 

- Other non-collagen fibrous protein structures  

- Elastin (Fig. 2e) is the elastic fibrous component of tissues. It is synthesized starting from 

the monomeric precursor called tropoelastin. Tropoelastin is a 60-70 kDa protein and is 

formed by a hydrophobic domain, that induce the tissue elastic properties [9]. and lysine-

containing cross-linking domains (LOX-like domains) that stabilizes it. In fact, the 

tropoelastin secreted by the cells interacts with microfibrillar proteins, which are cysteine-

rich glycoproteins of large size (~ 350 kDa), by a cross-linking through LOX-link 

domains forming the elastic fibers. The elastic fibers bind cell surface throughout 

integrin-binding Arg-Gly-Asp (RGD) sequences [10]. 

- Fibronectin (FN) (Fig. 2d) is a fibrous protein expressed in the ECM of different cell 

types. It is a high molecular weight glycoprotein (440 kDa) which binds both the main 

protein component of the ECM and specific membrane receptor proteins called integrins. 

It is formed by two subunits that are united with disulfide bonds at their C-termini. 

Integrins bind FN in two possible cell-binding sites within FN, either the RGD-dependent 

cell binding domain or the CS1 segment of the alternatively spliced V region [11]. In vivo 

the fibronectin molecules must be assembled in fibrillar state in order to be active. The 

active form can be synthesized by using the soluble fibronectin derived from plasma, or 

cells can produce their than are assembled into fibers [12]. 

- Laminins (Fig. 2c) are large cross-shaped glycoproteins. Laminin molecules, throughout 

the interaction with other ECM components, participate at the organization of ECM and 

to cell adhesion [13]. There are different laminin isoforms and each one of them is 

https://en.wikipedia.org/wiki/Fibril
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involved in a particular tissue function. They influence cell differentiation, adhesion, 

migration and are involved in many human congenital diseases
 
[11]. 

ECM interacts with the cells through cell surface receptors, such as integrin, discoidin domain 

receptors which bind a number of different collagen types and play important roles in embryo 

development and CD44 receptors involved in cell–cell interactions, cell adhesion and migration, 

in particular of lymphocytes. Indeed, through these receptors cells are continuously stimulated by 

ECM signals that determine their functions and behavior [14]. Integrins constitute the most 

relevant receptor family (see section 1.2). They function as a link between the actin fibers in the 

cytoskeleton and the ECM fibers: intracellular signals are transmitted to the outside of the cell by 

influencing integrin affinity for ECM ligands affecting in turn ECM assembly, cell migration ad 

adhesion processes [15].  

 

Figure 2: ECM fibers; (a)Proteoglycan, (b)Collagen, (c)Laminin, (d)Fibronectin and (e)Elastin 

structures  
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1.2 Cytoskeleton rearrangement and cell force transmissions 

Cytoskeleton is the cellular part that stabilizes cell shape through internal organization of 

complex network of interlinking actin filaments, intermediate filaments and microtubules, that 

extend throughout the cytoplasm, from the nucleus to the plasma membrane (Fig. 1). It is also 

responsible for the mechanical support of many cell functions such as cell division and 

movement
 
[16]. The structures responsible for cell shape are actin filaments, helical polymers of 

the actin protein, which can organize into different supramolecular assemblies, as linear bundles, 

2D networks or 3D gels. The formation process of actin filaments is called polymerization. It 

proceeds in three sequential phases. The first phase is marked by a period in which G-actin forms 

short, unstable oligomers. Once the oligomer reaches a certain length it acts as a stable nucleus, 

which elongates into a filament adding actin monomers to both of its ends (second phase). In the 

third phase as F-actin filaments grow, the concentration of G-actin monomers decreases until 

reaching an equilibrium with the filament [17]. Actin filaments are known to respond to external 

forces through their rearrangement (see Mechanotransduction section) leading to the variation of 

cell mechanical properties [18]. This cellular property, called cell polarization, is fundamental to 

the functions of most eukaryotic cells, as development, intracellular transport, cell division, 

differentiation, and directional cell movement. Front–rear cell polarity occurs in both single cells 

and cell collectives. During migration a single cell must first polarize and forms its front or 

leading edge, which is characterized by cytoskeleton assembly that produces a protrusion called 

lamillopodia. These filaments are connected with extracellular environment via large protein 

complexes called focal adhesion points (FAs), which we will discuss in detail in the next 

paragraph. FAs are located on the plasma membrane and include integrins, and are the 

constitutive interface for mechanical force transduction between the extracellular and 

intercellular environment. Anchoring of mature cell–ECM contacts to actomyosin allows the 

formation of longitudinal stress fibers (see paragraph 1.2.2 ). Other two components, we have 

already mentioned before, are intermediate filaments and microtubules. Microtubules are 

composed by the globular proteins called tubulin which is a dimer formed by two 55 kDa 

polypeptides, α-tubulin and β-tubulin [19]. In addition, a third type, called γ-tubulin is 

specifically located in the centrosome. In order to form the microtubules, the tubulin dimers 

polymerize into 13 linear proto-filaments assembled around a hollow core. Consequently, 

microtubules are polar structures with two distinct ends: a fast-growing plus end and a slow-
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growing minus end. This polarity is an important consideration in determining the direction of 

movement along microtubules, as in the case of actin filaments which polarity defines the 

direction of myosin movement. The microtubules are involved in the duplication of centrosome 

during mitosis process. Differently from actin filaments and microtubules, the intermediate 

filaments are composed of a variety of proteins. More than 50 different proteins have been 

identified and classified into six groups based on similarities between their amino acid sequences 

[19]. The first stage of filament assembly is the formation of dimers in which the central rod 

domains of two polypeptide chains are wound around each other in a coiled-coil structure. The 

dimers then associate to form tetramers, which can assemble end to end to form proto-filaments. 

The final intermediate filament contains approximately eight proto-filaments wound around each 

other in a ropelike structure. In contrast to actin filaments and microtubules, intermediate 

filaments are apolar without having distinct plus and minus ends. Intermediate filaments are most 

needed to strengthen the cytoskeleton of cells in the tissues of multicellular organisms, being 

mainly involved in cell-cell junctions. 

1.2.1 Focal adhesion points 

Focal adhesion points (Fig. 4) are protein complexes formed by more than 150 proteins, which 

are linking the actin cytoskeleton to the ECM through the integrin receptors [20]. It has been 

shown that these structures are mechanosensitive and that the ECM mechanical properties 

contribute to the dynamic FAs assembly/disassembly [18,21]. The shape of the cells and many 

cellular processes, such as proliferation, migration, differentiation and in the onset of malignant 

phenotype, are associated with FAs size and density. The main players FA points are integrins, 

talin, paxilin, vinculin and focal adhesion kinase (FAK). 

- Integrins (Fig. 5a) constitute the superfamily of transmembrane receptors which mediate 

cell-ECM adhesion (the other adhesion protein superfamily being represented by 

cadherins, which instead mediate cell-cell adhesion). Integrins are heterodimeric 

glycoproteins formed by two non covalently bound α and β subunits. There are eighteen 

different α subunits and eight β subunits, for a total of 24 combinations of heterodimers. 

Integrins have a large extracellular domain (~80–150 kDa), a single-spanning 

transmembrane domain and a short cytoplasmic tail domain (Fig. 3). Their extracellular 

domain binds ECM proteins as collagen, fibronectin, laminin and cellular receptors as 
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different adhesion proteins, while the intracellular domain communicates directly or 

indirectly with the cytoskeleton network [22] modulating actin polymerization and signal 

transduction pathways that control cell adhesion, migration, proliferation, differentiation 

and apoptosis. However, integrin itself in the short cytosolic tail does not have any 

binding site for actin. It requires then the recruitment of different proteins, as talin/kindlin 

and vinculin, to mediate this binding. The talin activated integrin form consists in a 

conformation in which the cytosolic tail and the transmembrane domains separate and the 

extracellular domain extends out. In this conformation integrins can bind protein ligands 

in the ECM promoting adjacent integrin clustering, essential to guide the recruitment of 

other proteins for the formation of tight but dynamically evolving FAs, which in turn 

regulate the binding/assembling of actin cytoskeleton and signal pathways that control 

cell adhesion, migration, proliferation, differentiation and apoptosis [23]. The entire 

stiffness sensing machinery of the cell has a contractile/adhesive dynamic nature, given 

by different molecular players mechanically linked to form a “molecular clutch” [24]. 

 

Figure 3: Integrin Structure and Function  



14 
 

- Talin (Fig. 5e) is a protein of  ̴ 2500 amino acids. It has two integrin-binding sites in the 

head portion, three actin-binding sites in the tail portion. It has been shown that their 

recruitment is amplified by cytoskeleton tension [25]. Talin together with vinculin have a 

relevant role in two important process of the mechanotransduction: they increase the 

integrin mediated actin-ECM affinity binding. Talin in particular strengthen the clutch 

linkage between ECM-bound integrins and actin by binding to actin on one side and to the 

cytoplasmic tail of β-integrins on the other. Vinculin reinforce the ECM-binding side to 

integring. Following a recent model of the molecular clutch proposed by the group of 

Roca-Cusachs P. (Fig. 4) [24,26], there is a rigidity threshold for transmitting the force 

signal from ECM to the actin, above which talin is required. This threshold correlates 

with the growth of vinculin-rich FAs. Higher traction forces induce in fact talin unfolding, 

exposing cryptic vinculin binding sites and therefore favoring the recruitment of vinculin 

to reinforce the clutch. At low stiffness ECM no forces are transmitted through talin since 

integrin-ECM bond lifetime is faster than the loading rate on the clutch. Beyond a certain 

threshold, clutch loading gets faster than the integrin-ECM bond lifetime resulting in 

force transmission to talin which promotes talin unfolding, vinculin binding and overall 

an increase of adhesion and traction force. At his same threshold FAs grow and associate 

to actin stress fibers, inducing the nuclear translocation of the mechanosensitive 

transcription factor YAP (see below). 



15 
 

 

Figure 4: Schematic molecular clutch proposed by the group of Roca-Cusachs P. 

described in News and Views of Swaminathan V. [26] 
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- Vinculin (Fig. 5b) accumulation in FAs regulates intracellular tensions and ECM stiffness 

[27]. Vinculin is a protein of about 1066 amino acids formed by a global head (VH) and a 

tail domain (VT). VH contains the integrins binding site while VT contains the actin 

binding site. As mentioned above, vinculin is activated when localized in FAs, forming a 

link between integrins and the cytoskeleton associated with the generation of mechanical 

forces [28].  

- Paxilin (Fig. 5d) is a protein which participates to assembly and disassembly the focal 

adhesion points through the recruitment of all the proteins necessary for the formation of 

these [29]. This protein is formed by N-terminus rich in leucine and C-terminus rich in 

cysteine and histidine. Paxilin is a link between the FAK and Vinculin by influencing the 

actin polymerization. 

- Focal adhesion kinase (FAK) (Fig. 5c) is involved in a FAs formation and in the 

regulation of many biomechanical processes, such as cell cycle progression, cell survival 

and cell migration. The FAK structure is made up by a N-terminus domain which 

facilitate protein–protein interactions, the kinase domain which contains three tyrosines 

for phosphorylation and a last C-terminus domain with two subdomains, a protein-binding 

domain and a catalytic domain
 
[30]. It has been shown that the FAK protein is very 

sensible to stretching of cells: the integrin aggregation determines the number of recruited 

FAKs during cell stretching determining a grow of the FAs [31].      
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Figure 5: Focal Adhesion point proteins; (a)Integrin, (b)Vinculin, (c)Focal Adhesion Kinase, 

(d)Paxilin and (e)Talin structures  
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1.2.2 Stress fibers 

As already mentioned in paragraph 1.2, actin filaments are the most important components of the 

cell cytoskeleton. These filaments are semi-flexible polymers formed by G-actin which can give 

rise to several structures such as parallel bundles, anti-parallel contractile structures, branched 

and crosslinked networks. The organization of actin filaments into two chains intertwined 

assemble what are called the F-actin chains. When the cells is subjected to same stress, these 

chains super-organize to form stress fibers. The stress fibers (SFs) are filamentous actin (F-actin) 

bundles, assembled by α-actinin, myosin II and other binding proteins. Usually, these are 

associated to FAs at one or both extremities [20]. There are different types of stress fibers: ventral 

stress fibers, dorsal stress fibers, transverse actin arcs and perinuclear actin fibers (Fig. 6). 

                                        

Figure 6: Different types of stress fibers. [20] 

Ventral stress fibers lie at the basal side of cells and are anchored to each end through a FAs, 

while dorsal stress fibers develop on the dorsal side of cells and are anchored through a FAs only 

to one of its end. Transverse actin arcs are linked to dorsal fibers, run parallel to the leading 

migratory edge and are not anchored to FAs [32]. Perinuclear actin fibers (or perinuclear actin 
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cap) consist of α-actinin and myosin II organized in parallel bundles along the longer axis of the 

cell and extended to cell edges. It has been shown that the perinuclear actin fibers are associated 

with a structure on the nucleus membrane called Linker of the nucleoskeleton and the 

cytoskeleton complex (LINC) [33] (Fig. 7) . 

 

                      Figure 7: Linker of the nucleoskeleton and the cytoskeleton complex 

These linking determine a specific nuclear shape, are involved in cell migration and affect the 

cell morphology. Therefore, these fiber subtypes are the only ones that connect the ECM with 

nucleus through the LINC complex. Stress fibers mostly provide the energy necessary for the 

movement and define the migration direction
 
[34]. It has been discover that solitary migrating 

mesenchymal cells have a polarized shape with two distinct morphological and functional parts: 

an outward-curved (convex) shape at the protruding leading edge and an inward-curved 
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(concave) shape both laterally and posteriorly
 
[20,35]. Furthermore, Hakkinen K. M. et al. have 

seen that in migrating mesenchymal cells stress fibers are less abundant, thinner and located 

predominantly at cellular periphery
 
[36]. On the other hand, cortical actin filaments are located 

beneath the inner face of the cell membrane and give the cortex the contractile strength through 

myosin. Cortical actin is mostly responsible for the cell shape changes during migration. It seems 

that polymerization of cortical actin favours cell deformation in cell motility [37]. In cancerous 

cells, there are both a re-arrangement of actin filaments (such as stress fibers) and changes in 

actin gene expression (such as cortical actin filaments). High expression of actin and an abundant 

presence of stress fibers have been demonstrated in some non-malignant cells. On the contrary, 

malignant cells show low expression of actin and few stress fibers. Therefore, the deformability 

of cancer cells can be mainly related to these two actin filament types. Integrity of the actin 

cytoskeleton and the amount of stress fibers play an important role in the activation and nuclear 

translocation of YAP-TAZ complex. However, regulation of YAP-TAZ is unrelated to the ratio 

between the free G-actin and F-actin. For example, it has been noted that sometimes rounded 

cells have higher amount of F-actin than spread cells and viceversa [8,38].  

1.2.3 Nucleus 

In conclusion, we are going to discuss the last structural element of the cell affecting 

mechanobiology, the nucleus. Cell nucleus is 2-10 times stiffer than the cytoplasm and occupies 

the majority of the cell volume. The Nuclear Envelope (NE) defines the nucleus and it is a sub-

domain of the endoplasmic reticulum (ER), composed of Outer Nuclear Membrane (ONM) 

which is in direct contact with cytoskeleton elements, and Inner Nuclear Membrane (INM). 

Nuclear pore complexes (NPC) connect the nucleus with cytoplasm (Fig. 8), allowing the  

exchange of several molecules. INM is in contact with nuclear lamina, composed of intermediate 

lamin filaments
 
[39]. It has been shown that there are two lamin types: A-type lamins (lamin A 

and C are splice variants) and B-type lamins. These lamins have a different splicing isoforms of 

which different cell types have a characteristic expression pattern. In addition, these proteins 

confer shape, elasticity and stiffness to the NE and they are correlated with the mechanical stress 

of tissue. In particular, the A/C-type lamins is involved in the reaction to mechanical stress. In 

fact, the expression of these isoforms is low in soft tissues and high in stiff tissues [40]. It is also 

know that lamins tether the chromatin to the NE by contributing to the random chromatin 
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organization. Therefore, nuclear lamina can modulate gene expression directly through the 

interaction with transcription factor or indirectly by acting on chromatin organization, this 

regulate cellular proliferation, differentiation and apoptosis [39]. As anticipated, the NE contains 

also the LINC complex. This protein structure is formed by two protein domains called KASH 

and SUN respectively localized in ONM and INM (Fig. 7). Therefore, KASH proteins bind 

different cytoskeletal elements and SUN proteins interact with intra-nuclear elements. In fact, 

The SUN proteins are connected with A/C-type lamins and they are involved in the force 

transmission and in nuclear deformability in many pathologies [41]. 

                                           

Figure 8: Nuclear pore complex  
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2. Mechanotransduction 

As introduced in the previous section, mechanical stimuli exchanged between cells and between a 

cell and its extra-cellular environment activate specific biochemical and biological functions, 

which influence cell behavior
 
[42]. This additional dimension of functional regulation is defined 

mechanotransduction. All the molecules described in section 1 cooperate in a complex network to 

perform cell mechanotransduction: in this way ECM stiffness signal is transmitted from the 

membrane through the cytoskeleton to the cell nucleus regulating gene expression by means of 

the action of specific effectors. In the mechanical regulation of tissue growth and organogenesis, 

of particular relevance is the Hippo network and its mechanosensing-driven transcription factor, 

YAP. In the next paragraph, we will review the recent literature on the Hippo Pathway, 

highlighting its role in mechanotransduction and tissue development. 

2.1  Hippo Pathway and the mechanical stresses 

Hippo pathways (Fig. 9) has been identified for the first time in Drosophila melanogaster as the 

controller of organ size through cell proliferation and apoptosis [43]. At the core of the 

mammalian hippo pathway are two kinases, namely MST and LATS, which control the activity 

of two closely related transcriptional co-activators, the Yes-associated protein YAP and the 

transcriptional co-activator TAZ through phosphorylation at a specific Serine residue in the 

amino-terminal region of YAP-TAZ [44]. The phosphorylation allows the formation of a protein 

complex which sequesters YAP-TAZ within the cytoplasm. If the LATS kinase is inhibited, then 

YAP-TAZ enter the cell nucleus and, after binding to specific transcription factors (TEADs), 

promote cell proliferation. The scientific community identified two different Hippo network 

signal ways: the “canonical Hippo pathway” which involves the direct regulation via LATS and 

and the “non-canonical Hippo pathway” where YAP-TAZ are regulated independently of the 

LATS kinase. This second pathway is specifically involved in mechanotransduction, and has not 

been completely understood yet. Hereafter we describe the two pathways more in detail. 

Canonical Hippo pathway (Fig. 9) ) is an evolutionally conserved signal cascade [45]. The 

activation of this pathway can start in two ways, through Serine/threonine-protein kinase 

(TAOK1/2/3) that phosphorylate actives mammalian Ste20-like kinases 1\2 (MST1/2), or through 

the direct dimerization of MST1/2
 
[46]. Following, MST1/2 activates the phosphorylation of two 
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scaffold proteins, Salvador homolog 1 (SAV1) and MOB kinase activator 1A (MOB1A/B) that 

are responsible of the recruitment and phosphorylation of large tumor suppressor 1\2 (LATS1/2). 

However, Yin F. et al. have seen that also the Neurofibronina2/Merlin (NF2/Merlin) have a most 

important role because they can directly interact with LATS1/2 by facilitating LATS1/2 

phosphorylation by the MST1/2-SAV1 complex [47]. LATS1/2 phosphorylation inactivates the 

YAP-TAZ complex. Inactivation of YAP-TAZ is due to it  binding with 14-3-3 protein by 

causing of YAP-TAZ cytoplasmic sequestration by resulting ubiquitination and degradation by 

the proteasome [48]. 

- Non-canonical Hippo pathway (Fig. 9) is involved in mechanotransduction response 

although the precise mechanism of action is not completely understood. Variations of 

ECM mechanical properties determine the canonical Hippo pathway inactivation due to 

the destabilization of the actin cytoskeleton integrity [44]. This reduces its downstream 

kinase-mediated YAP phosphorylation [49]. This reduces its downstream kinase-mediated 

YAP phosphorylation. Therefore, YAP moves in the nucleus and binds TEAD/TEF-

family transcription factor by activating transcription of target gene involved in 

proliferation and conditions of stress as ANKRD1, CTGF, CYR61 [50]. It has been 

shown that this phenomenon is determined by the polymerization and depolarization of F-

actin which it is regulated by Rho GTPase [45,51] (described with more details in the next 

paragraph). Therefore, the Rho GTPase activation determines a cytoskeleton modification 

which, not yet entirely clear whether through a direct or indirect effect of LATS1/2, leads 

to the nuclear translocation of YAP-TAZ complex [45,52]. 
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Figure 9: Hippo pathway[49]
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2.1.1 The importance of the way of RHO GTPases 

RHO GTPases are a family of proteins that are responsible of actin cytoskeleton rearrangement 

after the ECM mechanical properties variations. This family of proteins is formed by about 22 

members with best-studied members being RhoA, Rac1 and Cdc42. Rac1 and Cdc42 are known 

to induce plasma membrane protrusions known as lamellipodia and filopodia by stimulating actin 

polymerization [53]. RhoA has been seen to be activated by mechanical stress, by self-inhibition, 

or also by its downstream effectors. It affects cyclic stretch-induced cells and stress fibers 

reorientation
 
[54]. Rho GTPases are activated by Rho-guanine nucleotide exchange factor (Rho-

GEFs) and inactivated by Rho GTPases activating proteins (Rho-GAPs) through the conversion 

of Rho GTPases from GDP-bound forms to GTP-bound forms and conversely
 
[55]. However, 

there are different Rho-GEFs and Rho-GAPs which regulate the spatial and temporal control of a 

variety of actin cytoskeletal structures through Rho family members by determining a different 

cell response [56]. 

2.1.2 Role of Yap-Taz in the cell fate 

The transcriptional co-activators YAP-TAZ  the downstream effectors of the Hippo pathway, and 

are  responsible of the biomechanical answer  to cell shape and ECM elasticity. The complex is  

involved in the regulation of stem cell function, malignant transformation and cell fate 

determination. It has been shown that when the cells are grown on a stiffer matrix, the YAP-TAZ 

complex is localized in the nucleus and activates the transcription. Whereas, when the cells are 

grown on a softer substrate, YAP-TAZ is localized in the cytoplasm. In this case cells adopt a 

round shape and  have  lower adhesion  with the substrate. Therefore, YAP-TAZ activity is 

regulated by cell stretching, spreading and cell size through the cytoskeleton rearrangement
 
[57]. 

Recent studies have shown that YAP-TAZ plays a major role in the breast cancer development. 

