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Chapter 1 
 

1 Introduction 
 

1.1 Cell-microenvironment interactions 

Tissues are composed by two main components: cells and the extracellular 
matrix (ECM). The ECM is the non-cellular component of all tissues, forming the 
physical microenvironment surrounding cells, and playing, both, a structural and 
a signalling role.  
It has been known for many years that tissues grow and remodel in response to 
changes in mechanical forces, it is the cells in the tissues that are responsible for 
this remodelling. A typical example is the bone, which changes its shape, density, 
and stiffness when its mechanical loading conditions are altered1. 
The ECM is responsible of the external force transmission to the single cells, 
though also the single cells are capable of exerting force on the 
microenvironment2. 
The precise composition of an ECM is  tissue specific, but it is usually composed 
of a 3D network of fibrous and crosslinked proteins (e.g., collagen, laminin and 
fibronectin), proteoglycans, matricellular proteins3. Its structure and composition 
can be dynamically modulated by cells and determines its unique biophysical and 
structural properties, such as the topography and the stiffness, distinguished by 
specific pore sizes, fibre sizes, fibre orientation and ligand density. ECM proteins 
can serve as scaffold for the anchoring of cells, they can guide or restrain cell 
and tissue movements (Figure 1).  
Far from being just an inert physical scaffold, the biochemical and biophysical 
properties of the ECM provide cues to the cells. The cells sense those features 
and undergo conformational changes in their adhesion sites and cytoskeletal 
structure that in turn activate signalling to influences cell behaviour. This 
coordinated interaction between cells and their physical microenvironment 
creates a complex cross-talk that is fundamental in the guidance of tissue 
morphogenesis4,5. It is now well recognised that mechanical forces play a 
fundamental role in the regulation of basically all cell functions, including gene 
expression, protein synthesis, cell growth, death, proliferation and 
differentiation6,7. 
 The mechanism through which cells can perceive the physical properties of the 
surrounding microenvironment and convert this information in a biochemical 
signalling is called mechanotransduction6,7. 
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Figure 1. Examples of physical properties of the extracellular matrix. (A) Topography. (B) 
Varying fibre diameters and sizes of pores between ECM fibres. (C) Differences in fibres 

orientation, oriented and non-oriented fibres. (D) Fibres elasticity. (E) Differences in ligand 
density affecting cells shape. (F-G) Different types of ECMs, basement membrane and fibrous 

ECM. Image adapted from Walma et al8. 

 
 

1.2 Mechanosensing and transduction 

At the base of mechanotransductive processes are the events taking place at the 
interface between the cell and the ECM where the microenvironmental 
biophysical cues are translated into intracellular signals. The involved 
(extra)cellular structures in this cell/microenvironment interface, such as the 
ECM, the glycocalyx, the cell membrane, the integrin adhesion complexes (IAC) 
and the cytoskeleton, are highly complex and interlaced in an intricate crosstalk. 
IAC are the major relay station of the transduced signals between the cellular out- 
and inside, mostly by modulating the cytoskeletal organisation and mechanics 
and the location of mechanosensitive signalling proteins.  
The IAC represent the principal interfacial mechano-sensors that perceive the 
information of the cellular outside by the binding of the integrin receptors to 
ligands in the ECM9,10 (see Figure 2). Integrins can assume different 
conformations ranging from the inactive closed-bent (with low ligand affinity) to 
the active open-extended conformation. Integrin activation can take place in 
different ways: from the outside through the formation of the bond between the 
integrin and the ECM-ligand, through internal pathways, or by the modulation of 
membrane or by the actin cytoskeletal tension. 
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Inside of the cell’s body, once activated, the integrins are then linked via adaptor 
proteins (such as talin and vinculin) to the filaments of the actin cytoskeleton, 
engaging in this way the so-called molecular clutches.  
These ECM/integrin/talin/actin filaments linkages enable the transmission of 
force that derives from the actin retrograde flow, which again is generated by 
both the actin polymerisation and myosin-driven contraction (see Figure 2).  
However, whether this initial structure disassembles immediately or instead is 
reinforced and matures by recruitment of further proteins and integrin clustering 
depends on the extend of the force loading of the molecular clutch. At sufficient 
force loading the integrins are maintained in their  activated conformation (which 
can happen very quickly, in less than a second11) and their ECM/ligand binding 
its strengthened increasing the lifetime of the bonds12. This force-dependent 
reinforcement and the consequential increase in lifetime allows the recruitment 
of further essential IAC components and eventually generates Focal Adhesion 
complexes FAs, that’s represent the final stabilized adhesion spot. 
  These processes regulate the sequential reorganization of the actin filaments 
(in terms of tension, spatial organization and density) in relation to the external 
cues, and they are responsible for the determination of the effective cell shape 
and mechanical properties of cells at physiological strain level. 
Exploiting this overall mechanism, the cellular physical sensing is capable of 
“interpreting” mechanical and morphological properties of the ECM, through the 
spatial organisation and dimensionality of adhesion sites, with precision at the 
nanoscale, manifesting it in the extent to which IAC mature from nascent 
adhesions into FAs and then in the internal cytoskeletal architecture. 
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Figure 2. integrin-mediated mechanosensing and mechanotransductive sequence after the 
binding with the extracellular matrix. The insets illustrate the initial ECM-integrin-talin-vinculin-
actin linkage in the nascent adhesion. The Figure contains adapted elements of images from 

Case and Waterman9 and from Chen13. 

 

1.3 Mechanical properties of tissue components in cancer diseases and 
other pathologies 

The biochemical and mechanical properties of the ECM tune the growth, survival, 
migration, invasion and differentiation of cells within the tissue to influence their 
fate and thus regulate tissue development, phenotype and homeostasis. Not 
surprisingly, diseases such as cancer, that are defined by disrupted tissue 
homeostasis and loss of differentiated phenotype, or chronic inflammation 
diseases are accompanied by alterations in the composition, organization and 
mechanical properties of the ECM that contribute not only to malignant 
transformation but also to tumour progression and metastases14–16. Tumours are 
frequently accompanied by a condition (desmoplasia) that is characterized by 
chronic inflammation and increased levels of remodelled15 and cross-linked ECM 
proteins that stiffen the tissue17 (see Figure 3). Cancers develop a desmoplastic 
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response in which the tissue contains higher amount of ECM proteins such as 
fibronectin, tenascin, and hyaluronic acid (HA) and other proteoglycans and 
matricellular proteins as well as greater quantities of crosslinked collagen I type18. 
A modified ECM has also been implicated in metastases14,19, which is the 
invasion and dissemination of tumour cells from primary tumours to distant 
tissues, and is the leading cause of mortality in most cancer patients. 
The so-called “invasion-metastases cascade” begins with the extravasation of 
cancer cells to lymphatic and blood vessels, and the cell ability to invade is 
accompanied by various molecular changes20 leading, among others, to 
alteration of organization of actin filaments21.Therefore, the cell stiffness play 
roles in transmigration of cancer cells through the ECM in order to reach the 
vessels (i.e. the softer is the cell, the easier is to migrate thought the tissue). 
Indeed, while cancer ECM has been found to be generally stiffer than normal one, 
seminal studies have shown that cancer cell themselves are more compliant than 
normal cells22,23. 
Interestingly, even if the chronic inflammation is usually associated as a marker 
for the possible following cancer development17, the existence of a silent 
inflammatory tissue state (that precedes the clinical symptoms) has been recently 
demonstrated which is characterized by structural damage and perforation of the 
basement membrane that eventually leads to a softening of the ECM16. 

  

Figure 3. Example of desmoplasia: ECM remodelling (increase of fibre organization) and 
corresponding increasing in stiffness, from healthy tissue to neoplastic (CRC). Image adapted 

from Nebuloni et al15. 
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1.4 Mimicking the ECM 

The integrin-mediated cellular mechanosensing is capable of “interpreting” 
mechanical and structural properties of the microenvironment with high precision 
at the nanoscale. 
Dissecting and understanding comprehensively how exactly the environmental 
physical and structural properties influence mechanotransduction remains 
partially understood due to the complexity of the involved biological structures of 
the ECM. This limits also the attempts to artificially reproduce the complex 
nanoscale morphology and stiffness of the ECM. A realistic model of the ECM 
complexity should be based on the 3D organization of biochemical and 
biophysical cues as an essential aspect regulating cellular functions. However, 
the full control over the properties of artificial 3D structures mimicking ECMs is 
very hard to achieve and the fabrication is still in its infancy24,25. 
On the other hand, the mimicking of few selected physical properties (see Figure 
4) like the ligand spacing26,27, or  the tissue stiffness28 has been widely used to 
dissect the properties that trigger specific cellular responses like cellular adhesive 
capacity, proliferation and differentiation. However, the ECM configuration can be 
rather disordered at the local nanoscale level, often showing irregularities, 
anisotropies and density gradients29, setting an upper limit in the capability of 
micro/nano-fabricated regularly patterned substrates to mimic the ECM in vitro. 
An important achievement was the discovery of the importance of such 
disordered structure in tuning cell behaviour. Indeed, it has been demonstrated 
how also the nano-disorder is a crucial factor both for the recreation of ECM-like 
microenvironment30–32 and in the triggering of mesenchymal cell differentiation33. 
Eventually, the identification of the ECM parameters relevant for cellular 
behaviour and evolution is crucial to improve conventional in-vitro culture systems 
and to move towards a new generation of engineered active biomaterials, able to 
determine the cell fate31,32. 
This can provide a significant breakthrough in the biomedical field, from the point 
of view of both, basic and applied research, allowing to develop specific culturing 
devices or to greatly improve the potency and functionality of implants and 
interfaces in general34,35. 
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Figure 4. Examples of biomaterials and approaches to reproduce the peculiar morphology and 
mechanical properties of the ECM. Image adapted from Chighizola et al.36. 

 

1.5 Atomic force microscopy to study biophysical cues in 
mechanotransductive interactions 

The purpose of mechanobiology is to dissect the biophysical markers of the cells 
and the surrounding microenvironment and understand how these structural 
properties are intertwined and influence each other to regulate tissues survival. 
As a consequence, it is fundamental to get precise characterization of the 
structural and mechanical properties of the microenvironment, the cells or the 
whole tissue. The investigation of such processes relies furthermore on the ability 
to apply accurately controlled physical stimuli to the samples and to measure the 
reactions of their mechanobiological alterations37. 
The study of biophysical aspects of cells and their microenvironment or the nature 
of their interaction requires specific force-sensing instrumentation, like 
optical/magnetic tweezers38, traction force microscopy39 and atomic force 
microscopy40 (AFM). 
AFM belongs to the branch of scanning probe microscopy40,41 (SPM), the AFM 
probes consist in an interacting tip attached to an elastic lever (cantilever) that 
deflects under the interaction forces between the probe and the surface of the 
sample (see Figure 5). The corresponding cantilever deflections are measured 
by a quadrant photodiode that detects the displacement of a laser reflecting from 
the backside of the cantilever, while the nanometric displacement of the 
probe/sample is controlled trough piezoelectric actuators. 
Given the nature of the interaction between the probe and the sample, the AFM 
can be run in fluid, enabling the investigation of cells (and other biological 
samples in general) in their natural environment and eventually characterize 
(quantify) their natural response to specific stimuli42.  
In recent years it has gained increasing importance in the mechanobiology field 
as an instrument with versatile application modes that allow high resolution 
morphological imaging (i.e., surface topography) and characterisation of 
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mechanical properties (e.g., stiffness or viscoelasticity) of biological samples, 
also simultaneously43–45. 
This system can be operated in different modes depending on which structural 
and/or mechanical parameters of the measured samples are to be characterised. 
In the scanning mode, the cantilever deflection is kept constant trough a feedback 
circuit while it is moved over the sample surface, recording the pointwise z-piezo 
displacement Zp, the surface morphology of the sample can be reconstructed as 
Zp= Zp(x,y). This standard imaging application is e.g. widely used to image the 
nanotopography of cells46, biomaterials and native ECMs47. 
 
 

 

Figure 5. Schematic representation of the AFM scanning principles. 

 
 
Keeping fixed the sample position it is also possible to apply forces by pushing 
the (colloidal or pyramidal) probe against the sample (Figure 6). Measuring the 
deflection of the cantilever through the extent of laser dislocation, the upward 
force acting on the tip can be calculated, the sample deformation can be 
measured and then mechanical properties of the sample can be determined. The 
nanomechanical analysis of soft biological samples (such as cells and many 
tissues, or extracellular matrices) with AFM is still to-date not straightforward. 
Attention must be drawn to the choice of the right experimental conditions (like 
the probe shape45), for the application of contact mechanics models48,49 and also 
in the data analysis45,50. 
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Figure 6. Schematic of the indentation of a sample by colloidal probe tip for mechanical 
measurement. Image adapted from Schneider et al51. 

 
Instead of applying forces to the cell/sample with the AFM probe to deform it  in 
order to analyse the mechanical properties, the AFM can also be used to 
measure cellular adhesion forces11 (e.g., integrin/ligand binding). The common 
approach is to use a single cell, attached to tipless cantilever (Figure 7), as a 
probe, or to use a suitable functionalized probe, and bring it gently in contact with 
the substrate/cell of interest52,53. In this case, after a suitable time of contact to 
enable the desired interaction, the probe is then retracted in order to break the 
generated bonds and the downward deflection (representing the force needed to 
break those bonds) is recorded.  

 

 
Figure 7. Schematic illustration of a single cell force spectroscopy experiment (A) and of the 

adhesion events detected (B). Image adapted from Friedrichs et al54. 
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1.6 PhD project and objectives 

Given the complex relation between cells and the microenvironment and its 
importance for the tissue’s development and survival, the focus of my PhD project 
has been the characterization of cell adhesion capability in dependency specific 
environmental properties by means of Atomic Force Microscopy (AFM) 
techniques. Starting from the results obtained during the timespan of my Master 
Thesis, in my PhD I have completed the development of the protocol for the 
fabrication and calibration of very large atomic force microscopy colloidal probes 
(CPs)55, in order to have a reliable scaffold for both, the functionalization of the 
large contact surface in the field of AFM force spectroscopy, and for testing the 
biomechanical markers in cells and ECMs that cover dimensions also on the 
micrometre scales (Chapter 3). Moreover, large CPs allow averaging over the 
length scale typical of few µm2, providing a more reliable readout. 
The developed protocol was used to create a novel nanotopographical colloidal 
probes (nt-CPs) with the purpose to characterize, trough adhesive force 
spectroscopy, the early mechanotransductive events of cells in relation to 
different morphologies56 of the microenvironment. The created CPs have been 
morphologically functionalized with a nanostructured cluster-assembled thin film 
made of biocompatible Zirconium-Oxide (Zirconia, ns-Zr02) nanoparticles.  
The thin film was fabricated exploiting Supersonic Cluster Beam Deposition 
(SCBD) apparatus57–59, which allows the production of nanostructured surfaces 
(see Figure 12,15) characterized by a disordered topography that resembles that 
of the ECM. This disordered nanotopography is accurately controllable and 
reproducible in terms of roughness, cluster size distribution and porosity60.  
This work has proved to be efficient, providing on the one side a robust and 
reliable protocol which gave us the opportunity to characterize the impact of 
subtle nanoscale differences, and on the other side a solid base for the analysis 
of the adhesive behaviour of single cells with piconewton sensitivity (see Chapter 
4). 
Along with a continuous improvement and optimization of the procedure, the 
aforementioned protocol has been applied also for the investigation of the 
involvement of the pericellular brush layer (the glycocalyx61) in  the cellular ability 
to perceive and react to different nanotopographies (see Chapter 5). Indeed, it 
has been recently proposed  that the glycocalyx has an active role in driving the 
integrin clustering62 and membrane bending63, impacting the adhesive capability 
of cells. 
The great versatility of the AFM, combined with the developed protocols involving 
the use of colloidal probes, allowed to study the adhesive response on the 
nanoscale of the cells cultured on peculiar substrates. This paved the way for a 
better understanding of the biophysical cues that trigger the origin of 
mechanotransductive events, which in turn is essential to achieve the real 
reproducibility of the phenomenon and its exploitation in practical applications. 
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In parallel with this activity, I have contributed to scientific collaborations with 
national (Istituto dei Tumori, Milan) and international (Department of Biophysical 
Microstructures at the Institute of Nuclear Physics, Polish Academy of 
Science (IFJ PAN, Kraków, Poland)) groups. 
The collaboration with IFJ PAN was focused on the investigation of the 
mechanical modification of prostate cancer cells in reaction of specific anti-cancer 
microtubule-targeting drugs. The purpose of this study was to exploit the 
mechanical modifications of these cells as a fingerprint for their ability to survive 
in different chemical microenvironment, and characterizing their drug 
resistance64.  
The collaboration with Istituto dei Tumori aimed to study the influence of cellular 
microenvironment on the progression of peritoneal metastases (PM) derived from 
colon-rectal carcinoma (CRC). Specifically, I performed mechanical 
measurements at the microscale of ECMs derived from human healthy peritoneal 
tissues and affected by CRC tumour. The aim of this research was to exploit the 
knowledge of the reciprocal influence between cells and ECM and develop a new 
scaffold for the in vitro culturing of PM, providing a new model for the investigation 
of tumour invasiveness and for test of new anti-cancer drugs. 
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1.7 Thesis outline 

Section 1. Protocol development and characterization of the early 
adhesion events at the cell-microenvironment interface 

 
• In Chapter 3, the AFM colloidal probes are presented as suitable and versatile 
tools for the investigation of the cell-microenvironment interactions: from 
nano/micro-mechanics to force spectroscopy, together with all the criticisms and 
possible issues in the fabrication-calibration procedure of such probes55. 
 
• In Chapter 4, a brand new nanotopographical colloidal probes are used to 
characterize the early mechanotransductive events at the cell-membrane level 
resulting from different morphological stimuli56. 
 
• In Chapter 5, the structure of the glycocalyx, a pericellular sugar brush, and its 
involvement in the cellular ability to perceive and react to different 
nanotopographical features is dissected. 
 

Section 2. Study of mechanobiological implication in cancer diseases 
 
• In Chapter 6, the cytoskeletal rearrangement, and consequent modification in 
mechanical properties, as a cellular ability to react to micro-environmental 
changes is discussed. In particular, the biomechanical modification of prostate 
cancer cells as mechanism to develop resistance against microtubule-targeting 
drugs is presented64. 
 
• In Chapter 7, the importance of the ECM properties in the development of 
peritoneal metastasis (PM) is discussed. In particular, it is shown how the fine 
characterization of the physico-chemical properties of the ECM could be exploited 
to build a new scaffold to engineer in vitro PM. 
 
• Conclusion and perspective, the obtained main results are briefly summarized, 
along with a discussion about potential improvement. 
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Appendix. 
 
• In Appendix A, the problem of the finite-thickness effect in the study of the cell 
mechanics is introduced65, in particular the need to characterize accurately the 
cell culture substrate and others related issues. Then some possible optimization 
procedures are presented. 
 
• In Appendix B, the limits of the contact-mechanics Hertz Model48 are discussed 
and a possible overcoming of these limits through Sneddon approximated 
corrections66 is presented. 
 
• In appendix C, a list of values of the effective correction parameter b (see Eq of 
the thermal noise, section 2.4) is presented as function of the reduced mass and 
reduced gyration radius (for information see Chapter 3). 
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Chapter 2 

 
2 Materials and Methods 
 
 

2.1 Atomic Force microscopy set-up. 

 All the AFM experiments, from scanning to force spectroscopy measurements, 
has been performed using a Bioscope Catalyst (Bruker). High sensitivity of the 
system, even in “noisy” conditions like working in fluid a fixed temperature, was 
obtained by means of both an active anti-vibration base (DVIA-T45, Daeil 
Systems) and an acoustic enclosure for the AFM (Schaefer Italy). During the AFM 
measurements, the temperature of the medium was maintained at 37°C using a 
perfusion stage incubator (PSI, Bruker) and a temperature controller (Lakeshore 
331, Ohio, USA). 
 

 
Figure 8. Picture of the single instruments used for the experimental activities. (a) AFM Catalyst 

inside of the acoustic enclosure (www.marcoferrari.studio/dip-fisica-unimi). (b) Scheme of the 
PSI components and its allocation inside of the AFM (Bruker, Application Note #131). (c) 
Temperature Controller 331 (www.lakeshore.com). (d) Active isolation system DVIA-T45 

(www.daeilsys.com).  
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2.2 Miro (Microscope Registration and Overlay). 

 The software integrates AFM imaging with optical microscopy, automatically 
importing and rescaling AFM images into the optical microscope ones. This 
software can be used to direct the location of the AFM imaging and force 
measurements. 
 

 
Figure 9. Examples of the overlapping images between optical and AFM images. Image 

adapted from Schulte et al31. 
 

2.3 Fabrication of the CPs 

The CPs are fabricated using a custom established protocol described in 
Refs55,67. After mounting the probe into the AFM tip-holder, the beads were 
captured using the XY motorized stage of the AFM. The AFM is integrated in an 
optical inverted microscope (Olympus X71), which help locating and capturing 
the beads. Depending on the size of the desired microspheres, environmental 
capillary adhesion or Vaseline is exploited to temporarily attach the sphere to the 
tipless cantilever. Then the probe is transferred into a high-temperature oven 
(PXZ series, Fuji Electrics) already at the target temperature and heated for two 
hours. The temperature is chosen slightly below the softening point of the sphere 
materials, which is qualitatively defined as the temperature at which a solid object 
begins to collapse under its own weight. The temperature used were T= 780 °C 
for borosilicate spheres and T=700 °C for soda-lime spheres. 
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2.4 Probe Calibration (force constant and radius) 

The probes are calibrated using  the Thermal Noise method68,69 (see Chapter 3  
for details). The standard formula for the evaluation of the cantilever stiffness is 
 

𝑘 =
𝛼$
𝜒!