Instead, it has been demonstrated that many types of cancer have higher microenvironment 

stiffness accompanied by an increased collagen deposition and the formation of linear patterns of 

collagen fibers than normal tissues [58]. These microenvironment variations determine the 

transcription of YAP-TAZ target genes which promotes tumorigenesis and the metastasis 

formation [59]. YAP-TAZ complex has a fundamental role also in the heart organ development, 

function, and regeneration. In particular in 2016, Ma H. and co-workers  have studied the 
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mechanical interaction between porcine valve interstitial cells (pVICs)and different ECM in the 

onset of calcific aortic valve disease, correlating ECM stiffness to YAP-TAZ activation and 

translocation in VICs nuclei [8]. Also in the hVICs, ECM stiffness leads to high cytoskeleton 

tensioning which determines reversible high levels of YAP nuclear localization. We have studied 

the reversibility of the process treating hVICs with the pharmacological inhibitor of rho-

associated protein kinase (ROCK) signaling pathways Y27632 and we evaluated the molecular 

and mechanical cell response. Surprisingly, we have found that the molecular phenomenon is 

completely reversed 24 hours after drug washout/removal while the mechanical response is 

completely reversed 48 hours after inhibitor washout (see Results, section 6).                                    
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3. Nanotechnology applications in mechanobiology 

3.1 An overview of the principal techniques used in the study of the 

mechanical properties of cells and tissues 

Cells are susceptible to different types of physical and chemical stimuli and these perturbations 

may alter their physical, biochemical and biological properties. Over the years, in order to study 

cellular and sub-cellular mechanical properties, it has been necessary to resort to nano-

technological techniques such as the Atomic Force Microscopy (AFM), the optical tweezers and 

others (Fig. 10). In the last years, these techniques allowed to study how the biomechanics of the 

cell and its micro-environment varies [60] and how these variations are involved in different 

cellular processes and in the onset of different diseases
 
[1,2]. 

- Optical Tweezers (Fig. 10a) use as probes glass particles moved by focusing on them a 

laser beam to a diffraction-limited point by means of a high numerical aperture 

microscope objective. These dielectric particles may have dimensions ranging from 20 

nm to several micrometers. Optical tweezers use a highly-focused laser beam to provide 

an attractive or repulsive force (typically on the order of pico-newton), depending on the 

refractive index mismatch between the immersion medium and the probe, to physically 

hold and move microscopic dielectric objects to punch, press and pinch microscopic 

objects in a similar way tweezers are doing in the macroscopic world. Optical tweezers 

are able to apply forces in the range from 0.1 to 100 pN [61] and have been particularly 

successful in studying a variety of biological systems in recent years [62]. In cell stiffness 

characterization, the spherical probe, usually made by glass, is positioned on the top of the 

cell and the piezoelectric stage holding the sample moves vertically in order to obtain the 

indentation. Displacement-indentation curves are subsequently used to determine the 

mechanical properties of the measured sample.   

- Micropipette aspiration (Fig. 10b) uses a set of micromanipulators to move in the three 

dimensions a glass capillary micropipette. In this framework, a vacuum generator is used 

to apply a suction negative pressure on the micropipette final aperture in order to such 

part of the cell under investigation. An optical microscope is used to evaluate the 

amount/portion of cell sucked by the pipette acquiring an optical image
 
[63]. This system 
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evaluates the mechanical properties data of the single cells by evaluating the cell 

deformation after the pressure suction [64]. 

- Microfluidic device (Fig. 10d) are usually constituted by a micrometrical chamber that 

allows to study cells in physiological condition mimicking their in vivo environment 

when a (usually) shear force is applied to the cells. However, many different device 

configurations were developed in order to study the biomechanical and/or biochemical 

properties of cells. In particular, the biomechanical flow cytometry is a common system to 

study cell mechanical properties. This device is constituted by narrow microfluidic 

channels hosting sample cells in which the cell solution is pumped. Subsequently, 

changes in cell size due to shear-induced deformation are recorded [65] together with the 

transit time of the cells inside the channels [66].   

- Magnetic nanoparticle stimuli (Fig. 10c) is an original method similar, in some way, to 

the optical tweezer approach: magnetic fields are used to press magnetic nano- or micro-

particles on the cell membrane evaluating, in this way, their mechanical properties as 

expression of displacement-indentation plots. In some experimental procedure, the 

magnetic nanoparticles are internalized by the cells and moved in an oscillatory fashion 

by means of a micro-magnetic culturing slide [67].  

- Atomic Force microscopy (Fig. 10e) is a scanning probe microscopy relying on 

mechanically scanning a surface with a nanometric sharp probe and providing a three-

dimensional space reconstruction of the entire sample. However, this technic could be 

used not only for surface reconstruction purposes but to evaluate the cell or tissue 

mechanical properties too via force-indentation curves. Briefly the piezoelectric scanner 

moves the tip until it interacts with the sample surface and indents it by elastic 

deformation. From the resulting force-displacement curve, the elastic modulus of the 

portion of sample below the tip is calculated [68]. 



29 
 

  

   

Figure 10: An example of different approaches usable to determine mechanical properties of 

cells or of their compartments (e.g. nuclei or processes): (a)Optical Tweezers; (b)Micropipette 

aspiration; (c)Magnetic nanoparticle stimuli; (d)Microfluidic device; (e)Atomic Force 

Microscopy[69–71]
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4 The Atomic Force Microscopy 

The atomic force microscope (AFM, in short) belongs to the family of scanning probe 

microscopes (SPMs) and is characterized by the use of a nanometric sharp probe to investigate 

morphological properties of surfaces with sub-nanometer resolution. In general, the AFM is 

characterized by the use of an ultra-sharp tip mounted at the end of a flexible micro-cantilever 

made by silicon or silicon nitride. The relative scanning motion of the cantilever above the 

surface is possible thanks to one or more piezoelectric crystal, allowing sub-nanometric 

displacement control and resolution. These piezoelectric scanners move the tip above the sample 

surface (or, depending on instrument configuration, the substrate below the tip, that stays 

stationary) by following a raster-scan motion: a sequence of fast horizontal lines alternated by 

slow steps in the vertical direction. Tip deflection is recorded through a laser that is reflected by 

the back of the cantilever onto a four-quadrants photodiode detector. When the tip interacts with 

the sample surface the cantilever deflects and the laser spot changes position on the photodiode. 

Every nanometrical deflection of the cantilever is converted by an optical lever path in a large 

movement of the laser spot on the four quadrants photodiode detector allowing an easy and fast 

determination of the amount of cantilever deflection. Hereafter the deflection induced by the tip-

surface interactive forces [72], is converted into an electrical signal whose variation is 

proportional to the variation of sample surface height (Figure 11).  

 

Figure 11: Atomic Force Microscopy working principle [73]  

In contact-mode modality (see the following paragraph about AFM working modalities for 

details), thanks to a force feedback loop, the AFM tip applies during its canning a constant force 
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to the sample. We can determine the value of the exert force by knowing the cantilever stiffness 

(k) and applying the Hooke’s law: in this way, we can use this linear relationship to evaluate the 

applied force (F) as function of cantilever deflection: 

                                                        𝐹 = −𝑘𝑥                                                     (4.1)                                                                  

where F is usually a value between 10 pN and 1 µN, the elastic modulus of the cantilever k is 

about 0.01÷50 nN/nm and the displacement z is in the nm to µm range.  

The imaging resolution of AFM technique depends, among other parameters, by tip shape and its 

cantilever elastic characteristic. Regarding possible cantilevers geometries, they can be 

rectangular or triangular (Fig. 12a) with a length between 2 and 200 μm and thickness usually 

above 1 μm, resulting in a spring constant in the range of tens of pN/nm to tens of nN/nm [74]. 

Whereas, the choice of the appropriate AFM tip is determined by the sample morphology, 

stiffness and kind of characterization we would to carry on (e.g., surface reconstruction, force 

mapping, electric measurements, etc. etc.). As a general rule, for contact-mode imaging purposes 

on soft materials (e.g., cells), soft or ultra-soft triangular or rectangular cantilevers are used. 

Instead, for nano-indentation experiments on cells, cantilever stiffness has to be choose as 

function of tip shape in order to apply to the cell a sufficed load to test it but not so large to 

damage the cell itself. In this context, I would like to anticipate that cantilever endowed with 

different shapes of the probes at the end, such as flat-punch, spherical tip, pyramid tip and conical 

tip (Fig. 12b-e) could be used. Each of these tips has its own advantages and disadvantages: the 

flat-ended cylindrical punch is preferred for a very soft and fragile cellular or subcellular 

structure and its data interpretation is very easy because the contact area is a constant. 

Unfortunately, punch edges could result in substrate damage if medium to high forces are applied 

[75]. The spherical tip is used as well for soft and delicate samples as in the punch cylinder case, 

but it is particularly useful if the risk of sample damaging is high. In fact, using this penetrator, 

the contact area is not constant but function of the applied force. Consequently, sample is 

subjected to a stress where the effective strain is connected to the ratio between the contact radius 

and the sphere radius [76]. Finally, the very sharp pyramidal tip is employed to study extra-small 

features thanks to its low contact surface (few square nanometers) but may easily damage the 
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sample due to enormous pressure exerted by the tip that reduce the control we have on its 

effective value [77]. 

 

Figure 12: (a)rectangular and triangular cantilever;(b) pyramidal tip;(c) flat-punch; (d) 

spherical tip;(e) conical tip. 

4.1 AFM working modalities 

AFM working modalities are strictly correlated to the interaction force region where the 

tip/sample interaction fall. This interaction could be repulsive in short distance (< 1 nm tip-

sample separation) or attractive over long distances (Van der Waals force, tip/sample distance 

larger than 1 nm but lower than 100 nm). As consequence of that three operation modes could be 

defined for AFM: if the repulsive force is predominant, AFM work in the so-called contact mode. 

During the contact mode AFM tip is in constant and gentle contact with the surface of the 

sample. In this regime, a small variation in the distance causes a steep variation in the attractive 

potential and the repulsive forces cause a negative deflection of the cantilever. In the AFM 

contact imaging mode, the measurement of the cantilever deflection, and so, the applied force, is 

given as input to a feedback circuit, which point-by-point corrects the cantilever bending by 

moving the tip closer or farther to the surface maintaining it fixed at a certain set-point (the force 

value defined before starting the AFM measurement) all along the time the tip is scanning the 

sample (force-constant contact mode measurement) [78]. In this regime, the tip is in direct 

physical contact with the sample surface and the amount of the exerted force is function of the 

force set-point set and of the shape (aka the contact area) of the used tip. If, instead, the attractive 

force is prevalent and the tip never physically touch the sample, the mode is called not contact 
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mode. In this method, the probe is made oscillating near to its resonance frequency at an 

amplitude ranging from a few nanometers to a few micrometers. The variation of the amplitude 

of oscillation when the excitation frequency is maintained constant could be only due to a 

perturbation connected to the establishment of a tip surface interaction. A feedback-loop able 

move the tip closer or farther is used to maintain constant the amplitude during tip scanning 

enabling, in this way, to obtain the topographic image of the sample [78]. The third AFM mode 

of operation is the so-called intermittent contact mode where both attractive and repulsive force 

are involved. In this case during the scanning it is possible to record and maintain constant the 

cantilever oscillation amplitude as in no-contact mode. Anyhow, in this modality, the tip touches 

intermittently the surface, falling “instantaneously” in the force repulsion regime and, as a 

consequence of this, the resolution this modality gives is intermediate to the resolution achievable 

by contact and no-contact modes [79] (Fig. 13). 

 

Figure 13: AFM force-distance curve. In this curve, it is represented the role of different 

interaction between the tip and the sample. The tip begins to feel attractive long range forces 

which is non-contact AFM region, until tip and surface electron orbitals are so close to start 

exerting repulsive forces called contact mode AFM region. Between these two regimes lies the 

intermittent-contact region. 

4.2 AFM force spectroscopy  

As previously stated, the AFM has been initially used in the biological research field just for 

three-dimensional image acquisition of living biological samples [74]. Following, the microscope 

has been extended in its use to evaluate many other biological parameters, such as interaction 

forces between single molecules, cell adhesion forces and, pf course, sample mechanical 

properties. Thanks to AFM ability to measure the elastic properties of biological samples in 
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physiological conditions, its use is increasingly growing pointing out, in particular, how the 

mechanical properties of cells are extremely important to study many pathological conditions 

[80]. Therefore, many research groups and companies are making efforts to develop innovative 

diagnostic tools giving the possibility to perform AFM force characterization of cellular/tissutal 

samples directly in hospitals for early stage disease diagnosis [81,82]. 

4.2.1 Single cell AFM force spectroscopy 

In the last few years, many studies have focused on the study of single cells mechanical 

properties or on the study of factors that are involved in the variation of cells mechanical 

properties. One of the most important of such parameters influencing elasticity of cells is the 

stiffness of the extracellular matrix (ECM) [2]. Many studies have demonstrated that the ECM 

mechanical properties are extremely important in cell development [83,84], differentiation and in 

the speed of drug delivery [85]. AFM was used in this contest to characterized both mechanical 

properties of the ECM and of the cells. Interestingly, AFM could be used as well to evaluate the 

effect of specific drugs, due to the fact many of them interact with cell actin and microtubules 

structure or pathway determining variations in the cell elastic modulus [86].  

AFM indentation data demonstrated that in many pathologies such as the anemia, diabetes, 

cardiomyopathies, Parkinson’s and Alzheimer’s diseases, cancer and many others, the 

mechanical properties of affected cells are perturbed resulting in a characteristic fingerprint for 

these diseases [82]. For example, Wu X. and coworkers, in 2016, used the AFM to study the 

mechanical properties of neurons in the mice model of chronic epilepsy [87]. They demonstrated 

that an increase in neuronal elasticity could be associable to pathology progression [87]. 

However, cancer is so far the most studied disease by means of AFM, due to the fact the high 

versatility of this microscopy technique allows to study cell migration, morphology and stiffness, 

all parameters of great relevance for cancer studies [88]. In particular, breast cancer is the most 

studied due to the social impact among female population. The AFM evaluation of cell elastic 

modulus in different types of breast cancer has made it possible to point out that the most 

aggressive tumor cell phenotypes are significantly softer than healthy cells, allowing cell sorting 

based of cell mechanoresponse [89,90]. In another study they shown that the Young’s modulus of 

breast cancer cells is proportional to the migration capability of such cells [91]. Nevertheless, 

there are as well evidences, such as in the case of Maherally Z. and co-workers’ studies, 
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demonstrating that, in the case of low aggressive tumors, there is any correlation between the 

reduced cell stiffness and their invasive potential [91].  

4.2.2 AFM force spectroscopy on tissutal slides 

In the last decade, atomic force microscopy has been used not only to evaluate the mechanical 

properties of individual cells, but also to carry out tissue force maps. Although the number of 

articles on this topic is limited, there is an increasing interest in developing new evaluation 

procedures able to detect chemical or physiological changes at very early stages of disease 

progression, meaning well before the pathological fingerprint become histologically visible [92]. 

The first tissues analyzed by AFM were breast cancer slices from Human. In fact, Plodinec M. 

and co-worker have exploited high-resolution stiffness mapping of tissue slices in order to 

distinguish cells and ECM on the base of their mechanical properties and, moreover, they tried to 

study cell stiffness as function of tumor progression. Their results have confirmed the pivoting 

hypothesis that metastatic cells must be very soft to easily migrate into and through the 

surrounding tissues [81]. Another research group carried out a classification of breast cancer 

aggressivity by correlating force maps with histological staining of typical cancer markers such 

as Luminal A, Luminal B and Her2 [93]. Moreover, the AFM could be used as well to measure 

the brain tissue stiffness. Elkin B. S. et al. have studied how the rigidity of hippocampal and 

cortex tissue changes with aging on rat brain tissue slices. They have found that with aging the 

stiffness of the tissue significantly increases [94]. Following the work of Elkin B. S. and 

coworkers, other groups analyzed the hippocampal tissue but with a higher resolution in force 

map reconstruction: thanks to the higher spatial resolution of AFM, they could identify regions in 

the hippocampus which are characterized by different stiffness; these areas have been traced back 

to different levels of cell maturation [95]. It was seen that there is a strong correlation between 

the cell distributions and axon orientations and tissue stiffness in the spinal cord tissue too [96]. 

AFM force mapping has allowed to demonstrate that the variation of grey matter pH is consistent 

with tissutal stiffness values [92]. Following, Franze K. et al. studied how elasticity of neocortex 

and spinal cord change over post-injury time by means of AFM. In their work they have clarified 

that the neuronal growth is regulated and guided by tissue paths characterized by a lower stiffness 

than the surrounding regions [97]. In parallel, Jorba I. et al. proved that the brain stiffness is 

influenced by ageing and chronic intermittent hypoxia [98]. With this very short review about the 

topic I would just stress about the fact tissue mechanical properties are extremely important in the 
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onset of many tissue organization and maturation, pathological development cellular migration. 

In particular, tissue stiffness and ECM structure seems interconnected entities able to mutually 

influence through their chemical and mechanical properties. In this framework, AFM micro-

indentation analysis have shown that ECM stiffness increases after fibrosis in the lung and this 

data is confirmed by the lack of expression of cyclooxygenase-2 and synthesis of prostaglandin 

E2 [99].  

 

4.3 Evaluation of mechanical properties by AFM via force-distance curves 

Different strategies could be followed to determine the mechanical properties of a sample taking 

advantage of AFM, anyhow the most common consists in the analysis of force-distance approach 

curves. These are derived indenting an AFM tip of specific shape (see previous paragraphs) into 

the sample surface recording the deformation of, and consequently the force applied by, the 

cantilever. Analyzing in detail what happens to the probe when it is advanced close to the sample, 

at a certain point the tip jumps into contact with the surface (Fig. 14). From this contact point, by 

pushing more the base of cantilever against the sample, the negative deflection of the cantilever 

increases proportionally to the applied contact force. The cantilever penetrates into the material 

more or less as function of material compliance and force vs. indentation data may be used to 

investigate the elastic properties of the sample itself, obtaining in this way the value of sample 

stiffness in terms of Young’s modulus (see previous paragraphs). Reversely, an inverse curve can 

be obtained when the tip is progressively removed from sample surface until anymore in contact 

with it. This is called the retracting force-distance curve, and it is tremendously useful to study 

the presence of any adhesion forces between tip and surface. 
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Figure 14: Force curve: 1) there is not interaction between tip and sample and they are far; 2) 

the tip ”jump to contact”; 3) the tip approaches with sample that leads to a positive deflection of 

the cantilever due to repulsive forces; 4) the tip moves toward the opposite direction and, at the  

beginning, the behavior is similar to that described for the approach; 5) the cantilever deflects 

negatively for the adhesion between tip and sample; 6) adhesion forces are overcome by 

cantilever restoring forces and the tip is detached from the sample 

The force curve is an x-y plot, in which the distance between the base of the AFM cantilever and 

the surface under investigation is reported in the x-axis for both the approach and retraction parts 

while in the y-axis the deflection of the cantilever (measured in mV) is reported. It is important to 

point out that: 

(i) the variation in the distance between the base of the AFM cantilever and the surface is 

similar to the variation in the distance between tip apex and the surface until contact point is 

reached. At this point, if the material has infinite rigidity, the tip surface distance will be zero 

while the distance between the base of the AFM cantilever and the surface could be further 

reduced and will result only in cantilever deformation (so, increase in applied force).  

(ii) If the material is soft, the tip could penetrate into the surface and the deflection of the 

cantilever due to the further reduction of the distance between the base of the AFM cantilever and 

the surface has to be corrected by the distance apex tip penetrate into the material. The entity of 

this penetration is inverse function of the stiffness of the sample. The applied force is always 

given by the cantilever deflection but the amount of indentation has to be calculated. In this way, 

the deflection can give a direct measure of the force exerted by the tip on the sample [68]. 

 



38 
 

In general, qualitatively speaking, if the slope of the curve is linear and at a slope of about 45°, 

this is an indication of a sample extremely hard and no indentation took place (Fig. 15a). 

Otherwise, when the sample is soft, the shape of the force-distance curve is more parabolic than 

the previous one with a slope below 45° [74] (Fig. 15b).  

 

Figure 15: Force-distance approach curves: (a)There is not deformation of the stiff sample; 

(b)Deformation of the soft sample [74].  

4.3.1 Force curve analysis 

In order to effectively calculate in a quantitative way sample’s Young’s modulus, it is mandatory 

to proceed with the calibration of cantilever elastic modulus in order to make usable the data 

coming out from force curve via a force curve fitting procedure. Therefore, to calibrate the 

measurement we have to evaluate the optical sensitivity of the AFM system used and the 

cantilever spring constant must be calculated. The sensitivity value (S, mV/nm) is obtained by 

measuring the force-distance curve between a cantilever and a reference bare hard surface 

(considered not deformable). The repulsive contact region is linear for the interaction between a 

tip and a hard substrate, therefore the software can determine the converting factor to transform a 

deflection value expressed in millivolts (mV) into a usable deflection value x expressed in 

nanometers (nm): 

                                                                    𝑥 =  
𝑉

𝑆
                                                              (4.2) 

When all the force curves performed on the sample of interest are done, this value will be used to 

calibrate the applied forces, in fact, cantilever deflection could be now expressed as a distance x 
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(in nanometers) and converted this into a quantitative value of force F by multiplying it by the 

cantilever spring constant (k, nN/nm) taking advantage of the Hooke’s law (eq. 4.1): 

                                                                   𝐹 = 𝑘𝑥                                                             (4.3) 

This force is clearly increasing as much as the cantilever is pushed towards the sample surface. 

The normal spring constant of a rectangular AFM cantilever can be determined using the Sader 

method [100]. Summarizing, only after having performed such calculations, it is possible to 

convert the deflection-displacement curve obtained by the AFM in a force-indentation curve 

analyzable by the software via opportune fitting model procedures (see next paragraph) [68,74].  

Young’s modulus numerical value estimation could be obtained by fitting force-indentation 

curves with opportune numerical models. Among all, fitting models such as Hertzian, Sneddon, 

Johnson–Kendall–Roberts (JKR) and Derjaguin–Muller–Toporov (DMT) are the most used and 

diffuse in cell biomechanic research (see a detail description later in this chapter). All models 

take into account the geometry of the AFM tip [74]. Therefore, in all our experiments, the 

Hertzian model was used to determine cell stiffness in terms of Young’s modulus (E) [101]. 

4.3.2 Fitting models 

As I have already introduced in the previous paragraph, different fitting models are available to 

researchers to analyze force spectroscopy data extrapolating, in this way, reliable information 

about cell stiffness. Among all these models, each of which is characterized by well-defined 

application conditions, limits and advantages, the most used (and accepted) by the biomechanical 

research community is the Hertz model (or Hertzian) applied taking into account all the necessary 

experimental conditions concerning, for example, the probe shape and the minimum thickness the 

sample under investigation has to have. In fact, nowadays, the Hertz model is the analytical 

approach to treat force-displacement data in the majority of indentation experiments involving 

cells or microscopic and macroscopic biomolecules. The Hertz formalism is founded on the 

theory of linear elasticity and must satisfy a Hookean relationship (eq. 4.1). This describes the 

elastic deformation of two sphere, where the relation between the applied force (F) and the 

resulting indentation is:  
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                                        𝐹 =
4𝐸𝑅

1
2

3

𝛿
3
2

(1−𝜇2)
                                 (4.4) 

where E is Young’s modulus, µ is the Poisson’s ratio of the indented material that is ranging from 

0 to 0.5, in particular the larger value is used for living cells, and R is the radius of the rigid 

indenter. δ determines the contact radius (α) through the following relation [102]: 

                                                                          𝛼 = 𝑅
1

2𝛿
1

2                                                 (4.5) 

However, the Hertz model becomes invalid when the indentation depth is comparable to the cell 

dimension [103]. 

An alternative fitting model is the Sneddon’s model. It considers the interaction between a 

conical or paraboloidal tip and a flat sample. The equation which calculates the indentation force 

for a conical tip is: 

                                                                𝐹 =
2 tan(𝛼)

𝜋
𝐸𝛿2                                                    (4.6) 

Whereas for the paraboloid is: 

                                                                  𝐹 =
4√𝑅

3
𝐸𝛿1.5                                                      (4.7)  

The variables are the same of the Hertz model (4.5) [74]. 

In JKR and DMT models the adhesion force between two (micro)spherical bodies is considered 

as well. In addition to that, JKR takes into account adhesive force inside the area of contact and is 

favored for large and compliant spheres (µ>5). 

                                                          𝐹 =
9

4
𝐸√𝑅𝛿

3

2∆𝛾𝜋                                                        (4.8) 

On the other hand, DMT model evaluates the adhesive forces outside the contact area and holds 

for small and stiffer spheres (µ<0.1). 

                                                      𝐹 =
4

3
𝐸√𝑅𝛿

3

2 − 2𝜋𝑅𝛾                                                     (4.9) 
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Also for this two models, the variables are similar to Hertz model (4.5) expect for γ that it is the 

work of adhesion [104,105].   

4.3.3 Finite element method 

All methods explained until now hypothesize that all, the sample, the tip and the substrate under 

investigation are homogenous bodies with a well determined geometry. This hypothesis is far 

from reality, in particular when the analysis has to be conduct on living systems, as cells. Some 

authors have used finite element modeling to overcome these problems. Finite element modeling 

(FEM) converts a complex geometry into a finite number of elements with simple geometries all 

describable with and interconnected by simple mathematical relations. To do this, a system of 

equations is generated and solved for each element that is assembled to ensure continuity of the 

entire system. Data produces by FEM are complex and require heavy computational power to be 

carried on in a reasonable time-frame. Many different software packages are available as 

commercial software (e.g., COMSOL Multiphysics, Abaqus, etc.) or freeware. Anyhow, their 

complexity and the necessity to perfectly set the contour conditions of the used mathematical 

model make them a tool not generally used and diffused among AFM users studying cellular 

mechanobiology [74,106].  
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5 Relevance of mechanobiology and mechanotransduction in clinical 

research 

Mechanobiology and mechanotransduction are become increasingly important research topics of 

the clinical scientific community due to evidences of their involvement in basically all the 

biological cell functions and regulations, from the development of a tissue to the onset of a 

disease
 
[1,16]. For this reason, clinical interest in the study of biophysical processes is rising and 

is focusing on developing new (nano-technologic) tools able to improve common diagnostic 

techniques. In this part of my thesis I am going to present three examples of cellular systems in 

which biomechanics and mechanotransduction play a very relevant role. 

5.1 Mechanobiology in the onset of calcific aortic valve disease 

5.1.1 Aortic valve structure 

The aortic valve (AOV) is situated inside the aortic root, between left ventricle and ascending 

aorta. It consists of three leaflets called left coronary, right coronary and not-coronary. These 

three leaflets are supported by a ring-shaped fibrous structure that is connected with the heart 

muscle [107]. They are less than 1 mm thick in humans, but may vary from individual to 

individual [108]. Every leaflet is formed by three distinct layers called: fibrosa, spongiosa and 

ventricularis. These three layers have different and characteristic fibrous composition directly 

related to their function [109] (Fig. 16). Fibrosa is on the aortic side and is mainly formed by 

collagen type I and collagen type III. It acts as the main load-bearing layer. Spongiosa has the 

main function of lubricate the adjacent fibrosa. It is primarily composed by proteoglycans 

embedded by collagen fibers [109]. Ventricularis is instead located on the opposite ventricular 

side and composed of a mixed network of collagen and elastin fibers. Elastin is responsible to the 

minimization of systole and diastole associated stresses [110]. The aortic valve includes two main 

cellular components, deeply described in the next paragraphs, playing an important role in all 

cardiomyopathy. The first cellular component resides in the more external party of the leaflet, 

and cells composing it are named valvular endothelial cells (VECs) assemble as a monolayer and 

contribute to valve homeostasis and permeability [111]. The second component is located in the 

inner layers of the leaflet, and is composed by cells named valvular interstitial cells (VICs). This 
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heterogeneous cell population is mainly composed by fibroblasts cells (Fib), smooth muscle cells 

(SMc) and by a small percentage of myofibroblasts (Mfib) (<5%). In the onset of calcific aortic 

valve disease the myofibroblast subpopulation increases up to 30% and, subsequently, 

differentiate in osteoblasts-like cells [112]. These cells, in terms of an increase in number or, 

more important, in terms of an increase in their cellular stiffness, will be the cellular indicators of 

a pathological evolution (or progression) occurring in the tissue. 

 

 

Figure 16: Schematic representation of aortic valve leaflet structure 

5.1.2 The calcific aortic valve disease 

The diseases affecting AOV are widely diffuse worldwide and the most common among them is 

the calcific aortic valve disease (CAVD), which  could be considered the main cause of aortic 

stenosis [113]. This pathology could present in two forms: congenital disease or aging disease. In 

both cases CAVD is characterized by the thickening due to calcification of valve leaflets [114]. 

The starting process correlated to CAVD is the aortic stenosis, an abnormal narrowing of the 

valve diaphragm passage mainly due to the inflammation determined by the mechanical stress 

induced by the altered shear blood flow. This anomalous blood flow leads endothelial damage 

allowing the penetration of inflammatory cell infiltrates, lipoproteins and lipids [115]. This 

inflammation goes along with the phenotypic modification of the VICs, which are characterized 

by 5% of myofibroblasts population in an healthy valve, that undergo through an increase of  

myofibroblasts population to more than 30% in a no longer healthy valve [112]. Another 

characteristic feature of this disease is the significant change in the extracellular matrix (ECM) 

that appears to be not only the result of the dysfunction of the valve cells but also contributes to 
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the progression of the pathology altering the cellular and molecular signalling [112]. Both these 

factors determine the phenotypic differentiation of myofibroblast to osteoblast-like cells and the 

formation of calcium nodules inside the leaflet [116]. Therefore, it has been suggested that the 

mechanical heterogeneity of the tissue valve may affect the cellular sensitivity to pathological 

signals [117,118]. In VICs, isolated from porcine, it was also seen that the differentiation in 

myofibroblasts is induced by the transforming growth factor (TGF)-β1, but requires the presence 

of β-catenin, which increases its nuclear translocation proportionally to the rigidity of the ECM. 

Again, the critical role of cell and ECM stiffness is pointed out. It is also apparent that the 

increase in the stiffness of the substrate causes an increase in the global elastic modulus of the 

cells, which leads to a significant increase in expression of α-smooth muscle actin (α-SMA) in 

stress fibres [80]. In the ECM sustaining an healthy aortic valve, collagen fibres are well 

organized while in the onset of the disease this organization is partially lost [119,120]. This could 

explain the local variations in ECM mechanical properties associated to cell cultures developed 

on stiff substrates (e.g. glass) [121,122]. Other factors that determine the ECM mechanical 

variation by causing variations in VICs phenotype are stress relaxation and transvalvular pressure 

[123,124]. Based on observations on the role of collagen in the onset of the disease, Ma H. and 

co-workers demonstrated that variations in the matrix mechanical properties affect the phenotypic 

properties of VICs thought a YAP associated cascade signalling in porcine valvular interstitial 

cells (pVICs) [8,125]. As explained in Chapter 6 of this thesis work, I have found that the ECM 

mechanical properties affect the VICs phenotype thought a YAP signalling in both in vitro and ex 

vivo human model. In addition, I have identified a stiffness range for the substrate able to put 

cells in a state of quiescence where any pro-pathological drive took place. Thanks to this result I 

have been able to decouple the mechanical contribute from the substrate from the morphological 

contribute of the matrix identifying CNTs carpet as a nanostructured material that have a positive 

effect on VICs phenotype. 

5.2 Mechanobiology in the cancer 

5.2.1 Cancer  

Cancer, being the second cause of death in worldwide, has attracted the attention of a large 

portion of biomedical research, mainly attempting to understand the disease very first seeding 
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conditions and, in parallel, to develop new tools able to reduce cancer progression [126]. Cancer 

is an extremely complex and multistep disease that during its progression transforms normal cells 

into their malignant derivatives. It not only determine a uncontrollable cell proliferation rate but it 

recruits also different cell types, such as endothelial cells, immune inflammatory cells or cancer 

associated fibroblasts, in order to facilitate tumorigenesis  [127]. However in the onset of cancer 

disease, the cells obtain special properties like resistance to programmed cell death (PCD), ability 

to induce angiogenesis, invasion and metastatic formation [128]. In recent years, their 

invasiveness and metastatic capacity have attracted interest in studying the role of extracellular 

matrix mechanical properties in regulating these processes [129,130]. In fact, there is a 

continuous exchange of information between cells and the ECM that results in a bi-univocal 

change in cell behavior during the pathological processes [131,132]. Therefore, it has been 

demonstrated that the biophysical properties of ECM is very important in regulating and 

perturbing the invasiveness and migration rate processes during tumorigenesis [133–136]. 

Following, the interest in the cancer biophysics increase because can be used not only to 

discriminate between healthy and cancerous states [81,137] but, more importantly, to identify the 

degree of aggressiveness and invasiveness [93], giving to clinicians the possibility to understand 

tissue response to specific chemotherapists opening to a personalized medicine approach [138]. 

5.2.2 Tumor-associated p53 missense mutants 

In these recent years, thanks to the  identification of various somatic mutations in cancer, has 

been possible to develop several target genes therapy for cancer treatment. In particular, TP53 

seems to be the most frequently altered gene in human various tumors [139]. These mutations are 

“missense mutations” which impact single residues in the core domain by determining in the 

inability to bind p53-consensus sites on DNA reducing their functionality [140]. It has been 

observed that this protein mutant is very stable [141], and not occurring in normal tissue [142], 

giving rise to the possibility that stability is given by oncogenic signals [143]. However, mutant 

p53 has been demonstrated to be spatially heterogeneous in individual tumors [144,145] 

hypothesizing that its protein stability may be influenced by local chemical or mechanical 

environmental signals. These proteins succeed in subverting a remarkable variety of pathways to 

promote cancer cell survival, proliferation, invasion, migration, stem cell expansion, 

chemoresistance, tissue remodeling, and chronic inflammation. The specificity of mutant p53 to 
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the tumor cells allowed to design specific therapies for tumors leaving intact the healthy tissue 

[146,147]. Mutant p53 leads to the reprogramming of cancer cell metabolism via induction of the 

mevalonate pathway and determines the nuclear localization of YAP-TAZ complex [148] that 

promotes tumor cell proliferation, disorganized polarity, and cancer stem cell attributes including 

chemoresistance [149]. In the last year was demonstrated that p53 mutant stabilization depends to 

mevalonate/RhoA signaling [150]. In addition, the variation of ECM stiffness determines actin 

polymerization or depolymerization by stabilizing mutant p53 and activating drug resistance, thus 

facilitating malignant progression. 

5.3 Mechanobiology in myogenesis 

Myogenesis is the process of muscle (re)generation. The process is divided in different steps: 

embryonic myogenesis, perinatal phase and adult myogenesis. These lead to the formation of 

skeletal muscles which are characterized by the expression of contractile, multinucleated fibers, 

characterized by a highly ordered assembly of sarcomeric myofibrils [151]. Another very 

important skeletal muscle feature is its capacity to regenerate. This process initiate with the 

activation of stem cells following usage, injury or disease [152]. The functional development and 

the regeneration of skeletal muscle is strongly regulated by the extracellular matrix for spatial 

organization, structural support and, more interestingly, mechanical regulation and support [153]. 

The ECM can affect cellular behavior through variations in the fiber composition by determining 

change in local stiffness [154]. Calve S. and Simon H. G. have shown that changes in both local 

stiffness and chemical/molecular composition of the ECM control and modulate skeletal muscle 

regeneration [155]. In particular ECM stiffness and macromolecular compositions are most 

important in two steps of skeletal muscle regeneration called repair phase and remodeling phase 

[156,157]. In the repair phase the ECM is responsible of the recruitment of stem cells at the point 

where the damage occurred and to stimulate them to proliferate and differentiate [156,158]. 

These evidences have generated great interest in the production of biomimetic scaffolds to direct 

skeletal muscle regeneration [159]. There are two different approaches to obtain scaffolds for 

skeletal muscle regeneration, in vitro and in vivo [160,161]. Skeletal muscle regeneration in vitro 

is carried out by seeding myoblasts onto scaffolds made by different materials [162] and that 

must guarantee, at the end of the regeneration process, all the muscular features [163]. The 

scaffolds can be formed by synthetic polymers, by decellularized ECM materials and/or by 
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natural polymers. In the last years, a new class of biomimetic materials was developed 

characterized by amazing features: as powerful tools in this framework are the Human Elastin-

Like Polypeptides (HELPs). This polypeptide structure is formed by repetitive penta-or hexa-

peptide motifs detected in human elastin [164,165]. In this thesis work three different peptides 

have been used and were called HELP,  HELP1 and HELPc [166]. HELP and HELP1 are 

different for the presence of the cross-linking domains and have been tested as growing substrates 

for myoblastic cells demonstrating that they can stimulate cell proliferation and differentiation: a 

good indication as effective biomaterials for skeletal muscle regeneration [166]. HELPc differs 

from the other two peptides from fusing, at the C-terminal, a sequence the α2 isoform of a 

collagen type IV containing two Arg-Gly-Asp (RGD) motives [167]. I have tested HELPc as 

growing substrates for C2C12 myoblast cells by comparing with the HELP and HELP1 effect. 

Therefore, I had seen that HELPc improves the myoblasts adhesion, differentiation and fusion by 

combining several methods, as immunofluorescence, AFM for mechanobiology analysis and 

Ca
2+

 imaging [167]. Following, I have exploited a repeat hydrophilic sequence in HELPc, 

containing Gln and Lys residues, in order to obtain hydrogel matrices. Therefore C2C12 cells 

were cultured on HELPc hydrogels at different monomer concentration (resulting in different 

stiffness) to study the biochemical effect together with the mechanical contribution of the 

hydrogel substrates. Interestingly,  comparing the behavior of C2C12cells seeded on glass coated 

by hydrogels made by different grades of crosslinked HELPc, I found some intriguing differences 

in cell adhesion, proliferation and differentiation. We concluded that HELPc hydrogels could 

have a potential application in muscular tissue engineering [168].  
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Aim of the Thesis 

The aim of this thesis work it to demonstrate how a nano-technological tool, as the Atomic Force 

Microscope is, could be effectively used to study how cells respond to the physical properties of a 

natural or artificial niche, transducing them into biochemical signals which can alter the cellular 

system. Changes in the organization, composition and mechanical properties of the extracellular 

matrix (ECM) could determine significant changes in cell behavior and fate. In this context, the 

interest, by the clinical scientific community, in studying biomechanical properties is 

continuously rising due to the fact tissue mechanical properties could be used as a marker for 

very early diagnosis of pathologies or, likewise important, to develop new prosthetic materials 

able to stop, or at least slow down, disease progression. For this reason, many companies are 

focused on developing new (nano-technologic) tools, or simplifying existing ones, in order to 

improve common diagnostic techniques. Among the various nano-technologic tools available 

nowadays, the most advantageous in my opinion is the atomic force microscopy (AFM). This 

belongs to the family of scanning probe microscopes, so it can capture images with sub-

nanometer resolution of surface morphology but, due to its extreme versatility, it has been 

extensively used as well in order to evaluate the interaction forces between single molecule, cell 

adhesion or, more interesting for my thesis work, the mechanical properties of single cells and/or 

tissues. In addition to its versatility, AFM does not require any particular sample preparation 

before characterization that could be perform, in principle, in both hydrated or dehydrated 

condition, on indifferently, fixed or native cellular samples. 

Thus, in this thesis I demonstrated how the Atomic Force Microscopy could be considered the 

keystone technique able to extend, and be combined to, conventional diagnostic techniques in a 

clinical setting. To prove that, I described here three examples where AFM demonstrated to be a 

fundamental tool to study mechanobiology and mechanotransduction drive in the onset of calcific 

aortic valve disease, regulation of cancer associated p53 missense mutants and, finally, in 

myogenesis. 
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Results 

6 Mechanobiology in the onset of CAVD 

As previously reported, the calcific aortic valve disease (CAVD, hereafter) is strongly correlated 

with VICs phenotype and with variations in ECM morphological and mechanical properties. 

Therefore, in this part of my work, I focused my research on the last contribution investigating 

the changes of mechanical properties in human valve interstitial cells (hVIC) grown on the flat 

substrates but characterized by different surface stiffness (from 0.5 to 50 kPa). Moreover, I tried 

to point out, in strong collaboration with the group of Maurizio Pesce and Rosaria Santoro from 

the Monzino cardiologic center, if the YAP-TAZ complex was related to the onset of the disease. 

In particular, I took advantage of the Atomic Force Microcopy (AFM) to initially characterize 

polyacrylamide gel (PAAg) based substrates, evaluating their Young’s moduli, and subsequently 

analyzing the stiffness of hVICs cultured above such supporting substrates. Immunofluorescence 

experiment and classic biomolecular technics were performed as well in order to follow 

cytoskeleton rearrangement and YAP-TAZ complex activation.  

6.1 Characterization of polyacrylamide gels rigidity 

As the first step, four polyacrylamide gels were synthetized by Monzino collaborators at different 

stiffness and deposited on supporting glass slides (Fig. 17a). These fabrication phase was based 

on the pioneering work published by A. Engler and co-workers [169]. In 2006 have demonstrated 

that ECM stiffness may strongly influence mesenchymal stem cells destiny. In particular, 

mesenchymal stem cells developed on rigid substrates (25-40 kPa) differentiate in osteoblasts, 

while, when grown on soft substrates (0.1-1 kPa) differentiate instead in neuroblasts [169]. 

Considering the strong contribution that substrate stiffness could have on cell (pro-patological) 

evolution or behavior, a perfect knowledge of such physical value is mandatory. As consequence 

of that we quantified the rigidity of  PAA gels by means of Atomic Force Microscopy force 

spectroscopy (see Methods for technical details). PAA gels were subsequently named depending 

on their mechanical compliance as follow: Low stiffness [L, about 3.05±1.95 kPa in Young’s 

modulus], Mid-Low stiffness [ML, 18.06±2.82 kPa], Mid-High stiffness [MH, 28.71±1.95 kPa] 

and High stiffness [H, 58 kPa, normalized value] (Fig. 17). 
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Figure 17: Characterization of substrate: (a)Experimental design in order to obtain the PAA 

gels at different stiffness; (b)Substrates stiffness quantification (High (H),Medium High (MH), 

Medium Low (ML), Low (L); n=6).Image designed in collaboration with the Monzino 

Cardiologic Research Center. 

6.2 Cellular rigidity is determined by the rearrangement of the cytoskeleton 

In real condition- inside an aortic valve, VICs phenotype is strongly affected by the mechanical 

heterogeneity of the tissue valve [117,118]. Therefore, understanding the contribution of 

substrate rigidity on VICs morphology has strong scientific and medical relevance (Fig. 18). In 

particular, the study of α-SMA and F-actin in hVICs grown on different substrates, pointed out a 

strong co-localization in cells developed on the stiffer substrates (on glass and High), allowing 

the identification of three different cell morphologies. On Medium High and Medium Low 

substrates, instead, the co-localization is statistically lower until the case of cells grown on the 

Low stiffness substrate where the alpha-SMA signature is totally lacking. In order to quantify 
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morphological differences in cells’ morphology when interfaced with substrates of different 

stiffness, we carried out quantitative cell morphometric analysis (Fig 18b-d). From the data of 

cellular perimeter and area (Fig. 18b-d) it is very clear that an increase in substrate stiffness 

determines a significant increase in cellular spreading. 

    

Figure 18: hVICs shape depends to substrate stiffness: (a)Immunofluorescence images of hVICs 

grown on GLASS and on polyacrylamide gels at different stiffness(red: phalloidin; blue: DAPI; 

green: α-SMA; white arrow: high levels of α-SMA and co-localization; yellow arrow: 

intermediate levels of α-SMA and co-localization; blue: low levels of α-SMA and co-localization; 

purple arrow: no α-SMA; 60X); (b)Cell perimeter [μm]; (c)Cell area [μm
2
]; (d)Circularity 

Factor; (p<0.05,1-way ANOVA; n=6). Image designed in collaboration with the Monzino 

Cardiologic Research Center. 

Following such analysis we evaluated, taking advantage of AFM force spectroscopy, if the cell 

stiffness changes as function of substrate rigidity. Figure 19b point out how VICs stiffness is 

strongly influenced by the rigidity of the underlying substrate. In order to try to explain molecular 

basis of such increase in cellular rigidity, we estimated the amount of focal adhesions (FAs) and 

the results of this analysis are summarized in  Figure 19a. In particular, we carried out the 

immunofluorescence essay to Vinculin. This protein have an important role in mechatransduction 

and its accumulation inside FAs complexes is regulate by transmission of intracellular forces 

directly connected to cytoskeleton strain  and, finally, by ECM stiffness [27]. In accordance with 



52 
 

such mechanism we found that on the glass the number of FAs is significantly higher and better-

defined in shape than on softer substrates: consequently a reduction in substrate rigidity results in 

a reduction in FAs (Fig. 18a).      

 

Figure 19: hVICs stiffness depends to the substrate stiffness: (a)Immunofluorescence images of 

hVICs grown on GLASS and  polyacrylamide gels at different stiffness(red: phalloidin; blue: 

DAPI; green: vinculin; 60X); (b)Cell stiffness; (p<0.05,1-way ANOVA; n=6). Image designed in 

collaboration with the Monzino Cardiologic Research Center. 

6.3 High cytoskeleton tensioning determines high levels of YAP nuclear 

localization 

In the canonical Hippo pathway, the YAP-TAZ complex is inactive due to phosphorylation and 

localized in the cytoplasm. However, when the cells are subject to a mechanical stress, this 

complex is activated to the non-canonical Hippo pathway and translocated in the nucleus. This 

translocation determine the activation of specific genes transcription [57]. Relying on these 

concepts we evaluated nuclear localization of the YAP-TAZ complex in hVICs grown on gels at 
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different stiffness (Fig. 20). Accordingly, as pointed out by immunofluorescence analysis (Fig. 

20a), we directly quantified the percentage of nuclear YAP localization (Fig. 20b). In Figure 20b 

is shown how an increase in substrate rigidity induce YAP activation in terms of nuclear 

translocation. 