𝑘"𝑇
(𝑠̂𝑆#)!𝑃$

=	𝛽%
𝑘"𝑇

(𝑠̂𝑆#)!𝑃$
 

 

Where 𝑘" is the Boltzmann’s constant, 𝑇 is temperature, 𝑆# is the deflection 
sensitivity and 𝑃$ is the area below the first resonant peak in the power spectral 
density (PSD) of the raw deflection signal (in units of V2/Hz). The factor 𝛼$ takes 
into account the vibrational energy stored in the first normal mode of the 
cantilever, 𝜒  compensate the difference between the static and dynamic 
deflection sensitivity, and 𝑠̂	corrects the torque effects, emerging from the tip 
height and the probe tilt, on the measured deflection sensitivity. Usually, with 
standard sharp probes, with rectangular cantilever and with the loading point at 
the very end of the cantilever, the parameters have fixed values 𝛼$ = 0.971 and 
𝜒 = 1.09. When a microsphere with a mass comparable to the one of the 
cantilever is attached, or the loading point is shifted (due to particular geometrical 
configurations) specific corrections to the thermal noise formula have to be 
applied55,70–72 (see Chapter 3). 
We implemented a LabView software (Figure 10), connected to a Signal Access 
Module (SAM, Intermodulation Product) and an acquisition board (BNC-2110, 
National Instruments). The implemented set up makes possible to work directly 
to the raw deflection signal of the photodiode and implement the geometrical 
corrections needed for specific configurations of the probes created. To 
characterize the CP radius we used a custom protocols55,67 depending on the 
size of the attached sphere: for small spheres (R<10 µm) the probe is used to 
scan a spiked calibration grating (TGT1, Tips Nano), the resulting image will be 
tens/hundreds of independent replicas of the sphere apical region. By fitting the 
spherical cap model to each of these replicas it is possible to determine the 
radius. For bigger spheres (R~20/30 µm) we used calibrated images taken with 
the optical microscope.  
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Figure 10. Front panel of the LabView software implemented for the application of the thermal 

noise method and the relative fine corrections. 
 

2.5 Force spectroscopy measurements 

 Knowing the force constant of the cantilever is possible to measure the 
interaction forces between the sample and the probe. The typical output of a force 
measurement is the so-called Force Curve (FC) that couple the force felt/exerted 
by the tip of probe with the tip-sample distance. Figure 11 shows the movement 
(approaching and retracting) of the probe during the force spectroscopy 
experiment: 

A. The probe is approaching the surface of the sample and no interaction force is 
measured between the tip and the sample. 

B. The interaction forces (Van der Waals, capillary forces, DLVO, magnetic) causes 
the tip to jump into contact with the sample. 

C. The probe applies forces to the sample until a pre-set force threshold is reached 
and the (possible) deformation of the sample is recorded. 

D. The probe is then retracted from the sample and the adhesion force is recorded 
E. The cantilever is again away enough from the sample and no forces is measured. 
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Figure 11. Plot of approach (blue) and retract (red) curve for a standard force spectroscopy 

measurement. 
 

2.6 Adhesion force analysis 

 The values of several parameters were calculated for the analysis of the cell-
probe detachment mechanisms (Figure 7B). In particular, we inferred the 
maximum cell-probe adhesion force Fa, defined as the maximum force needed to 
start the detachment of the probe from the cell, with respect to the zero level of 
the baseline. The maximum detachment force Fa depends on different properties 
of the cell, such as overall rigidity, cortex tension, cell shape, single binding 
strength and spacing. The work of detachment W required to separate the nt-CP 
from the cell, W describes the energy dissipated during the detachment and is 
calculated integrating the area between zero level and the profile of the force 
versus distance curve. Moreover, we extracted the number of Nj,t and strength Fj,t 

of the single unbinding events, defined as the difference in force measured before 
and after the detaching event, of every FC measured (for both, jumps j, and 
tethers t). The unbinding events must be identified in the retraction section of the 
FCs: we exploited the numerical derivative of the curves with respect to the tip-
sample distance to detect the location of the events (see Figure S4 at pg 72).  
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2.7 Deposition of the ns-ZrO2 film on the colloidal probes 

 The functionalization of the CP surface has been done exploiting an SCBD 
apparatus57,58 (see Figure below). Partially oxidised zirconia clusters are 
produced in the source trough an arc discharge and then extracted, together with 
a carrier gas (like Ar or He) into the vacuum of expansion chamber to form a 
seeded supersonic beam. Several aerodynamic lenses focused the beam that 
eventually enter inside of the deposition chamber where they directly intercept 
the target sample producing a cluster-assembled thin film60. The roughness of 
the deposited film, defined as the standard deviation of the surface height values, 
evolves with the film thickness according to the power law rq~hb, where b=0.35 
approximately (details about the roughness-thickness relation can be found in the 
suppl. Information pg 69-71). 

 
 

 
Figure 12. Supersonic cluster beam deposition (SCBD) apparatus. In the inset, two typical size 

distribution of Titania clusters produced using He and Ar as carrier gases are shown. Image 
adapted from Schulte et al.32. The graph demonstrates the precise roughness-thickness relation 

that correlates these two properties of the cluster-assembled thin film. 
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2.8 Cell culture 

 For routine cell culture (sub-culturing every 2-3 days), the cells were kept in an 
incubator (Galaxy S, RS Biotech) at 37°C and 5% CO2, in RPMI-1640 medium 
supplemented with 10% horse serum, 5% fetal bovine serum, 2 mM L-Glutamine, 
10 mM HEPES, 100 units/mL penicillin, 1 mM pyruvic acid, and 100 µg/mL 
streptomycin (all reagents from Sigma Aldrich, if not stated otherwise). For the 
force AFM experiments, the cells were detached from the cell culture flasks with 
trypsin/EDTA solution, counted with an improved Neubauer chamber, and plated 
in low concentration of 4.000 cells/cm2 (to guarantee the presence of single 
separated cells) on Ø 40 mm glass-bottom dishes for cell culture (Willco Wells) the 
day before the experiment. Phenol-red free solutions were used for the 
experiments, since this molecule was found to be harmful for the AFM tip holder. 
Directly before the cell plating, the Ø 40 mm glass-bottom dishes were coated with 
PLL (incubation with a 0.1% PLL solution for 30 min at RT, followed by several 
washing steps with PBS) and sterilised with UV light for 10 min. After cell plating, 
the cells were kept overnight in the incubator to guarantee good cell attachment 
before the AFM experiments. 
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Chapter 3 
 

3 Colloidal probes for mechanobiological 
investigation: protocol for the fabrication 
and calibration 
 
The crosstalk between cells and ECM is essential for regulation of growth, 
development and maintenance of multicellular systems and tissues. Due the 
biophysical nature of some of these interactions between the single components 
(cells and ECM), like forces, stress, pressure and morphological interactions, a 
physical approach is essential to investigate those properties that characterize 
such complex phenomena. 
Since AFM could reaches a spatial resolution down to nanometre scale and 
detect force down to few piconewtons, it has been widely exploited to investigate 
weak biological interactions73,74, characterize 3-dimensional configuration of 
complex biomolecules75,76 or characterize the surface molecules of cell 
membranes77,78.  
However, several mechanobiological processes of crucial importance in the cell’s 
life and tissues survival79–81 involve hundreds of molecules and proteins in their 
cascade reactions, and their effects are evident only on much larger scale, like 
cell differentiation, migration and proliferation82. 
To have a physical readout of this changes, involving so many nanoscale players,  
micro-scale averaged observations (such as the Young’s Modulus,  the 
viscoelastic properties or mean cellular adhesion)  needs to be acquired and, to 
this purpose, the standard pyramidal AFM tips may not be recommended45: the 
nanometric curvature radius provides an interaction area usually too small and 
as a consequence it results in the application of high stresses. The not well 
characterized geometry provides furthermore results that are hard to interpret 
through the standard contact-mechanics models48,49, and eventually data that 
potentially represents too localized properties. 
Colloidal probes (CPs) mount a spherical and micrometric particle that is attached 
to the free end of the cantilever and replaces the sharp tip67. This simple switching 
of geometry offers several advantages: the larger contact area allows detecting 
spatially averaged information of the collective modification the cellular 
architecture83 or the ECM structure15,16. The simple geometry provides an easier 
interpretation of data in terms of theoretical models and stresses are reduced 
limiting the damage of the samples. 
CPs are purchased or fabricated in house with spheres of different dimensions, 
masses and materials. Large CPs are useful to study systems where the local 
inhomogeneities and variations could cover several tens of microns, offering the 
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chance to go beyond the micrometric characterization and moving towards the 
macroscopic properties of the specimens. 
However, the protocols for fabrication, and more important the calibration of such 
probes, present practical criticisms and theoretical difficulties that must be taken 
into account. Here below my work concerning the large CPs fabrication and 
calibration issues is reported55. 
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Abstract

Atomic force microscopy (AFM) is a powerful tool to investigate interaction forces at

the micro and nanoscale. Cantilever stiffness, dimensions and geometry of the tip

can be chosen according to the requirements of the specific application, in terms of

spatial resolution and force sensitivity. Colloidal probes (CPs), obtained by attaching

a spherical particle to a tipless (TL) cantilever, offer several advantages for accurate

force measurements: tunable and well-characterisable radius; higher averaging capa-

bilities (at the expense of spatial resolution) and sensitivity to weak interactions; a

well-defined interaction geometry (sphere on flat), which allows accurate and reliable

data fitting by means of analytical models. The dynamics of standard AFM probes

has been widely investigated, and protocols have been developed for the calibration

of the cantilever spring constant. Nevertheless, the dynamics of CPs, and in particular

of large CPs, with radius well above 10 μm and mass comparable, or larger, than the

cantilever mass, is at present still poorly characterized. Here we describe the fabrica-

tion and calibration of (large) CPs. We describe and discuss the peculiar dynamical

behaviour of CPs, and present an alternative protocol for the accurate calibration of

the spring constant.

K E YWORD S

atomic force microscopy, calibration, colloidal probes, deflection sensitivity (invOLS), spring

constant

1 | INTRODUCTION

Atomic force microscopy (AFM) is a powerful tool to investigate molecu-

lar interactions at bio-interfaces, as well as their mechanical properties,

with nanometric spatial resolution and 1 to 10 pN force resolution.1,2

The force sensing capability of AFM is provided by the use of

probes consisting of an elastic microlever (cantilever) with an inter-

acting tip at his apex. A deflection Δz of the cantilever as small as

1/10 of a nanometre can be detected by means of an optical beam

deflection,3 and translated into a tip-sample force F according to

Hook's law: F = kappΔz. The value of the spring constant of the cantile-

ver can be selected in the range 0.01 to 100 N/m. Here an apparent

spring constant kapp is used because due to the cantilever tilt θ (usu-

ally θ = 10!-15!, see Figure 1I) both the force F and the measured

deflection Δz are perpendicular to the sample surface, rather than to

the cantilever axis. The intrinsic spring constant k in turn relates the

deflection and the force normal to the cantilever axis.

While sharp AFM tips are mandatory when high spatial resolution

is necessary, large spherical probes, also known as colloidal probes

(CPs),4-7 can be advantageous when one or more of the following

requirements are important: a well-defined interaction geometry

(sphere on flat) and reduced stress and strain in mechanical tests; a

good spatial averaging; a broader and smoother surface for probe

functionalization. The well-defined interaction geometry makes CPs a

suitable tools for the investigation of mechanical properties of soft or

biological samples8-11; the larger contact area allows to detect weak

interaction forces12,13 and generally CPs provide an easier interpreta-

tion of data in terms of theoretical models.8,11,14,15

Received: 31 July 2020 Revised: 1 October 2020 Accepted: 3 October 2020

DOI: 10.1002/jmr.2879

J Mol Recognit. 2020;e2849. wileyonlinelibrary.com/journal/jmr © 2020 John Wiley & Sons Ltd 1 of 14
https://doi.org/10.1002/jmr.2879



 30 

The obvious price to pay when using CPs is the dramatic reduc-

tion of the spatial resolution, although the optimal spatial resolution

clearly depends on the typical length scale of the physical phenomena

under investigation. For example, as long as one is interested in char-

acterizing the average rigidity of mesoscopic cellular regions (cell body

vs periphery), tissues or extracellular matrices, CPs provide enough

spatial resolution despite their micrometric radii.9,16-18

Large CPs, where the radius R can be far larger than 10 μm, are

very useful to study extremely weak interaction forces, or the

mechanics of samples over a wide range of contact area, averaging

nanoscale inhomogeneities and local variations of the sample (eg, in

the case of the mechanical response of tissues). Large CPs allow to

better compare the results obtained by AFM to those obtained by

other indenters19-22 and in principle to bridge nano- and microscale

mechanics to macroscale mechanics.23,24

Despite the many advantages of CPs, some issues related to the

calibration of these probes must be addressed in order to exploit their

full potential, especially in the case of large CPs.25 In particular, cali-

bration of AFM probes require the determination of the intrinsic and

apparent spring constants k and kapp and of the static deflection sensi-

tivity Sz (in nm/V), also known as inverse optical lever sensitivity

(invOLS), which converts the raw output ΔV of the photodetector

(in Volts) into a deflection Δz (in nm) normal to the sample surface:

Δz = SzΔV.26 The force F is then calculated as:

F = kappSzΔV ð1Þ

The calibration of both k (kapp) and Sz for CPs presents issues,

which become more important as the probe radius increases.

The issues related to the calibration of CPs arise when the radius

and mass of the attached sphere are comparable to the length and

mass of the cantilever, respectively. In order to describe the effect of

the attached sphere on the cantilever dynamics, two dimensionless

parameters can be introduced (see also Section 2)27: the reduced mass

~m is the ratio of the mass of the sphere mS to the mass of the cantile-

ver mC; the reduced gyration radius of the sphere ~r is proportional to

the ratio of the radius R of the sphere to the length L of the cantilever.

The basic cantilever calibration parameters, such as the resonant fre-

quency ν0, the quality factor Q, the deflection sensitivity Sz, the spring

constant k, depend on ~m and ~r.

In this report, we discuss some critical aspects of CP production

and calibration, and present methods to minimize their impact on the

accuracy of AFM measurements.

2 | METHODS

2.1 | Fabrication of the CPs

We have produced eight monolithic glass probes following an

established custom protocol28 (see Table 1).

We used borosilicate glass spheres (Thermo Fisher Scientific,

series 9000 glass particles) with radius R = 2, 5, 10 μm (probes CM1-3

and TM1-3), and soda-lime spheres (Polyscience, glass beads Amine,

N# 23 584-10) with nominal radius R = 30 μm (probes CM4 and TM4);

we could not find on the market borosilicate glass spheres with radius

above 10 μm. These latter spheres are of far better quality than soda-

lime glass spheres, in terms of surface roughness and morphology.

Soda-lime glass spheres present extended surface defects (including

craters, protrusions; see Figure 1C-F).

In order to span a wide range of reduced masses and gyration

radii, we used two different kinds of silicon tipless (TL) cantilevers:

tapping mode (TM; TL-NCH-50, Nanosensor) and contact mode (CM;

TL-CONT, Nanosensor).

After mounting the cantilever into the AFM (Bioscope Catalyst,

Bruker) tip holder, the beads were captured using the XY motorized

stage of the AFM. The AFM is integrated in an optical inverted micro-

scope (Olympus X71), which helps locating and capturing the beads.

Depending on the size of the spheres, environmental capillary adhe-

sion or Vaseline is exploited to attach the sphere to the tipless cantile-

ver. The cantilevers with the attached beads are then transferred into

a high-temperature oven (PXZ series, Fuji Electrics) already at the tar-

get temperature, and heated for 2 hours. We used different tempera-

tures for the different materials of the sphere: 780#C for borosilicate

F IGURE 1 SEM images of some CPs fabricated (see Table 1). A, CM1, borosilcate; B, CM1 at higher magnification; C and D, CM4, soda-lime;
E and F, TM4, soda-lime; G and H, TM3, borosilicate. I, Schematics of a CP, with the relevant parameters highlighted
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and 700!C for soda-lime glass, respectively. These temperatures are

slightly below the softening point of the materials, which is qualita-

tively defined as the temperature at which a solid object begins to col-

lapse under its own weight. After 2 hours, the microsphere is

covalently attached to the cantilever; the glass locally melts at the

sphere-cantilever interface, forming a neck, which is more or less

extended depending on curing time and temperature.

Besides being much smoother than the soda-lime spheres and

less dispersed in radius, borosilicate glass spheres present typically a

lower deformation after the heating procedure (compare Figure 1B,H

and Figure 1D,F). Moreover, the radius of soda-lime glass spheres can

differ significantly from the nominal one.

2.2 | Calibration of CPs

2.2.1 | Radius

1. R ≤ 10 μm. The characterization of the radius of the CP is obtained

by an AFM reverse imaging of the probe,5,29,30 as described in Ref-

erence 28. The CP is used to scan a spiked calibration grating31

(TGT1, Tips Nano). Spikes are separated by approximately 3 μm,

therefore a 20 μm × 20 μm image typically contains a hundred inde-

pendent replicas of the probe apical region. Upon collecting several

such images, the volume, projected area and height of each replica

are measured. By fitting a spherical cap model to the experimental

data, in the form, for example, of a volume vs height curve:

V = π
3h

2 3R−hð Þ , it is possible to determine the value of the sphere

radius R, with an accuracy as good as 1%. While the spherical cap

model adopted here allows using all data points from the three-

dimensional reverse AFM image, deconvolution methods32 are lim-

ited by the fact that only so-called certainty regions can be deter-

mined, corresponding to those points where the tip apex is

effectively in contact with the surface of the calibration sample, and

analytical formulas are limited to the study of single profiles.33 Since

the spikes are relatively close, the sphere can penetrate through

them by only a few hundred nanometres, at best. For this reason, as

long as gratings with sparser, and taller spikes are not available, the

application of this method is limited to relatively small spheres.

2. R = 30 μm. CPs with R > 10 μm are too large for the calibration by

reverse AFM imaging. The radius of these probes is measured opti-

cally, using a calibrated metallographic optical microscope equipped

with a calibrated 50× objective (AXIO, Zeiss). The error associated

to the optical characterization of the probe radius is 1 μm (standard

deviation). Since the nominal radius of the soda-lime spheres

attached to the tipless cantilevers is R = 30 μm, the relative error of

its characterization is approximately 3%. Alternatively, it is possible

to follow an AFM-based reverse imaging approach based on single

profiles, by scanning the large CP across a calibration grating with

well separated (>10 μm) and tall (> 1.5 μm) sharp steps. The radius

R can be obtained by fitting an arc of circumference to the AFM

profile. For a better characterization of R, we suggest to rotate the

calibration grating in order to obtain different nominally equivalent

profiles of the sphere, and average the different values.

2.2.2 | Nominal and reduced masses

We calculated the mass of the spheres ms using the nominal densities

of borosilicate glass ρBG = 2.23 g/cm3 and soda-lime glass

ρSLG = 2.52 g/cm3 and the calibrated radius R as: ms = ρBG=SLG
4
3πR

3.

The mass of the cantilever mc was evaluated assuming a rectangu-

lar section, using the nominal dimensions (length L, width w, thickness t)

and the silicon density ρSi = 2.33 g/cm3 as: mc = ρSiLwt. We ignored the

fact that some cantilevers have a trapezoidal cross section.

The total mass mp of the probe was evaluated by summing the

cantilever and the sphere masses: mp = mc + ms.

The reduced mass ~m and the reduced gyration radius ~r of the

sphere are defined as27:

~m=
ms

mc
,~r =

ffiffiffi
7
5

r
R
L

ð2Þ

We evaluated the effective mass m* of the cantilever, before and

after the attachment of the sphere, as the effective mass of a SHO,

TABLE 1 Properties of the CPs fabricated for this study

Probe
Bead
radius (nm)

Cantilever
length (μm)

Cantilever
width (μm)

Cantilever
thickness (μm) ~m ~r ΔL=L β

CM1 2189 450 50 2 9.76 × 10−4 5.7 × 10−3 0.048 0.817

CM2 4462 450 50 2 8.18 × 10−3 1.16 × 10−2 0.053 0.826

CM3 7696 450 50 2 4.24 × 10−2 2.02 × 10−2 0 0.849

CM4 36 130 125 30 2 7.02 9.5 × 10−2 0.088 1.018

TM1 1767 125 30 4 1.54 × 10−3 1.67 × 10−2 0 0.817

TM2 4292 125 30 4 2.21 × 10−2 4.06 × 10−2 0.112 0.836

TM3 7690 125 30 4 1.27 × 10−1 7.2 × 10−2 0.175 0.8768

TM4 31 752 125 30 4 9.62 3 × 10−1 0.501 1.111

Note: These probes were fabricated using two different kind of tipless cantilevers: Tapping mode (TM) and contact mode (CM).
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using the standard formula: m! = k=ω2
0 , where k is the spring constant

and ω0 is the angular frequency of the oscillator.

2.2.3 | Deflection sensitivity

The calibration of Sz is performed by engaging the AFM tip on a very

rigid surface and collecting a series of raw deflection vs z-piezo-

displacement curves. Assuming that neither the tip nor the surface is

deformed, the deflection sensitivity Sz is calculated as the inverse of

the slope of the curves.26 This sensitivity is referred to as the static

deflection sensitivity, and differs from the dynamic deflection sensitiv-

ity Sz,dyn
34,35; the latter sensitivity must be used when the cantilever

oscillates instead of being statically bent due to an end loading, as in

the application of the thermal noise method for the calibration of the

cantilever spring constant.

It must be noted that Sz strongly depends on the loading configu-

ration.36-38 In particular, the static sensitivity of a tilted tipless cantile-

ver differs from that of a standard tilted cantilever, with a sharp tip, or

a sphere, attached to its end.

In the case of a standard probe, the force is not applied at the can-

tilever end, but rather at the tip apex, which is some distance apart,

therefore a torque is generated. Moreover, because of the tilt angle θ,

during the standard operation of an AFM the interaction force is per-

pendicular to the sample surface, instead of the cantilever axis, while

during the thermally driven oscillation of the cantilever the effective

driving force is always perpendicular to the cantilever axis. The

corresponding cantilever displacement is therefore different from that

obtained by the application of the same force at the cantilever end.