             

                                       

Figure 20: YAP nuclear localization depends to substrate stiffness: (a)Immunofluorescence 

images of hVICs grown on GLASS and  polyacrylamide gels at different stiffness(red: phalloidin; 

blue: DAPI; green: YAP; white arrow: Nuclear YAP localization; blue  arrow: not nuclear YAP 

localization); (b)Percentage nuclear YAP localization;(p<0.05,1-way ANOVA) Image designed 

in collaboration with the Monzino Cardiologic Research Center. 
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In order to investigate which gene expression process is dependent upon YAP activation and, of 

course, the possible reversibility of such process, we initially pointed our attention on a condition 

of strong cellular stress by seeding hVICs on a glass substrate. It is important here to stress about 

the fact the cellular condition on the glass substrate is very similar from both molecular and 

mechanical aspects to the condition on the High stiffness PAAg substrate. In this framework, to 

simulate a low rigidity condition, we treated hVICs with the pharmacological inhibitor of rho-

associated protein kinase (ROCK) signaling pathways Y27632 (Fig. 21a). The inhibitor, 

selectively interfering with p160ROCK [170], blocks the rho kinase and prevents actin 

polymerization by reducing cellular tensions [44]. Cellular treatment with Y27632 (see Methods 

for details) induces in hVICs a localization of YAP similar of what was observed plating cells on 

a soft surface, in fact, any observable nuclear localization of YAP was visible. Interestingly, the 

phenomena is completely reversed 24 hours after drug washout/removal (Fig. 21a). To support 

this immunofluorescence data, we carried out western blotting analysis confirming, once again, 

significant YAP phosphorylation (pYAP-ser127) in response to Y27632 cellular treatment (Fig. 

21b). 
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Figure 21: Pharmacological inhibition of RHO kinase determine the YAP inactivation in hVICs 

grown on GLASS: (a)Immunofluorescence images of hVICs grown on GLASS treated with 

Y27632(red: phalloidin; blue: DAPI; green: YAP; white arrow: Nuclear YAP localization; blue  

arrow: not nuclear YAP localization); (b)Representative western blot with the indicated 

antibodies. pYAP is significantly upregulated in hVICs treated with Y27632 to CTRL while pYAP 

is significantly downregulated 24 hours after drug removal to CTRL (p<0.05,T-test). Image 

designed in collaboration with the Monzino Cardiologic Research Center. 

Following that, we start investigating the role and regulation of three YAP target genes, called 

ANKRD1, CTGF, CYR61. This point was assessed by reverse transcription polymerase chain 

reaction (Q-RT-PCR) on mRNA fragments extracted from hVICs when cultured in the same two 

conditions of previous experiments: cells on glass and cells on glass but treated with Y27632 

(Fig. 22). Data in Figure 22 confirms us that a cytoskeleton fibers de-polymerization, associated 

with a downregulation of YAP target genes, took place as consequence of YAP phosphorylation. 
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Figure 22: gene expression regulation YAP-dependent: ANKRD1, CTGF, CYR61 are 

significantly downregulated  in hVICs treated with Y27632 to CTRL while are significantly 

overexpressed 24 hours after inhibitor removal to CTRL (p<0.05,T-test). Image designed in 

collaboration with the Monzino Cardiologic Research Center. 

In the same manner as these results, we hypothesized that a similar inhibitory effect could be 

highlighted even on hVICs by cell stiffness evaluation via AFM. Therefore, we measured the 

cellular stiffness in control (non Y27632 treated) cells, after the pharmacological inhibitor 

treatment and after 24 hours from drug removal in order to study cell recovery (Fig. 23). 

Surprisingly, we observed that actually Y27632 has any significant effect in cell stiffness 

modulation immediately after treatment (see Methods) but, a significant (P<0.05) effect in terms 

of stiffness reduction was measured on hVICs  24 hours after inhibitor removal. Relying on this 

unexpected result, we decided to repeat the experiment evaluation cell stiffness after 48 hours 

too. In this last condition I observed effective cell stiffness recovery (Fig. 23).  
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Figure 23: Effect of treatment with Y27632 on hVICs stiffness (p<0.05=*; p<0.01=**, T-test; 

n=6). Figure designed in collaboration with the Monzino Cardiologic Research Center. 

We also evaluated ACTA2 gene expression, the α-SMA encoding gene in hVICs. We discovered 

that ACTA2 gene expression (Fig. 24) has a similar trend as the gene expression of YAP’s target 

gene (Fig. 22). In point of fact, we observed a down-regulation in treated cells and an up-

regulation 24 hours after drug removal (Fig. 24) suggesting a myofibroblast-like conversion of 

hVICs regulated by cytoskeleton tension, through the activation of a YAP-dependent pathway. 

Moreover, comparing ACTA2 gene expression (Fig. 24) and the inhibitory effect it has on hVICs 

stiffness (Fig. 23), allowed us to hypothesize that the effect induced by mechanical stress is 

reversible, but the mechanical recovery of cytoskeleton rearrangement occurs more slowly than 

the molecular recovery. However, this hypothesis needs to be supported by further experiments in 

order to be confirmed and this is the intriguing aspect I proposed to explore in the future. 
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Figure 24: ACTA2 gene expression regulation YAP-dependent: ACTA2 are significantly 

downregulated  in hVICs treated with Y27632 to CTRL while are significantly overexpressed 24 

hours after inhibitor removal to CTRL (p<0.05,T-test). Figure designed in collaboration with the 

Monzino Cardiologic Research Center. 

6.4 The stiffness modulated also in the ex-vivo tissue: Stiffness of the human 

leaflet 

The next step of my research dealt with the translation the in vitro experimental procedures and 

observations described in previous paragraphs to an ex vivo model constituted by transversal thin 

sections of explanted stenotic calcific human valves, obtained from patients that underwent aortic 

valve replacement. 

In order to study the variations in tissue stiffness in leaflet valve sections we performed AFM 

force mapping of all the sample (Fig. 25a). AFM force mapping measurements pointed out a 

clear stiffness distributions in the tissue. In order to identify reasons of such local differences in 

mechanical properties we compared such compliance map with a colored histological map of a 

contiguous section of tissue where hydroxyapatite (HA) aggregation areas were pointed out by 

Von Kossa staining and eosin (see Methods). In this way, I could correlate and quantify the 

rigidity of calcific and non-calcific areas (Fig. 25b). In particular, I observed an average value of 

tissue stiffness for non-calcific area of about 15.06±9.5 kPa while calcific areas were 

characterized by a value of Young’s modulus of about 28.44±6.5 kPa (Fig. 25c). 
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Figure 25: AFM force mapping of human leaflet valve section: (a)example of human leaflet valve 

section stained by Von Kossa (calcific area highlighted in orange) and eosin; (b)Example of 

optical image of human leaflet valve section divided into squares 100 μm x 100 μm; the dots 

represent the positions where the force distance curves were acquired (red dots: calcific area; 

blue dots: non-calcific area); (c)Stiffness plot of calcific and non-calcific areas (p<0.05,T-test; 

n=3). Figure designed in collaboration with the Monzino Cardiologic Research Center. 
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Following our standardized procedure, we evaluated as well the nuclear localization of YAP in 

hVICs performing an immunofluorescence staining on valve leaflets (see Methods). In Figure 

26a a nuclear localization of YAP in the cells is shown in the calcific areas of the tissue. To 

further confirm our hypothesis of an in vivo mechanosensing driven regulation of hVICs through 

a pro-pathological differentiation, we studied and confirm the co-localization of YAP and α-SMA 

in stiffer areas of the sample (Fig. 26b). In fact, from Figure 26b, the co-accumulation of both 

stained regions in the calcific areas is clear (see white arrows). 

 

Figure 26: Immunofluorescence staining of human leaflet valve section: (a)human leaflet valve 

section stained for YAP and Vimentin (red=vimentin; green=YAP; white arrow= nuclear YAP 

localization; blue= not nuclear YAP localization); (b)human leaflet valve section stained for YAP 

and α-SMA (red: α-SMA; green: YAP; white arrow: co-localization; blue arrow: not co-

localization); (n=3). Figure designed in collaboration with the Monzino Cardiologic Research 

Center. 
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7 Morphological and functional adaptation of porcine VICs when 

interfaced to a nanostructured substrate 

As already introduced, VICs phenotype destiny could be driven by the interaction with a 

substrate of different compliance [171] as exhaustively described in the previous section, or by 

the chemical and/or morphological contribution of extra-cellular matrix (ECM) properties. In the 

following section I started investigating such aspect interfacing porcine valve interstitial cells 

(pVICs) to nanostructured substrates that mimic ECM morphology. I choose to move to an 

animal model, using primary porcine cells instead of continue using hVICs, by the fact that larger 

sets of experiments would have been necessary to accomplish all the programmed experiments 

and ease of availability of pVICs resulted to be the only reasonable option. In order to 

nanostructure surfaces used for these experiments I took advantage of multi-walled carbon 

nanotubes (MWNTs) carpets directly grown on supporting glass slides (see Methods). These 

well-studied and characterized nanostructured coatings mimic very well the ECM structure in 

terms of morphology [172]. To accomplish my experimental needs, together with Ilaria Rago and 

the group of Dr. Andrea Goldoni at ELETTRA, a novel strategy to grow via chemical vapor 

deposition (CVD) CNTs on a glass slide was developed (see Methods). Following this new 

procedure transparent CNT substrates have been obtained allowing, for the first time, to perform 

simultaneously immunofluorescence essays, to point out cell morphology and phenotype, and cell 

mechanic analysis via AFM, in order to determine pVICs stiffness when interfaced (or not) to the 

nanostructured substrate. Moreover, we discovered that CNTs carpets we used had a stiffness 

(Fig. 27) very close to the stiffness values characterizing Middle-High (NH) and Middle Low 

(ML) polyacrylamide gels (Fig. 17b). From what I discovered in my previous experiments, 

described in section 6, I know that this rigidity has the effect to keep cells in a quiescent state. 

This “neutral” condition is supported as well by the fact this stiffness value is very close to the 

one characterizing healthy valve inlets. Such condition will allow us to decouple cell behavior 

from substrate stiffness contribution but focus only to the effects related to substrate morphology. 

 



62 
 

                                         

Figure 27: Substrates stiffness quantification with AFM (Median: 28.80 kPa; Mean: 27.50 kPa; 

n=5) 

7.1 Characterization of the transparent carbon nanotubes substrates 

CNTs were synthetized directly on supporting fused silica glass substrates via catalytic chemical 

vapor deposition (CCVD) using an ultra-thin iron film (0.2±1 nm in thickness) deposited without 

any adhesion layer via thermal evaporation (see Methods). In this process, catalyst film thickness 

plays an important role because CNTs grow from the iron nanoparticles forming during a 

subsequent thermal annealing process [173]. Size and density of the nanoparticles covering the 

glass surface are controlled by the annealing thermal treatment parameters (mainly temperature 

and time) and by the thickness and adhesion of the initial iron layer [174]. Other research groups 

have used intermediate metallic layers as adhesion and/or anti-diffusion layers between the 

catalyst and the underneath support surface in order to enhance CNT growth yield [175]. In our 

CCVD synthesis method any adhesion metal layer was employed and, even if the growth time 

was limited to few minutes, the obtained CNTs carpet covering the supporting substrate 

demonstrated to have the same characteristics of carbon nanostructures produced with adhesion-

layer use or by using more time-consuming methods. These peculiarities of our laboratory-scale 

process, together with inexpensiveness and the fact final samples are transparent to visible light 

make it an extremely interesting substrate model for research purposes. 
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FE-SEM imaging was performed on CNTs mat in order to investigate the tubes’ diameter, length, 

uniformity and density. In Figure 28a is showed vertical aligned CNTs, oriented perpendicularly 

to the surface substrate while the TOP view (Fig. 28b) revealed a random orientation. The 

parallel morphology is established by the proximity effect of densely distributed catalyst 

nanoparticles forcing the initially randomly oriented CNTs into a vertical alignment [176].  

 

Figure 28: (a)Top and (b)side SEM views of CNT substrates revealing a random orientation and 

a vertical alignment of nanotubes, respectively. 

In order to highlight the structure and crystallinity of CNTs, TEM characterization was 

conducted. Therefore, we have seen that CNTs consist of multi-walled nanotubes with different 

wall number. Specifically, Fig. 29a shows an isolated MWNT with an outer diameter (OD) of 

less than 20 nm and an inner diameter (ID) of approximately 10 nm. These measurements are 

consistent with 15 nanotube walls (Fig. 29b). However, TEM analysis points out the presence of 

structural defects (Fig. 29a), generally imperfections of conjugated sp2 carbon along the tubes, 

such as breaks, sp3 hybridized carbon atoms, Stone-Wales defects (i.e., two heptagons and two 

pentagons), probably ascribed to the temperature used to grow our CNTs compared to other 

methods (730 °C) [177,178].   
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Figure 29: (a)TEM image of multi-walled nanotubes with different wall number constituting the 

mat and a particular of an isolated MWCNT (b)showing well-resolved single walls. 

Raman spectroscopy analysis was performed in order to evaluate the degree of structural ordering 

and the quality of CVD-grown CNTs. The two main bands typical of all graphite-like materials, 

including MWCNTs, present in Raman spectra (Fig. 30c) correspond to: the G band at  ~1583 

cm
-1

 related to the in-plane tangential vibration of sp2 carbon atoms resulting from the graphitic 

nature of CNTs and the D band at ~1330 cm
-1

 indicating the presence of amorphous and/or low 

ordered carbon structure (carbonaceous impurities with sp3 bonding, and broken sp2 bonds in the 

sidewalls) [179]. The quality of CNTs is generally expressed by the ratio between the D (ID) and 

G (IG) band integral intensities. Specifically, similar intensities of this bands [180], as in our 

case, suggested the presence of non-graphitic carbon in nanotubes, typical for low temperature 

CVD-grown CNTs [181]. Together with the G band, the second-order Raman peak G’ is 

characteristic of graphitic sp2 materials and is located at ~2700 cm-1. The G’ band, an overtone 

mode of the D band [182], is associated with defect density, but not as crucially as the first order 

mode. It was also reported that the intensity of this peak depends significantly on the metallicity 

of CNTs [183]. Other peaks located at ~1698 cm
-1

 and at ~1759 cm
-1

 are related  to νC=O 

vibration [184,185] and indicate a possible partial oxidation  of MWCNTs. From the other hand, 

the XPS survey spectrum of CNTs (Fig. 30a) makes points out the presence of three elements 

clearly identifiable: carbon (C1s), oxygen (O1s) and silicon (Si2s, 2p). The amount of C and O 

are 87.6 % and 10 %, respectively while a small amount 2.4 % of Si was present. Fig. 30b 
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indicates the C1s core level for  ~8 μm long CNTs. A Shirley background has been subtracted. 

The most intense peaks are located at 284.7 eV and 285.8 eV and can be assigned to sp2-

hybridized graphitic carbon atoms located on CNTs walls and to amorphous carbon (sp3-

hybridized carbon atoms), respectively [186,187]. The amorphous carbon is likely due to the 

CNTs synthesis process, as confirmed by the structural defects identified via TEM (Fig. 29a) and 

Raman spectroscopy (Fig. 30c); the peak at 290.8 eV corresponds to the electron energy loss 

peak due to π-plasmon excitations. These three peaks are characteristics of C1s core level from 

CNTs [188]. The additional small peaks at 287.15 eV and 288.4 eV are assigned to the presence 

of oxygen [189]. 
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Figure 30: (a) XPS survey; (b) spectra exhibiting characteristic peaks of CVD grown MWCNTs; 

(c) Raman and C1s core level.  
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7.2 Substrate (nano)structuration contribution in changing cell morphology 

CNTs were interfaced in many studies with cell cultures [190,191] revealing, in some cases, to 

have a toxic effect on cells. In particular, solution-floating single-walled carbon nanotubes 

(SWCNTs) seem to induce changes in cell morphology associable to reduced cell viability, 

induction of necrosis, reduced phagocytic ability, increased ROS levels, induction of regulation 

of gene expression and cytokine release [190]. In another set of publications were demonstrated 

that water dispersions of MWCNTs can be cytotoxic, genotoxic too and, moreover, could induce 

cellular apoptosis if present in solution at high concentrations [191]. In CNTs decorated glass 

surfaces produced in our laboratory nanotubes are strongly attached to the underneath glass 

support and, as previously demonstrated [192], in this condition they usually do not show to have 

cytotoxic effects, or any negative effect, on cells cultured above them (toxic effects from CNTs 

contaminants or pollutions has, anyhow, to be always considered). Despite these evidences from 

literature, preliminarily to any experiment, an evaluation of toxic effect of CNTs on my cell 

cultures were done. Therefore, I verified the efficiency of cell adhesion and any possible toxicity 

of CNTs by immunofluorescence essays after 12 and 72 hours by seeding (Fig. 31a-d, see 

Methods for more details). In Figure 31e it is possible to see that there is any significant 

difference between cell densities from both cultures developed on control glass substrates or on 

CNTs providing evidence not only about the fact that our nanostructured surface, mimicking a 

real ECM, is not toxic for the cells but points out VICs’ good adhesion on CNTs substrates.  
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Figure 31: adhesion and density of VICs grown on glass and CNTs: a-b)Immunofluorescence 

images of cells grown on glass (a)and CNTs (b)after 12 hrs from seeding. (c-

d)Immunofluorescence images of cells grown on glass (c)and CNTs (d)after 72 hrs from seeding 

(red: Phalloidin; blue: DAPI; 20×). (e)Histograms comparing cell densities on the two different 

substrates at 12h and 72h time points (T-test p>0.05; 5 sets, 25 fields for set). Bar-scales in a-d is 

50 μm 

After confirmation of CNTs safeness in terms of cell survival, we exploited the knowledge that 

ECM morphology could induce phenotypic variation in VICs during the onset of the CAVD 

[112,116], I started studying how the our nano-structured surface made by CNTs affects the 

morphology and phenotype of the pVICs. Regarding the first aspect, after having marked cells 

with a fluorescent probe targeting actin (see Methods), I evaluate the area (Fig. 32a) and the area 

vs. perimeter ratio (Fig. 32b) for cells grown on both substrates (control and CNTs). From 

Figures 32a-b it is evident that cells grown on glass appear more spread on the substrate than 

those grown on CNTs and, moreover, this effect is clearly not time dependent.  
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Figure 32: Morphological characterization of VICs grown on glass and CNTs. a)Quantification 

of the cells area after 12-72 hours by seeding. b)Quantification of the ratio area vs perimeter 

after 12-72 hours by seeding (T-test p<0.05=*, p<0.01=**, p<0.001=***, set=3, 25 fields for 

sets). 

Regarding instead the later aspect, in Figure 33 I direct my attention to the specific shape of cells 

identifying three different cell morphology that I subsequently associate to three different cell 

phenotypes: i) myofibroblasts (Mfib), characterized by a relatively spread shape and large area; 

ii) fibroblasts (Fib), characterized by a strongly elongated shape and, iii) smooth muscles cells 

(SMc), characterized by small areas and narrow shapes. By the fact there are any good markers 

allowing discrimination between these three phenotypes I based my classification only on 

morphology as already done in literature [193,194]. From pie chart in Figure 33 it is very clear 

that myofibroblast percentage rises on glass substrates than on CNTs (respectively 50% of total 

on glass controls and 10% on CNTs). It has to be noted that the amount of myofibroblasts I 

observed on glass controls is similar to the percentage of such kind of cells in unhealthy valves 

(e.g. calcific heart valve syndromes), while their percentage when interfaced with CNTs has a 

resemblance in quantity to the healthy valve [116]. 
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Figure 33: : Morphological characterization of VICs phenotypes grown on control glass and 

CNTs substrates. Percentage of the three cell phenotypes (N=180) where evaluated. 

I tried to associate cell phenotypic variations, in terms of fibroblast percentage, to an evaluation 

of cell branching too (see Methods). Also in this case cell branching was quantified after 12 and 

72 hours on both control and CNTs substrates. After 12 hours, there were any difference in cell 

branching between the two conditions, but after 72 hours on CNTs substrate cells appear more 

branched than on glass controls (Fig. 34). This result contributes to say that on CNTs there are 

more fibroblasts that on controls but the effect appears in a time dependent manner. 

                                              

Figure 34: Cell branching after 12-72 hours by seeding (T-test p<0.05=*, 

p<0.01=**,p<0.001=***, set=3, 25 fields for sets). 
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7.3 Cell stiffness and role of focal adhesion points 

As already introduced, aortic valve leaflets are characterized by a huge level of mechanical 

heterogeneity that is given to them by their peculiar layered structure [117,118]. As result of that, 

mechanical cross-talking between different regions of the leaflet could be one of the key factors 

in the onset of CAVD [117,118]. As an example of that, it has been shown that tissutal VICs 

elastic moduli are strongly influenced by the mechanical properties of surrounding ECM 

[8,80,125]. Intrigued by this consideration I wondered if a CNTs substrate have the ability to 

influence the mechanical properties of VICs in terms of cellular stiffness. I performed AFM force 

spectroscopy experiments on cells cultured on control glass and on CNTs after having 

immunohistochemically marked them with fluorescent dyes. This kind of measurements was 

possible thanks to the fact CNTs substrates we used were transparent and, consequently, 

fluorescent cells were easily recognizable by means of the inverted optical microscope above 

which our home-assembled AFM is mounted. In particular, in Figure 35, it is possible to see that 

the fibroblasts present on CNTs substrates are significantly stiffer than those grown on control 

glass substrates. Surprisingly, myofibroblasts grown on CNTs are, instead, softer than those 

grown on glass controls. Any difference is rather between smooth muscle cells grown on both 

substrates. 
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Figure 35: Mechanical properties analysis of all the three pVICs phenotypes identified when 

grown on glass substrates and CNTs substrates (U-test p<0.05=*, p<0.01=**, p<0.001=***, 

set=5). 

The observed variations in the mechanical properties of fibroblasts and myofibroblasts were 

partially confirmed by literature from which these two phenotypes of cells result differently 

influenced by ECM variations [112]. In particular, I can speculate that more elongated is the 

shape (or lower is the surface exposed area), higher is the contribution of the carbonius nano-

filaments composing CNTs substrates in perturbing, in particular increasing, pVICs stiffness. 

Following these surprising results from mechanical analysis, I evaluated whether there were 

variations in the number of focal adhesion points (FAs). FAs could be thought as the interaction 

points, through the plasma membrane, between the cell and the extracellular matrix components. 

It is well assured that their number and distribution is directly connected to the intracellular 

tensional state [195,196]. In order to quantify FAs, we carried out the immunofluorescence 

essays by labeling the vinculin (Fig. 36a-b, see Methods) on both control and CNTs substrates. 

Figure 36c shows the data summarizing our observations related to the analysis of the number of 

FAs. The evaluated number of FAs (Fig. 36c) confirms the cellular rigidity data (Fig. 35) 

pointing out a similar trend: the number of FAs in SMc and Mfib is not altered by CNTs, while 

Fib grown on CNTs present a larger number of FAs, presumably connected to a more effective 

transmission of load from the nanostructured substrate to the cell. Interestingly, if we consider 
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cell areas in both conditions (on tCNTs and on glass controls) we can see that any change is 

appreciable between Fib and SMc on both substrates while, from the other hand, a significant 

reduction in cell surface is appreciable in the case of Mfib grown on tCNTs (see Figure 36d).  As 

consequence of that, we evaluated the density of FAs for every cell phenotype when interfaced or 

not to tCNTs (see Methods) (Figure 36e). Also in this case an extremely significant 

overexpression of FAs is observable on Fib while, from the other hand, Mfib when interfaced to 

CNTs shown just a slight, not significative, increase in FAs density. As consequence of such 

data, we can see that Fib cell phenotypes is strongly influenced in its mechanobiology by the 

underneath CNT carpet while Mfib cells not. Anyhow, in order to understand the exact 

mechanism subtending to this peculiar behavior more experiments are necessary. 
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Figure 36: Immunofluorescence images of VICs grown (a)on glass and (b)on CNTs (40X); 

(c)Focal adhesion points numbers; (d)Cell Area [μm
2
]; (e)Focal adhesion points density. (T-test 

p<0.05=*, p<0.01=**,p<0.001=***, set=3, 25 fields for sets)  
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7.4 A preliminary attempt  to highlight the intimate interaction between a 

nanostructured CNTs substrate and the cell membrane 

All the above findings could be, in principle, explained supposing a direct and intimate 

contribution of CNTs in regulating cell membrane processes and properties. In this scenario, I 

wondered which is, end eventually how could take place, the real interaction between cell plasma 

membrane and CNTs. Previous work by the group of Ballerini L. and co-workers had already 

hypothesized that a pinching phenomenon took place between plasma membrane and CNTs 

decorated substrates when neuronal cells are plated above them. In these experiments an increase 

in the electrophysiological activity of neuronal cells was explained in terms of cell-to-cell 

electrical shortcutting made by CNTs [172]. In order to evaluate if a similar phenomenon 

characterized my system too, we performed some preliminary study aiming in the visualization of 

the inner side of pVICs grown on flat glass controls or on nanostructured CNTs substrates. Cells 

were characterized on both substrates by means of AFM imaging performed in liquid 

environment after cells have been broken by osmotic shock [197] in order to expose the cytosolic 

side of the membrane (Fig. 37, refer to Methods for more details). In order to facilitate 

subsequent optical identification of cell membrane patches, we labeled the plasma membrane 

using the lipophilic membrane stain Dil (data not shown, but refer to Methods for more details 

about the procedure). Taking advantage of such staining we performed the AFM images on 

patches attached on both substrates (Fig. 37a-d). From line profiles shown in Figure 37c-f it is 

possible to see that the basal membrane patches lying on glass appear, as easily predictable, 

totally flat without any appreciable protrusion through it while the basal membrane adhering to 

the CNTs follows the nanostructured substrate morphology (Fig. 37d).  
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Figure 37: Characterization of interaction between basal membrane and CNTs of VICs. AFM 

images of VICs basal membrane (a)on glass and (d)on CNTs with their respective line profile (c-

f); (b)glass line profile; (e)CNTs line profile   

In order to highlight possible membrane piercing by the underneath substrate we prepared the 

same samples for electron microscopy investigation (see Methods). Figures 38a-b shows SEM 

images of pVICs basal membrane patches stuck on both substrates. In the enlarged image of 

Figure 38b, right, it is clearly visible how a CNT below the plasma membrane cross it completely 

(red arrow). Therefore, I can speculate that CNTs, piercing and pinching the cell membrane, 

could not only stabilize the bilayer [198] but, in some not yet clear way, promote the formation 

and/or clustering of focal adhesion points in pVICs grown on them (Fig. 36). Presumably as a 

consequence of that, a change in cell mechanical properties is observable too, in particular in 

terms of an increase in cell stiffness as pointed out by AFM force spectroscopy investigation I 

performed (Fig. 35). 
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Figure 38: Characterization of interaction between basal membrane and CNTs of VICs. SEM 

images of VICs basal membrane grown (a)on the glass and (b)on CNTs.   
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8 Tumor associated p53 missense mutants 

As previously reported, in last years, there was an increased interest in studying all ECM-

connected biophysical processes in the onset and progression of cancer disease. In particular, it 

has been shown that the aggressiveness, invasiveness and the answer to chemotherapy treatments 

is strongly dependent on the biophysical properties of the extracellular matrix [81,137]. In this 

framework, I studied in collaboration with the Molecular Oncology Unit of Prof. G. Del Sal at the 

Laboratorio Nazionale CIB (LN-CIB) in Trieste, the tumor-associated p53 missense mutation 

focusing, in particular, on its effect on cellular processes and biochemical pathway involved in its 

mechanobiology. Has to be here noted that mutated p53 proteins become highly expressed in 

human cancers, reaching levels far above those observed in normal cells expressing wild-type 

p53 [199].The study, in particular, proposed to investigate the biochemical and molecular 

processes regulating the interaction between cells and the ECM pointing out cell 

mechanobiological perturbations. 

8.1 In vitro cytoskeleton rearrangement of tumor associated p53 missense 

mutants  

Initially, at the CIB laboratory, researchers have identified a class of drugs, called Statins, which 

proved to be able to reduce mutant p53 levels in MDA-MB231 cellular line. This class of drugs 

has already been clinically used to treat patients with cardiovascular disease lowering cholesterol 

plasma levels by mevalonate pathway inhibition [200]. Researchers proved that Statins, by 

inhibiting mevalonate pathway, reduce as well mutant p53 protein levels through post-

transcriptional mechanisms. They have also demonstrated that protein geranylgeranylation is 

required for mutant p53 accumulation in cancer cells. In general, this process is responsible of the 

proteins anchorage in membranes [201].  

RhoGTPases is the major geranylgaranyl transferase targets and the Statins have been found to 

inhibit the enzymatic activity of RhoA [202]. However, RhoA is involved in the antitumor 

activity of Statins and a target of mutant p53 in controlling cellular metabolism [200,202,203]. 

RhoA is also a regulator of actin cytoskeleton rearrangement and its activity is fundamental for 

the transmission of mechanical stimuli from (or through) the ECM to the cell [204]. Therefore we 
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hypothesized that mechanical perturbations, through the formation of stress fibers, could have an 

effect on mutant p53 levels by means of mevalonate/RhoA signaling. In order to confirm this 

hypothesis, I evaluated the stiffness of cells treated with different drugs. In particular, I evaluated 

mechanobiological properties of cells treated with Zoledronate (ZOL – a bisphosphonate that 

plays an important role in the treatment of breast cancer, mainly in patients with bone metastasis 

[205]), Cerivastatin (CER – a synthetic member of the class of statins used to lower cholesterol 

and prevent cardiovascular diseases), CER in combination with geranylgeranyl pyrophosphate 

(CER+GGPP), Blebbistatin (BLEB – a myosin inhibitor mostly specific for myosin II) and 

Y27632 (Y – a Rho-associated kinase ROCK inhibitor). All these conditions were compared to 

the stiffness of not-treated control cells (NT). In Figure 39a it is shown that zoledronate (in red) 

and statin (in green) treatment induce a significant reduction in cell stiffness. This reduction in 

stiffness could be associated to an actin cytoskeleton de-structuration. In fact, a similar effect 

could be observed in cells treated with Blebbistatin (in orange) or with a the ROCK inhibitor 

Y27632 (in violet) (Fig. 39a). Interestingly, geranylgeranyl pyrophosphate (GGPP, in blue) 

revealed to be able to reverse CER statin treatment by inducing a cellular mechanoresponse 

comparable to untreated cell stiffness. In parallel to my mechanobiological investigation, at CIB 

laboratory researchers have evaluated whether the disruption of the actin cytoskeleton could have 

an impact on mutant p53 levels. They treated cells with Latrunculin A, a bioactive 2-

thiazolidinone macrolide derived from sponges that, sequestering G-actin and preventing F-actin 

assembly, induces actin cytoskeletal filaments disruption and is used to study cell functions in 

vitro (e.g., migration, endocytosis) and in vivo (e.g., tumor cell invasion). After Latrunculin A 

treatment cells were stained for F-actin and p53 (Fig. 39b). As shown in Figure 39b Latrunculin 

A determines a reduction of stress fibers (red channel) and a concomitant reduction of mutant p53 

levels (green channel). These results suggest that RhoA-dependent acto-myosin dynamics impact 

mutant p53 levels in the tumor cells. 
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Figure 39: Variations of mechanical properties control mutant p53 levels and activity via 

RhoA/actin cytoskeleton in vitro: (a)Cell stiffness, quantified by means of AFM force 

spectroscopy, relative to not-treated (NT), cell treated with zoledronic acid (ZOL) 50 μM, 

cerivastatin (CER) 10 μM alone, CER in combination with geranylgeranyl pyrophosphate 

(CER+GGPP) 20 μM for 48 hrs. Blebbistatin (BLEB.) 50 μM and Y27632 (Y) 50 μM were used 

as control (**p<0.001, Mann–Whitney U test); (b)Immunofluorescence analysis of MDA-MB 231 

cells treated with Lantrinculin A 0.5 μM (LAT_A) for 48 hrs was performed with indicated 

antibodies. Scale bar 15 μm   

8.2 Ex vivo cytoskeleton rearrangement of tumor associated p53 missense 

mutants 

As natural evolution of the characterization I performed in vitro, I extended the methodology to 

ex-vivo systems taking advantage of AFM force-spectroscopy capability to estimating the role of 

the mevalonate pathway in tumor mechano-signaling and, consequently, to have an idea of the 

potential effects of a perturbation of this pathway on mutant p53 accumulation in vivo. In order to 
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investigate this effects, tumor tissue slices were carved out from mice breasts after orthotopically 

injection of zoledronic acid. Slices were subsequently mounted on the AFM and characterized. 

From AFM analysis, shown in Figure 40a, the Zoledonic acid treatment reduces the stiffness of  

both cancer cells and of the ECM within the tumor. These results were confirmed by the 

molecular analysis carried out at CIB laboratories. They, in fact, demonstrated of phosphorylation 

of focal adhesion kinase (pFAK residue Tyr397) and of myosin light chain 2 (pMLC2 residue 

Ser19), mutant p53 levels. As shown in Figure 40b there is a reduction of both mechano-

signaling markers and p53 mutant levels. These data confirm that the mevalonate pathway is 

strongly involved in tumor mechanosensing and provides an evidence of its possible role in 

regulating mutant p53 levels also in vivo.
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Figure 40: Variations of mechanical properties control mutant p53 levels and activity via 

RhoA/actin cytoskeleton in vivo: (a)Tumor tissue stiffness was evaluated in control (CTRL) and 

zoledronic acid treated (Treated) samples. On the left panel: Box-plot of stiffness values from the 

cells and the extracellular matrix (ECM) composing the CTRL and the treated samples. On the 

right panel: cumulative probability of cell and ECM stiffness of CTRL and Treated samples 

(p<0.001 in bothcases, Kolmogorov-Smirnov test; n=4). Bottom: Representative image of tumor 

samples used to measure cell and ECM stiffness. Hematoxylin and PicroSirius staining were used 

to discriminate between cellular and ECM phase for atomic force microscopy (AFM) on both 

controls (left image) and treated samples (right image). Straight arrows indicate cells, while 

concave arrows indicate the ECM phase. Four mice per group were used. Scale bar 15 μm; 

(b)Lysates of MDA-MB 231 derived xenograft tumors from control (saline) or zoledronic acid 

(ZA) treated mice were analyzed by western blot with the indicated antibodies.  
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9 In vitro myogenesis induced by Human Recombinant Elastin-Like 

Proteins 

The vertebrate skeletal musculature is an extremely complex organ system, composed of 

functionally discrete units generated by a series of specific morphogenetic events during 

embryogenesis [151]. Myogenesis, the process of generating muscle, was highly studied over the 

last decades and particular effort was made in order to design and fabricate materials able to 

induce or facilitate skeletal muscle regeneration [159]. In this framework, I was involved by the 

groups of Dr. P. D’Andrea and Dr. A. Bandiera from the University of Trieste, in the 

characterization of a new class of biomimetic peptide-based materials called Human Elastin-Like 

Polypeptides (HELPs) [84,168]. In particular, the team at the University engineered and 

synthesized different polypeptide that were subsequently deposited on common cell-culture glass 

slides in order to add new myogenetic functionalities to the substrates. Before cell plating I 

characterized the different substrates in terms of morphology at the nanoscale and in terms of 

stiffness by means of atomic force microscopy. The same technique was subsequently used as 

well to evaluate the morphology and the stiffness of the cells developed above the different 

materials.  

9.1 Characterization of Human Recombinant Elastin-Like Proteins coating  

For this study, a novel polypeptide named HELPc was synthesized by fusing, at its C-terminal, a 

sequence from the a2 isoform of collagen type IV, containing two Arg-Gly-Asp (RGD) motives. 

We employed HELPc, as well as two poly-peptides of the same HELP family (HELP and 

HELP1) [166], as adhesion substrates for C2C12 myoblasts, cells widely employed in 

differentiation studies, and able to sum-up, in vitro, most of the molecular events leading to the 

development of contractile myofibers [206]. To characterize the effects induced by the different 

HELP substrates, cell adhesion, survival, proliferation and cell differentiation were compared by 

combining several experimental approaches, among which immunofluorescence, calcium 

imaging and, concerning me more closely, atomic force microscopy for imaging and mechanical 

characterization. In Figure 41 schematic of HELP family polypeptide structure and synthesis 

(carried out at the University of Trieste) is shown. HELPs coatings were obtained by depositing 

0.1 mg/mL. About 0.1 mL of coating solution was used per 1 cm
2
 surface area, thus resulting in 
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10 mg polypeptide/cm
2
. Coating solution was allowed to dry in a tissue culture hood and cells 

were seeded directly on the polypeptide surface. After 48 hours at 37 °C in a CO2 incubator cells 

were processed for subsequent characterization. 

                

Figure 41: HELP biopolymer structures: At N-terminal portion of each polypeptides is 

positioned a His-tag sequence (dark gray). HELP1 is formed by eight repetitions of hydrophobic 

domains (yellow). HELP backbone is composed of cross-linking (green) and hydrophobic 

domains repeated eight times. HELPc is formed by fusing of HELP structure with a sequence of 

α2 chain of the type IV collagen (purple) at the C-terminal.  

Morphological data about HELP and HELP1 were in agreement with previous AFM topographic 

images acquired by Bandiera A. and co-workers in previous works [207]. In this work they 

shown surfaces characterized by regions with fibrillar-like formations in HELP samples and areas 

with amorphous topology in HELP1 samples [207]. A similar approach was followed by me in 

order to characterize the topography of HELPc surface. In Figure 42a it is evident the existence 

above the flat glass substrate of an amorphous topology associable to the protein assembles 

[208,209].In order to determine the thickness of HELPc coating, I removed the polypeptide film 

on a 1×1 μm
2
 portion of the sample doing a high force scan with the AFM tip (Fig. 42b). The so 

obtained square hole has allowed us to carry out height distribution analysis of all the image 

obtaining data representative of the upper part of the film and data representative of the underling 

glass substrate: these data were in agreement with a coating thickness calculated previously as the 

height difference between the film upper surface and the underneath glass surface after a scratch 

done with a scalpel (15.7±1.1nm).    
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Figure 42: AFM characterization of HELPc coating: (a)topographic images of HELPc surface 

measured in air. At the right the magnification of the image portion; (b)AFM topography image 

of a portion of HELPc film which was removed shaving it away with the AFM tip. The shaving 

and the scanning image were realized with same tip, this reduced the resolution. (c)at the top, the 

line profile corresponding to the line pointed out in (b) while, at the bottom, the height 

distribution of the same image which allows precise film height determination (15.7±1.1 nm in 

the shown example). 

9.2 Myotubes stiffness and cytoskeleton rearrangement on HELP coatings  

After the morphological characterization and thickness determination of HELP coatings, in 

strong collaboration with the research team of the University of Trieste, I evaluated the adhesion, 

differentiation and metabolic properties of C2C12 cell lines when developed above such different 

films. The results obtained indicate that HELPc improves myoblasts adhesion, differentiation and 

fusion, without stimulating human polymorphonuclear (PMN) leukocytes activation when 

compared to the other two polypeptides (HELP and HELP1). As an example, Figure 43 shows an 

immunofluorescence experiment where a different number and distribution of focal adhesion 
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points (via a Vinculin staining) and actin organization (via a Phalloidin staining) was observed in 

C2C12 cells grown on glass controls and on the three different HELP substrates.  

 

Figure 43: Phase contrast and immunofluorescence study of cells adhesion and morphology: 

(a)Phase contrast images of C2C12 cells; (b)Immunofluorescence images of actin cytoskeleton 

and focal adhesion points (red= Phalloidin; green= vinculin; blue= DAPI; n=3). Images 

acquired in collaboration with Dr. Paola D’Andrea, University of Trieste, Italy. 

Starting from our knowledge that in vitro a phenotypic changes of C2C12 myoblasts could be 

accompanied by a progressive increase in cell stiffness coupled to an increased expression of 

contractile proteins [210] we hypothesized that also in our system variations of cell mechanical 

properties could be determined by the cell-supporting microenvironment. To verify this 

assumption I exploited AFM force-spectroscopy capabilities to compare the mechanical 

properties, in terms of cellular stiffness, of myotubes grown on the three different HELP 

substrates. I performed the measurements after 3 days of differentiation (see Methods), and the 

elastic modulus of myotubes developed on glass resulted to be 49.69 ± 4.19 kPa (68 force-

indentation curves, n = 4) resulting stiffer than those grown on HELP (16.49 ± 1.12 kPa, 69 

force-indentation curves, n = 4) and on HELP1 (27.93 ± 2.24 kPa, 61 force-indentation curves, n 
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= 4). Interestingly, any significant difference was measured between the myotubes grown on 

glass and those grown on HELPc (47.06 ± 2.34 kPa, 66 force-indentation curves, n = 4) as 

pointed out in Figure 44b. 

 

Figure 44: AFM mechanical characterization of myotubes cells: (a)Example of AFM 3D 

reconstruction of myotube cell. The black spot on the enlarged cellular portion represents the 

location where force spectroscopy curves were acquired; (b)Elastic moduli of cells grown on 

glass and HELP substrates. (* = p< 0.05; ** = p<0.01; T-test ). 

In parallel to the AFM mechanobiological investigation of myotube cells, in collaboration with 

Dr. P. D’Andrea from the University of Trieste, I evaluated as well the contraction activity of 

C2C1s cells when grown on HELPs substrates.  

Video microscopy and Ca
2+

 measurements were carried out at room temperature. Fura-2 loaded 

coverslips were mounted on the stage of an inverted microscope and visualized with an oil 

immersion 40× objective (1.3 NA). Cells were excited at wavelengths between 340 and 380 nm 

with a monochromator device and fluorescence signal at wavelengths larger than 510 nm 

collected at 1 Hz. Ratiometric Ca
2+

 maps were obtained by computing the ratio of 340/380 nm 

excitation wavelength values. Cell depolarization was obtained by perfusing the cells with a 

solution 60 mM KCl. Intracellular Ca2þ transients were considered significant if they exceeded 

five times the SD of the baseline noise. The frequency distribution of spontaneous Ca
2+

 sparks in 

C2C12 cells adhering to HELP polypeptides are reported in Figure 45. Although variable 

(histograms represent means ± standard error), the onset of sparks was time-dependently 
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stimulated by cell adhesion on HELP and HELPc. The latter polypeptide, in particular, stimulated 

sparks appearance more than two-fold with respect to HELP (days 4 and 5). Interestingly, Ca
2+

 

sparks could be observed very infrequently in cells adhering on HELP1. 

 

 

Figure 45: Calcium imaging of spontaneous Ca
2+

 sparks: Frequency distribution of spontaneous 

Ca
2+

 sparks recorded at different days of differentiation (* = p< 0.05; ** = p<0.01; 

***=p<0.001; T-test ). 

These results demonstrate that cells grown on HELPc contract more than those grown on HELP 

and HELP1. Thus, summarizing, HELP family of polypeptides, but in particular the HELPc 

member, represents an emerging tool for studies probing the functional consequences of cell-

biomaterial interactions and a promising starting point to develop new biomaterials for muscle 

regeneration.  
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9.3 Characterization of Human Recombinant Elastin-Like Protein gel 

The biochemical, mechanical and topographic properties of the extracellular matrix are crucially 

involved in determining skeletal muscle cell morphogenesis, proliferation and differentiation. 

The human elastin-like polypeptides (HELPs) described in the previous section are recombinant 

biomimetic proteins specifically designed to mimic the properties of the native matrix protein 

and, when employed as myoblast adhesion substrates, they seem able to stimulate in vitro 

myogenesis. Given that we started investigating  the effect of HELP hydrogels on myoblasts 

viability and functionality. To exploit this aspect C2C12 cells were cultured on HELPc hydrogels 

at different monomer concentration, with the aim of coupling the biochemical properties of 

HELPc polypeptide with the mechanical features of hydrogels. By comparing the responses of 

C2C12 cells seeded on HELPc hydrogels or on non-cross-linked HELPc glass coatings, some 

intriguing differences in cell adhesion, morphology, proliferation and differentiation were pointed 

out, indicating that HELPc hydrogels can be employed as tools for testing the physiological 

consequences of cell–biomaterial interactions. To obtain hydrogels, the enzymatic cross-linking 

of the HELPc was obtained by transglutaminase thanks to the Gln and Lys residues of HELP 

hydrophilic sequence. Both non-cross-linked HELPc glass coatings and cross-linked HELPc 

hydrogels were used as adhesion substrates for C2C12 cells. At the University of Trieste were 

obtained hydrogels starting from polypeptide solutions of, respectively, 5% and 7% w/v in 10 

mM Tris/HCl. These concentrations were selected due to the fact lower concentrations 

systematically failed in generating a stable hydrogel, while concentrations higher than 7% w/v 

have the tendency to give solubility problem. Inside this framework I carried out the AFM 

surface characterization of both 5% and 7% substrates (Fig. 46a-b). AFM imaging reveals similar 

morphology for the two samples but, surprisingly, different from the previously data I obtained 

for HELPc coatings. This could be presumably due to some different synthesis mechanism 

involved in HELPc hydrogel glass layering. I quantify the roughness of the 5% HELPc hydrogel 

(Ra= 60.8±3.2 nm) and 7% hydrogel (Ra= 32.5±2.4 nm). As already described, in order to 

measure hydrogel thickness, I made a scratch in it exposing the underneath supporting glass 

surface. Height evaluation reveals that the 7% samples were significantly thicker than the 5% 

(3.702 ± 1.431 μm vs. 1.583 ± 0.446 μm) (Fig. 46c). 
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Figure 46: AFM characterization of HELPc hydrogels: (a) topographic images of 5% HELPc 

hydrogel surface measured in air. At the right the magnification of the image portion; (b) 

topographic images of 7% HELPc hydrogel surface measured in air. At the right the 

magnification of the image portion (c) Height of HELPc hydrogels.  

In parallel to this surface characterization, by comparing cell adhesion, proliferation and 

differentiation, several striking differences were pointed out between the different HELP 

compositions tested. In fact, depending on support rigidity, measured by means of rheological 
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measurements, adhesion to HELPc substrates dictated cell morphology, spreading, focal adhesion 

formation and cytoskeletal organization.  

Summarizing, hydrogels show to greatly stimulate cell proliferation, in particular in low-serum 

medium conditions, and partially inhibit myogenic differentiation. On the whole, the results 

underline the potential of HELP family polypeptides as a tool for dissecting crucial steps in 

myogenesis.  
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Discussion  

In the last decades, it has been shown a strong correlation between cell biomechanics and 

variations in the mechanical properties of the extracellular matrix. Mechanical stimuli mutually 

exchanged between adjacent cells or between a cell and the surrounding extra-cellular 

environment activate specific biochemical and biological functions which, finally, could result in 

a change of the mechanobiological properties of the cell [42]. These variations could be studied 

in a biomedical context via the determination of the Young’s modulus characterizing single cells 

or an entire tissue portion, with the final purpose to correlate them to human diseases or 

abnormalities. The increased interest in quantify the mechanical properties of biological species, 

has encouraged the exploitation of flexible nanotechnological tools and techniques such as the 

Atomic Force Microscope (AFM). In this thesis work I have took advantage of AFM versatility 

either to acquire high-resolution topographic images of the sample three-dimensional 

morphology or to quantify the mechanical properties of cells, tissues and substrates performing 

force-spectroscopy investigations. As has been described in previous paragraphs of my thesis, the 

AFM-based technique to investigate sample compliance has the great advantage of being able to 

apply a very broad range of forces (from 1 pN to 1 µN) allowing to study and compare substrates 

characterized by a wide spectrum of rigidities. Moreover, AFM is able to work in both liquid or 

air conditions and, very important when dealing with cells and tissues, samples do not require any 

special treatments before the measurement. Herein, along this thesis, AFM has been used to study 

mechanobiology and mechanotransduction in three different cellular system: calcific aortic valve 

disease, tumor associated p53 missense mutant and myogenesis. 