Corrections for the deflection sensitivity Sz are necessary, to

account for the differences in the loading configuration of tipless and

tipped cantilevers in the different experimental conditions. Correction

factors are therefore used to determine both the intrinsic spring con-

stant k using the thermal noise method, and the apparent spring con-

stant kapp used to rescale the raw deflection signal into a force

(Equation 1). While the latter correction factor is discussed in Sec-

tion 2.2.5, the first factor is introduced in the following paragraphs.

As mentioned, during the thermal noise calibration, the cantilever

is driven by a distributed thermal force, which can be considered as

effectively located at the cantilever end, where it acts perpendicularly

to the cantilever axis. Assuming that the deflection sensitivity

depends on the parameters θ, R, L, ΔL introduced in Figure 1I, the cor-

rection factor is therefore ŝ= S0,0,L,0z =Sθ,R,L,ΔLz , where Sθ,R,L,ΔLz represents

the deflection sensitivity measured in a particular loading configura-

tion and S0,0,L,0z is the sensitivity in the thermal loading configuration.

According to Reference 37 (Equation 3 and other equations therein):

1=ŝ2 = 1−
ΔL
L

! "2 1− 3
2

R=L
1−ΔL

Lð Þtanθ

1−2 R=L
1−ΔL

Lð Þtanθ

2

64

3

75

2

cos2 θð Þ ð3Þ

The cos2(θ) term in Equation (3) accounts for the tilt θ of the cantile-

ver39; the term in square brackets accounts for the torque applied to the

cantilever because of the finite height of the tip; the first term (1 − ΔL/L)2

accounts for the fact that when the static deflection sensitivity is calibrated,

the deflection at the loading point, rather than at the end of the cantilever, is

measured.37,38 A special case of Equation (3) was first proposed byHutter38

under the hypothesisΔL = 0; in this case, Equation (3) simplifies to:

1=ŝ2 =
1− 3

2
R
L tan θð Þ

1−2R
L tan θð Þ

" #2

cos2 θð Þ ð4Þ

For standard AFM tips, the radius R of the sphere in Equations (3)

and (4) must be replaced by the tip height H.37

2.2.4 | Thermal noise and CPs

Several approaches have been developed to characterize the spring

constant of a cantilever,6,40-45 among which, the thermal noise

method40,41,46,47 is based on the equipartition theorem.

Under the assumption that the mass mt of the tip is negligible with

respect to the mass mc of the cantilever, the probe (cantilever + tip) can

be modelled as a point body with effective mass m*, bound to an ideal

spring with stiffness k, in thermal equilibrium with its environment.

Assuming that the tip oscillates only along the direction perpen-

dicular to the cantilever, and being z⊥ its displacement relative to the

equilibrium position, its average potential energy is U = ½k< z2⊥ > ,

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< z2⊥ >

q
is the thermally driven root mean square oscillation

amplitude of the free end of the cantilever, where the tip is located,

ranging from approximately 5 to 500 PM. According to the

equipartition theorem, U= ½kBT, where kB is the Boltzmann constant

and T is the local absolute temperature. It then follows:

1=2 k < z2⊥ > =1=2kBT ð5Þ

If < z2⊥ > is measured, the cantilever spring constant k is then cal-

culated from Equation (5) as:

k =
kBT
< z2⊥ >

ð6Þ

When the optical beam deflection method is used to measure the

cantilever deflection, with the laser aligned at the end of the cantile-

ver, Equation (6) is replaced by Equation (7)37,38,48:

k =
α̂
χ2

kBT

ŝSzð Þ2PV
ð7Þ

In Equation (7), PV = <ΔV2> is the area below the first resonant

peak in the power spectral density (PSD) of the raw deflection signal

(in units of V2/Hz).

The factor α̂ in Equation (7) takes into account the fraction of the

total oscillation amplitude stored in the first normal mode of the canti-

lever, when one goes beyond the single harmonic oscillator (SHO)
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approximation.46 For the first normal mode of a tipless rectangular

cantilever, α̂! α̂1 = 0.971.

The factor χ34,35,48 corrects for the differences between the static

(which is typically measured) and dynamic deflection sensitivities:

χ = Sz,dyn/Sz.
46,49 Indeed, as pointed out by Butt and Jaschke in their

seminal work,46 the cantilever inclination, rather than its vertical dis-

placement, is measured using the optical beam deflection apparatus;

the slope of the free end of the statically loaded cantilever differs

from those of the modal shapes of the oscillating cantilever.46,48,50

For the first normal mode of a tipless rectangular cantilever, assuming

a negligibly small laser spot aligned at the end of the cantilever,

χ ≡ χ1 = 1.09. For the general case, the reader is referred to Refer-

ences 37 and 50 for the calculation of χ.

The factor ŝ represents the correction to the deflection sensitivity

due to the change in the loading condition of the cantilever

(Equations 3 and 4).

In principle, the thermal noise method could be applied to higher

normal modes, in which case Equation (7) should be rewritten in terms

of the parameters PV,i, α̂i, χi, where the index i = 1, 2, 3, … refers to the

i-th normal mode. In practice, due to the finite laser spot size, which

causes an averaging of different cantilever inclinations across a finite

area, the first normal mode has to be preferred35; moreover, the first

normal mode typically provides the largest oscillation amplitude, that

is, the largest signal to noise ratio.

The factors α̂ and 1/χ2 can be merged in a single parameter β = α̂

/χ2. For the first normal mode of an ideal rectangular cantilevers,

β = β0 = 0.817.

The implementation of the thermal noise model for AFM cantile-

vers assumes that the mass of the cantilever is uniformly distributed.

For this statement to be valid, the mass of the tip must be negligible

compared to the mass of the cantilever. When large spheres are

attached at the end of a cantilever, this hypothesis is not always satis-

fied. Since the mass of the microsphere scales up with the cube of

radius R, it can easily reach values comparable to the mass of the can-

tilever. This typically happens for a radius R > 10 μm, for a 200 μm
long, silicon nitride cantilever, and a glass sphere.

2.2.5 | Loading point and spring constant

For tipless cantilevers, the loading point is located at the free end of

the lever. For sharp tips, the loading point corresponds to the location

of the tip apex along the cantilever. For CPs, the loading point is

located at the sphere apex, that is, approximately a distance ΔL from

the cantilever end (Figure 1I).

The attachment of the sphere to the tipless cantilever is not

expected to change the intrinsic spring constant of the probe. Since

the determination of the deflection sensitivity Sz can be critical for

CPs (see discussion in Section 3.6), it can be convenient to calibrate

the intrinsic spring constant kTL of the tipless cantilever, before the

attachment of the sphere, and then correct its value to determine the

intrinsic spring constant kLPTL of the tipless cantilever at the loading point

of the CP; the latter spring constant can be supposed to be equal to

the spring constant of the CP at the loading point, that is, kLPTL = k
LP
CP.

The spring constant kLPTL of the tipless cantilever corresponding to

the loading point of the CP is calculated as51,52:

kLPTL =
L

L−ΔL

! "3

kTL ð8Þ

In Equation (8), ΔL is the distance of the loading point of the CP

from the cantilever free end. In the case of rectangular, axisymmetric

and relatively long cantilevers, Equation (8) is valid for arbitrary offset

ΔL, not only in the limit ΔL/L $ 1.52

Alternatively, the thermal noise method can be applied directly to

the CP, provided the measured spring constant kCP is corrected first

by Equation (8) (to obtain kLPCP), and then by Equation (11), to take into

account the peculiar dynamics of the CP, as described in the Results.

When the optical beam deflection method is used to measure the

cantilever deflection, in order to rescale deflections into forces per-

pendicular to the sample surface, an apparent spring constant kapp

must be used, instead of the intrinsic spring constant k.37 The relation

between the apparent and the intrinsic spring constants, assuming the

sphere is located at the cantilever end, is:

kapp = 1−
3
2
R
L
tanθ

# $
cos2 θð Þ

% &−1

k ð9Þ

where the correction factor accounts for the tilt of the cantilever θ

and the torque applied on the cantilever because of the finite tip

height; it was proposed by Heim et al,40 and later corrected by

Hutter38 and generalized by Edwards et al37 and Wang.53 For stan-

dard AFM tips, the radius R of the sphere in Equation (9) must be rep-

laced by the tip height (and not by half that value), as reported in

Reference 37.

Following the approach of Edwards et al,37 for CPs obtained from

tipless cantilevers, assuming a sphere on cantilever configuration and

considering a back-shift ΔL of the loading point, Equations (8) and (9)

can be combined as:

kLPCP,app = 1−
3R=L

2 1−ΔL=Lð Þ
tanθ

# $
cos2 θð Þ

% &−1 L
L−ΔL

! "3

kTL

= 1−
3R=L

2 1−ΔL=Lð Þ
tanθ

# $
cos2 θð Þ

% &−1

kLPCP ð10Þ

Equation (10) allows to calculate the apparent spring constant, at

the loading point, of the CP from the intrinsic spring constant of the

previously calibrated tipless cantilever.

The intrinsic spring constants are calibrated using the thermal

noise method.41,46 Some details of the implementation of the thermal

noise method for CPs are discussed in Section 3. The cantilever

deflection signal is extracted from the AFM using a signal access mod-

ule (intermodulation products) and sampled using an external ADC

board (NI-DAQ PCI-6115). Signal acquisition and processing is
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performed using custom software (LabView, National Instruments;

see Reference 48 for practical indications). Alternatively, the Sader

method can be used to calibrate the intrinsic spring constant of the

cantilevers.45,54 The spring constant of a probe can be measured in

different configurations (tipless cantilever vs CP) and it is always

related to the loading point of the probe. For CPs, the loading point

(LP) is located at the point where the tip/probe is attached to the can-

tilever; for TL cantilever, the LP is located at the cantilever free end.

In Table 2 we summarize all the possible spring constant evaluated in

this work, with the corresponding abbreviations.

3 | RESULTS

3.1 | Impact of the added mass on the dynamics
of CPs

The laser doppler vibrometry (LDV) and in general interferometric

techniques47,55-57 permit to measure with great accuracy the cantile-

ver deflection instead of inclination, also in the case of oscillating can-

tilevers, including for the calibration of the spring constant by the

thermal noise method. Interferometric techniques offer the advantage

of not requiring the calibration of deflection sensitivity.

Using interferometric approaches it was recently demonstrated

that the cantilever oscillation dynamics changes if a mass is attached

to the free end.27,58 In particular Laurent et al27 have measured the

shape of first five eigenmodes along the profile of a rectangular canti-

lever, as a function of the reduced mass of the sphere ~m , and of the

reduced gyration radius of the sphere ~r, introduced in Section 2. Apart

from causing a decrease of the resonant frequency, the large attached

mass of the sphere induces a shift of the normal mode nodes towards

the free end of the cantilever, with the progressive shift of the centre

of mass towards the cantilever free end and the increase of the con-

tribution of the first normal mode to the total oscillation amplitude. As

a consequence, both factors α̂ and χ are expected to be influenced by

the presence of a large sphere at the end of the cantilever. It turned

out indeed that the factor β0 calculated for an ideal tipless cantilever

is no longer accurate, and leads to an underestimation of the spring

constant measured by the thermal noise method.27

Figure 2 shows the values of the factor β calculated according to the

procedure described in Reference 27 based on the modified modal shape

functions for a sphere-loaded cantilever, for both ~m and ~r varying over a

broad range, considerably extending the previously reported results.

Once the spring constant kCP,0 of the CP has been calibrated by

the thermal noise method using the standard prefactor β0, the correct

spring constant kCP is calculated according to the formula:

kCP =
β
β0

kCP,0 ð11Þ

Representative curves β ≡ β(~m ) for different values of ~r are

reported in Figure 2. In order to facilitate the application of Equa-

tion (11), Table 3 reports the values of the correction factor β for typi-

cal values of ~m and ~r.

3.2 | A survey of CPs from the literature and the
present study

CPs are fabricated with different cantilever and microsphere-relative

dimensions and masses. Figure 3 reports the results of a literature sur-

vey about the values of ~m and ~r of CPs used in the experiments. Most

of the CPs have relatively small spheres attached to the cantilevers,

resulting in a reduced mass ~m on the order of 0.01 or even

below.10,59-61 Nevertheless, very large CPs are also used,10,62-65 with

~m values as large as 5, up to 10.

In order to study how ~m and ~r of CPs affect the cantilever dynam-

ics, we fabricated several CPs with different dimensions in order to

cover the whole range shown in Figure 3. In particular, we produced

eight probes, using both shorter and rigid tapping mode (TM), and lon-

ger and soft contact mode (CM) cantilevers. The properties of the CPs

TABLE 2 Descriptions and abbreviations of the spring constants
considered in this study

Spring constant
name Description

kTL Measured in the tipless configuration and related
to the free end of the cantilever

kLPTL Measured in the tipless configuration and related
to the selected loading point of the probe

kLPCP Measured with the attached sphere and related
to the loading point of the probe
corresponding to the position of the centre of
the sphere

kapp Apparent spring constant due to the tilt and
torque of the cantilever in the standard
experimental configuration

F IGURE 2 Scaling of the factor β (see Section 2.2.4) as function
of ~m, for different ~r, calculated according to the procedure described
in Reference 27 based on the modified modal shape functions for a
sphere-loaded cantilever
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produced for this study are reported in Table 1 and also in Figure 3

(red crosses). We characterized the spring constant and the dynamics

of our probes before and after the attachment of the microsphere.

3.3 | Shift of the resonant frequency of CPs

Figure 4 shows the thermal noise spectrum, that is, the raw PSD PV in

units of V2/Hz, of the first resonant peak of the original tipless cantile-

vers, and of the CPs obtained upon attachment of the glass bead. Not

surprisingly, as a consequence of the added mass, we observe a

decrease of the resonant frequency. These results confirm that a shift

in the resonant frequency ν0 is present even if the reduced mass is as

small as ~m = 9.76×10−4 (Figure 5). This drop of the resonant fre-

quency reaches a factor of 5 for largest masses (Figure 4D,H). These

trends are in agreement with previous works.66,67

Figure 4 shows that the increase of the full width at half maxi-

mum (FWHM) and of the oscillation amplitude are associated to the

shift of the resonant peaks towards lower frequencies. For large CPs

(Figure 4D,H), the peak is 30 times higher and 20 times narrower

compared to the corresponding tipless cantilever case. These observa-

tions may be somewhat unexpected for probes whose mass is signifi-

cantly increased. For instance, a reduction of the oscillation amplitude

and a widening of the resonant peak is typically observed when the

thermal noise spectrum is acquired in liquid, another case where the

effective mass of the cantilever is increased significantly, due to the

liquid viscosity that causes the cantilever to drag a finite volume of

liquid during oscillation. As we will discuss later, this observation can

be explained in terms of a combination of effects due to the increase

of the inertial mass of probe67 and the storage of a greater fraction of

total oscillation in the first mode.27

3.4 | Quality factor

The quality factor Q represents the ratio between the energy stored

in the oscillation and the energy dissipated per cycle because of the

viscous damping. For a single-mode oscillator, Q is defined as:

Q=
m!ω0

γ
=2π

m!ν0
γ

ð12Þ

In Equation (12), γ is the damping coefficient, that is, the proportion-

ality factor between the tip velocity and the viscous force. Q is related to

TABLE 3 Values of the correction factor β (Equation 11) for different values of ~m and ~r

~r

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

~m 0 0.817 0.817 0.817 0.817 0.817 0.817 0.817 0.817 0.817 0.817 0.817

0.001 0.818 0.818 0.818 0.819 0.819 0.820 0.821 0.822 0.823 0.824 0.826

0.002 0.819 0.819 0.820 0.820 0.821 0.823 0.825 0.827 0.829 0.832 0.834

0.005 0.821 0.822 0.823 0.825 0.827 0.831 0.835 0.840 0.846 0.852 0.859

0.01 0.825 0.826 0.828 0.832 0.837 0.844 0.852 0.861 0.872 0.884 0.897

0.02 0.832 0.834 0.838 0.845 0.855 0.868 0.883 0.900 0.920 0.941 0.963

0.05 0.851 0.854 0.864 0.879 0.901 0.927 0.957 0.990 1.024 1.059 1.093

0.1 0.875 0.880 0.896 0.921 0.954 0.994 1.036 1.079 1.121 1.158 1.190

0.2 0.905 0.913 0.936 0.972 1.018 1.068 1.117 1.161 1.199 1.230 1.254

0.5 0.945 0.956 0.988 1.035 1.090 1.144 1.191 1.228 1.257 1.278 1.292

1 0.968 0.981 1.016 1.068 1.124 1.177 1.220 1.253 1.276 1.292 1.304

2 0.983 0.996 1.034 1.087 1.144 1.195 1.236 1.265 1.285 1.299 1.309

5 0.993 1.007 1.046 1.100 1.157 1.207 1.245 1.272 1.291 1.303 1.312

10 0.996 1.011 1.050 1.105 1.162 1.211 1.248 1.275 1.293 1.305 1.313

F IGURE 3 CPs used by the authors of publications as from a
literature survey (blue circles) and CPs fabricated during this study
(red crosses) represented according to their reduced mass ~m and
gyration radius ~r. The background colour highlights the region where
corrections to the spring constant according to Equation (11) are
negligible (green), and the region where the influence of the added
mass becomes relevant (deviation larger than approximately 10%)
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the width of the resonant peak: at fixed mass m* and frequency ν0, the

higher is Q, the smaller is the FWHM, since FWHM ≈ ν0/Q.

Figure 6 shows the relative increase of the quality factor Q of the

CPs compared to the one measured in the tipless configuration. It is

evident that the value of Q of CPs increases, rather than decreasing,

with respect to the tipless cantilevers, and that the relative increase is

larger for higher values of ~m.

To better understand the behaviour of Q upon the attachment of

the sphere to the tipless cantilever, we calculated the effective mass

m! = k=ω2
0 for each probe, before and after the attachment of the

bead. The ratio between the measured effective mass m* and the

nominal mass of the probe mp (for both tipless probes and CPs) is

shown in Figure 7A. The measured ratio m*/mp for the tipless cantile-

vers is 0.24±0.02 (mean+ standard deviation of the mean), in agree-

ment with the theoretical value of 0.25 for the rectangular

cantilever.42 A similar value is measured for those CPs with the

smallest reduced mass, where the contribution of the cantilever mass

is dominant (see Figure 7A). As ~m increases, the effective mass m!
c

becomes larger than 0.25mc. For large CPs, m* becomes similar to mp,

which is in turn very similar to ms, the mass of the sphere; in this limit,

the mass of the sphere is dominant.

Equation (13) represents a simple model for the effective mass

m!
CP of a CP; the concentrated mass of the sphere, located at the free

end of the cantilever, is added to the effective mass of the tipless

cantilever26:

m!
CP =m

!
c +ms ð13Þ

Equation (13) clearly highlights that the cantilever and the sphere

contribute differently to the inertia of the probe. The cantilever mass,

which is uniformly distributed along the cantilever length, is strongly

underestimated in the sum, being weighted by a factor of 1/4; the mass

of the sphere, instead, being truly concentrated at the free end of the

cantilever, is fully represented with weight 1. Figure 7B shows the

correlation between the measured m* and the values of the effective

F IGURE 4 The measured PSD PV at the first normal mode of the
cantilever before (black) and after (red) the attachment of the
microsphere for contact mode CPs. A-D, CMs; E-H, TMs. The mass of
the attached sphere increases from top (CM1 (A)-TM1 (E)) to bottom
(CM4 (D)-TM4 (H))

F IGURE 5 The relative shift of the measured resonant frequency
ν0 vs the reduced mass ~m. As shown in Figure 4, ν0 decreases as ~m
increases

F IGURE 6 Relative shift of the measured quality factor Q vs the
reduced mass ~m
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mass predicted by Equation (13). The slope of the straight line fitting

the experimental data in Figure 7B is 1.052 ± 0.005. In the case of the

first six probes (data highlighted in Figure 7C), a better correlation is

found, the slope being 1.027 ± 0.008.

Figure 7B shows that Equation (13) represents a good model for

the effective mass of CPs, which in turn confirms the accuracy of the

description of (large) CPs as effective SHOs with the total mass con-

centrated at the loading point. Indeed, as the radius R of the sphere

increases, the mass of the sphere increases rapidly, scaling as R3, and

the CP becomes more and more equivalent to an SHO with a concen-

trated mass equal to the sphere mass. Deviations for the largest CPs

can be attributed to uncertainties in the determination of the sphere

mass, due both to the uncertainties in the sphere density or in the

sphere volume. SEM images (Figure 1) show indeed that soda-lime

glass spheres possess many defects, which could also be present in

the inner volume, as voids, or segregated phases with different den-

sity. Moreover, upon softening in the oven, the spheres deform to

some extent in the region close to the cantilever. This process is sup-

posed to conserve the volume of the sphere, but could alter the mea-

surement of the radius, which is inferred from the transversal

section of the sphere; as a consequence, errors in the volume estima-

tion are likely.

The increase of the quality factor is in turn explained by Equa-

tion (12). Q is proportional indeed to the resonant frequency ν0 and the

effective mass m*. Since ν0 drops by a factor of 5 (Figure 5), while m*

increases by a factor of 40 (it passes from 0.24 mc to approximately

10 mc), the latter change dominates and Q increases (considerably).

Eventually, Figure 7B,C and Figure 6 explain why the amplitude

of the resonant peak of the first normal mode is enhanced, as shown

in Figure 4. Indeed, large CPs are well described by a single-mode har-

monic oscillator model, because the higher-order modes provide a less

and less important contribution to the tip motion, as their last node

approaches the free cantilever end27; as the quality factor Q increases

significantly, the constraint of energy conservation causes the ampli-

tude to increase.

In conclusion, Equations (12) and (13) and the observed trends of

both resonant frequency and quality factor explain the peculiarity of

the thermal noise spectra of CPs with a large microsphere attached to

their free end, in particular the fact that these probes, despite a marked

reduction of the resonant frequency, have extremely sharp resonant

peaks, with large Q and amplitude. The apparent anomaly of CPs can

be attributed to the fact that, in the AFM community, an increase of

the effective mass and a drop in the resonant frequency of the cantile-

ver are typically observed when operating a soft cantilever in

liquid,68-70 and they are associated to a marked drop of the quality fac-

tor Q due to the viscous damping. With (large) CPs in air, however, the

factor γ in Equation (12) does not change significantly, while the dra-

matic increase of the mass is not counterbalanced by the reduction of

the resonant frequency. A recent study confirms that the added mass

mechanism described in this work dominates the effects related to

energy dissipation and viscous drag also in the case of large CPs in liq-

uid, where the attachment of large beads to the cantilever is exploited

to enhance the quality factor and the force sensitivity of the probes.67

3.5 | Spring constant of CPs

Figure 8A shows a comparison of the spring constants kLPTL , calibrated

for the tipless cantilevers before the attachment of the glass beads,

and then corrected for the shift of the loading point (Equation (8)),

with the spring constants kLPCP of the CPs calibrated after the

F IGURE 7 A Ratio of the effective mass m* (calculated using
Equation 12) to the nominal mass mp of the fabricated probe as a
function of the reduced mass ~m for tipless cantilevers (diamonds) and
CPs (filled circles). B, Effective mass m* of the CPs (calculated as
m! = k=ω0

2) as a function of m!
CP (defined in Equation 13), with linear

fit (y = mx+ b, m = 1.052±0.005, b = −1.14×10−12 ± 1.27×10−13).
C, Zoom on the data presented in (B) for m!

CP < 30 ng highlighted in
the drawn box, with the linear fit (y = mx+ b, m = 1.027±0.008,
b = −1.14×10−12 ± 5.37×10−13)
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attachment of the spheres, corrected for the loading point shift, and

eventually for the added mass effect (Equation 11). A linear regression

of the data provides a slope of 1.0090±0.0006, which confirms the

effectiveness of the correction procedures.

Figure 8B,C shows the relative difference between the spring

constant kLPTL and the spring constant kLPCP as a function of ~m and ~r ,

respectively. The spring constant values are shown before (red) and

after (black) the β-factor correction according to Equation (11).

As shown in Reference 27, the effect of the added concentrated

mass of the sphere is to induce an underestimation of the spring con-

stant, if the standard thermal noise formula (Equation 7) is used, with

β = β0 = 0.817. When ~m and ~r are larger than approximately 0.1, the

spring constant starts to decrease, reaching a maximum relative devia-

tion from kLPTL of about 25% (Figure 8B,C, red filled diamonds); these

deviations are effectively corrected by Equation (11) (Figure 8B,C,

black filled circles). For ~m<0.1, the correction is not very relevant, and

falls below the typical noise level.

The small differences between kLPTL and kLPCP reported in Figure 8

could be due, among other factors, to errors in the determination of

the deflection sensitivity of the CPs, as discussed below in Section 3.6,

in the determination of the loading point, as well as in the possible

rigidification effect of the cantilever, due to the attachment of the

sphere, which could influence the dynamics of the last part of the

cantilever.

3.6 | Deflection sensitivity and CPs

When big spheres are attached to the cantilever, the standard

approach for the calibration of the deflection sensitivity Sz (described

in Section 2) can be inaccurate, due to phenomena occurring during

the loading phase of the force curve.

In particular, the cantilever tilt angle θ towards the surface may

determine a tangential force component, which is due to friction,

between the sphere and the substrate. As in the case of normal

forces,37,38 also tangential friction forces applied at the loading point

of the cantilever induce a torque53,65,66,71-73; this torque in turn

induces a modification of the cantilever curvature that impacts on the

measurement of Sz.
72-74

The friction-related effect is stronger in the high-friction limit, when

the probe is pinned on the surface instead of sliding.75 The friction, and

therefore the torque, is stronger when the effective tip height is larger,

as in the case of large CPs, and when the normal force is higher, as in

the case stiffer cantilevers are used. Noticeably, for mechanical mea-

surements stiffer cantilevers can be used, in combination with large

spheres, in order to achieve reasonably high indentations.

Since the AFM optical lever detection scheme is sensitive to the

inclination of the cantilever rather than to its deflection, it turns out

that the measurement of Sz can be particularly inaccurate for large

CPs, especially in conditions of strong adhesion and friction (as in air).

In addition, larger adhesion related to the larger radius of CPs in gen-

eral makes the acquisition of force curves in air, but also in liquid,

critical.76

The direct calibration of the deflection sensitivity of large CPs

by the standard method based on the acquisition of force curves can

therefore be problematic. In this case, alternative approaches should

be adopted. One possibility is to consider the mean of the slope the

loading and unloading portion of the force curve to effectively sub-

tract the deflection artefact, and then inverting the mean slope to

obtain the invOLS, as proposed by Chung et al.76 The same authors

proposed an electrostatic method to calibrate the deflection

F IGURE 8 A, Spring constant kLPCP of CPs corrected according to
Equations (8) and (11) vs the reference spring constant kLPTL of the
tipless cantilever calculated at the loading point (Equation 8),
measured before the sphere attachment. The dashed line represents a
linear regression of the data, with slope 1.0090±0.0006. B and C,
The relative difference between kLPCP and kLPTL as a function of the
reduced mass and radius of the CP, respectively, without (red filled
diamonds) and with (black filled circles) the correction by
Equation (11). The shaded area represents the ±5% interval
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sensitivity, which however requires to build a dedicated micro-

device and the metallization of the CP.76 In the following sections,

we will propose an alternative method to overcome these

limitations.

4 | BEST PRACTICES FOR THE
CALIBRATION OF (LARGE) CPS

In summary, the thermal noise method can be applied directly to the

CP, according to the following rules:

1. Sz is measured carefully, neglecting the initial region of the FC after

the contact point, as the inverse of the mean of the slopes of the

loading and unloading curves, to minimize friction-related effects,

as proposed by Chung et al.76

2. The deflection signal of the cantilever is sampled over time with

sufficient resolution and number of points, in order to obtain,

when applying the thermal noise method, a well-defined peak in

the Fourier space; this will allow to accurately estimate the power

PV, despite the typical peak sharpness in air. Alternatively, the ther-

mal noise calibration can be carried out in water, in order to obtain

a wider resonance peak. In this case, also the deflection sensitivity

must be characterized in water.

3. The β-factor correction (Equation 11) must be applied to the intrin-

sic spring constant calculated by Equation (7). To this purpose, the

sphere radius, the cantilever dimensions, and therefore the

reduced mass ~m and the reduced gyration radius ~r , must be accu-

rately determined.

4. The corrected intrinsic spring constant kCP is transformed into the

apparent spring constant, including also the effect of the shift of

the loading point, using Equation (10) (with kCP in place of kTL).

According to the results reported in the present study, we sug-

gest an alternative accurate and reliable approach for the calibration

of CPs, and especially of large CPs. This approach can be applied

when the CP is produced in house, using tipless cantilevers. In this

case, the following procedure can be followed:

1. The intrinsic spring constant kTL of the tipless cantilever, before

the attachment of the sphere, is calibrated by the thermal noise

method, measuring the deflection sensitivity in the standard way,

that is, from a FC acquired on a hard substrate, or using a deflec-

tion sensitivity-free approach, like LDV (and thermal noise)56 or

the Sader method.45,54,77

2. Once the sphere is attached, measure the position of the loading

point using an optical microscope and correct the intrinsic spring

constant kTL into the apparent kLPCP,app, using Equation (10).

It must be considered that, while the interferometric approaches

can be used, together with Equation (11), to calibrate CPs (in fact,

LDV is a technique of choice for calibrating the spring constant of

AFM probes, but at present it relies on expensive instrumentation),

the applicability of the global calibration initiative launched by

Sader45 should be checked. This approach is based indeed on the

statistical assessment of the hydrodynamic function for a given can-

tilever geometry and may not account for the contribution of the

large attached sphere. The general Sader method for the calibration

of cantilever of arbitrary shape and dimensions54 could in turn work

well, provided the calibration of the hydrodynamic function is per-

formed in house.

Once the intrinsic spring constant kCP of a CP has been accurately

calibrated, the deflection sensitivity Sz of the current experiment can

be calculated assuming that the thermal noise method, through Equa-

tion (7), must provide the known value of kCP (see References 78 and

79 and the SNAP procedure8).

5 | CONCLUSIONS

Colloidal probes are used in a wide range of experimental conditions.

Their dynamical behaviour presents peculiar aspects,27 which also

pose issues for their calibration, since the modal shapes are signifi-

cantly affected.

In this work, we have demonstrated that the addition of a large

mass to a tipless cantilever concentrated at its end, besides signifi-

cantly decreasing the resonant frequency, boosts the quality factor

and the amplitude of the first resonant peak, so that a large CP mimics

a single-mode mass-on-a-spring system better than a standard AFM

probe. These findings may have an impact on the application of CPs in

spectroscopic dynamical applications.

Despite the relevant modifications of the cantilever dynamics of

CPs, the accuracy of the calibration of CPs is not severely affected

until the added mass of the sphere becomes comparable to that of

the cantilever, which typically happens for diameters of the glass

sphere of about 10 μm.

In the case of large CPs, it is possible to accurately calibrate

the spring constant by applying a correction factor (Equation 10)

to the value obtained according to the equipartition theorem for

an ideal tipless rectangular cantilever. We present two alterna-

tive detailed procedures, including one allowing to minimize the

impact of the inaccurate determination of the deflection

sensitivity.
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3.1 Additional discussion 

Even though the results presented in the previous section demonstrate a good 
accuracy of the model and the applied corrections, some further investigations 
should be carried out in order to better understand some specific issues. 

 
3.1.1 The rigidification effect 
 

 The calibrated spring constant k should always be related to the loading point of 
the cantilever, irrespective to where the laser is aligned. 
When a sphere is attached to a tipless cantilever, an extended neck could be 
present at the sphere-cantilever interface (Figure 1d-f, pg 30), either because of 
excessive softening of the glass bead, or due to a large residual amount of 
solidified glue. The corresponding portion of the cantilever therefore rigidifies, and 
may not contribute anymore to the cantilever bending, nor to the thermal noise–
driven oscillation. Rigidification of the cantilever can be clearly identified by 
inspecting the profile of the CP using an optical microscope. 
In Figure 1, pg 30, the distance DL of the loading point from the cantilever end is 
shown. When the microsphere is small compared to the cantilever dimension and 
none or little amount of glue is used, negligible rigidification is present on the 
cantilever (Figure 1b). If these assumptions fail, the rigidified portion of the 
cantilever cannot bend anymore (Figure 1d,f), and the loading point needs to be 
shifted to a different position of the cantilever. 
Reasonably, the last portion of the cantilever able to bend is located at the 
beginning of the fused basement of the sphere, on the side of the sphere facing 
the cantilever fixed end. As a consequence, the system dynamics would behave 
in a totally different manner: a portion of the cantilever of length Leff (see Figure 
13) would be free to oscillate dynamically, while the second portion (the 
rigidificated one) will follow rigidly the tilt of the final part of Leff. This configuration 
would resembles those exanimated by Edwards et al.71 so called “Sphere on a 
tip” with an angle a0<0 . 
This peculiar configuration is not accounted for by any special theoretical model 
and further calculations should be made with the aim to describe the above-
mentioned static and dynamical behaviour. 
  



 44 

 
Figure 13. Scheme representing the configuration of a rigidificated cantilever with all the related 

variables outlined. 
 
 

3.1.2 Added-mass away from the free-end 
 

The corrections developed by Laurent et al.72 and tested in the above paper, 
consider a configuration where the microsphere is attached perfectly to the free-
end of the cantilever, but this condition is not always satisfied. Indeed, even if no 
rigidification is present, it could happen (in particular with home-made probes) 
that the sphere is attached several microns or tens of microns away from the free-
end. Once again, an added mass located at distance DL away from the 
cantilever’s end would affect the amplitude and position of the normal modes and 
the parameters 𝛼$ and c should be modified accordingly. 
 

 
3.1.3 Finite laser-spot 
 

If we consider a rigidificated configuration, also the effect of the finite spot size of 
the laser should be taken into account84, in particular if the laser spot dimension 
are compatible or even larger of the rigid portion of the cantilever. 
 
 

3.1.4 Rectangular Vs triangular cantilever shape 
 

Like most of the theoretical model developed for the description of AFM probes, 
the added-mass correction has been modelled on the rectangular cantilever 
shape. The triangular cantilever oscillation dynamics is different from the 
rectangular one, and so the resulting correction parameters 𝛼$ and c. How a mass 
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attached to the free end of a triangular cantilever affects the oscillating dynamics 
is not investigated. The triangular cantilevers may be described by the “parallel 
beam approximation” (i.e. a rectangular cantilever wide as the sum of the widths 
of the two arms and long as the effective length of the triangular cantilever85), and  
with thus approximation all the consequent corrections would follow 
straightforward. But the “parallel beam” is an approximation and a more detailed 
description should be done, in particular considering that the approximation fails 
more and more with the cantilever shortening86. 
 

3.1.5 Standardization of the correction parameters for thermal noise 
 

It has been recently published a preprint by J. Rodriguez and F. Rico87 where 
they present a finite-element simulation to reproduce and measure the cantilever 
bending shape in the loaded and freely oscillating condition. Exploiting these 
simulations, they are able to directly calculate the correction factors of the thermal 
noise for every geometrical and peculiar configuration of the probes. This 
powerful approach would allow to directly obtain the operative (apparent) force 
constant with a single thermal noise. Nevertheless, in their calculation it is evident 
that not every dependence of the geometrical configurations (highlighted in the 
previous sections) has been taken into account, and some others has been 
embedded in a more general definition. In order to compare and merge our and 
their approaches some detailed calculations should be provided, indeed if we 
want to provide a standardized and reliable protocol, useful for the scientific 
community, we need first to find a common definition of all the parameters used 
by everyone. 
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Chapter 4 
 

4 Nanotopographical Colloidal Probes 
mimicking the disordered morphology of 
the ECM for the investigation of the cell 
reaction to morphological cues 
 
The first interaction step in the mechanotransductive cascade takes place at the 
cell membrane level, i.e. at the interface between cell and microenvironment. 
Starting from the ECM, the adhesive structures at the cell membrane that enable 
the cell to perceive the biophysical configuration of its microenvironment and to 
translate the information into appropriate cellular responses are the integrin 
adhesion complexes (IAC), which can mature into bigger structure like focal 
complexes (FCs, cluster of integrins) and focal adhesions (FAs) under suitable 
microenvironmental conditions (in terms of rigidity and spatial organization of 
ligands). The integrin family consists of heterodimeric transmembrane receptors, 
always build up by one α- and one β-subunit that can assemble in different 
combinations. As discussed in the introduction, they possess large extracellular 
domains and short cytoplasmic tails (see Figure 14). Once the ECM-binding 
connection take place, mechanosensing of the biophysical and structural features 
begins which determines whether the maturation process occur or not.9. 
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Figure 14. Molecular connectivity from the ECM to the nucleus. A local force applied to integrins 
through the ECM is concentrated at focal adhesions and channelled to actin filaments that are 

eventually connected to the nuclear envelope. Image adapted from Wang et al88. 

 

The spatial organization of the integrins adhesion sites plays a fundamental role 
in the integrin clustering and eventually in the ability of cells to react to the external 
stimuli. A better understanding of the adhesion dynamics at the cell membrane 
level would bring an insight of the early steps of cellular mechanosensing in 
response to different topographical stimuli of the ECM.  
Albeit the specific structural organisation can strongly vary between the ECMs of 
different tissues (from relatively ordered fibrillar-dominated ECM to much more 
crosslinked, reticular, disordered features89–91), the ECM structure is always 
characterised by a very complex nano-3D topography that is not easy to mimic in 
vitro, as the existence of a myriad of biomaterial approaches attest. 
Previous works have shown that nanostructured thin films, grown by assembling 
of zirconia nanoparticles (ns-ZrO2) on a substrate through Supersonic Cluster 
Beam Deposition technique57, possess a morphological disorder on the 
nanometer scale with structural features that mimic topographical properties of 
the ECM, in particular those of basement membranes (see Figure 15). 
Experiments performed with PC12 cell line demonstrated a link between specific 
nontopographical properties (like roughness and correlation length) of the ns--
ZrO2 films and specific mechanotransductive events, which eventually foster 
neuronal differentiation30,32.  
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Figure 15. (top-left) SEM image of rhesus macaque basement membrane, image adapted from 

Liliensiek et al.90. (top-right) 3D-AFM image of ECM from corneal epithelium, image adapted 
from Abrams et al.47. (bottom) 3D-AFM image of ns-ZrO2 thin film growth with the SCBD 

technique, image adapted from Schulte et al.30. 
 
 

The work presented below represents the core of my PhD project and consists in 
the development of protocols for the fabrication and characterization of a new 
kind of AFM CPs: the nanotopographical colloidal probes (nt-CPs), and in the 
study of the early step of the mechanotransductive pathway in relation to specific 
morphological cues. 
Starting from the considerations of the previous chapter I functionalized the CPs 
by growing nanostructured thin films of Zirconium-Oxide (Zirconia, ZrO2) via 
cluster-assembling in an extremely controlled manner. The purpose of this 
functionalization was to move the 3-dimensional complexity of the ECM on the 
interaction region of the CPs. By means of these nanotopographical CPs, I 
characterized the adhesive behaviour, in particular with respect to the force 
dynamics, of the PC12 cell line through AFM Force Spectroscopy experiments.  
Here below, the whole paper is reported including the “Supplementary 
Information”, which provides also technical details on the creation of the nt-CPs. 
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Adhesion force spectroscopy with nanostructured
colloidal probes reveals nanotopography-
dependent early mechanotransductive interactions
at the cell membrane level†
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and A. Podestà *

Mechanosensing, the ability of cells to perceive and interpret the microenvironmental biophysical cues

(such as the nanotopography), impacts strongly cellular behaviour through mechanotransductive pro-

cesses and signalling. These events are predominantly mediated by integrins, the principal cellular

adhesion receptors located at the cell/extracellular matrix (ECM) interface. Because of the typical pico-

newton force range and nanometre length scale of mechanotransductive interactions, achieving a

detailed understanding of the spatiotemporal dynamics occurring at the cell/microenvironment interface

is challenging; sophisticated interdisciplinary methodologies are required. Moreover, an accurate control

over the nanotopographical features of the microenvironment is essential, in order to systematically

investigate and precisely assess the influence of the different nanotopographical motifs on the mechano-

transductive process. In this framework, we were able to study and quantify the impact of microenviron-

mental nanotopography on early cellular adhesion events by means of adhesion force spectroscopy

based on innovative colloidal probes mimicking the nanotopography of natural ECMs. These probes pro-

vided the opportunity to detect nanotopography-specific modulations of the molecular clutch force

loading dynamics and integrin clustering at the level of single binding events, in the critical time window

of nascent adhesion formation. Following this approach, we found that the nanotopographical features

are responsible for an excessive force loading in single adhesion sites after 20–60 s of interaction,

causing a drop in the number of adhesion sites. However, by manganese treatment we demonstrated that

the availability of activated integrins is a critical regulatory factor for these nanotopography-dependent

dynamics.

1. Introduction
A complex crosstalk between cells and their microenvi-
ronment, i.e. the extracellular matrix (ECM), governs the devel-
opment and maintenance of multicellular tissues. The bio-
physical properties of the microenvironment were therein
identified as critical factors for the regulation of many cellular
responses, such as proliferation, migration, and differen-
tiation. The ECM is a complex meshwork of intertwined
macromolecules (with protein and sugar components) charac-
terised by the presence of fibrillary and reticular structures,
pores and asperities at the nanoscale. The configurations can

be relatively ordered, e.g. in the fibrillary collagen-dominated
ECM, or instead rather disordered, as in basement membranes
or the brain ECM. However, at the local nanoscale level often
irregularities, anisotropies and density gradients are
present.1–6

In recent years, it has become evident that mechanical
stimuli of the ECM, such as the rigidity and/or spatial organis-
ation and dimensionality of adhesion sites (e.g., in terms of
geometry and topography), alter intrinsic cellular properties,
such as the actin cytoskeletal organisation/mechanics and the
signalling status.7–10 The intricate processes through which
the cell perceives and reacts to mechanical and structural
stimuli in its microenvironment were termed mechanosensing
and mechanotransduction.11–18

Mechanotransductive processes are involved in virtually all
aspects of the cellular life and tissue organisation11–19 and
aberrations in components that participate in mechanosen-
sing and mechanotransduction have been linked to various

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0nr01991g

C.I.Ma.I.Na. and Dipartimento di Fisica “Aldo Pontremoli”, Università degli Studi di
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diseases, in particular cancer and metastasis. A detailed com-
prehension of how biophysical ECM characteristics modulate
mechanotransduction would promote new approaches for
treatment of diseases, drug therapies or diagnostic
approaches, exploiting and targeting identified mechanotrans-
ductive key regulators or structures.11,20–26

Cells sense the biophysical microenvironmental infor-
mation at the nanoscale, and nanotopography has emerged as
a crucial parameter in the regulation of mechanotransductive
processes and signalling.7–9,27–31 The mechanotransductive
pathway is primarily mediated by specific transmembrane pro-
teins, called integrins, and modulated by the extent to which
these integrins cluster together into integrin adhesion com-
plexes (IACs) and mature into bigger structures, such as focal
complexes and focal adhesions (FAs). The extent of integrin
clustering and FA maturation, in turn, depends on the force
loading within the so-called molecular clutches of nascent
adhesions, i.e. the initial connection of the ECM-binding
integrins to forces generated by the actin cytoskeleton via
adaptor proteins (in particular talin and vinculin). The spatial
organisation of integrin adhesion sites (ligands) exerts a fun-
damental influence on the integrin clustering and eventually
on cellular behaviour and responses. These effects are
mediated in particular through the principal elements of
mechanotransductive signalling, such as RhoGTPases, the
actin cytoskeleton and mechanosensitive transcription factors
(e.g., YAP).11–19

However, a better understanding and quantification of the
dynamics at the cell/microenvironment interface and the force
development in the early steps of cellular mechanosensing in
response to different topographical stimuli is required. In par-
ticular, although the presence of nanotopographical disorder
(due to the impact on the spatial distribution of integrin
ligands) has been shown to have a strong influence on protein
adsorption, cell adhesion, integrin clustering and
differentiation,7,26,31–33 the systematic characterisation of the
influence of disordered configurations with different nano-
scale three-dimensional features is still in its infancy.