Calcific Aortic Valve Disease   

Calcific Aortic Valve Disease is the most common form of valve disease in Western world and 

represents a major healthcare burden. The progression of this disease is influenced by the 

mechanical forces  to which are exposed valvular interstitial cells embedded within the valve 

matrix  and, importantly, by the significant changes in morphology, composition and mechanical 

properties of the surrounding extra-cellular matrix [122]. VICs have been extensively described 

in the framework of the thesis as valve mechanosensors, able to respond to different matrix 

stiffness and/or cyclic elongation either in 2D or 3D culture conditions in numerous studies 
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[122,211]. Here, in particular, I studied the mechanical, morphological and molecular properties 

of VICs grown on substrate characterized by different surface chemistry, morphological and/or 

mechanical properties, which will at the end mimic a condition similar to the valve ECM 

structure, this in order to highlight matrix contribution and role on regulating VICs cellular fate in 

the onset of calcified tissue formation. 

Initially I was focused on the changes of mechanical properties in human valve interstitial cells 

grown on the flat elastomeric substrates characterized by different stiffness. To this aim, we 

manufactured simple 2D polyacrylamide gels [212,213] with four, AFM-validated, stiffness 

values in the kPa range (Fig. 17). Therefore, I evaluated the contribution of substrate rigidity on 

hVICs morphology pointed out that α-SMA and F-actin co-localization is function of cell rigidity 

and, moreover, from a morphological point of view, cellular perimeter, area and shape were all 

affected by substrates rigidity (Fig. 18). Having well in mind the strong relationship existing 

between loads exerted on cells, polymerization dynamics of the F-actin cytoskeleton component 

and focal adhesion points formation [24], I had the intuition that there could be a variation in 

cellular rigidity determined by the substrate stiffness. Interestingly, when I measured the cell 

stiffness by means of AFM, cell stiffness raised as direct function of cell substrate rigidity. This 

hypothesis was also supported by the significant increase in number and density of focal adhesion 

points characterized by well-defined shapes on the more rigid substrates than on the softer ones 

(Fig. 19). Moreover, It has been found, in many other different cellular system as well, that the 

mechanical stress regulates YAP nuclear localization through the Hippo kinase pathway [44]. 

Therefore, when cells are plated and left to develop onto stiff substrates, the mechanical 

engagement of the cellular cytoskeleton determines in the cell a tension-dependent inactivation of 

the kinase responsible of YAP phosphorylation, thereby causing its nuclear sequestering [57] and 

an upregulation of its target genes [214]. Based on this knowledge I evaluated an eventual YAP 

localization in the nucleus of our cells trying to understand if a dependence on the rigidity of the 

substrate was present (Fig. 20). What I discovered is that the trend in the percentage of YAP 

nuclear location (Fig. 20b) is perfectly in agreement with cellular rigidity (Fig. 19b), area and 

perimeter (Fig. 18b-c) trends. This let me to hypothesize that, regarding the mechanical response 

of human VICs in the natural matrix environment, could be that: i) we can associate undetectable, 

or at least very low, levels of YAP activation in cells developed on substrates of stiffness values 

lower than ~18 kPa; ii) a rapid increase in the YAP activation level in cells developed above a 
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compliance range of substrate stiffness between ~18 kPa and ~28 kPa; iii) a saturation of the 

mechanical-dependent machinery promoting YAP nuclear shuttling starting from stiffness values 

around ~60 kPa. In order to evaluate if, effectively, the YAP-dependent gene expression takes 

place and if this process is reversible, I moved my attention (and studies) on a condition inducing 

a high cellular stress by seeding hVICs on a glass substrate which revealed to be very similar, 

from the molecular and the mechanical aspects, to the condition I found on the High stiffness 

PAAg substrate. Therefore, I simulated the low rigidity condition taking advantage of 

pharmacological inhibition of rho-associated protein kinase ROCK signaling pathway using the 

Y27632 drug. This treatment induced in cells a localization of YAP (Fig. 21a) similar of what 

was observed seeding cells on a soft surface (Fig. 20a) and YAP nuclear translocation is due to 

YAPSer127 phosphorylation inhibition [215]. Interestingly, I have demonstrated that the process 

is completely reversible (Fig. 21b) and reflects into reversible inhibition of canonical targets (Fig. 

22). Actin filaments response to the external forces seems, through a filaments rearrangement 

process, to determine and regulate the variation in the cell mechanical properties I observed [18]. 

In this direction, integrity of the actin cytoskeleton and the amount of stress fibers play an 

important role in the activation and nuclear translocation of YAP-TAZ complex [8]. The Y27632 

inhibitor inactivates the rho kinase impeding, in this way, actin polymerization by reducing 

cellular tension [44]. Therefore, I hypothesized that the pharmacological inhibitor treatment 

induced an inhibitory effect also on hVICs stiffness. Surprisingly, when I measured the cellular 

stiffness via AFM, I could observe that the Y27632 inhibiting effect did not take place 

immediately after the molecular/chemical treatment but, instead, the reduction in cellular stiffness 

on hVICs appeared just after 24 hours. Interestingly, if I removed the inhibitor via washing out, 

an effective stiffness recovery in cell took place just after 48 hours (Fig. 23). In this context, it 

was interesting to note that the ACTA-2 gene, encoding for the αSMA gene product, and known 

to contain a promoter sequences available for multiple binding of transcription factors including 

the YAP/TAZ complex-binding TEAD [216,217], was also reversibly inhibited by the Y27632 

treatment (Fig. 24) with a trend very similar to the amount of YAP’s target genes (Fig. 22). These 

last results allowed me to say that the effect induced by mechanical stress is effectively 

reversible, but the mechanical recovery of cytoskeleton rearrangement takes place more slowly 

than the molecular recovery. This hypothesis needs to be supported by further experiments also in 

the light of recent results showing  that Rho/ROCK role in actin dynamics is independent of YAP 
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activity but, form the other hand, a Rho/ROCK transcription factor downstream is necessary to 

regulate FAs formation and cell–matrix interaction [218]. Matrix stiffening is a hallmark of 

pathology progression in various diseases such mammary and liver tumor development 

[219,220]. A typical example in the cardiovascular system is the matrix stiffening that occurs, in 

parallel to YAP transcriptional activation, in cardiac fibrosis [221]. Since pathologic evolution of 

the valve tissue occurs likely through a progressive change in the compliance of the matrix [122], 

variation of VICs stiffness sensitivity may lead to pathologic activation of the cells that may, at 

first, progress into myofibroblast differentiation and then evolve into mineralized matrix 

depositing cells [116]. On the basis of this, I sought to translate to an ex vivo experimental model 

the evidences described until now for in vitro systems. To achieve this goal, I used a thin 

transversal sections of explanted stenotic calcific human valves, obtained from patients that 

underwent aortic valve replacement. Therefore, I evaluated the expression of YAP into 

Vimentin+ and αSMA+ cells (Fig. 26) and investigated the leaflets stiffness via AFM (Fig. 25). It 

was interesting to note that the stiffness values characterizing non-calcific portions (Fig. 25c) 

were in line with the reported literature on healthy valve matrix compliance [222] while, form the 

other hand, calcified regions showed a preferential  YAP-nuclear localization coupled to an 

increase of tissue-realted stiffness (Fig. 26).  

As I have already stated, Calcific Aortic Valve Disease induction and progression are influenced, 

not only by changes in the mechanical properties of the ECM, but also by its micro-and nano-

morphology and chemical7molecular composition [122]. In recent years, the quest for 

biocompatible materials capable of mimicking the natural ECM for tissue regeneration has 

increased. Of particular interest are nano-and micro-structured three-dimensional porous 

scaffolds which could favor cell adhesion, proliferation and migration and are capable, at the end, 

to regulate cellular network functionality [223,224]. In this scenario, CNTs are optimal 

candidates, showing dimensions and morphology comparable to fibril ECM constituents, in vitro 

and in vivo cellular biocompatibility, outstanding electrical conductivity and ease of chemical 

functionalization to add any required functionality [225,226]. Based on this information, in order 

to study as these interface with porcine valve interstitial cells (pVICs), I choose to take advantage 

of the multi-walled carbon nanotubes carpets directly grown on supporting glass slides that were 

developed in our laboratory. In short, a novel strategy to grow via chemical vapor deposition 

(CVD) CNTs on a glass slide was developed and optimized. Thanks to the final transparency of 
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such CNT substrates, for the first time, I could carry out togheter immunofluorescence 

experiments and cell stiffness analysis via AFM. In addition, from the mechanical analysis of 

CNTs carpets I used (Fig. 27), I discovered that my CNTs carpet were characterized by a 

stiffness very close to that found on Middle-High and Middle Low polyacrylamide gels (Fig. 

17b). This was an important point because, as already described, this stiffness has demonstrated 

to have any effect on cells, maintaining them in a sort of “quiescent state”. The relevance of this 

“neutral” compliance condition is supported, as well, by the fact it is the same stiffness value 

characterizing healthy valve inlets. Such condition have given me the possibility to focus my 

analysis only on changes in cell behavior determined by substrate morphology and not surface 

rigidity. AN important point I want to stress about is the fact that many studies you can find in 

literature where CNTs-cell interaction is studied, have shown that CNTs in solution can be toxic 

to cells [190,191]. From the other hand, CNTs strongly attached or embedded to a support 

surface do not show to have any cytotoxic effects. Being directly grown, and consequently 

attached, on a supporting glass surface, our CNTs demonstrated to have any kind of toxic effect 

on cells, in particular on pVICs (Fig. 30). One of the effects determined by ECM morphology in 

the onset of CAVD is the pro-pathological phenotypic modification that could be induced. In 

particular we have to consider that VICs composition in a healthy valve is about 5% represented 

by myofibroblasts while a no-longer healthy valve have more than 30% of VICs population 

formed by myofibroblasts [112]. My results have shown that a totally different morphological 

and phenotypic effect is induced on pVICs by the two substrates I tested: nanostructured tCNTs 

carpets and flat glass controls (Fig. 32-33-34). Surprisingly, I have found that the percentage of 

myofibroblasts characterizing cell cultures developed above CNTs was very similar to that in a 

healthy valve [112]. This suggests that the morphology of CNTs seems able to prevent the pro-

pathologic phenotypic modification of VICs. Has to be considered anyhow that inside a real 

tissue leaflet a strong mechanical heterogeneity is present [118,227] and it has already been 

shown that tissutal VICs elastic moduli are strongly influenced by the mechanical properties of 

surrounding ECM [8,80,125]. Therefore, I evaluated the stiffness of the cells grown on the two 

substrates (glass and CNTs) and what I found is that the fibroblasts present on CNTs are 

significantly stiffer than those grown on glass substrate while, and this is the more intriguing 

point, the myofibroblasts grown on CNTs are softer than those grown on glass (any difference is 

instead visible between smooth muscle cells grown on both substrates) (Fig. 35). It is well known 
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that mechanical stimuli are transmitted from ECM to actin cytoskeleton through the Focal 

Adhesion points [20] and their number, shape and distribution is directly correlated to the 

intracellular tensional state [195,196]. In this context, I evaluated the FAs of pVICs grown on 

both substrates by vinculin staining (Fig. 36 a-b). The same trend I observed in cell stiffness (Fig. 

35) is confirmed as well by the number of FAs (Fig. 36c). Surprisingly, myofibroblasts FAs 

density when grown on CNTs is significantly lower than FAs density determined for fibroblast in 

the same condition (Fig. 36d). This result confirms the stiffness data measured with the AFM that 

pointed out a stiffer value for fibroblast grown on CNTs than for myofibroblast developed on 

CNTs (Fig. 32 a-b). My results have led us to hypothesize a strong interaction between the CNTs 

and pVICs. In 2009 Ballerini L. it has already been hypothesized that a pinching phenomenon 

happens during the interaction between neuronal cells plasma membrane and CNTs increasing, in 

this way, network electrophysiological activity [172]. Coherently to this observation, I observed 

as well that CNTs below the plasma membrane are able to completely cross it (Fig. 38). In this 

context, I can speculate that this phenomena, could not only stabilize the bilayer [198], but 

promote the formation and clustering of FAs in pVICs grown on CNTs (Fig. 36) contributing, in 

this way, to increase the cells stiffness (Fig. 35). 

Concluding, I can confirm that in the onset of CAVD both the rigidity and the morphology of the 

substrate (or matrix) greatly affect the VICs behavior. In particular, I identified a stiffness range 

between the cells are in a state of quiescence and a nano-structured material that have a positive 

effect on VICs phenotype fate/evolution. This opens a new perspective to understand the 

relationships between valve-resident cells in both physiologic vs. pathologic contexts [228] and, 

moreover, a specification criteria to designing scaffolds with mechanically and morphologically 

controlled characteristics able to assure human-derived VICs development and colonization with 

a quiescent phenotype [8,229] for valve tissue engineering applications [230]. 

Tumor associated p53 missense mutants  

It is well known that many biophysical processes are involved in the onset and progression of 

cancer disease. In particular, there is an increasing interest in the study of TP53 missense mutants 

because it is the most frequent genetic mark in human cancers. These mutants have demonstrated 

to have a strong impact on cancer progression, metastatic potential and drug resistance [140]. 
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This last effect is a prerequisite for mutant p53 protein stabilization [231]. Aiming to study 

cellular processes and biochemical pathways responsible for mutant p53 stabilization in the 

cancer, a drug screening on MDA-MB 231 cell line was performed and one class of drugs which 

associated with mutant p53 level decrease called Statin was identified. Statins are well known 

drugs, commonly used in clinical and medical applications to lower cholesterol plasma levels in 

patients with cardiovascular disease by limiting the function mevalonate pathway [200]. The 

statin have been found to inhibit the enzymatic activity of RhoA [148] which is a target of mutant 

p53 in controlling cellular metabolism [148,203]. However, RhoA is also a regulator of actin 

cytoskeleton rearrangement and its activity is fundamental for the transmission of mechanical 

stimuli from ECM to cells [204]. These observations have allowed us to hypothesize that 

mechanical cell variations may have an effect on p53 levels through mevalonate/RhoA signaling. 

Therefore, I have tested the cellular stiffness of cells treated with different drugs confirming a 

stiffness reduction when drug molecules determine actin cytoskeleton de-structuration (Fig. 39a). 

At the same time, the results coming out form cells treated with Latrunculin A proved that a 

reduction of stress fibers happens in conjunction with a reduction of mutant p53 levels (Fig. 39b). 

This demonstrates that RhoA-dependent acto-myosin dynamic impacts mutant p53 levels in 

tumoral cells. Based on the results obtained in vitro, I took advantage of my AFM 

nanoindentation procedure to evaluate the role of mevalonate pathway in tumor mechano-

signaling and potential effects on mutant p53 level in an ex vivo model. From my results it was 

evident that the rigidity of both cancer cells and ECM was reduced after a Zoledronic acid 

treatment (Fig. 40a) and a subsequent molecular analysis demonstrated a reduction of the 

phosphorylation of focal adhesion points, of myosin light chain 2 and of mutant p53 levels (Fig. 

40b). Therefore, it seems that, in vivo as in vitro, the mevalonate pathway is strongly involved in 

tumor mechanosensing and regulate mutant p53 levels.  

In this framework, I have proved that the ECM rigidity, by controlling RhoA activation and actin 

polymerization, indirectly regulates the mutant p53 level and its activation. In addition, these 

mechanical variations in ECM could induce stabilization of mutant p53 and activation of drug 

resistance.    
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Myogenesis 

 

In the last decades, many strategies have been exploited to develop new materials for skeletal 

muscle regeneration applications [151]. Key features these materials have to have are improved 

cell adhesion, proliferation, differentiation and ability to induce contractile activity in resulting 

myotubes. In this context, I have characterized a new polypeptide of the HELP family [167], 

called HELPc, that has been employed as a growing substrate for C2C12 myoblasts together with 

HELP and HELP1 controls. As has been already observed in several synthetic scaffolds for tissue 

engineering, the presence of the RGD sequence increases cell adhesion [232]. In fact, the 

peculiarity of HELPc was the addition at its C-terminal of a sequence from the α2 isoform of 

collagen type IV, containing two RGD motives (Fig. 41). RGD motives are a physiological 

ligand of membrane integrins regulating the cytoskeleton rearrangement, cell shape and 

locomotion. My morphological characterization, via AFM imaging, revealed an amorphous 

topology for both the protein assembles (Fig. 42a). Consequently is not surprising that, in C2C12 

grown on HELPc, a greater adhesion was observed than on other substrates and, as well, a larger 

number of lamellopodia , a common indicator of a higher degree of cell motility [233] that could 

result in an increased cellular alignment and fusion capacity. It is now clear that many cellular 

processes are regulated by the forces that are generated by the ECM-cell interaction [234]. 

Therefore, I have measured the cellular stiffness, via AFM force spectroscopy and, as expected, 

C2C12 myotubes on HELPc are stiffer than HELP and HELP1 (Fig. 44). It is believed that 

cellular rigidity is related to cellular contraction [234,235], in our case, myotubes grown on 

HELPc have a higher contraction activity than those grown on the other two polypeptides (Fig. 

45). Following, we considered that also the mechanical properties of the ECM could be involved 

in skeletal muscle cell development. Therefore, I have characterized hydrogels of different 

stiffness made with the same polypeptides, fabricated exploiting the presence of residues GLn 

and Lys in the HELP hydrophilic sequence in order to obtain a HELPc hydrogels at two different 

percentage of monomer (5% and 7% w/v). My AFM surface characterization has revealed similar 

morphologies for the two samples (Fig. 46) but significantly different from bi-dimensional layer 

made by HELPc glass slide coating (Fig. 42a). These differences in morphology could be 

attributed to the different mechanism of synthesis taking place in HELPc hydrogel. As was 
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previously done for HELPc coating, C2C12 myotubes were pleated on the HELPc hydrogel and 

cell adhesion was evaluated as well proliferation and differentiation. Surprisingly, several striking 

differences has been found between the different HELP compositions tested, in particular 

hydrogels show a high proliferation and partially inhibit myogenic differentiation than bi-

dimensional counterparts.  

My results allowed us to understand that HELP family of polypeptides could be a precious bio-

engineering tool to study the functional consequence of cell-biomaterial interactions. In 

particular, the addition of C-terminal a sequence from the α2 isoform of collagen type IV to 

HELPc structure increases its applicability as a new biomaterial for muscle regeneration. 
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Final remarks 

During the last decades, the general interest on cell and tissue biophysical properties has 

significantly increased. These properties, in fact, determine cell behavior modifications and, more 

interestingly, have the potential to be used to discriminate between the physiological or the 

pathological condition of a tissue. For this reason, clinical research community is particularly 

interested and focused in identifying new (nano)technological tools that can diagnose the onset, 

progression and aggression of a disease in its very early stage.  

Herein, I have exploited the great versatility of the AFM to highlight the importance of 

mechanobiology and mechanotransduction in the framework of three different cellular systems. 

Thanks to the combination of AFM nano-indentation analysis to conventional biomolecular 

techniques, I could confirm that the variations in ECM mechanical properties determine changes 

in cellular stiffness in calcific aortic valve tissues. In addition, I could hypothesize that in the 

human healthy valve exist three range of stiffness, presumably associated to the natural 

extracellular matrix, which guide the onset of the disease. These results were also validated on an 

ex vivo system, via AFM force mapping of transversal thin sections of explanted stenotic calcific 

human valves, obtained from patients that underwent aortic valve replacement. Furthermore, I 

interfaced porcine Valve Interstitial Cells with transparent carbon nanotubes substrates in order to 

investigated any possible berturbation in cellular properties induced by a nanomaterial that 

mimics an ECM morphology. Even in this case the AFM revealed to be an extremely powerful 

technique allowing the mechanical characterization of cells grown above such nanostructured 

substrates as, as well, the characterization of the tCNTs carpet itself pointing out for it a “neutral” 

value of stiffness. In this way I was able to decouple the substrate morphological contribution to 

the cell behavior from its compliance contribution. That thanks to the fact its stiffness value is 

very close to the one characterizing healthy valve inlets. Moreover, I observed that CNTs induce 

a positive effect on pVICs differentiation respect to a flat and rigid glass control. In fact, from our 

results, I could say that the amount of myofibroblasts on glass and tCNTs substrate are 

comparable to those reported in literature for pathological and healthy valves, respectively. In a 

second cellular system I studied, I demonstrated, via AFM, that in tumor associated p53 missense 

mutants, the ECM rigidity indirectly regulates level and activation of mutant p53 and could 

determine the drug resistance in both in vivo and in vitro conditions. Finally, in the last cellular 
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system I had the possibility to study, AFM was initially used to perform a morphological 

characterization of a new polymer, HELPc, in order to evaluated its possible application in the 

field of skeletal muscle regeneration. Furthermore, nanoindentation experiments were performed 

to characterize the rigidity of C2C12 myotubes grown on such HELPc 2D and 3D scaffolds and I 

discover that substrate stiffness is closely related to cell adhesion and contractile activity of 

myotubes: an essential feature for muscle tissue regeneration. 

My results show that atomic force microscopy is an excellent tool to study the mechanical 

properties, and not only, of different cellular system. For this reason, the development of a 

simplified version of this tool could be a great candidate tool for medical and clinical diagnostics. 
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Materials and methods 

10. Valve interstitial cells grown on different substrates 

Tunable stiffness substrates preparation and functionalization 

Substrates of known stiffness were produced according to the protocol described by Pelham R.J. 

and Wang J. [1,236]. Briefly, 33 μL of polyacrylamide (PAA) solution are deposited onto a glass 

slides. The PAA solution contains 0.15% tetramethylethylenediamine, 0.075% ammonium 

persulfate and acrylamide and bisacrylamide in varius ratios (Low= 3.0% acrylamide, 0.06% 

bisacrylamide, Medium Low= 7.5% acrylamide, 0.03% bislacrylamide; Medium High= 7.5% 

acrylamide, 0.05% bisacrylamide; High= 7.5% acrylamide, 0.12% bisacrylamide), thus allowing 

the polymerization of gels with tuned stiffness. A glass coverslip (18 mm x 18 mm), previously 

treated by Surfacil (Pierce) to prevent adhesion to the gel, is placed on the top of the un-

polymerized gel solution and kept under nitrogen flow, until a thin attachment and proliferation 

onto the gel, the acrylamide surface is activated by treatment with sulfosuccinimidyl 6(49-azido-

29-nitrophenyl-amino) hexanoate (Sulfo-SANPAH; Pierce) 0.2 mg/mL in Hepes 50 mM (pH 

8.5), exposed to UV light (365 nm, 20 minutes), and coated by overnight incubation at 4 °C with 

0.2 mg/mL type I collagen from rat tail (Worthington) in Hepes 50 mM. Substrate sterilization 

was performed by UV (250 nm) light exposure (30 minutes). AFM measurements served to find 

an accurate correlation between gel composition and stiffness, as described in the dedicated 

paragraph. 

CNTs synthesis 

Multi-walled carbon nanotubes were synthesized by the catalytic decomposition of acetylene 

(carbon source) over an iron catalyst thin layer using fused silica (SiO2) wafer chips as supporting     

substrates [237]. The wafers were manually cleaved into 15x15 mm
2
 samples using a diamond 

scribe and cleaned by Radio Corporation of America (RCA) method [238]. This was followed by 

the deposition of a thin iron layer (0.2–1 nm in thickness) directly on the SiO2 chips using 

electron beam (e-beam) evaporation. Iron film thickness was monitored with an in-situ quartz 

crystal microbalance. Since the uniformity of the catalyst layer is crucial for CNTs growth, an 
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average deposition rate of 0.2 Å/sec was adopted. Subsequently, the as-evaporated substrates 

were located on the heating element inside the high vacuum reaction chamber. An annealing 

treatment (4 min at 650–670 °C in H2 atmosphere) was performed to reduce iron oxides possibly 

present on film surface, as a result of the exposition to atmospheric air conditions during transfer 

from the metal deposition system to the CCVD reactor, and to break down the continuous iron 

layer into nanoparticles which subsequently act as nucleation sites for CNTs growth. Once the 

pre-treatment process was over, the carbon source was immediately introduced in the reaction 

chamber up to a partial pressure of 10–20 mbar. Sample temperature was increased to 730 °C and 

reaction time was limited to 90 seconds, resulting in the formation of a uniform carpet of 

vertically aligned CNTs of less than 10 μm in length. After that, samples were cooled down to 

room temperature and employed as removed from the reaction chamber. 

CNTs images perform by Field Emission Scanning Electron Microscopy 

Field Emission Scanning Electron Microscopy (FE-SEM) imaging was performed on the as-

produced CNTs using a Gemini SUPRA 40 SEM (Carl Zeiss NTS GmbH, Oberkochen, 

Germany) operating at an accelerating voltage of 5 keV. 

Transmission electron microscopy of CNTs 

Transmission electron microscopy (TEM) of CNT carpets was performed using an EM 208-

Philips TEM system equipped with Quemesa (Olympus Soft Imaging Solutions) camera. Before 

TEM imaging, samples were released from the substrates, dispersed in ethanol and a drop of the 

solution was deposited onto a commercial lacey-carbon grid. 

Raman spectroscopy of CNTs 

Raman spectroscopy was conducted on the as-produced CNTs at room temperature employing a 

Renishaw inVia Raman microscope with a 60x objective lens at 632.8 nm laser excitation and a 

laser power of 2 mW. 

X-ray Photoelectron Spectroscopy of CNTs 

In order to evaluate the CNTs surface composition, X-ray Photoelectron Spectroscopy (XPS) was 

carried out using a commercial Xray photoelectron spectrometer (VG-ESCALAB-II) equipped 

with a monochromatic Al Kα X-ray source (1486.6 eV) and a hemispherical energy analyzer with 
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a base pressure below 1×10-10 mbar. Core-level XPS data analysis was performed after the 

removal of nonlinear Shirley background and deconvolution into Gaussian/Lorentzian 

components using Casa-XPS software. 

Cell isolation and cell culture 

Primary human VICs were isolated by enzymatic dissociation of non-calcific portion of 

pathologic aortic valve leaflet, derived as discard material from surgical valve replacement. 

Whereas pig VICs were obtained using aortic valves of pigs of 6–9 months of age. Both cell lines 

were isolated using a protocol described previously by Santoro R. et al. [239] Briefly, a first 

incubation for 5 min on shaker at 37 °C in Collagenase Type II (Worthington) solution (1000 U 

mL
-1

), to remove the endothelial layer was performed. In order to isolate the pVICs, a second 2h 

incubation under the same conditions was carry out. Following cells were seeded for ex vivo 

amplification on 1% gelatin coated plastic cell culture dishes (10 cm diameter). The cells were 

grown in DMEM (Thermofisher Scientific, OR, USA) containing 150 U mL
-1

 

penicillin/streptomycin (Sigma–Aldrich) and 2 mM L-glutamine (Sigma–Aldrich), and 10% Fetal 

bovine serum (Sigma-Aldrich, St. Louis, MO, USA). 

hVICs culture onto PAA gels 

hVICs were seeded onto substrates of controlled rigidity (PAA gels or glass coverslip), at a 

density of 2.0x10
3 

cells, and cultured for 48 hours before fixation in paraformaldehyde (PFA 4%) 

for either immunofluorescence staining or AFM spectroscopy. 

pVICs culture above CNTs carpets 

pVICs were seeded onto substrates (CNTs or glass coverslip) at a density 1.0x10
5
 cells, and 

cultured for 72 hours before fixation in paraformaldehyde (PFA 4%) for either 

immunofluorescence staining or AFM spectroscopy. Whereas pVICs were seeded onto both 

substrates at a density 5.0x10
5 

cells for squirting essay. Before seeding all the samples are washed 

with ethanol and plasma cleaned 
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Pharmacological inhibition of cytoskeleton polymerization of hVICs 

hVICs were seeded at low density (see paragraph hVICs culture onto PAA gels) onto either PAA 

gels and glass coverslip supplementing, after 24 hours, the culture medium with 10 μM Rho-

Kinase activated ROCK phosphorylation inhibitor (Y27632, Sigma Aldrich), for 2 hrs. Recovery 

of cell morphology and cytoskeleton rearrangement from inhibition treatment was evaluated 24 

hours after substitution with fresh medium, while the recovery of cell stiffness was estimated 

after 24 and 48 hours after change with fresh medium. Effect of inhibition on cell morphology, 

cytoskeleton organization and stiffness was performed after fixation after cell fixation (PFA 4%). 

Effect of pharmacological treatment on gene expression was evaluated by total RNA extraction 

from cells culture onto glass slides.  

Gene expression of hVICs 

Total RNA was extracted from cells using Tripure reagent (Roche Diagnostics), using a in 

column method (Zymo Research), including a DNAse treatment, and retrotranscribed into cDNA 

with Superscript II (Thermo Fisher Scientific). Quantitative real-time PCR (qRT-PCR) 

amplification were performed for GAPDH, ANKRD1, CTGF, CYR61, ACTA2 (Primers details 

in Table 1), using Power Syber Green PCR Master Mix (Applied Biosystem) on a 7900 Fast 

Real-Time PCR System (Applied Biosystem). Gene expression levels were normalized to 

GAPDH expression data. The 2
-ΔΔCt

 method was employed to calculate the fold change of the 

genes in Y27632 treated vs. control samples. 
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Table 1: List the primers employed in qRT-PCR experiments 

Antibodies and fluorophores 

Anti-vinculin antibody (mouse monoclonal, VIIF9 (7F9); Sigma-Aldrich, St. Louis, MO, USA) 

was employed at 1:20 dilution. Alexa Fluor 594 phalloidin (Thermofisher Scientific, OR, USA) 

was employed at 1:10 dilution. 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine 

Perchlorate (DIL, ThermoFisher Scientific, OR, USA) was employed at 1:100 dilution. Anti-α-

SMA antibody (Monoclonal Mouse Anti-Human, Clone 1A4, Agilent Technologies, Santa Clara, 

USA) was employed at 1:50 dilution. Anti-YAP antibody (Santa Cruz) was employed at 1:200 

dilution. Anti-Vimentin antibody (Cell Signaling) was employed at 1:200 dilution. Goat anti-

Mouse IgG Secondary Antibody, Alexa Fluor 594 (Thermofisher Scientific, OR, USA) was 

employed at 1:500 dilution. Goat anti-Mouse IgG Secondary Antibody, Alexa Fluor 488 

(Thermofisher Scientific, OR, USA) was employed at 1:500 dilution. 

Western analysis 

Cellular proteins were collected from cells before and after Y27632 and recovery using RIPA 

buffer (10 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% v/v triton X-100, 1 % w/v 

sodium deoxycholate, 0.1% w/v sodium dodecyl sulfate and 1% v/v protease and phosphatase 
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inhibitor). Following protein concentration determination (Pierce™ BCA Protein Assay Kit, 

Thermo scientific), 30 μg of total protein solution were diluted into Laemli buffer. After heating 

at 95 °C proteins were run into SDS-PAGE. Proteins were transferred to a nitrocellulose 

membrane by wet transfer protocol (25 mM Tris, 190 mM Glycine, 20% Methanol, SDS 0.02%) 

for 2h at 100V. Before western analysis, non-specific binding was blocked by incubating filters 

with 5% non-fat dried milk in PBS. Overnight incubation at 4 °C with primary antibodies listed 

in paragraph 10.1.12 was followed by incubation for 20 minutes at room temperature with 

secondary antibodies. Protein bands were acquired by Odissie (LI-COR), and quantified using 

ImageJ. Data quantification was performed by normalizing protein bands intensity to the intensity 

of GAPDH internal control. 

Immunofluorescence assay on pVICs grown on CNTs 

Coverslips and CNTs were washed 3 times with PBS and then fixed with 4% paraformaldehyde 

(PFA) for 30 minutes at RT. After fixation, samples were permeabilized with a solution 

containing 0.5% Tween in PBS for 10 minutes and were washed 3 times with a solution 

containing 0.1% Tween in PBS. After permeabilization, samples were blocked with a solution 

containing 5% fetal bovine serum (FBS) in PBS for 1 hour. Samples were incubated for 30 hours 

at RT with aN Alexa Fluor 594 phalloidin at the appropriate dilution in a blocking solution (5% 

FBS in PBS). After 3 washes of 5 minutes with PBS, coverslips were incubated with the Anti-

vinculin antibody for 2 hours at RT at the appropriate dilution in a blocking solution (5% FBS in 

PBS). Samples, washed 3 times for 5 minutes with PBS, were incubated with secondary antibody 

for 2 hours at RT at the appropriate dilution in a blocking solution (5% FBS in PBS). After 3 

washes of 5 minutes with PBS, the nuclei are stained by incubation with DAPI (Sigma Aldrich) 

in PBS (1:3000) for 5 minutes. The samples were washed two times in PBS and once in H2O mQ. 

The Samples were then mounted onto slides and visualized under a Inverted Research 

Microscope Eclipse TiU, Nikon (Nikon Corporation). The analysis of image was conducted using 

the program ImageJ. 
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Immunofluorescence assay on hVICs grown on PAA gels 

The protocol for immunofluorescence experiments is the same as described above. Images 

acquired by fluorescence microscopy (Apotome; Carl Zeiss, Jena, Germany) were also used to 

perform automated cell counting and morphological evaluations (ImageJ). 

Cell density and branching assay 

Cells were plated on both substrates at a confluence of 1.0x10
5 

cells. After 12-72 hours, the cells 

were fixed and labeled with phalloidin and DAPI according to the immunofluorescence protocol. 

For each sample 25 fields were acquired. Cell density was generated calculating the ratio between 

the number of nuclei and area of the image: 

Number of nuclei/area of image [mm
2
] 

Cell branching was generated calculating the ratio between the number of processes and number 

of cells: 

Processes number/cells number 

The analysis of image was conducted using the program ImageJ. 

Identification pVICs phenotypes grown on CNTs substrates 

Cells were plated on both substrates at a confluence of 1.0x10
5 

cells. After 12-72 hours, the cells 

were fixed and labeled with phalloidin and DAPI according to the immunofluorescence protocol. 

For each sample 25 fields were acquired and cells for phenotypes were evaluated. In order to 

identify the cell phenotype was calculating the ratio between long side and short side identifying 

three phenotypes smoot muscle cells [from 1 to 1.5], myofibroblasts [from 1.5 to 3.0] and 

fibroblasts [larger than 3.0]. The analysis of image was conducted using the program ImageJ. 

pVICs Squirting assay  

Cells were plated on both substrates at a confluence of 5.0x10
5
 cells. Before seeding all the 

samples are washed with ethanol and plasma cleaned. After 72 hours, the cells were subjected to 
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osmotic shock to obtain the basal cell membrane using a protocol described previously by Ziegler 

U. et al. [197]. Briefly, cells were washed  with ice cold 20 mM PIPES, 150 mM KCl, pH 6.2, 

incubated in hypotonic buffer  (4  mM  PIPES,  30  mM  KCl,  pH  6.2)  for  3  min  on  ice  and 

subsequently  squirted  using  5  mL  of  the  same  buffer  through  a  25- gauge needle. 

Incubation in high salt was done in 2 M NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 1 mM Na2HPO4, 

pH 7.2 for 30 min at room temperature. After the samples were fixed in 4% PFA and were 

washed 3 times in PBS. 

SEM image on pVIC basal membrane 

Before Field Emission Scanning Electron Microscopy (FE-SEM), a lightweight gold evaporation 

at control (Glass) was performed, while no pretreatment was carried out to CNTs because they 

were already conductive. FE-SEM imaging was performed on the as-produced CNTs using a 

Gemini SUPRA 40 SEM (Carl Zeiss NTS GmbH, Oberkochen, Germany) operating at an 

accelerating voltage of 3 keV. 

Atomic Force Microscopy characterization 

The basal cell membranes were stained with DIL at the appropriate dilution in H2O mQ (1:100) 

for 15 minutes and the nuclei were stained by incubation with DAPI (Sigma Aldrich) in H2O mQ 

(1:3000) for 5 minutes. After 3 washes in H2O mQ, the samples were dried. AFM was used to 

characterize in thickness and morphology of basal cell membrane. The AFM image was acquire 

using a commercially available microscopy, NT-MDT Smena (NT-MDT, Russia) mounted on 

Inverted Research Microscope Eclipse TiU, Nikon (Nikon Corporation). All AFM measurements 

were carried out at room temperature working in dynamic mode in air. The samples were imaged 

using cantilevers characterized by a resonance frequency of about 65 kHz and a force constant of 

about 0.6 nN/nm (HQ:NSC36/C from MikroMasch Co. - Tallinn – Estonia). 512×512 pixels 

images were acquired at 0.3 lines/second scan speed. Gwyddion software (www.gwyddion.net) 

was used to analyze AFM images. 

Atomic force Microscopy force spectroscopy on pVICs grown on CNTs 

For AFM force spectroscopy, cells were seeded on both substrates at a confluence of 1.0x10
5
 

cells. Before seeding all the samples are washed with ethanol and plasma cleaned. After 72 hours, 
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samples were fixed in 4% PFA and were washed 3 times in PBS. Before the AFM force 

spectroscopy measurement, the nuclei were stained by incubation with DAPI (Sigma Aldrich) in 

PBS (1:3000) for 5 minutes and the samples were washed 3 times in PBS. All AFM 

measurements were carried out at room temperature working in contact mode in PBS 1X. AFM 

elastic assessment of stiffness was done taking advantage of the distinctive force spectroscopy 

capabilities of the NT-MDT Smena. In brief, force spectroscopy measures the deflection of an 

AFM cantilever while it is pushed to a surface. These data were subsequently converted in a 

force/indentation curve via cantilever spring constant and displacement knowledge [240]. 

Compliance of the material under the tip may be determined fitting the data with a Hertzian 

model of surface indentation [241]. Indentation measures were performed positioning the tip on 

the cell nucleus. A cantilever with a sphere of 20 μm in diameter, manually glued, with an elastic 

constant of about 0.03 N/m and a resonance frequency of about 10 kHz (CSG11B- from NT-

MDT) was used. Force spectroscopy measurements were performed at constant speed (2.5 μm/s) 

and triggered to a maximum sample indentation of 500 nm. For each sample, 1 cell curve was 

acquired on a total of 60 cells. Elastic modulus values, expressed in kPa, were determined by 

interpolating with the Hertzian model. The analysis was done using the Nova-Px 3.4 Smena 

software. 

Atomic force Microscopy force spectroscopy on hVICs grown on PAA gels. 

The rigidity of elastomeric substrates and cells was quantified through AFM force spectroscopy 

(Smena, NT-MDT, RU). Briefly force spectroscopy measures the deflection of an AFM 

cantilever while it is pushed to a surface. These data were subsequently converted in a 

force/indentation curve via cantilever spring constant and displacement knowledge [240]. 

Compliance of the material under the tip may be determined fitting the data with a Hertzian 

model of surface indentation [242]. Indentation measures were performed positioning the tip on 

the cell nucleus. A cantilever with a sphere of 20 μm in diameter, manually glued, with an elastic 

constant of about 0.03 N/m and a resonance frequency of about 10 kHz (CSG11B- from NT-

MDT) was used. Force spectroscopy measurements were performed indentation speeds between 

2.5 µm/s and 10 µm/s and with a maximum value of indentation set at 500 nm in order to 

measure the mechanical characteristics of the cytoskeletal component by reducing the 

contribution of the nucleus and of the underlying surface. For each sample, 1 cell curve was 
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acquired on a total of 30 cells (5 measurements each cell) while the stiffness of the substrate was 

determined as an average of 15 curves at different positions of the sample. Elastic modulus 

values, expressed in kPa, were determined by interpolating with the Hertzian model. The analysis 

was done using the Nova-Px 3.4 Smena software. 

Ex vivo VAO histological preparation 

AOV leaflets were fixed in 4% PFA overnight at 4 °C. Samples were washed in PBS and 

incubated first for nine hours in 15% sucrose-PBS solution, then overnight in 30% sucrose-PBS 

solution, before inclusion in OCT compound at –20 °C. Cryosectioning was performed at –20 °C 

with a HM525NX cryostat (Thermo Scientific). Transversal sections (10 µm thickness) were 

collected onto glass slides (SuperFrost Plus, Thermo Scientific) and air-dried (20 min, 37 °C in 

ventilated oven) before performing either staining or local rigidity mapping. The protocol for 

immunofluorescence experiments is the same as described above and the reagents listed in Table 

1. Images were acquired using fluorescence (Apotome or LSM710; Carl Zeiss, Jena, Germany). 

Ex vivo Aortic Valve leaflet AFM force spectroscopy map 

The Ex vivo VAO histological preparation is the same as described above. Before the AFM force 

spectroscopy map measures, the leaflet slice was left at room temperature for 10 minutes. After 

the sample was washed gently 3 times with PBS 1X and air-dried (20 min, 37 ° C in ventilated 

oven). Following, the optical image with Inverted Research Microscope Eclipse Ti, Nikon (Nikon 

Corporation) was acquired and it was divided into squares 100 μm x 100 μm though ImageJ. In 

general AFM force spectroscopy map was performed with the same protocol described in the 

paragraph “Atomic force Microscopy force spectroscopy on pVICs grown on CNTs”. A 

cantilever with a sphere of 20 μm in diameter, manually glued, with an elastic constant of about 

5.5 N/m and a resonance frequency of about 150 kHz (NSG11- from NT-MDT) was used. For 

leaflet slice mapping, 1 curve was acquired in the center of each squares for 3 different donors. 

Elastic modulus values, expressed in kPa, were determined by interpolating with the Hertzian 

model. The analysis was done using the Nova-Px 3.4 Smena software. After the force mapping 

image was compared with histological image after Von Kossa and eosin staining in order to 

identify the calcific and non-calcific portions of AOV. 
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Statistical analysis 

The statistical analysis and data processing were performed with R program. The Shapiro Wilk 

test was applied to the data to understand if they had a normal distribution or not. When the data 

distribution was normal, then parametric, the T-test or test-student was applied. While when the 

distribution is not normal, then it is not parametric, U-test or Wilcoxon-Mann-Whitney test was 

applied. In some cases, 1-way ANOVA was applied.
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11 Tumor associated p53 missense mutants 

Cell lines 

MDA-MB-231 cells were cultured in DMEM (LONZA) supplemented with 10% Fetal Bovine 

Serum (FBS) and with 1% penicillin 100 U/mL and streptomycin 10 μg/mL.  

Reagents 

The following compounds were purchased from Sigma Aldrich: Cerivastatin (SML0005), 

Geranylgeranyl Pyrophosphate (#G6025), Zoledronic Acid (SML0223), Blebbistatin (B0560), Y-

27632 dihydrochloride (Y0503). Latrunculin-A (sc-202691) was purchased from Santa Cruz 

Biotechnology. Picro Sirus Red Stain Kit (Connective Stain) (ab 150681) was purchased from 

Abcam.  

Antibodies  

Antibodies used for western blot and immunofluorescence were: anti-p53 (1:1000; DO-1; Santa 

Cruz Biotechnology), anti-Actin (1:5000; C11; Sigma), Anti-Vinculin (1:5000; V4505; Sigma), 

anti-MLC2 (1:1000; 3672; Cell Signaling), anti-pMLC2 (phospho Ser19) (1:1000; 3672S; Cell 

Signaling), anti-FAK (C-20) (1:1000; sc-15407; Santa Cruz Biotechnology), anti-pFAK 

(phospho Y397) (1:1000; ab81298; abcam).  

Immunofluorescence and Western Blot essays 

Immunofluorescence staining was carried out as previously described [202]. Briefly, cells were 

fixed in 4% paraformaldehyde for 10 minutes, washed in PBS, permebilized with Triton 0.1% for 

10 minutes and blocked in PBS FBS 3 % for 30 minutes. The primary antibody was incubated for 

1 hour at 37 °C and the secondary antibody, Goat anti-mouse Alexa Fluor 568 ( Life 

Technologies) was incubated for 30 minutes at 37 °C. Nuclei were stained with Hoechst 33342 

(Life Technologies). Western Blot analysis was carried out as previously described [202]. The 

protein stability measurement as previously described [243]. Immunoblots were quantified with 

ImageJ program. The integrated density of bands was corrected for background. Two-tail 

Student’s t-Test was performed to determine statistical significance. 
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Mice and animal care 

For in vivo studies, one million of MDA-MB-231 cells were resuspended in100 μL of DMEM, 

injected into the mammary fat of previously anesthetized 7 weeks old SCID female mice (1-3% 

isoflurane, Merial Italia S.p.A, Italy) as previously described [202]. At day 12 after cell injection, 

mice were subjected to intravenous injection of zoledronic acid ([1-hydroxy-2-(1H-

imidazoledronic acid-1-y1) ethylidene]) (200 μg/Kg body weight), every 4 days until the end of 

the experiment (day 40). The mice were used and housed in a specific pathogen-free (SPF) 

animal facility. Procedures involving animals and their care were and their care were performed 

in conformity with institutional guidelines (D.L. 116/92 and subsequent complementing 

circulars) and all experimental protocols were approved by the ethical Committee of the 

University of Padua (CEASA). At day 40 the animals were sacrificed and the primary tumors 

were extracted and directly frozen in liquid nitrogen. Tissues were lysed for immunoblot analysis 

or sectioned at 5 μm, fixed, and stained either with hematoxylin and eosin (H&E) for histological 

analysis or with Picro Sirius and hematoxylin to performed AFM analysis. For tumors per group 

were used.   

Atomic Force Microscopy analysis 

Atomic force microscopy was used to investigate cell mechanical properties. In particular, elastic 

assessment of stiffness was done taking advantage of force spectroscopy capabilities of a Smena 

AFM (NT-MDT Co., Moscow, Russia) mounted on an inverted fluorescence microscope (Nikon 

Eclipse Ti-U). AFM force spectroscopy on single cells was performed as described previously for 

pVIC grown on CNTs.  