To unravel the molecular mechanisms of cellular mechano-
sensing and the mechanotransductive responses it provokes in
the cells, versatile biophysical approaches are
essential.10,17,30,34–42 Smart biomaterials with complex struc-
tural architectures and/or tuneable physical properties are
needed to create controllable cellular microenvironments that
mimic the in vivo ECM situation.30,31,34,36,37,41 In addition,
sophisticated techniques are required that enable the mapping
of mechanobiologically relevant alterations in cells.17,35,38,42

In this context, atomic force microscopy (AFM) represents a
powerful tool due to its capacity to allow an accurate probing
of cell surfaces, determining cellular mechanical
properties42–46 (and mechanotransduction-related
alterations47–49), and measuring adhesion forces down to the
single-molecule contribution.38 The standard techniques used
to test the cellular adhesion properties are single-molecule
force spectroscopy (SMFS)50 and single-cell force spectroscopy
(SCFS).51,52 SMFS consists of the functionalisation of the AFM

probe (e.g., coating with ECM proteins) in order to permit the
interaction with specific transmembrane proteins. SCFS
instead uses the cell itself as a probe (attached to the cantile-
ver) that interacts with the substrates of interest (including
other cells).

SCFS has been widely used to study in detail the cooperative
action of integrins in early cellular adhesion to fibronectin or
collagen53–55 and their connection to internal cellular bio-
chemical signalling.56 This technique has furthermore been
exploited to test the biocompatibility of materials for implants
in orthopaedic surgery,57 or the role of ligand spacing in the
cell adhesion using substrates decorated with suitably functio-
nalised nanoparticles, separating integrin ligands with
different specific distances.58,59 A limitation of SCFS, as
explained in detail by Naganuma,60 is that the actual contact
area between the cell and the substrates cannot be measured.
As a matter of fact, the cell, once captured and immobilised
on the tipless cantilever, will evolve its own adhesion on the
probe itself, changing its morphology during time and with it
the adhesion properties. These dynamics will introduce a bias
in the force spectroscopy experiment and, since different cells
behave differently, make results less comparable between each
other.

To address these issues, we propose a reversal of the con-
ventional SCFS approach. Our novel strategy for the study of
early mechanotransductive interactions at the cell membrane
level is based on the use of functionalised colloidal probes
(CPs) mimicking the peculiar nanoscale topographical features
of the in vivo ECM for force spectroscopy experiments on living
cells. The probes represent the source for the mechanical cues
regulating the cascade of the mechanotransductive events. By
inverting the typical cell-microenvironment interaction geome-
try (Fig. 1), we take in particular control over the cell/substrate
contact area and obtain a more accurate assessment of the
forces and molecular interactions that develop at the cell mem-
brane during the early mechanotransductive events.

Our technological approach for the fabrication of nanotopo-
graphical surfaces consists of growing a cluster-assembled thin
film of nanostructured zirconium oxide (ns-ZrO2, zirconia)
with disordered, yet controlled, topographical features by
means of supersonic cluster beam deposition (SCBD).61–63

Zirconia is a biocompatible material used in various clinical
applications, particularly due to its chemical inertness and
structural properties.64 SCBD is an additive technique and the
disordered surface morphology of the deposited films is
characterised by nanoscale roughness and other morphologi-
cal parameters, like the surface area or the correlation length,
which can be accurately tuned and reproduced by controlling
the film thickness through the deposition time.65

The obtained disordered nanostructured films possess
nanotopographical features that resemble those that can be
observed in the in vivo ECM (e.g. in basement membranes or
in the brain5,6) and with nano-3D configurations (in terms of
asperity dimensionality and distances) that have the potential
to modulate integrin-dependent mechanotransductive pro-
cesses and signalling32,47,61,66–70 (Fig. 1a). Indeed, asperities
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and pore sizes of ECMs with reticular, crosslinked structures
are well represented by the nanotopographical features of the
ns-ZrO2, but also in those ECMs whose structure is dominated
by fibrillar features, there are often irregularities at the nano-
scale, e.g. with regard to the distances and heights of fibres.6,47

Using these nanostructured thin films as substrates
(Fig. 1a), we have recently shown that the interaction of cells,
in particular neuronal cells, with the nanotopographical fea-
tures impacts decisively mechanotransductively relevant
events, such as FA maturation, cytoskeletal organisation/mech-
anics and integrin signalling, as well as the cellular program
and differentiative behaviour.47,61,66,67,71

Instead of plating the cells on nanostructured substrates,
here we exploited nanotopographical colloidal probes (nt-CPs)
to stimulate the cells and to characterise the interfacial integ-
rin adhesion dynamics by means of adhesion force spec-
troscopy (Fig. 1b, c). Compared to our previous experiments,
this approach provided access to phenomena that occur at the
cell–microenvironment interface that would otherwise be
buried below the cell body.

To date, only a few protocols have been developed to
functionalise AFM probe surfaces either with ECM proteins,
like collagens, laminins, or cellulose nanofibers72,73 or with
nanoparticles.74–76 In the former case, natural biomaterials
were typically deposited onto CPs, but poor or null control
over the nanoscale topography was possible. In the latter
case, AFM standard sharp tips were decorated with nano-
particles in order to study their interaction with cells; in
other experiments the AFM tip apex was used to model a
single nanoparticle.77 Our nt-CPs were instead used to study
the early steps of the cell adhesion to an ECM-mimicking
nanotopography with the sensitivity of adhesion force spec-
troscopy measurements. Following this innovative approach,
we were able to follow the temporal evolution of early integ-
rin-related adhesion events at the interface between the cell
and a nanotopographical microenvironment at the level of
single adhesion events and piconewton force range. To the
best of our knowledge, in this framework of the cell/nanoto-
pography interaction such a resolution has not been
achieved to date.

Fig. 1 Approach of adhesion force spectroscopy by means of colloidal probes functionalised with extracellular matrix-mimicking nanotopographi-
cal features. (a) The scheme at the bottom left illustrates the conventional approach used to study the impact of nanotopographical features on
mechanotransductive processes. The image inset shows a transmission electron microscopy (TEM) image of interaction sites between a PC12 cell
and the asperities of cluster-assembled ECM-mimicking nanotopographical zirconia substrate (indicated by the white arrows) with an rms roughness
rq = 15 nm (ns-ZrO2), for which we have shown that it induces mechanotransductive modulations.47 The immunofluorescence (IF) images in the
panel above (in green, total internal reflection recordings of vinculin staining; in red, epifluorescence recordings of the actin filaments marked by
phalloidin staining) demonstrate that, after 4 hours of interaction on the nanotopographical ns-ZrO2 substrate, only small punctate focal complex
size adhesion sites formed and stress fibres were absent, whereas on the flat zirconia (flat-ZrO2), focal adhesions and stress fibres are present.47 TEM
and IF images were adapted from Schulte et al.47 (b) Schematic illustration of the approach to measure adhesion forces to colloidal probes with a
nanotopographical surface (rq = 15 nm) produced by SCBD (the scale bars close to the nanostructured surfaces refer only to the nanotopography,
other graphical icons are symbolic and not in scale). (b and c) Examples of the deflection signal extracted with the AFM and used to quantify the cel-
lular adhesive behaviour in response to different nanotopographies.
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2. Results and discussion
2.1 Characterisation of the nanotopographical colloidal
probes

Fig. 2 shows the representative AFM images of a clean boro-
silicate glass sphere before (Fig. 2a) and of the same sphere
after deposition of the ns-ZrO2 film (Fig. 2b) used for the pro-
duction of a nt-CP (Fig. S1†).

Ns-ZrO2 grows on the curved CP surface, as it does on con-
ventional flat smooth substrates (see the ESI for details,
Fig. S2†).

The structure and morphology of these cluster-assembled
films result from the random stacking and aggregation of
impinging nanometer-sized building blocks (the ZrO2 clusters)
into larger and larger units. The surface profiles of nano-
structured zirconia films are characterised by peaks and valleys
(see Fig. 2c), defining a complex random pattern of nanoscale
features, whose dimensions and spatial distribution resemble
those found in natural ECM topographies.5,6 The specific
surface area, the rms roughness, the average lateral dimen-
sions of the largest morphological features (the correlation
length ξ), and the interfacial porosity of the films typically
increase with film thickness.62,63,78 The interfacial open pores,
delimited and defined by the surface asperities,47 can accom-
modate proteins (including fibronectin and vitronectin, which
are present in the serum supplement of the culture medium
we used) and nutrients;33,78–81 asperities evolve in height, area,
and surface charge density.82

In this work, we concentrated our attention on nt-CPs with
the rms roughness of the ns-ZrO2 film rq = 15 nm. This par-
ticular value of rq was chosen because we recently demon-
strated that it induces in PC12 cells mechanotransductive
modulations at the level of integrin adhesion complexes and
cytoskeleton (Fig. 1a), as well as differentiative events, such as
neuritogenesis, and a vast change in the cellular
program.47,61,67

2.2 Cell adhesion dynamics at nanotopographical interfaces

To investigate in which way nanotopographical features influ-
ence the characteristics of cellular adhesion processes, we per-
formed adhesion force spectroscopy on PC12 cells with four
CPs, possessing different types of functionalisation:

(1) ns-ZrO2-coated CP, produced by SCBD, with rq = 15 nm
(surface: ns-ZrO2).

(2) flat ZrO2-coated CP, produced by ion gun sputtering,
without nanotopographical features, rq < 1 nm (surface: flat-
ZrO2).

(3) borosilicate glass CP (surface: glass).
(4) poly-L-lysine-coated CP (surface: PLL).
The choice of the PC12 cells as a cellular system and the

surface conditions were based on our previous work, where we
found that the PC12 cells formed FA and stress fibres on PLL-
coated glass and flat zirconia substrates, whereas on the ns-
ZrO2 (rq = 15nm) substrate the adhesion sites remained at
focal complex dimensions and the stress fibre formation was
reduced47 (Fig. 1a). PLL coatings represent the canonical sub-
strate condition for PC12 cell experimentation, and are also
routinely used to facilitate protein absorption and cell
adhesion to solid surfaces (in particular glass) in biological
applications (by providing positively charged sites favouring
electrostatic interactions). The untreated glass CP instead
served as a (negative) control because PC12 cells adhere scar-
cely to nude glass.

The dependence on the contact time ct of the measured
parameters (maximum adhesion force, work of detachment,
number of unbinding events for jumps and tethers, see
Fig. S4†) is discussed in the next paragraphs.

Fig. 2 Comparison of the surface morphology of the colloidal glass
probes before and after the deposition of the zirconia nanoclusters. The
surface morphology characterised by AFM of a borosilicate glass sphere.
(a) Before, and (b) after the deposition of ns-ZrO2 (rq = 15 nm). (c) A
higher resolution AFM image (the baseline curvature was removed) from
the nt-CP shown in (b); the cross section highlights distinct peaks and
valleys at the nanoscale.
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Maximum adhesion force Fa. Fig. 3a shows that the cells are
capable of creating stronger adhesion on all functionalised
surfaces, compared to the untreated glass (PLL vs. glass, p <
0.05, except 0 s; ns-ZrO2 vs. glass, p < 0.05, except 0 s; flat-ZrO2

vs. glass, p < 0.05, except 0 s and 60 s). Nevertheless, the extent
of these differences compared to the reference glass surface,
and the temporal evolution of the adhesion, are different on
each surface.

On glass and flat zirconia, Fa rapidly reaches a plateau,
although on flat-ZrO2 the final value is higher. On ns-ZrO2 and

PLL, Fa follows a similar growing trend in the first 60 s, reach-
ing much higher values than flat-ZrO2 (both p < 0.05). PLL is
the only surface where adhesion increases during the whole
time interval, achieving its maximum values at 240 s (with the
highest value of all the conditions). On the nanotopographical
surface, the Fa maximum is reached at 120 s, and then
adhesion decreases to a value similar to that on flat-ZrO2.

Work of detachment W. The temporal evolution of the work
of detachment W provides additional information about the
level of complexity and the maturation of the cellular adhesion

Fig. 3 The nanotopographical features provoke specific effects on the adhesion dynamics, in particular with respect to jump events. The panel
shows the results of the adhesion spectroscopy measurements performed with the four different probe surface conditions: untreated (glass, blue
line) or with PLL functionalisation (PLL, violet line), zirconia films, flat (flat-ZrO2, green line) or with nanotopographical features with a roughness rq
= 15 nm (ns-ZrO2, orange line). Four different parameters were extracted from the force curves (see Fig. 1c and Fig. S4†) which have been analysed
for 5 different cell/probe contact times (ct = 0 s, 20 s, 60 s, 120 s and 240 s), i.e. the maximum adhesion force (Fa), work of detachment (W), mean
number of unbinding events, identified as jumps (Nj) or tethers (Nt) (for details see Fig. S4†). (a) Dependence of the adhesion force Fa and (b) work W
on the contact time. Fa of PLL and ns-ZrO2 are significantly higher (p < 0.05) than that of glass for all cts (except 0 s) and higher than flat-ZrO2 at 60
s (ns-ZrO2 also at 120 s); flat-ZrO2 > glass at 20 s, 120 s, and 240 s (p < 0.05). W of PLL is higher than that of glass at 120 s and 240 s (p < 0.05). (c) Nj

counted per contact time; Nj for PLL is higher than ns-ZrO2 and flat-ZrO2 at 20 s, 60 s and 240 s (p < 0.05), at 20 s ns-ZrO2 is higher than flat-ZrO2

(p < 0.05), and Nj of ns-ZrO2 at 20 s is higher than that at 60 s (p < 0.05). (d) Mean number of tethers per contact time. The error bars represent
effective standard deviations of the mean (details in the ESI†).
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(Fig. 3b). While the trends of W for glass and PLL-coated glass
are similar to those of Fa (significantly higher at 120 s and 240
s, p < 0.05), this is not the case for zirconia surfaces; while the
evolution of Fa was different for the two zirconia surfaces, the
evolution of W is similar. Moreover, the measured work for
both flat-ZrO2 and ns-ZrO2 never reaches the value of the PLL-
coated glass. Since the work is a force times a distance, a
different trend of W compared to Fa can be attributed either to
different numbers of bonds (detected as unbinding events), or
to different bond lengths, or both.

Mean number of unbinding events Nj, Nt. The mean
number of detected unbinding events for cells interacting with
different surfaces (Fig. 3c and d) revealed distinct differences
in the temporal adhesion dynamics between PLL, ns-ZrO2 and
flat-ZrO2, in particular with respect to the jump events Nj,
which we discuss first (Fig. 3c).

The jump events in force curves are predominantly attribu-
ted to receptors in the membrane that are anchored to the
cytoskeleton (e.g. integrins in molecular clutches via
talin).51,54–57,83–85

PLL-coated glass (Fig. 3c) and ns-ZrO2 show a similar pro-
gression of Nj in the first 20 s (with both reaching 10 events),
after which they develop differently. The difference between
the ns-ZrO2 and the flat-ZrO2 condition is significant at 20 s (p
< 0.05). The Nj of PLL reaches a maximum at 60 s, and also
later on the cells created significantly more jump adhesion
spots on the PLL compared to flat-ZrO2 and ns-ZrO2 (p < 0.05
at 60 s and 240 s).

Under the nanotopographical surface condition, Nj

decreases strongly (−53%) from 20 s to 60 s (p < 0.05).
Intriguingly, this drop is a recurrent and specific phenomenon
that appears systematically for all investigated cells interacting
with the nanotopographical surface. Under the flat-ZrO2 con-
dition, there is instead a progressive rise of Nj in the first 120 s
(reaching 8 events).

The evolution of the number of tethers Nt (Fig. 3d) instead
is more similar for all four conditions.

The nature of the tethers has been poorly investigated, but
they are usually associated with receptors that are not
anchored to the internal actin cortex, which results in mem-
brane extrusion from the cell reservoir.83–85 Another hypoth-
esis is that tether events could, at least partially, be related to
the unfolding of glycocalyx sugar chains.86 It has been demon-
strated that the tethers do not respond as a catch bond,55 and
also in our experimental set-up they seem to participate in a
negligible manner to the maturation of the adhesion (with a
generally low contribution to Fa, see ESI, Fig. S6†), showing
only minor divergent reactions towards the different surface
conditions.

In the following, we will concentrate our attention mainly
on the Nj parameter.

The interaction time window between 20 and 120 s seems
to be the most interesting for the dynamics of the adhesion
spots on different surfaces, in particular when looking at the
combined evolution of the different parameters (e.g., Fa
and Nj).

PLL and ns-ZrO2 have a comparable development of Fa from
20 to 60 s, whereas Nj evolves in a converse manner, i.e. it
increases markedly for PLL, and decreases for the nanotopo-
graphical surface (Fig. 3a and c). Glass and flat-ZrO2 instead
show more moderate alterations.

In order to better investigate these dynamical phenomena,
we have calculated the mean adhesion force per jump <Fj> (see
the ESI for details, Fig. S6†). The result is shown in Fig. 4. An
interesting outcome specific for the ns-ZrO2 surface is visible.
While the average force per single jump (between 20–120 s) is
similar for all the surfaces without nanotopographical fea-
tures, i.e. glass, PLL, and flat-ZrO2, a sudden 3.3-fold increase
of the single jump strength (p < 0.05 for ns-ZrO2 20 s vs. 60 s;
p < 0.05 for the comparison between flat-ZrO2 and ns-ZrO2 at
60 s and 120 s) is evident for ns-ZrO2. At the regime, after 240
s, the force <Fj> converges down to the value of the other sur-
faces, nevertheless it remains significantly higher compared to
glass and flat-ZrO2 for most of the time.

Interestingly, these divergent dynamics happen in the criti-
cal time window for molecular clutch reinforcement, the
initiation of integrin clustering and nascent adhesion
growth.55,87

2.3 Adhesion dynamics to the nanotopographical probe are
influenced by the availability of activated integrin and depend,
at least partially, on β1 integrin

Due to our previous data on the effects of the nanotopography
on the configuration of integrin adhesion sites47 and the inter-
esting chronology of the jump adhesion events and force devel-
opment observed for the ns-ZrO2 surface, we tested in which

Fig. 4 Nanotopography-specific increase in jump adhesion force
loading. The graph shows the evolution of the mean jump force <Fj> in
dependence of the contact times for the different probe surfaces (glass:
blue line; PLL: violet line; flat-ZrO2, green line; ns-ZrO2, orange line; the
difference between ns-ZrO2 20 s vs. 60 s is significant (p < 0.05) and ns-
ZrO2 is higher than the other surfaces at 60 s and 120 s (p < 0.05). The
specifics of the <Fj> calculation can be found in the ESI (Fig. S6†). The
error bars represent effective standard deviations of the mean (details in
the ESI†).
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way these dynamics towards the nanotopography depend on
the integrin activity.

In the first step, we examined how an excess of integrin acti-
vation would affect the early adhesion dynamics towards the
nanotopographical surface. To this purpose, we activated the
integrins with Mn2+. This treatment kept Nj from dropping
after 60 s (p < 0.05), as was observed on the ns-ZrO2 surface
without Mn2+ activation (Fig. 5a).

This impact of the abundant availability of activated integ-
rins might be explained by two effects (or a combination of

both). In nascent adhesions, Mn2+-induced integrin activation
is known to increase the density within integrin clusters;88

moreover, unligated activated integrins could favour the brid-
ging between separated, but adjacent adhesion sites.89 In any
case, the force loading can be distributed over more active
integrins, confirmed by the decrease of mean force per jump
event at 60 s due to the Mn2+ treatment (Fig. 5b, p < 0.05 for 60
s), which stabilises the adhesion sites.

Furthermore, we treated the cells with an allosteric inhibi-
tory antibody against β1 integrin (4b4) to see how this would
impact Nj. As shown in Fig. 6, in the presence of the 4b4, Nj

decreased at all contact times (from 36% (ct = 60 s) to 60% (ct
= 240 s), p < 0.05 for all cts). Since β1 integrin represents the
most common, but not the only, β integrin subunit, this result
demonstrates that the recorded jump interaction events
depend, at least partially, on the activation of β1 integrin
subunit-containing integrin receptors. This outcome is in line
with the involvement of the (β1) integrin activation and signal-
ling in the nanotopography-sensitive modulations in PC12 cell
mechanotransduction and differentiative behaviour (in par-
ticular neuritogenesis) we have previously reported.47,67

Altogether, these results indicate that the availability of acti-
vated integrins seems to be an influential regulatory factor for
spatial sensing of adhesion sites at the nanoscale.

These results provide new open questions in regard to
nanotopography mechanosensing to be addressed in the
future. It has been shown that the interaction of distinct integ-
rin types with ECM ligands contributes differently, and in a
force-dependent manner, to mechanotransduction.90–95

Although the inhibition of the β1 integrin subunit covers a
variety of ligand specificities, further experiments (e.g. with
other inhibitory integrin antibodies or RGD peptides) are
needed to dissect more precisely how integrins with different

Fig. 5 Mn2+-Induced global integrin activation averts the nanotopogra-
phy-specific drop in jump events and excessive force loading. The
graphs demonstrate the (a) mean number of jumps Nj detected on the
ns-ZrO2 surface before (orange) and after (blue) Mn2+ treatment (1 mM
for >10 min to obtain global integrin activation) versus the contact time,
and the (b) mean jump force <Fj> measured on ns-ZrO2 before (orange)
and after (blue) Mn2+ treatment versus the contact time. The flat-ZrO2

values (green, reproduced from Fig. 7) are also shown for the sake of
comparison. After the Mn2+ treatment, Nj was higher and <Fj> was lower
at 60 s (both p < 0.05) in the ns-ZrO2 condition, highlighted by the grey
arrows. The error bars represent effective standard deviations of the
mean (details in the ESI†).