Tissue section’s stiffness was studied evaluating the stiffness of the cells inside the tissue, 

marking their nuclei via Hematoxylin staining, and ECM stiffness, pointing it out by the collagen 

and amyloid specific dye Picro Sirius Red Stain. AFM force curves were obtained on each 

sample (4 control, not treated, samples and 4 zoledronate treated ones) randomly acquiring about 

60 curves on blue, Hematoxylin positive, areas and about 60 curves on red, Picro Sirius Red 

positive, areas (see Fig. 39a). A total number of 210 and 245 stiffness values were obtained for 

controls and treated cells, respectively. 240 and 239 curves were instead acquired for controls and 

treated ECMs. During AFM characterization sections were maintained immersed in 1X PBS 
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buffer at room temperature. Cantilever used was a tip-less probe characterized by a spring 

constant of about 0.03 nN/nm (HQ:CSC38 cantilevers from MikroMAsch Co.- Tallin, Estonia) at 

the end of which a 18 μm in diameter silica bead (Thermo Fisher Scientific, CA, USA) was glued 

using UV curable glue (Norland Products Inc., NJ, USA). Force spectroscopy measurements 

were performed at constant speed (2.5 μm/s) and triggered to a maximum force applied to the 

sample of 5 nN. Elastic modulus values (E), in kPa, were determined by fitting obtained force-

displacement curves with an Hertzian model for the tip used taking advantage of the NOVA (NT-

MDT Co., Moscow, Russia) control and analysis software. 

Statistics and data processing were performed using Igor Pro software (www.wavematrics.com) 

and R statistical computing software (www.R-Project.org). Significance of data differences was 

established as equality of probability distributions via Kolmogorov-Smirnov test.

http://www.wavematrics.com/
http://www.r-project.org/
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12 Myogenesis induced by Human Elastin-Like Polypeptides 

HELPc synthesis 

HELP and HELP1 was synthesized as previously described [244,245]. HELPc was synthesized 

starting from the function the synthetic gene of HELP polypeptides with the 41aa coding 

sequence corresponding to the 854-895 region of the collagen IV α2 chain (NP_001837.2). The 

final construct was evaluated by sequencing and the product in the C3037 Escherichia coli strain 

was expressed (New England Biolabs, Ipswich, MA). Expression and purification were 

performed as described previously [245]. The polypeptides obtained were analyzed by SDS-

PAGE and the purified products were lyophilized for long term storage. 

HELP polypeptides coating 

The lyophilized polypeptides were resuspunded in water and sterilized by filtration (0.22 μm). 

Protein concentration was evaluated by the Bradford method. HELPs coating were carried out by 

depositing 0.1 mg/mL of aqueous protein solution onto glass coverslips. Coating solution was 

dried in a tissue culture hood and cells were seeded on the polypeptides surface. Coated 

coverslips were incubated with Dulbecco’s modified Eagle’s medium (DMEM) added with 20% 

fetal calf serum, at 37 °C in CO2 incubator for 48 hours.  

HELPc synthesis and preparation of HELPc hydrogels 

HELPc synthesis was performed as described in the previously paragraph. The enzymatic cross-

linking was carried out in a tissue culture hood under sterile conditions. In order to obtain HELPc 

hydrogels, polypeptides were cross-linked with bacterial TGase. The recombinant protein was 

dissolved in 10 mM Tris/HCl, pH 8, in order to obtain a concentration of 5% and 7% w/v. 

Solutions (100 μL each) were stored in an ice bath for 30 minutes to promote solubilization. 

Afterward, 0.53 U of TGase (133 U/mL) was added, and the reaction mixture was quickly mixed. 

Then 15 μL of each polypeptide solution was dropped on round glass coverslips (13 mm) and 

incubated at 10 °C for 2 hours. Cross-linking reaction was finished after overnight incubation at 4 

°C. Hydrogels were washed with 70% ethanol and then rinsed thoroughly with ultrapure water. 

Before cell seeding, hydrogel were washed with 1X PBS. 
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Cell culture  

The mouse myogenic C2C12 cells were maintained as exponentially growing myoblasts in a 

Growth Medium consisting of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 

with 20% heat-inactivated fetal calf serum, 4 mM L-glutamine, 100 IU/mL penicillin and 100 

μg/mL streptomycin. Cells were seeded at a density of 10
4
 cells/cm

2
.  

To obtain cell differentiation and myotube fusion, cells were seeded at a density of 5x10
3
 

cells/cm
2
. 48 hours after seeding, cells were shifted to Differentiation Medium, consisting of 

DMEM supplemented with 2% heat-inactivated horse serum, 4mM glutamine, 100 IU/mL 

penicillin and 100 μg/mL streptomycin. Due to myotube contraction, after 7-8 days in 

Differentiation Medium, cells started to peel and detach from coverslips. 

Antibodies and fluorochromes 

Anti-vinculin antibody (mouse monoclonal anti-vinculin, V9131, Sigma-Aldrich, St. Louis, MQ) 

at 1:200 dilution. Goat anti-mouse fluorescein isothiocyanate (FITC) antibody, F0257 (Sigma-

Aldrich) at 1:50 dilution. DAPI (4’,6-diamidino-2-phenylindole, Sigma-Aldrich) was employed 

at 100 ng/mL. Alexa Fluor 594 phalloidin (Molecular Probes, Eugene, OR) was employed at 

0.008 U/coverslip. 

Immunofluorescence 

Samples were washed three times with 1X PBS and then fixed with 4% PFA for 30 minutes at 4 

°C. After fixing, samples were blocked with a solution including 1-5% normal goat serum, 0.1% 

Triton-X 100 in 1X PBS for 10 minutes. Samples were incubated overnight at 4 °C with a 

primary antibody at the appropriate dilution. After three washes of 10 minutes with a washing 

solution (0.1% Triton-X 100 in 1X PBS), coverslips were incubated with secondary antibody (or 

other fluorochromes) for 2 hour at 4 °C. Samples was washed again with washing solution. After 

they were mouted onto slides and visualized under a Leica DMLS fluorescence microscope 

(Leica Microsystems, Wetzlar, German).  
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Ca
2+

 imaging 

Cells were seeded at 5x10
3 

cells/cm
2
 onto control and HELPs-coated coverslips. 48 hours after 

seeding, the medium was substituted to Differentiation Medium. At various days of 

differentiation (from 1 to 5 days), samples were bathed three times with a Normal Extracellular 

Saline (NES, 140 NaCl, 2.8KCl, 2 CaCl2, 5 MgCl2, 10 glucose, 10 HEPES in mM, pH 7.4). For 

fura2-AM loading, NES was added with 1% BSA and cells were loaded at RT with a mixture 

(1:2, vol:vol) of 2 μM, final concentration, fura2-AM (Sigma-Aldrich) and 20% Pluronic gel 

(Molecular probes, Eugene, OR; 0.04%, final concentration). After 30 minutes, the loading 

solution was removed and cells were washed in NES for 15 minutes to allow complete de-

esterification of the dye. Video microscopy and Ca
2+

 measured was performed at RT. The fura-2 

loaded coverslips were set on the inverted microscope (Zeiss Axiovert 35, Carl Zeiss, Jena, 

German). Wavelengths between 340 and 380 nm were used in order to excite the cells with a 

monochromatic device equipped with integrated light source (Polychrome IV, Till Photonics, 

Grȁfelfing,Germany). Recordings were carried out at a frequency of one image per second using 

an IMAGO CCD camera (Till Photonics) and at the same time displayed on a 24 inch Samsung 

color monitor. The imaging system was controlled by an integrating imaging software package 

(TILLvisION, Till Photonics) using a personal computer. Therefore, video frames were the 

digitized, integrated and processed offline to convert fluorescence data into Ca
2+ 

maps by 

computing a ratio of 340/380 nm excitation wavelength values. Temporal plots, representing the 

mean value of the fluorescence signal in areas of interest, were evaluated from ratio images, thus 

providing quantitative temporal analysis of spontaneous or evoked signals. Stimulations were 

carried out under continuous fluid flow of 2 mL/min. The stimulation protocol begun by 

perfusing cells with ethylene glycol tetra-acetic acid (EGTA) at a 2 mM concentration, dissolved 

in Ca
2+

-free NES: under these condition Ca
2+

 influx from the extracellular fluid is totally 

prevented. Cell depolarization was obtained by perfusing the cells with 60 mM KCl-NES, 

isosmotic for NaCl substitution. Opening of the ryanodine receptor channel was induced with 20 

mM caffeine. All drugs where diluted with recording solution to final concentrations. The inflow 

pipette was placed in the proximity (100 μm) of the stimulated cells, and an outflow port was 

positioned 1 cm apart, along the direction of the flow. Intracellular Ca
2+

 transients were 

considered significant if they exceeded five times the SD of the baseline noise.  
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Atomic force spectroscopy imaging and force spectroscopy of HELPs coating 

AFM was used to characterize in thickness and morphology HELPs coating before cell seeding, 

to acquire three-dimensional reconstruction of myotubes grown on different HELPs substrates 

and to perform cell mechanic characterization. AFM images were acquired using a commercially 

available microscope (Asylum Research MFP-3D
TM

 Stand Alone AFM from Oxford Instruments, 

Santa Barbara, CA – U.S.) endowed with 90 x 90 x 15 μm closed loop metrological scanner. All 

AFM measurements were carried out at room temperature working in dynamic mode in air. 

HELPc coated glasses were imaged using cantilevers characterized by a resonance frequency of 

about 65 kHz and a force constant of about 0.6 nN/nm (HQ:NSC36/C from MikroMasch Co. –

Tallinn- Estonia). 512 x 512 pixels images were acquired at 0.7 lines/second scan speed to asses 

HELPc film morphology. The thickness of HELPs coatings was calculated as height difference 

between the film upper surface and the underneath glass surface previously exposed by 

scratching away the coating with a scalpel. Single heights were evaluated as average of 6/8 

measurements along a single scratch line. For a more accurate measure of HELPc coating, films 

thickness was determined by removing the polypeptide film on a 1x1 μm
2
 portion of the sample, 

with the purpose to expose the flat underlying glass support. Holes in the film were realized using 

the same cantilever in static mode (constant force) with a set point of about 100 nN (256 x 256 

pixels images at 2 lines/second speed). Line profiling and height distribution analysis were 

subsequently performed on a larger image including the so obtained hole to extrapolate film 

thickness information.  

For cellular characterization, myotubes developed on the different substrates were washed three 

times with PBS, fixed with 4% PFA for 30 minutes at 4 °C. After fixing, PFA was removed by 

three more washes with 1X PBS and samples were stored at 4 °C. Before AFM characterization, 

samples were rinsed with deionized water, dehydrated in absolute ethanol and gently dried in a 

nitrogen box. In control (glass substrate) and HELPs samples (HELP, HELP1, HELPc), single 

cells were imaged via AFM in order to determine their height relatively to the supporting 

substrate. Cantilevers, characterized by a resonance frequency of about 90 kHz (NSG30 tips from 

NT-MDT Co. –Moscow-Russia) were used working at low oscillation amplitudes with half free-

amplitude set-point. High-resolution images (512x512 pixels frames) were acquired at 1.4 

lines/second scan speed. Myotubes’ height was determined from AFM three-dimensional 
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reconstructions. Line profiling was used to assess the difference in height between myotubes 

summit and the surrounding cellular carpet. AFM elastic assessment of stiffness was done taking 

advantage of the distinctive force spectroscopy capabilities of the MFP-3D
TM 

AFM. In brief, 

force spectroscopy measures the deflection of an AFM cantilever while it is pushed to a surface. 

These data were subsequently converted in a force/indentation curve via cantilever spring 

constant and displacement knowledge [240]. Compliance of the material under the tip may be 

determined fitting the data with a Herztian model of surface indentation [241]. AFM indentation 

were performed positioning the tip apex on the larger and thicker part of myotubes, as determined 

by optical visualization. Cantilever used was a 40 nm tip radius probe characterized by a spring 

constant of about 0.50 nN/nm (HQ:NSC19/Cr/Au tips from MikroMasch Co.- Tallinn-Estonia). 

Force spectroscopy measurements were performed at constant speed (1 μm/s) and triggered to a 

maximum sample indentation of 150 nm, equal to about 10% of total cell height (1.40±0.45 μm, 

determined from AFM imaging). For each myotube 3 force spectroscopies were acquired: the 

first was rejected to allow tip stabilization, while the second was considered reliable if t differed 

less than 5% from the third. Elastic modulus values (E), in kPa, were determined by fitting the 

Hertz model for the tip used taking advantage of MFP-3D
TM 

control and analysis software. 

Particular effort was done in choosing isolated myotubes with comparable elongated 

morphology. Gwyddion software (www.gwyddion.net ) was used to analyze AFM images while 

all statistics and data processing were performed using Igor Pro software 

(www.wavematrics.com). 

Atomic force spectroscopy imaging and of HELPc hydrogel 

AFM was used to characterize HELPc dehydrated hydrogels’ thickness and morphology. AFM 

images were acquired using a commercially available microscope (Asylum Research MFP-3D
TM

 

Stand Alone AFM; Oxford Instruments, Santa Barbara, CA, USA) endowed with a 90 x 90 x15 

μm closed-loop metrological scanner. All AFM measurements were carried out in air at room 

temperature working in dynamic mode. HELPc hydrogels were carefully washed using Milli-Q 

water and gently dried in a nitrogen oven overnight at room temperature. Cantilevers used were 

characterized by a free resonance frequency of about 65 kHz and a force costant of about 0.6 

nN/nm (HQ:NSC36/C; MikroMasch Co., Tallinn, Estonia). Images of 512 x 512 pixels were 

acquired at 0.5 lines/s scan speed to assess the morphology of dehydrated hydrogels. Thickness 

http://www.gwyddion.net/
http://www.wavematrics.com/
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was calculated as height difference between the film upper surface and the glass surface 

underneath previously exposed by scratching away the gel with a scalpel. Heights were evaluated 

as mean value of 10 height profile traced in different positions perpendicularly to a single scratch 

line. Gwyddion software was used to analyzed AFM images and to compute surface roughness 

(Ra), while all statistics and data processing were performed using Igor Pro software.  
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Abstract 

The pathologic evolution of the valve interstitial cells (VICs) into pro-inflammatory and pro-

calcific cells is recognized as one of the central events in calcific aortic valve (AoV) disease. 

While the paracrine pathways and the responsivity of VICs to the mechanical compliance of the 

surrounding environment are well characterized, the intracellular signaling elicited by variations 

in local stiffness and its link to cytoskeleton dynamics is less consolidated. By using a simple 

method to manufacture 2D poly-acrylamide gels with atomic force microscopy validated 

stiffness, we obtained adhesion substrates onto which human AoV VICs were plated, and 

subsequently investigated for the cytoskeleton dynamics and the activity of the mechanosensing-

activated transcription factor YAP. We found that cells were subject to a reversible stiffness-

dependent nuclear translocation of the transcription factor in concert with an increase in 

cytoskeleton tensioning and loading of the myofibroblast-specific protein αSMA onto the F-actin 

cytoskeleton. YAP was transcriptionally active in human VICs, and it was localized into the 

nucleus in cells present in regions of the valve leaflets juxtaposed to calcific lesions. Since 

determination of the tissue elasticity by AFM force mapping showed changes in the elasticity of 

healthy vs. calcific leaflets areas in the range associated to YAP nuclear translocation in vitro, we 

conclude that subtle variations in matrix stiffness are involved in mechanosensation-dependent 

VICs pathological programming in valve tissue. 

This paper was submitted to Biomaterials in December 2017. I performed the mechanical 

characterization of substrates, cells and tissues by AFM. 
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Abstract 

Calcific Aortic Valve Disease is the most common form of valve disease in the Western world 

and represents a major healthcare burden. The primary driver for valvular calcification is the 

differentiation of valvular interstitial cells (VICs) into a diseased phenotype, the osteoblastic-like 

cells.  

Moreover, the disease induces significant changes in the organization, composition and 

mechanical properties of the extracellular matrix that it seems to contribute to the progression of 

the pathology altering cellular molecular signaling. Cells interact with ECM through the focal 

adhesion points (FAs). The FA number and distribution are modulated by the extracellular matrix 

rigidity and determine the intracellular tensions. FAs contain ECM receptors, called integrins, and 

cytoplasmatic protein, such as vinculin, connecting the actin stress fibers to the integrins. 

Vinculin plays an important role in mechano-transduction and an accumulation of this in FAs has 

a role in intracellular tensions regulation and ECM stiffness.  

In recent years, the quest for biocompatible (nano)materials capable of mimicking the natural 

ECM for tissue regeneration has increased. Carbon nanotubes (CNTs) are optimal candidate in 

this context, showing dimensions comparable to fibril ECM constituents and both in-vitro and in-

vivo cellular biocompatibility. In the present study, we show the mechanical, morphological and 

molecular properties of VICs grown on transparent, randomly oriented, CNTs. Using Atomic 

Force Microscopy and immunofluorescence experiments we assessed the biomechanics, 

morphology and the pathway involved in the mechanical stress in onset of pathology. We 

observed that cell density does not vary between VICs grown on CNts or glass controls, 

indicating that CNTs are not toxic for VICs. Interestingly a morphological variation between 

VICs grown on glass and on CNTs was pointed out. In particular we observed that, on CNTs, the 

percentage of myofibroblast (Mfib) diminishes significatively with respect to glass. Mfib are 

correlated with VICs differentiation into osteoblastic-like cells and, therefore, with a diseased 
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phenotype. A variation in the mechanical properties of fibroblast grown on CNTs was measured 

via AFM force-spectroscopy experiments, in particular Mfib grown on CNTs are a softer than 

those on controls. No difference has been observed, instead, for smooth muscle cell phenotype on 

both substrates. Our results identified CNTs as a promising material to engineer novel artificial 

scaffolds for aortic valve regeneration. 

This paper is in preparation. I performed the experimental design, the immunofluorescence 

assays, all the mechanical characterizations by AFM and statistical analysis. 
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Abstract 

Tumour-associated p53 missense mutants act as driver oncogenes affecting cancer progression, 

metastatic potential and drug resistance (gain-of-function). Mutant p53 protein stabilization is a 

prerequisite for gain-of-function manifestation; however, it does not represent an intrinsic 

property of p53 mutants, but rather requires secondary events. Moreover, mutant p53 protein 

levels are often heterogeneous even within the same tumour, raising questions on the mechanisms 

that control local mutant p53 accumulation in some tumour cells but not in their neighbours. By 

investigating the cellular pathways that induce protection of mutant p53 from ubiquitin-mediated 

proteolysis, we found that HDAC6/Hsp90-dependent mutant p53 accumulation is sustained by 

RhoA geranylgeranylation downstream of the mevalonate pathway, as well as by RhoA- and 

actin-dependent transduction of mechanical inputs, such as the stiffness of the extracellular 

environment. Our results provide evidence for an unpredicted layer of mutant p53 regulation that 

relies on metabolic and mechanical cues. 

This paper was published on Nature Cell Biology in December 2017. I performed the single cell 

AFM force spectroscopy measurements and the AFM mechanical characterization of breast 

cancer tissues. 
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Abstract 

Mammalian adult skeletal muscle has a limited ability to regenerate after injury, usage or trauma. 

A promising strategy for successful regenerative technology is the engineering of bio interfaces 

that mimic the characteristics of the extracellular matrix. Human elastin-like polypeptides 

(HELPs) have been synthesized as biomimetic materials that maintain some peculiar properties 

of the native protein. We developed a novel Human Elastin Like Polypeptide obtained by fusing 

the elastin-like backbone to a domain present in the a2 chain of type IV collagen, containing two 

RGD motives. We employed this peptide as adhesion substrate for C2C12 myoblasts and 

compared its effects to those induced by two other polypeptides of the HELP series. Myoblast 

adhered to all HELPs coatings, where they assumed morphology and cytoarchitecture that 

depended on the polypeptide structure. Adhesion to HELPs stimulated at a different extent cell 

proliferation and differentiation, the expression of Myosin Heavy Chain and the fusion of aligned 

fibers into multinucleated myotubes. Adhesion substrates significantly altered myotubes stiffness, 

measured by Atomic Force Microscopy, and differently affected the cells Ca
2+ 

handling capacity 

and the maturation of excitation-contraction coupling machinery, evaluated by Ca
2+ 

imaging. 

Overall, our findings indicate that the properties of HELP biopolymers can be exploited for
 

dissecting the molecular connections underlying myogenic differentiation and for designing 

novelsubstrates for skeletal muscle regeneration. 

This paper was published on Biomaterials in July 2015. I performed the characterization of 

HELPc coating by AFM imaging and AFM mechanical characterization of myotubes cells. 

  



VII 
 

5. Myoblast adhesion, proliferation and differentiation on human 

elastin-like polypeptide (HELP) hydrogels 

Paola D’Andrea
1
, Deborah Civita

1
, Michela Cok

1
, Luisa Ulloa Severino

1,2
, Francesca Vita

1
, Denis Scaini

1,2
, 

Loredana Casalis
2,3

, Paola Lorenzon
1
, Ivan Donati

1
, Antonella Bandiera

1 

1 Department of Life Sciences, University of Trieste, Trieste – Italy 

2 NanoInnovation Lab at ELETTRA Synchrotron Light Source, Basovizza, Trieste – Italy 

3 B.R.A.I.N. Centre for Neuroscience, University of Trieste, Trieste – Italy 

Abstract 

Background 

The biochemical, mechanical and topographic properties of extracellular matrix are crucially 

involved in determining skeletal muscle cell morphogenesis, proliferation and differentiation. 

Human elastin-like polypeptides (HELPs) are recombinant biomimetic proteins designed to 

mimic some properties of the native matrix protein; when employed as myoblast adhesion 

substrates, they stimulate in vitro myogenesis. Given the influence that the biophysical properties 

of extracellular matrix have on skeletal muscle cells, the aim of this work was to investigate the 

effects of HELP hydrogels on myoblasts’ viability and functions. 

Methods 

We recently synthesized a novel polypeptide, HELPc, by fusing the elastin-like backbone to a 

41aa sequence present in the α2 chain of type IV collagen, containing two arginyl-glycyl-aspartic 

acid (RGD) motifs. To obtain hydrogels, the enzymatic cross-linking of the HELPc was 

accomplished by transglutaminase. Here, we employed both non-cross-linked HELPc glass 

coatings and cross-linked HELPc hydrogels at different monomer densities, as adhesion 

substrates for C2C12 cells, used as a myoblast model. 

Results 

By comparing cell adhesion, proliferation and differentiation, we revealed several striking 

differences. Depending on support rigidity, adhesion to HELPc substrates dictated cell 

morphology, spreading, focal adhesion formation and cytoskeletal organization. Hydrogels 

greatly stimulated cell proliferation, particularly in low-serum medium, and partially inhibited 

myogenic differentiation. 

ConclusionsOn the whole, the results underline the potential of these genetically engineered 

polypeptides as a tool for dissecting crucial steps in myogenesis. 



VIII 
 

This paper was published on Journal of Applied Biomaterials & Functional Materials in January 

2017. I performed the AFM characterization of HELPc hydrogels. 

 

 