Fig. 6 Inhibition of β1 subunit-containing integrins strongly reduces
the number of jump events. The graph shows the relative change [%] of
the mean number of jumps Nj in the ns-ZrO2 condition after the 4b4
antibody treatment (5 µg mL−1) compared to the untreated ns-ZrO2. All
changes are significant (p < 0.05). The error bars represent the effective
standard deviations of the mean (details in the ESI†).

Paper Nanoscale

14714 | Nanoscale, 2020, 12, 14708–14723 This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 S

tu
di

 d
i M

ila
no

 o
n 

8/
10

/2
02

0 
3:

20
:3

6 
PM

. 
View Article Online



 56 

ligand affinities are involved in nanotopography mechanosen-
sing. In addition, nt-CPs were not functionalised with a
specific ECM ligand (the same is true for the substrates used
in our previous experiments with PC12 cells47,61,67), but due to
the presence of serum in the medium, e.g. fibronectin and
vitronectin can adsorb onto the probe surfaces (the >30 min
pre-incubation of the probes with the medium before starting
the measurements was done exactly for this reason). It will be
important to study in the future (by coating the probes e.g.
with RGD peptides, laminins, fibronectin, vitronectin, or col-
lagens) in more detail how specific ECM ligands modulate the
adhesion dynamics as a function of the topography. These
combined experiments will lead to a better understanding of
the contribution of different integrin types and ECM ligands
to nanotopography-dependent mechanotransduction, and how
the force loading dynamics is involved in this.

2.4 Evolution of jump force distribution over time

For a better understanding of the dynamics of the adhesion
force development on different surfaces, we analysed in greater
detail the distribution of the measured strengths of the single
jumps at different contact times ct.

At ct = 0 s, the distributions of jump forces are similar for
all surfaces, with a median value detected around 40 pN for
zirconia surfaces and 20 pN for glass and PLL (see Table 1).
The immediate appearance of a force in this range is consist-
ent with the recently shown very fast integrin adhesion
response (in that case for α5β1 integrin/fibronectin binding).53

The range is also compatible with the reported peak tension of
single integrin–ligand bonds during initial adhesion54,96–100

and furthermore, it coincides with the force thresholds for the
extension of the talin rod, vinculin recruitment and molecular
clutch reinforcement.101

With the increase of ct, we observed that on glass the
median jump force remains almost constant, with the appear-
ance of few events at higher forces around 120 pN (Fig. 7a). On
PLL (Fig. 7b), a constant increase of the jumps forces can be
noted, even if the lower force values (around 20 pN) remain
always present. The distribution of flat-ZrO2 (Fig. 7c) is similar,
although the events are more scattered and there are more
counts at higher forces at small contact times.

On ns-ZrO2 (Fig. 7d), the distribution of forces, already after
20 s, shifts towards higher forces, even above 200 pN. High
force bonds (>100 pN) appear almost with the same frequency
(∼45%) as the weaker ones (<100 pN) at every contact time (0 s
excluded).

Regarding the adhesion force Fa (Fig. 3a), this increased
strength of the single jumps actually compensates for the
lower number of adhesion spots compared to the PLL-coated
glass (in particular at ct = 60 s, see Fig. 3c). In other words, on
the nanotopographical surfaces the adhesion spots are
exposed to higher forces. The decrease of high-force unbinding
events on ns-ZrO2 observed at ct = 240 s, with respect to earlier
cts, is compatible with the general decrease of Fa (Fig. 3a).

We point out how the increased occurrence of higher-force
events (Fig. 4 and 7) happens simultaneously with the drop of
Nj (Fig. 3c), which depends on the availability of activated
integrins (Fig. 5), under the ns-ZrO2 condition. This is
peculiar, in particular because it happens during the critical
time window for nascent adhesion growth and integrin cluster-
ing.87 These complex nanotopography-specific adhesion
dynamics are not explainable by increased protein adsorption
because of the higher roughness of the nanostructured surface
(as reported by Scopelliti et al.80 and Gailite et al.,79 partially
due to the increase in surface area and nanoporosity). If ligand
adsorption were the decisive factor, we would expect for the
flat-ZrO2 versus ns-ZrO2 comparison similar dynamics as we
have observed for the glass ± PLL situation. The observed tem-
poral course of the nanotopography-specific adhesion
dynamics could rather indicate that too small and/or too sep-
arated adhesion sites (critical thresholds for integrin cluster-
ing have been determined to be ≥60–70 nm) disintegrate, due
to exposure to excessively high forces. Instead, when the con-
ditions are suitable, bigger clusters of integrin form and
succeed to reinforce and mature58,59,68–70 (Fig. 8). These clus-
ters might need to exceed at least the size of the minimal
adhesion unit of a few integrins in sufficiently close, i.e. tens
of nanometres, vicinity;89,102 which is consistent with the
appearance of the second peak at 120 pN.

These results are compatible with the dimensions of the
nanotopographical features and the confinement action at the
nanoscale, provided by the small contact area offered by the
asperities of the nanostructures and the distance between
them.

We have demonstrated previously that the PC12 cells are in
contact only with the apical part of the nanotopographical
asperities, which restricts the size of the adhesion sites to the
nanometric level, and inhibits the maturation of bigger
adhesion structures on a larger scale (see Fig. 1a). Analyses of
TEM images (an example in Fig. 1a) showed that the contact
areas between the cells and the asperities of the nanotopogra-
phy (with rq = 15 nm) have an average width of 53.2 ± 48.0 nm
(median: 40.4 ± 21.6 nm). Moreover, the distances (mean: 99.1
± 101.4 nm, median: 60.4 ± 30.4 nm) between the asperities of
the disordered nanotopography effectively oscillate around the
critical ligand spacing threshold (≥60–70 nm).47 The results
reported in this work are consistent with the previous obser-
vations, and confirm, at the level of single binding events and
at the pN scale, the crucial role of force loading in the mole-
cular clutches in the nascent adhesions to accomplish nano-
metric spatial sensing of adhesion sites, reported recently by
Oria et al.19

Table 1 Most probable jump force at ct = 0 s

Surfaces Most probable jump force at ct = 0 (pN)

Flat-ZrO2 42 ± 15
ns-ZrO2 36 ± 13
Glass 21 ± 10
PLL 19 ± 17
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3. Materials and methods
3.1 Fabrication and calibration of the colloidal probes

Fabrication of the colloidal probe. The procedure for the fab-
rication of colloidal probes is based on the approach described
in detail in ref. 103. Borosilicate glass spheres (Thermo Fisher
Scientific), with radius R = 10 ± 1 μm, are first cleaned to remove
surface contaminants. The cleaning procedure consists of three
sequential 60 seconds centrifugations (10 000 rpm) in a 1 : 1 water
and ethanol solution, carefully replacing the old with new solution
after each centrifugation. The cleaned spheres are then dispersed
in toluene and deposited on a microscopy glass slide coated with a
thin Au film (with thickness 100 nm) deposited by sputtering. The
Au film is used to reduce the capillary force between the sphere
and the substrates with respect to that between the sphere and a
tipless cantilever103 (Micromash HQ:CSC38/tipless/no Al, force con-
stant k = 0.02–0.03 N m−1). The capture of the sphere by the canti-

lever is done using the XY motorised stage of the AFMmicroscope,
integrated in the optical inverted microscope. The probe is then
transferred in a pre-heated high-temperature oven and kept for
2 hours at 780 °C. This temperature is slightly below the softening
point of borosilicate glass, which is qualitatively defined as the
temperature at which a solid object begins collapsing under its
own weight. After two hours, the microsphere is covalently attached
to the cantilever. Due to the monolithic character of the resulting
CP, any gold residue, as well as other contaminants, can be effec-
tively removed by washing the probe in aqua regia (a mixture of
nitric and hydrochloric acids, in a molar ratio of 1 : 3), or any other
aggressive solution.

Determination of the probe radius. The characterisation of
the CP radius is performed by AFM reverse imaging of the
probe on a spiked grating (TGT1, Tips Nano), as detailed in
ref. 103. Upon scanning the CP on the spiked grating, hun-
dreds of independent replicas of the probe apical region are

Fig. 7 Early and persistent occurrence of high jump forces specific for the nanotopography condition. This panel plots the evolution of the distri-
bution of the forces of the single jump events (symbols) for the different contact times for (a) glass (blue), (b) PLL (violet), (c) flat-ZrO2 (green bars)
and (d) ns-ZrO2 (orange). The boxes indicate the inter-quartile range (with the base representing the first and the top the third quartile, respectively),
the lines in the boxes show the median, and the dashed lines highlight the highest and lowest values (red dots mark the outliers).
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obtained. From the measured geometrical properties (like the
volume V and the height h), it is possible to determine the
value of the radius R by fitting a spherical cap model V ¼
π
3 h

2ð3R# hÞ to the data. The evaluated probe radius has an
accuracy as good as 1%.

Calibration of the cantilever spring constant. The spring
constant is calibrated using the thermal noise method104,105

where a special correction factor is applied in order to take
into account the relevant dimension and mass of the glass
sphere.106 For large CPs, the conditions that both the dimen-
sion and mass of the sphere are small compared to the
length and mass of the cantilever are not always satisfied.
Since the mass of the microsphere scales with the cube of
the radius R, beads with radii larger than 5 μm possess a
mass comparable to the mass of the cantilever, and in some
cases, especially with stiffer, shorter cantilevers, even larger.
These conditions lead to the failure of the assumption that
the mass of the cantilever is uniformly distributed along its
length, resulting in an underestimation of the spring
constant.

According to ref. 106, it is possible to correct the apparent
spring constant K0

th measured by the thermal noise method
using the formula:

K th ¼ β
β0

K0
th

where Kth is the corrected spring constant, while for rectangu-
lar cantilevers β0 = 0.817. β depends on the reduced mass of
the sphere m̃, i.e. the ratio of the mass of the sphere mS to the
mass of the cantilever mC, and on the reduced gyration radius
of the sphere r̃, proportional to the ratio of the radius R of the
sphere to the length L of the cantilever. For small tips, m̃ and r̃
are negligibly small, and β = β0, therefore Kth ≅ K0

th. In our
case, since L = 350 μm, mC = 2.65 × 103 ng, and mS = 1.05 × 103

ng, we had m̃ = 0.4 and r̃ = 0.03, therefore corrections were
needed.

3.2 Production of nanotopographical and reference CPs

Deposition of the ns-ZrO2 film on the CP. For the production
of nt-CPs, ns-ZrO2 films are deposited on the colloidal probes

Fig. 8 Suggested mechanism (integrating the experimental results) of nanotopography-dependent adhesion site disintegration, due to excessive
force loading, or reinforcement by integrin clustering and force distribution. These graphics are a visual representation of our actual experimental
data integrated into a potential mechanism of nanotopography-sensitive force loading dynamics and consequential adhesion site disintegration or
reinforcement. (1) After the almost immediate binding of integrins (0 s contact time), (2) the molecular clutches engage to the actomyosin-generated
forces (→20 s). (3a) This leads to increasing force loading within the molecular clutches (20–60 s) in the critical window of nascent adhesion for-
mation. (3b) Depending on the nanotopographical conditions (i.e. existing adhesion area and distance to other adhesion sites) and the availability of
active integrins (see Mn2+ treatment, Fig. 5), either adhesion site disintegration (excessive force loading because of insufficient integrin clustering,
black arrows) or reinforcement (integrin clustering and force distribution, white arrows) is induced around 60 s. (4, 5) Where the nanotopographical
conditions are suitable the adhesion sites are sustained further on and mature (white arrows). The colours of the parallelogram icons (symbolising
the force loading within molecular clutches due to the engagement of the integrins and the actomyosin-generated forces) code for the force inten-
sities measured by means of our approach at the different contact times (see the colour bar on the left of the middle row, compare values with
Fig. 4). In the schemes decisive events are highlighted, such as integrin binding, the molecular clutch engagement to actomyosin-generated forces,
integrin recruitment/clustering, force distribution, and integrin adhesion complex (IAC) reinforcement/maturation. The length scales on the top left
refer to the morphology of the nt-CP only; the other graphical objects (such as integrins) are not in scale and also their number is symbolic to visual-
ise the development.
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exploiting an SCBD apparatus equipped with a pulsed micro-
plasma cluster source (PMCS)107,108 (see ESI, Fig. S1†). Partially
oxidised zirconia clusters are produced within the PMCS and
then extracted into the vacuum through a nozzle to form a
seeded supersonic beam. Clusters are collected directly on the
CPs intercepting the beam, in the deposition chamber. Upon
landing on the probe surface, which is locally flat due to the
large radius, clusters form a nanostructured, highly porous,
high-specific area, biocompatible ns-ZrO2 film.47,61,62,82,109 The
oxidation of the nanostructured film further proceeds upon
exposure to air, up to an almost complete stoichiometry,
although rich of local defects. The crystalline phase is cubic at
room temperature.65

The root mean square (rms) roughness rq of the deposited
film, defined as the standard deviation of surface height
values, evolves with the film thickness h, according to the
power law62,63 rq ∼ hb, where b = 0.35 approximately (details
about the evolution of the roughness–thickness relation and
on the mechanical stability of the nanostructured thin film
can be found in the ESI, Fig. S2 and S3†).63,65 Therefore, by
controlling the thickness of the film deposited using a quartz
microbalance placed inside the deposition chamber, it is poss-
ible to produce nanotopographical CPs with very high reprodu-
cibility. The typical thickness of the ns-ZrO2 films deposited
on CPs was in the 70–250 nm range, corresponding to rough-
ness values in the range of 13–20 nm.

Deposition of smooth ZrO2 films on the CP. Thin, compact
and very smooth coatings of ZrO2 (flat-Zr02) with the rms
roughness below 1 nm were deposited by ion sputtering on the
CPs, in order to produce reference interacting surfaces,
without any nanotopographical cues. To this purpose, a
Kaufman ion gun (Cyberis 40-f ) was used to sputter a Zr
target. The produced coating is partially oxidised in the depo-
sition chamber; oxidation further proceeds upon exposure to
ambient air.

Production of poly-L-lysine-coated CPs. Also for reference
purposes, CPs were coated with poly-L-lysine (PLL). PLL is a
poly-amino acid routinely used to facilitate protein adsorption
and the attachment of cells to solid surfaces in biological
applications, including our previous experiments with PC12
cells.47,67 For the PLL coating, the probes were incubated with
a 0.1% (w/v) PLL solution (Sigma-Aldrich) at room temperature
for 30 min, and washed thoroughly afterwards with milliQ
water several times before the measurements.

3.3 Force spectroscopy experiments and data analysis

Force spectroscopy. The force spectroscopy experiments
were performed using a Bioscope Catalyst AFM (Bruker).
During the AFM measurements, the temperature of the
medium was maintained at 37 °C using a perfusion stage incu-
bator and a temperature controller (Lakeshore 3301, Ohio,
USA). The colloidal probes were incubated with the cell culture
medium for >30 min at 37 °C before the actual measurements.

The deflection sensitivity was calibrated in situ and non-
invasively before every experiment by using the previously
characterised spring constant as a reference, according to the

SNAP procedure described in ref. 44. The standard approach,
i.e. pressing the probe on a stiff surface and measuring the
inverse of the slope of the force curve in the contact region,
could likely cause contamination of the nt-CP surface and
damage of the nanotopographical asperities. Moreover, fric-
tion-dependent issues can influence the accuracy of the deter-
mination of the deflection sensitivity by the standard contact
method, when using large CPs.110

Sets of raw deflection versus approaching distance curves
were acquired at locations on the cells’ body selected by means
of an optical microscope. The raw curves where converted into
force versus distance curves (shortly force curves, FCs), rescal-
ing the deflection axis by multiplication by the deflection sen-
sitivity and the cantilever spring constant, and summing the
cantilever deflection to the Z-piezo displacement axis111 (see
Fig. 1b, c and S4†). FCs containing 8192 points each were
recorded on cells, with ramp length l = 8 μm, maximum load
Fmax = 1 nN and retraction speed at vr = 16 μm s−1. The pulling
speed was kept relatively low to reduce hydrodynamics
effects.112

To measure the early steps of cellular adhesion, we selected
five contact times (cts): 0, 20, 60, 120, 240 s, accordingly.
During the contact time, the Z-piezo position was kept con-
stant using the Z closed-loop feedback mode. Long contact
times require a very stable system; this condition is obtained
by means of both an active anti-vibration base (DVIA-T45,
Daeil Systems) and an acoustic enclosure for the AFM
(Schaefer Italy), by controlling the environmental temperature
in the laboratory, and by allowing for a long equilibration time
(30 min, which served also to allow protein adsorption from
the medium, such as fibronectin and vitronectin which are
present in the serum supplement, to the probe) before starting
the experiments. Fig. S5† shows that the drift along the vertical
direction during contact of the CP with the sample is very
small (max. 20 nm in 240 s), and determines a negligible vari-
ation of the applied force.

To reduce the stress on the cells and not to alter their
adhesive behaviour, a maximum applied load of 1 nN, corres-
ponding to a pressure of the order of 10 Pa, was set during the
acquisition of the FCs. For the same reason, the number of
FCs collected per cell was limited (not only because of the very
long acquisition time of each curve).

Data analysis. Data processing of the sets of curves was
carried out in the Matlab (Mathworks) environment using
custom routines.

The values of several parameters were calculated for the
analysis of the cell–probe detachment mechanisms (Fig. S4†).
In particular, we inferred the maximum cell–probe adhesion
force Fa, defined as the maximum force needed to start the
detachment of the probe from the cell, with respect to the zero
level of the baseline. The work of detachment W required to
separate the nt-CP from the cell, W describes the energy dissi-
pated during the detachment and is calculated by integrating
the area between the zero level and the profile of the force
versus distance curve. The maximum detachment force Fa
depends on different properties of the cell, such as overall
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rigidity, cortex tension, cell shape, single binding strength and
spacing. Compared to Fa, W provides more complete, inte-
grated information about the cell adhesion, related to the
numbers, lengths and strengths of all bonds formed between
the nt-CP and the cell. Moreover, we extracted the mean
number of Nj,t and strength Fj,t of the single unbinding events,
defined as the difference in force measured before and after
the detaching event, of every FC measured52 (for both jumps j
and tethers t). The unbinding events must be identified in the
retraction section of the FCs:113,114 we exploited the numerical
derivative of the curves with respect to the tip–sample dis-
tance115 (see ESI, Fig. S4†) to detect the location of the events.

Statistics and error analysis. Mean values ψmean and associ-
ated errors σmean (based on the standard deviation of the
mean) were calculated for each observable ψ(Fa, W, Nj,t,…), as
described in detail in the ESI.† These values and errors rep-
resent a population of cells in a given condition. To this
purpose, first mean values and errors have been calculated for
the single cells tested, and then these values have been aver-
aged and the resulting error calculated.

Every condition/probe has been tested twice, in two separ-
ated days. For every condition/probe at every experimentation
day, 5 cells per contact time have been measured by collecting
3 FCs on each cell. The reason behind this procedure is that
the measurements for obtaining complete datasets for a long
interaction time (i.e. contact time) are quite time consuming.
Therefore, we decided to collect this number of force curves
per condition to be able to secure at each day a consistent and
complete volume of data, and to repeat the measurements
during the second day under the same conditions for statisti-
cal purposes. Every condition/probe has thus been tested
twice, in two separated days, with physically different, yet equi-
valent, in terms of surface properties, probes. This results in
10 cells per probe/condition per contact time, i.e. 30 single
force curves per probe condition per contact time. Once we
have tested the equivalence of sets of data acquired under the
same conditions in different days, we have averaged over the
collection of equivalent FCs (i.e. the 30 FCs acquired with the
same probe/condition, the same contact time). In the case of
inhibition of the β1 integrin activity 7–10 cells per condition
per contact time have been tested.

We performed two tailed t-tests for assessing the signifi-
cance of differences of mean values, as indicated in the main
text, where we report the p values. For the sake of clarity of the
figures, significance levels were only mentioned in the cap-
tions, but not indicated in the figures.

3.4 Cell culture and preparation for the force spectroscopy
experiments

As a cellular model we used neuron-like PC12 cells (i.e., in par-
ticular the PC12-Adh clone, ATCC catalogue no.
CRL-1721.1TM). The choice of this cellular model was made
due to the fact that we knew from previous studies that these
cells interact with ns-ZrO2 films and react with mechanotrans-
ductive responses to the provided nanotopographical stimuli
(i.e. rq = 15 nm).47,61,67

For routine cell culture (subculturing every 2–3 days), the
cells were kept in an incubator (Galaxy S, RS Biotech) at 37 °C
and 5% CO2, in RPMI-1640 medium supplemented with 10%
horse serum, 5% fetal bovine serum, 2 mM L-glutamine,
10 mM HEPES, 100 units mL−1 penicillin, 1 mM pyruvic acid,
and 100 µg mL−1 streptomycin (all reagents from Sigma
Aldrich, if not stated otherwise).

For the force spectroscopy experiments, the cells were
detached from the cell culture flasks with trypsin/EDTA solu-
tion, counted with an improved Neubauer chamber, and
plated in a low concentration of 4000 cells per cm2 (to guaran-
tee the presence of single separated cells) on Ø 40 mm glass-
bottom dishes for cell culture (Willco Wells) the day before the
experiment. Phenol-red free solutions were used for the experi-
ments, since this molecule was found to be harmful for the
AFM tip holder. Directly before the cell plating, the Ø 40 mm
glass-bottom dishes were coated with PLL (incubation with a
0.1% PLL solution for 30 min at RT, followed by several
washing steps with PBS) and sterilised with UV light for
10 min. After cell plating, the cells were kept overnight in an
incubator to guarantee good cell attachment before the force
spectroscopy experiments.

For the integrin activation, the cells were pre-incubated
with manganese chloride (MnCl2) at a concentration of 1 mM
for >10 min before the measurements (the treatment has been
labelled Mn2+ in figures). In the case of inhibition of the β1
integrin activity, the cells were pre-incubated with the inhibi-
tory 4b4 antibody (Beckman Coulter) at a concentration of 5 µg
mL−1 for >15 min before the measurements (the treatment has
been labelled 4b4 in the figures).

4. Conclusions
Integrin-mediated mechanosensing and mechanotransduction
are regulated by the biophysical properties of the cellular
microenvironment, such as e.g. the nanotopography of the
ECM, as it influences the spatial and geometrical organisation
of potential cellular adhesion sites.7–10,30 However, a precise
understanding of the spatiotemporal dynamics and molecular
actions at the cell/microenvironment interface during
adhesion is still elusive, because these events take place at the
nanometre scale and involve pN range forces, whose explora-
tion requires sophisticated methodologies. Moreover, an accu-
rate control over the nanotopographical features of the micro-
environment is essential, in order to systematically investigate
and precisely assess the influence of the different nanotopo-
graphical motifs on the mechanotransductive process.

In this framework, we were able to study and quantify the
impact of the microenvironmental nanotopography on early
cellular adhesion events by means of adhesion force spec-
troscopy based on novel colloidal probes mimicking the nano-
topography of natural ECMs. Our approach merges the sensi-
tivity of AFM-based force spectroscopy38,51 with the possibility
of controlling the nanotopographical features of the ECM-
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mimicking substrate provided by Supersonic Cluster Beam
Deposition.61

Thanks to our innovative approach, we could detect nanoto-
pography-specific modulations of the molecular force loading
dynamics and integrin clustering at the level of single binding
events, in the critical time window of nascent adhesion for-
mation. Following this approach, we found that the availability
of activated integrins is a critical regulatory factor for these
nanotopography-dependent dynamics.

Our results are in agreement with the reported importance
of force loading19 for cellular spatial sensing of the microenvi-
ronment, and integrin nanocluster bridging between adjacent
(tens of nm) adhesion arrays.89

In the current work, we compared flat and nanostructured
zirconia with the specific roughness parameter rq = 15 nm, i.e.
the two conditions which have shown the most divergent cellu-
lar responses in PC12 cells in terms of their impact on differ-
entiative and mechanotransductive processes, according to our
previous work.47,61,67 After this proof-of-principle, which
demonstrated that we can detect meaningful differences with
this approach, we plan to compare nanotopographies with
more subtle variations in the roughness parameter in the
future. For this purpose we can exploit the fine control of the
surface topography of the nanostructured colloidal probes to
dissect in more detail the precise role of morphological pro-
perties (such as, e.g., roughness, asperity diameter/distance, or
correlation length) in spatiotemporal cell adhesion dynamics,
in particular focusing the attention on the clustering of integ-
rin adhesion complexes47 and force loading in the molecular
clutches. Nanotopographical colloidal probes could also be
used to examine how disease-related aberrations in the com-
ponents of the mechanotransductive machinery alter the force
loading dynamics of cellular adhesion.

Additional features of nt-CPs make them suitable for the
investigation of nanoscale phenomena of nanobiotechnologi-
cal interest. Due to their large area, nt-CPs allow optical
probing of the interaction interface, which is particularly
useful when using fluorescence microscopy and suitable
markers to image the actin cytoskeleton and/or the integrin
adhesion complexes. Moreover, nt-CPs could be used as nano-
topographical templates for carrying out further functionalisa-
tion, for example by grafting to the corrugated surface bio-
chemical moieties relevant to mechanotransduction, such as
ligands, ECM motifs, etc. Apart from the cell biology frame-
work, we think that these probes have good potential if used
in physics of matter experiments, e.g. in the context of nano-
friction,116 DLVO theory82,117 or adhesive contact mechanics at
disordered, nanostructured interfaces.118,119
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Supersonic Cluster Beam Deposition Apparatus (SCBD) 

 
Figure S1. A schematic representation of the SCBD apparatus that was used for the production of 

nt-CPs. The Zr rod is sputtered by a plasma discharge, triggered by the introduction of argon (Ar) 

through a pulsed valve into the source cavity and the application of a high voltage between the Zr 

rod and the anode. The ablated species condense into clusters and the resulting gas-clusters mixture 

is extracted through a nozzle and an aerodynamic focuser into a high vacuum chamber; during the 

process, the carrier gas-clusters mixture undergoes a supersonic expansion. The cluster beam 

impinges on the CP, where a thin, nanostructured ZrO2 film is formed. 
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Scaling of the surface roughness of ns-ZrO2 films 
To characterise the growth mechanism of ns-ZrO2 films on colloidal probes (CPs), we 

dispersed the glass spheres on a flat glass microscopy slide, and deposited ns-ZrO2 films varying the 

deposition times. We then imaged the coated CP surfaces by AFM in Tapping Mode (probe model: 

NCHV, Bruker), with relative scan speed of the tip vscan = 2Pm/s, and we measured the rms roughness 

rq.  The film thickness h was measured on the flat glass surface, in a region close to a sphere, by 

imaging the ns-ZrO2 film across a sharp step produced by masking the substrate during deposition. 

By applying a linear regression on a loglog scale to the rq versus h curve (see Figure S2), the value 

of the growth exponent b can be determined as the slope of the curve, according to the equation 

𝑟௤~ ℎ௕. 

According to previous results1±3, the b parameter of the cluster-assembled ZrO2 thin films 

grown on flat substrates is b = 0.368 ± 0.001 on silicon, or b = 0.31 ± 0.09 on glass coated with a 

monomolecular PAcrAm-g-(PMOXA, NH2, Si) layer4. These values are compatible with the 

prediction of the ballistic deposition growth model (b = 0.32 - 0.25), which assumes that clusters 

impinge with a direction perpendicular to the plane of the substrate, and they do not diffuse 

significantly upon landing5±7. Higher values can be found when the impinging particles possess a 

distribution of size and different sticking probabilities.  

On nt-CPs, we found b = 0.314 ± 0.017, in agreement with the value measured on flat 

substrates. Therefore, the curvature of the nt-CPs did not influence the growth exponent.  

 
Figure S2. Scaling of the rms roughness rq of ns-ZrO2 film (i.e. roughness) on the nt-CPs. 
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Mechanical stability of ns-ZrO2 films 
To test the mechanical stability of the nanostructured coating we used a stiff AFM tapping 

mode probe (force constant K = 50. 4 N/m) to apply high forces on the thin film, in order to record 

at which forces rupture events between ZrO2 nanoparticles take place. 

An example of the force curve (FC) with the rupture events detected is shown in Figure S3a, 

while the rupture forces measured are represented in Figure S3b. Rupture forces are clustered around 

specific values and it is possible that the higher forces events represent cascade rupture events, where 

groups of nanoparticles simultaneously detach, while the lower forces represent the tip slipping across 

a nanoparticle, or small nanoparticles detaching from low-attachment points. The lowest rupture force 

detected is around F~ 70 nN, that is almost 25 times larger than the highest force measured during 

the force spectroscopy experiment. 

Furthermore, we scanned in Tapping Mode the surface of the contact region of an nt-CP after 

a whole day of force spectroscopy experiments. The image obtained is shown in Figure S3c, after 

subtraction of the spherical curvature in order to highlight the morphological details at the nanoscale. 

The granularity of the surface due to the presence of the ns-ZrO2 thin film is clearly evident. 

 

 
Figure S3. (a) Representative FC with three rupture events detected; (b) distribution of the 
rupture event forces from all FCs, with multi-gaussian fit highlighted; (c) scan of the contact 

surface of a nt-CP after force spectroscopy experiment. 
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Data Analysis 

 

Figure S4. (a) The retraction part of a representative FC, with the two different possible unbinding 

events, jumps and tethers, total adhesion force and work of detachment shown. (b) Numerical 

derivative of the FC used to identify and locate the unbinding events. 
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Statistics and error analysis  

For each observable ψFCs extracted by each force curve (FC) a mean value ψcell was evaluated 

for each cell. The error 𝜎௖௘௟௟ associated to ψcell was obtained by summing in quadrature the standard 

deviation of the mean σψ of the results coming from the single FCs and an estimated instrumental 

error σinstrum (σinstrum / ψ = 3%)8: 

𝜓௖௘௟௟ ൌ  
∑ 𝜓ி஼௦

௡
௜

𝑛
 

where n is the number of force curves per each cell,  

𝜎௖௘௟௟ ൌ ට𝜎ట
2 ൅  𝜎௜௡௦௧௥௨௠

2  

The final mean value ψmean representative of the cell population behaviour in a given condition 

was evaluated as: 

𝜓௠௘௔௡ ൌ  
∑ 𝜓௖௘௟௟

௡
௜

𝑁
 

where N is the number of cells investigated for the given condition. 

The final error σmean associated to ψmean was calculated by summing in quadrature the 

propagated error of the mean σs and the standard deviation of the mean of the singles cell values ψ

cell: 

𝜎୫ୣୟ୬ ൌ ට𝜎ୱ୲d
2 ൅  𝜎ୱ

2  

where 

 𝜎ୱ ൌ ଵ
𝑁

ඥ∑ σ௖௘௟௟
2

௜  ,  𝜎𝑠𝑡𝑑 ൌ ට∑ ሺ𝜓𝑐𝑒𝑙𝑙,𝑖െ𝜓𝑓𝑖𝑛ሻ2𝑛
𝑖

𝑁
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Force curves during contact 
To test the stability of the Z-piezo upon contact of the CP with the sample in close-loop mode, 

we recorded the cantilever deflection as a function of the contact time t, up to t = 240s. 

The time-dependent deflection is shown in Figure S5. On a stiff substrate, a smooth drift is 

observed (~10 nm in 240 s), corresponding to a maximum variation of the applied force of 

approximately 0.5 nN after 240s. On the cell surface, a similar drift is observed superimposed to small 

and slow (tens of nm in tens of seconds) fluctuations, due to the adjustment of the cell below the 

probe, probably accompanied by internal reorganisation of the cytoskeleton9. 

 

 
Figure S5. Representative deflection versus contact time curves. 
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Dependence of the adhesion force on the contact times, with the contribution 

of the tethers 
The evaluation of the tether contribution to the total adhesion force Fa was evaluated as 

follow: for each contact time, the mean value of the tethers unbinding force has been evaluated and 

multiplied by the mean number of tethers Nt per FC, to obtain the tether background adhesion value. 

The contribution of the tethers then has been subtracted from the adhesion force Fa, in order 

to calculate the contribution of the jumps. The obtained total jump adhesion force was eventually 

divided by the mean number of jumps Nj, in order to calculate the mean adhesion force per jump 

presented in Figures 4 and 5 of the main text. 

 
Figure S6. Dependence of the adhesion force on the contact times as in Figure 3a; in addition, the 

contribution of the tethers (calculated as described above) is shown. 
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Representative retraction force curves at different contact times 
We show representative of FCs of the adhesive behaviour of the cells on the different surfaces 

for contact time ct =20s, 60s, 120s. 

It is possible to observe the differences in the adhesion force Fa, work of detachment W, and 

number of jumps Nj, respectively. In particular, it can be seen how the adhesion on the ns-ZrO2 surface 

(at ct=60 sec) reaches values compatible to the adhesion on the PLL, even in the presence of much 

less detachment events. 

 
Figure S7. Representative FCs at ct=20 s, 60 s, 120 s for each condition: glass (blue), PLL (violet), 

flat-ZrO2 (green), ns-ZrO2 (orange). 
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Regarding the occurrence of jump events over a longer distance in the PLL condition, it 

must be pointed out that the positive charge of the PLL coating may favour on the one hand 

unspecific, electrostatic binding events of surface receptors, and on the other hand the polymeric 

nature of PLL with its long chains can unfold and be pulled away from the probe surface. This 

could favour detachment events occurring at higher separations, compared to the other conditions. 

In the PLL condition, the jump events could therefore more frequently be caused also by non-

integrin surface receptors that are in some way attached to the cytoskeleton, as e.g. CD44 or 

syndecan-4. However, for the moment being we can only speculate about this. 

  



 76 

 

11 
 

Bibliography 
(1)  Borghi, F.; Podestà, A.; Piazzoni, C.; Milani, P. Growth Mechanism of Cluster-Assembled 

Surfaces: From Submonolayer to Thin-Film Regime. Phys. Rev. Appl. 2018, 9 (4), 044016. 
https://doi.org/10.1103/PhysRevApplied.9.044016. 

(2)  Borghi, F.; Sogne, E.; Lenardi, C.; Podestà, A.; Merlini, M.; Ducati, C.; Milani, P. Cluster-
Assembled Cubic Zirconia Films with Tunable and Stable Nanoscale Morphology against 
Thermal Annealing. J. Appl. Phys. 2016, 120 (5), 055302. https://doi.org/10.1063/1.4960441. 

(3)  Podestà, A.; Borghi, F.; Indrieri, M.; Bovio, S.; Piazzoni, C.; Milani, P. Nanomanufacturing of 
Titania Interfaces with Controlled Structural and Functional Properties by Supersonic Cluster 
Beam Deposition. J. Appl. Phys. 2015, 118 (23), 234309. https://doi.org/10.1063/1.4937549. 

(4)  Schulte, C.; Lamanna, J.; Moro, A. S.; Piazzoni, C.; Borghi, F.; Chighizola, M.; Ortoleva, S.; 
Racchetti, G.; Lenardi, C.; Podestà, A.; et al. Neuronal Cells Confinement by Micropatterned 
Cluster-Assembled Dots with Mechanotransductive Nanotopography. ACS Biomater. Sci. Eng. 
2018, 4 (12), 4062±4075. https://doi.org/10.1021/acsbiomaterials.8b00916. 

(5)  Barabási, A.-L.; Stanley, H. E. Fractal Concepts in Surface Growth by A.- L. Barabási 
/core/books/fractal-concepts-in-surface-growth/0D9076FC287B60B2B1126BB165112F13 
(accessed Sep 4, 2019). https://doi.org/10.1017/CBO9780511599798. 

(6)  Family, F.; Vicsek, T. Scaling of the Active Zone in the Eden Process on Percolation Networks 
and the Ballistic Deposition Model. J. Phys. Math. Gen. 1985, 18 (2), L75±L81. 
https://doi.org/10.1088/0305-4470/18/2/005. 

(7)  Robbins, M. O.; Cieplak, M.; Ji, H.; Koiller, B.; Martys, N. Growth in Systems with Quenched 
Disorder. In Growth Patterns in Physical Sciences and Biology; Garcia-Ruiz, J. M., Louis, E., 
Meakin, P., Sander, L. M., Eds.; NATO ASI Series; Springer US: Boston, MA, 1993; pp 65±
75. https://doi.org/10.1007/978-1-4615-2852-4_8. 

(8)  Puricelli, L.; Galluzzi, M.; Schulte, C.; Podestà, A.; Milani, P. Nanomechanical and 
Topographical Imaging of Living Cells by Atomic Force Microscopy with Colloidal Probes. 
Rev. Sci. Instrum. 2015, 86 (3), 033705. https://doi.org/10.1063/1.4915896. 

 

 

 

 

 

 

 

 

 

 



 77 

Chapter 5 
 

5 The glycocalyx impacts on the ability of 
cells to perceive the nanotopographical 
features* 
 
The glycocalyx (GC) is a biological structure located at the outer surface of the 
cell membrane, directly at the interface between the cell and extracellular space, 
where cellular receptors sense their microenvironment92,93.The macromolecules 
that compose the glycocalyx can be divided into glycolipids, glycoproteins, 
proteoglycans and glycosaminoglycans (GAGs). The GC therefore shares many 
elements that can also be found in the ECM. 
The most frequent GAG is the hyaluronic acid (HA, see Figure 16); the HA sugar 
chains are polymers that can be very large (molecular weight over 1 million 
Dalton) and can reach, if completely extended, a length even up to 10 µm94). 
Other GAGs are chondroitin sulphate (CS), heparan and keratan sulphates (HS, 
KS) which are covalently linked to protein scaffolds to form proteoglycans. The 
terminal sugar is often the sialic acid61 and the addition of sialic residues 
increases the negative charge at the cell surface95. 
Through its dense polysaccharide network, the glycocalyx acts as a water 
reserve, it regulates the transport and diffusion of small signalling molecules and 
ions, affecting therewith cell permeability by functioning as a sieve96, and has a 
role in cell communication processes. It forms a protective barrier against the 
entry of pathogens and substances harmful to cells97,98. 
Overexpression of glycocalyx components can be involved in tumour 
characteristics99, such as high motility100, drug resistance and inhibition of the 
apoptotic pathway101. As predominant component situated exactly in the 
cell/microenvironment interface, the glycocalyx participates also strongly in the 
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regulation of cell adhesive processes102 and it has been suggested that it 
contributes to mechanosensitive pathways103. 
 

 
Figure 16. (A-D) SEM images of the endothelial GC on cultured HUVECs (human-umbilical-
vein-endothelial-cells), image adapted from Chappel et al104. (E) Scheme of GC structure and 

composition with the main components highlighted: Hyaluronic acid (HA), Chondroitin sulphate 
(CS), Keratan sulphate (KS), Heparan sulphate (HS), and Sialic acids. 

 
The glycocalyx affects the mechanotransductive processes in a complex way, 
influencing the accessibility of ligands for surface receptors62,102 (integrins, 
cadherins). The thickness of the glycocalyx (from few hundreds of nm105 to 
several µm94) and the net negative charge interferes during the initial approach 
of the cell with the ECM or substrates102. 
An integrin in the active extended configuration reaches ~20 nm in length, 
therefore remaining practically submerged in the glycocalyx network. The cell has 
somehow to overcome this initial steric and electrostatic repulsion of the 
glycocalyx to begin to adhere. GC It is not an impenetrable network, though, and 
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once an integrin succeeds to bind a ligand, the distance between the cell 
membrane and the ECM is shorter in this initial adhesion spot, due to the already 
compressed glycocalyx, leading to a funneling of integrins in this region. 
Furthermore, the compressed adjacent glycocalyx exerts a repulsive force 
towards the cell membrane which keeps the ligated integrins tensed and thus 
extended which promotes catch bond formation7,62,102,106. The overall effect is 
therefore a kinetic trap that favours the integrin clustering (see Figure 17). 
However, the GC is a complex system and its intricate role in mechanosensing 
and mechanotransduction is far from being understood in detail. Most studies are 
furthermore focused on the endothelial cells, known to express a particularly thick 
and easy to detect cellular brush94,96,103,104. Every cell type possesses its own 
specific pericellular sugar coat, with a different structure, relative abundancies of 
the components and thickness. It seemed thus necessary to first characterize the 
structure of PC12 cell line’s glycocalyx and the effects of several enzymes able 
to digest specific GAGs.  

 

 
Figure 17. Representation of the kinetic trap model, once the integrins-ligand bond is 

established, the compressed glycocalyx pulling force keep the integrins activated and, at the 
same time, the pushing force of the glycocalyx at the boundaries drive the integrins 

accumulation. 
 
Starting from the results presented in the previous chapter, and in the awareness 
of the above-mentioned model which to date has been obtained through 
experiments performed on flat substrates, we decided to exploit the nt-CPs as a 
scaffold to investigate whether the glycocalyx is involved in the cells’ ability to 
react to different morphological stimuli. To this purpose, we selected three 
different roughness values of the nanostructured zirconia (ns-ZrO2) thin-films to 
be deposited on the probes (Rq= 0, 15, 20 nm) and we performed AFM force 
spectroscopy experiments (as discussed in the Methods) on cell surfaces with 
and without the surface glycocalyx layer. 
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5.1 Methods  

 
5.1.1 Cell culture and preparation for experiments 

 
The experiments were performed with the neuron-like PC12 cells (PC12-Adh 
clone, ATCC catalogue no. CRL-1721.1TM). This cell line has shown to respond 
to the nanotopographical cues provided by the substrates produced by SCBD (in 
particular ns-ZrO2 with roughness rq=15 nm) by mechanotransductive processes 
and signalling, which we have profoundly characterised in previous studies30,32,56. 
For routine cell culture (subculturing every 2-3 days using trypsin/EDTA solution), 
the PC12 cells were maintained in a humid atmosphere at 37°C and 5% CO2 in 
an incubator (Galaxy S, RS Biotech) provided with RPMI-1640 medium 
(supplemented with 10% horse serum, 5% fetal bovine serum, 2 mM 1-glutamine, 
10 mM HEPES, 100 units mL-1 penicillin, 100 µg mL-1 streptomycin, 1 mM pyruvic 
acid). All reagents and materials from Sigma, also in the following, if not stated 
otherwise. 
For the experiments, the cell detachment was done on the day before with an 
EDTA (1mM in PBS) solution to not digest the protein component of the 
glycocalyx. The cells were counted with an improved Neubauer chamber before 
plating them in a low concentration (4000 cells per cm2, to have mostly single, 
separated cells) on the indicated substrates. The cells were then maintained in 
the incubator overnight to guarantee good cell adhesion. 
For the experiments involving AFM measurements, the cells were seeded the 
day before the experiment on Ø 40 mm glass-bottomed plates (Willco Wells) that 
were coated before with PLL (0.1% w/v PLL solution for 30 min at RT). Solutions 
without phenol red were used, as it results harmful for the AFM tip holder.  
For the actin dynamics measurements, one day before the experiment the cells 
(after LifeAct transfection) were instead plated on Ø 35 mm glass-bottomed 
dishes (MatTek, the Ø 13 mm glass was in the center of the plate) on which either 
a flat zirconia film (produced by ion gun sputtering) or nanostructured cluster-
assembled zirconia films (fabricated by SCBD) have been deposited.   
In the case of glycocalyx-targeting enzymatic treatment, an enzyme cocktail was 
applied to the cell culture medium to obtain a final concentration of 13.5 U/mL 
hyaluronidase II, 150 mU/mL chondroitinase ABC, 300 mU/mL heparanase and 
150 mU/mL neuraminidase (these concentrations were inspired by the work of 
Zeng et al.107). The cells were incubated with these enzymes for 2 hours right 
before the experiments. Following the incubation, the cell culture medium was 
discarded. After washing 3x with PBS (to remove the digested glycocalyx), fresh 
medium was added containing again the enzymatic cocktail to avoid reassembly 
of the glycocalyx during the measurements.      
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Enzyme Target GAG 
Hyaluronidase Hyaluronic acid (HA) 

Heparinase Heparan sulphate (HS) 
Chondroitinase Chondroitin sulphate (CS) 
Neuraminidase Sialic acids 

Table 1. List of enzymes used coupled with the target glycosaminoglycans aimed to digest. 
 

5.1.2 Fabrication and calibration of nt-CPs. 
 
Nanotopographical colloidal probes have been fabricated and calibrated as 
discussed in previous sections (see Materials and Methods and pg 58-59). 
 

5.1.3 Characterization of the native glycocalyx layer of PC12 cells 
 
Glycocalyx characterisation by wheat germ agglutinin staining and 3D-SIM. The 
glycocalyx of the living PC12 cells in the indicated experimental conditions was 
marked 30 min before the recording by adding Oregon GreenTM 488 conjugate 
wheat germ agglutinin (WGA, Thermofisher) to the medium at a final 
concentration of 25 µM/mL. WGA binds sialic acid and N-acetylglucosaminyl 
residues. After the 30 min incubation (in the incubator at 37°C and 5% CO2), the 
cells were washed 3x with PBS to remove the excess of WGA (to reduce the 
background fluorescence noise) and new phenol red-free medium (prewarmed 
to 37°C) was given to the cells (in case of glycocalyx-targeting enzymatic 
treatment containing again the enzymes).  Then the plates were immediately 
transferred to the 3D-SIM Nikon A1 microscope (equipped with a stage-top 
incubation system (OkoLab), conditions: humid, 37°C, 5% CO2) to take the 
images.  
The thickness of the glycocalyx determined from cell borders in the plain just 
above the cell/substrate interaction and analysed by means of ImageJ/FIJI108 (for 
better distinction the “Enhance Contrast” tool was applied). The graph was 
obtained with the help of Plotsofdata web apps109. 
 
AFM imaging of the cellular surface. Cells were fixed with 4% paraformaldehyde 
(10 min) after 2 hours of incubation with the enzymes cocktail. The cell 
morphology was characterized using a Bioscope Catalyst AFM from Bruker. The 
AFM images (with scan size of 2−4 μm) were acquired in PBS buffer in Peak-
Force-Tapping (PFT) mode, ramp frequency n=0.5 KHz. Because of the 
significant height variations within the samples (up to several micrometers), short 
cantilevers with a tip height of 14 μm were used (VistaProbes CS-10). The scan 
rate was set to 0.6 Hz, and the sampling resolution was set to 4096 × 1024 points. 
The accurate alignment of the optical and AFM images was obtained using the 
Miro module integrated in the AFM software. 
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AFM indentation measurements: the brush model. To get quantitative information 
about the thickness of the glycocalyx the Sokolov’s brush model was 
implemented94,110,111.  
Looking at Figure 18 it is evident that the cell and the glycocalyx can be thought 
as a two-layer system with two different elastic properties. The brush model was 
developed with the purpose to decouple the single contributions of the glycocalyx 
compression and the cell deformation. As shown in the geometry of the 
indentation experiment (Figure 18) the probe-membrane distance h can be 
described as: 
 

                            ℎ = 𝑍 − 𝑍% + 𝑖 + 𝑑                            (1) 
 

Where Z is the relative piezo position, Z0 is the undeformed position of the cellular 
membrane, d the deflection of the cantilever, which is positive when the cantilever 
is bent upward (in repulsive regime), and i the indentation calculated using the 
Hertz model 

                        𝑖 = :&'()*+
!)

-.
𝑅) !/ <

!
&/
𝑑! &/                    (2) 

 
Here E is the Young’s modulus of the cell body, k is the spring constant of the 
probe, v=0.5 is the Poisson coefficient. 
Assuming that the glycocalyx layer is much softer than the cell body, the 
cantilever reaches an indentation force where the glycocalyx can be considered 
completely squeezed (h=0) before reaching the maxim load set. This assumption 
depends obviously from the value of the force threshold applied, which should be 
sufficiently large. In this condition (𝑍 − 𝑍%) + 𝑑 = −𝑖, as in conventional 
indentation experiments. 
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Figure 18. Interaction of the colloidal probe with the two-layer cell structure. Image adapted 

from Sokolov et al.110. 
 
The force needed to completely squeeze the glycocalyx cannot be known a priori 
and must be found. Our approach was to divide the total effective deformation deff 
(squeezing of the glycocalyx plus cellular deformation) in intervals s=200 nm and 
then apply the hertz model in those intervals. The idea beneath this approach is 
that the first mechanical response perceived by the probe would be the resistance 
to compression the pericellular brush, then applying more and more force the CG 
will squeeze and progressively transfers rigidly the applied force to the cell below. 
Once the GC will be completely compressed the resulting effective Young’s 
modulus Eeff will stabilize to the cell body-bulk values. The Eeff was plotted as 
function of the deff and then look a discontinuity in the Eeff and reaches a plateau. 
We interpreted the plateau as a situation where the glycocalyx in fully 
compressed and what is measured is the Young’s modulus of the cell body. The 
result of this analysis made on a population of ~20 cells in standard conditions is 
represented in Figure 19. 
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Figure 19. Effective YM Eeff evaluated per each intervals s as a function of the effective 

indentation deff. Data represent the mean YM averaged over the cell population, while the error 
bars represent the standard deviation. 

 
As it is possible to observe, after the first 200 nm a sudden increase of the Eeff is 
present. The subsequent smooth increase of Eeff can be attributed to 
inhomogeneity in the elastic properties of the cellular interior (e.g. cortex vs 
nucleus) and to finite-thickness effects (see Appendix B). The corresponding 
force threshold, at which the GC is fully compressed was set at Fthr= 0.1-0-2 nN. 
Fitting the hertz model in a region just above Fthr (where ℎ ≅ 0) would provide a 
value of E in the superficial region, through the intersection of a back extrapolation 
of the hertz model and with the horizontal line (F=0) would give the value of the 
parameter Z0, that represents the contact point between the probe and the cell 
membrane. Then using Eq. 2 it’s possible to evaluated the indentation i (that 
actually is the real deformation of the cell, beneath the GC compression). With all 
these parameters it is possible to calculate the probe-membrane distance h at 
every position of the piezo (see Figure 20). 
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Figure 20. Representation of AFM approaching curve and fit with the brush model. The green 

circles show the region of the curve where the cellular YM E is fitted to extract Z0. The 
extrapolated curve with Hertz model is shown in purple solid line, while the red dotted 
curve represents Eeff: where GC and cell are compressing simultaneously. Image adapted 

from Simon et al112. 
 

 
Note that care must be taken in the choice of the indentation range for the fit of 
the Hertz model; as it is evident from Figure 19 the inner cell’s body is anything 
but uniform and isotropic and this inhomogeneity is reflected by the change of the 
YM. When choosing a fitting region, one has to take into account that, looking at 
Eq. 1, the aim of the procedure is quantify the cellular deformation within the 
effective indentation deff, in order to obtain residual deflection of the probe that is 
the effect only of the brush steric resistance. So, the YM should be extracted from 
the first indentation range above the threshold identified in Fig. 19, otherwise the 
probe-membrane distance and then glycocalyx thickness would be inaccurately 
estimated. 
Once the probe-membrane distance is evaluated the FCs must be rescaled on 
this new distance as shown in Figure 21. 
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Figure 21. (a) Original Force Vs Indentation curve taken over the cell body. (b) Same curve 
rescaled over the new distance h. After the glycocalyx complete compression (F = 0.2 nN), the 
probe is contact with the membrane and the rest of the curve collapse on the h=0 vertical axis. 

The inset shows the appearance of the GC steric resistance few hundred if nm before the probe 
get into contact with the cell membrane. 

 
The dependence of the force due to the glycocalyx compression is represented 
in Figure 21b (F=F(h)). Because of the specific force dependence and its physical 
nature (actually intertwined polymer chains) the glycocalyx layer cannot be 
described by an effective YM. The glycocalyx layer increases its stiffness during 
the compression. To describe the glycocalyx behaviour quantitatively the 
Alexander-de Gennes model was used. It describes the steric interaction 
between a spherical indenter of radius R and a flat surface due to the existence 
of superficial entropic brush113 : 
 

                  𝐹(ℎ) = 50𝑘"𝑇𝑅𝑁
&
!/ 𝐿	𝑒0*!1

"
#2                   (3) 

 
Where kb is Boltzmann’s constant, T is the medium temperature, R is the probe 
radius, N the brush grafting density and L the brush length-thickness. From the 
fitting of the force rescaled data with Eq (3) it is possible to extract the thickness 
parameters L. 
 
 
AFM force spectroscopy experiments. AFM force spectroscopy experiments has 
been performed as indicated in the previous chapter56 and in Materials and 
method. 
 

5.1.4 Visualisation, recording and quantification of the actin dynamics 
 
Transfection with LifeAct and recording. To visualise the actin dynamics, the 
PC12 cells were transfected with mCherry-LifeAct (the vector was a kind gift by 
Prof. Giorgio Scita). For this purpose, the cells were plated on petri dishes (TRP) 
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at a low confluency (10-15%) the day before the transfection. At the beginning of 
the next day, the transfection was done with Lipofectamine LTX® performing the 
following steps: 
• Solution 1: 6 µl of Lipofectamine LTX® was added to 150 µl RPMI base medium 
(incubation for 5 min at RT). 
• Solution 2: 2 µl of the mCherry-LifeAct vector DNA (concentration 1 µg/µL) was 
added to 150 µl RPMI base medium, then 2 µl PlusTM reagent was added. 
• The two solutions were mixed and incubated for 20 min at RT and then added 
dropwise to the cells in a homogeneous way.   

The success of the transfection was controlled the next day with a Zeiss Axiovert 
40 CFL with epifluorescence.  
After transferring the transfected cells onto the indicated substrates, the actin 
dynamics (before and after glycocalyx removal) were then recorded the next day 
with a Nikon A1R confocal microscope at the UNITECH NOLIMITS Imaging facility 
of the University of Milan. The microscope is equipped with a stage-top incubation 
system (OkoLab) to guarantee humidification, 37°C and 5% CO2 during the live 
cell imaging. The recordings were done with a frame rate of 0.5 frames/sec for 2 
minutes. 
 
Particle image velocimetry. Particle image velocimetry (PIV) was performed to 
quantify the actin dynamics. This analysis results in a vector field, highlighting the 
local movement of the actin fibres in time, from which the average flow speed can 
be obtained.   
Pre-processing – For each movie, a 400 x 400 px (~ 20 x 20 µm) area was 
selected at the cell edge. A temporal resolution of 6 s between frames was used 
(intermediate frames were removed). 
Analysis – PIV analysis is described in detail elsewhere114. Briefly, a region of 
interest (source box) is searched for in a larger area (search box) of the 
subsequent frame by two-dimensional cross-correlation. A grid of regions of 
interest is drawn over the image, to obtain a full local tracking of the actin 
filaments. For this analysis, the PIV parameters were optimised as follows: source 
box 0.6 µm, search box 1 µm, distance between regions of interests (grid) 0.4 
µm, correlation coefficient threshold of 0.3. Spatial and temporal convolutions are 
subsequently performed to interpolate the vector field. The defined kernels were 
5 µm (sigma = 1 µm) and 30 s (sigma = 12 s), respectively. Colour maps display 
flow velocity within a 0-2 µm/min scale. 
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5.2 Results 

The glycocalyx has an acknowledged and essential role in mechanotransduction, 
which however is rather complex and not yet fully understood. In addition, to date 
the abovementioned effects of the glycocalyx on mechanotransductive structures 
and processes were studied only on flat substrates, neglecting the relevance of 
the ECM morphology in this context. Indeed, the surface asperities of the 
nanotopography have a role in the spatial confinement of the integrins30, and 
trough this mechanism the cell perceives the morphological properties of the 
surrounding microenvironment. This confinement is driven also by the GC 
compression adjacent to the integrin adhesion sites (as discussed by Paszek et 
al62) and therefore different GC thickness/structure could lead to a different 
perception  of the same morphological cues, e.g., by affecting cell membrane 
bending and/or diffusion of integrins. 
 

5.2.1 AFM imaging of PC12 cell surface 
 

 
Figure 22. (on the top) AFM Peak-Force-Tapping images of the membrane of fixed cells, 

before the enzymes treatment (left) and after (right). (on the bottom) Scheme representing the 
native glycocalyx composition (left) and after the digestion of the enzymes cocktail (right).  

 
 

Figure 22 shows representative scans made in Peak Force Tapping on the 
surface of fixed cells. On the untreated cells it is possible to observe a complex 
network of intertwined and cross-linked fibrillar structures, with some of them 
being several microns long. In the cells that have been treated enzymatically to 
remove the glycocalyx, the network disappears instead completely, leaving the 
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naked cell membrane exposed with some residual and transmembrane proteins 
visible. 

 
5.2.2 Quantification of the glycocalyx pericellular thickness via 3D-SIM imaging of 

fluorescent staining with wheat germ agglutinin Oregon green 488 
 

 
Figure 23. (on the left) fluoresce 3D-SIM images of PC12 with pericellular components 

stained in green, before (top) and after (bottom) the enzymatic treatment. (centre) 
Representative image with the focus on the plan just above the substrate, (centre top) 

magnification used for the quantification of the thickness of the glycocalyx layer, (bottom right) 
boxplot with results of the analysis of 43 different images. 

 
In the reconstructed 3D-SIM images of PC12 cells in which the glycocalyx was 
stained with wheat germ agglutinin Oregon green 488 conjugate (Figure 23) show 
vesicles that presumably transport the components of the glycocalyx to the cell 
surface. Furthermore, in these native untreated cells also a pericellular 
fluorescent coat is visible, while in the cells that were treated with the glycocalyx 
removing enzymatic cocktail, the only present staining is in the intracellular 
vesicles. 
The analysis on the thickness of the pericellular glycocalyx coat in the native cells 
has been done by quantifying the fluorescent signal at the boundaries of the cells 
(in the plane just above the cell/substrate interface. The results provide a mean 
thickness t=858±304 nm for the native glycocalyx. It was impossible to quantify 
the residual thickness of the treated cells’ pericellular coat due to the weak 
intensity of the signal, which in any case indicates an almost complete digestion 
of the GAGs. 
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5.2.3 AFM Indentation measurements 
 
The results obtained from the implementation of the Sokolov’s brush model are 
show in Figure 24. The rescaled FCs from the native untreated cells show a 
bilinear regime in the semi-log scale, this behaviour is commonly associated to 
the presence of two component of glycocalyx: one long and sparse (red line) and 
one short and dense (black line). This bimodal behaviour seems to be typical of 
cancer cells99. The fitting of these two linear regions provide a two-peak 
distribution of the glycocalyx length, the short one L1=330±126 nm and the long 
one L1=1011±78 nm. 
After the treatment with the enzymatic cocktail, we recorded an almost total 
disappearance of the long component of the glycocalyx and an additional 
shortening of the short one. The nature of the so-called short-brush is still unclear, 
it could be an inner layer composed mostly by transmembrane proteins and core 
proteins of the proteoglycans (the complete loss of signal in the abovementioned 
fluorescent images might be indicative of this), less sensitive to the action of the 
enzymes, or a residual response of the cell body deformation non completely 
accounted by the model. Overall, the measured value of the GC thickness is in 
good agreement with 3D-SIM fluorescence–based quantification, confirming the 
presence of the glycocalyx for the PC12 cell line with a thickness of several 
hundreds of nm and the efficiency of the enzyme cocktail treatment. 
 

 
Figure 24. Examples of FC data recorded in the indentation experiment, made on native 

PC12 and treated cells, and results obtained from the analysis. (a,b) Indentation curves 
rescaled over probe-Membrane distance, dots are the experimental data and solids line are the 
fit of the brush model (Eq.3). (c,d) Same curves shown in semi-log scale in order to highlight the 

linear regimes (used for the fitting) where the glycocalyx response is purely entropic. (e,f) 
Distribution of the glycocalyx thickness obtained from the experiments, 1 count correspond to 

one cell. 
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5.2.4 Force Spectroscopy experiments 
 
To investigate in which way nanotopographical features influence the 
characteristics of the cellular adhesion, and how the glycocalyx layer is involved 
in such processes, we performed adhesion force spectroscopy on PC12 cells 
with nt-CPs with three different types of morphological functionalization 
(roughness values of the ns-ZrO2 thin film): 
1. Flat ZrO2-coated CP, produced by ion gun sputtering, without 
nanotopographical features, rq < 1 nm (surface: flat-ZrO2). 
2. Ns-ZrO2-coated CP, produced by SCBD, with rq = 15 nm (surface: ns-
ZrO2_15nm) 
3. Ns-ZrO2-coated CP, produced by SCBD, with rq = 20 nm (surface: ns-
ZrO2_20nm) 
The dependence on the contact time of the observed parameters (Detachment 
force, work, number of jumps and tether events) is discussed below. 

 
 
Detachment Force. Figure 25 shows that native PC12 cells (solid line) are 
capable of creating stronger adhesion on surface with the specific roughness 
value rq = 15 nm. This roughness value is the same that is known to trigger strong 
mechanotransductive modulations at the level of integrin adhesion complexes 
and the cytoskeleton, as well as the neuronal differentiation in PC12 cells30,32. On 
flat-ZrO2, the force reaches a plateau after 20s and then fluctuates around the 
same value. On ns-ZrO2_20nm, the force increases monotonically for all the 
contact times. On ns-ZrO2_15nm, instead the adhesion force increases rapidly in 
the first 20 sec, reaching values higher than the other two conditions at all contact 
times, then the growth slows down between 20s and 120s and at 240s the force 
decreases to values compatible of those of the other two conditions. 
What is really striking is the change of the adhesive behaviour of the cells after 
the glycocalyx layer removal. The cells’ capability of creating adhesion is totally 
inverted, with the ns-ZrO2_15nm surface that becomes the least adhesive, the 
flat-ZrO2 that is the most adhesive and almost no differences are present on the 
ns-ZrO2_20nm. 
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Figure 25. The panel shows the results of the adhesion force spectroscopy measurements 
regarding detachment force and work performed in the three different conditions, before (solid 

lines) and after (dashed lines) the enzymes treatment. 
 
 
Detachment Work. A similar behaviour is shown by the work of detachment even 
if the differences are less pronounced compared to Fa with almost identical 
behaviour in the control conditions. However, again the effect of the enzymatic 
treatment was to reverse the trends, moving the ns-ZrO2_15nm from the most to 
the least adhesive surface. 
 
Mean number of unbinding events Nj, Nt. The mean number of detected 
adhesions events provides additional information about the cell interacts with the 
different nanotopographical surfaces (Figure 26). The so-called jump events (see 
pg 54) are usually associated to receptors in the membrane that have their 



 93 

cytoplasmatic tail anchored to the internal cytoskeleton11,52,115,116, while the 
tethers are attributed to receptors that are not bound the actin cortex 117,118. 
The mean numbers of jumps for flat-ZrO2 and for ns-ZrO2_20nm, in the control 
condition, are almost identical between 0s and 120s. In the latter case, the cells 
are able to create more bonds only at 240s. 
The peculiar dynamics of the adhesive behaviour of cells to ns-ZrO2_15nm has 
been widely discussed in Chapter 456.  
After the glycocalyx digestion, we recorded intriguing modulations. A marked 
increase (~60% at 20s, 100% at 60s, 105% at 120s and 56% at 240s) can be 
noted on the flat-ZrO2 surface. 
A similar increase was recorded on ns-ZrO2_20nm, even if less pronounced and 
with a bigger dispersion of the data. In both cases, the effect of the enzymes was 
opposite to the ns-ZrO2_15nm surface, for which the number of jumps showed 
an average decrease of 50% (except at 20s where the number halved). It is 
interesting to notice that the same dynamics recorded for the control condition 
(the number of bonds Nj drops between 20s and 60s) is observed after the 
treatment even if less evident. 
The results concerning the mean number of tethers did not shows striking 
differences between the two conditions (with or without glycocalyx) on all the 
surfaces (flat-ZrO2 at 120s excluded). This mostly invariant Nt is still noteworthy, 
though, as tethers have been proposed to be, at least partially, events originating 
from the unfolding of glycocalyx sugar chains102. With no significant difference 
detected in the mean number of tether events before and after the enzymatic 
treatment, we can now reject this hypothesis. Indeed, if a portion of these events 
would have come from the GC unfolding, we would have registered a significant 
decrease of the mean number of tethers events. 
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Figure 26. The panel shows the results of the adhesion force spectroscopy measurements 
regarding the mean number of unbinding events (jumps and tethers) performed in the three 

different conditions, before (solid lines) and after (dashed lines) the enzymes treatment. 
 

 
Mean force per single jump. It has been already demonstrated that the higher 
adhesion developed by the cells on the ns-ZrO2_15nm originates from the cells 
capability to create single stronger bonds compared to the other conditions56 and 
this ability finds its source in the availability of activated integrins. Following the 
same approach, we evaluated the mean force per jump for the three surfaces in 
both the conditions. Results are shown in Figure 27, before and after the 
enzymatic treatment. 
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Figure 27. The panel shows the results of the calculation of the mean force per single jump 

bond at every contact time. 
 

The mean jump force for the conditions flat-ZrO2 and ns-ZrO2_20nm does not 
significantly change after the treatment, if we couple this information with the 
increase of number of bonds and adhesion force (Figure 25,26), it comes out that 
the absence of the glycocalyx gives the chance to the cells to create more bonds 
of the same kind with the surface and the increase in the detachment force 
originates from this increase of bonds. On ns-ZrO2_15nm, instead the mean bond 
strength drops, suggesting that the glycocalyx contributes actually to the 
reinforcement of the integrin clustering as claims the model suggested by Paszek 
et al.62,106.  
 
 

5.2.5 Force spectroscopy control experiment 
 

We have already demonstrated that the peculiar adhesive dynamics seen on the 
ns-ZrO2 ( Rq= 15 nm) are regulated by the availability of activated integrins56. To 
understand, whether this behaviour depends on the internal cytoskeletal forces 
driven by actomyosin contraction, we treated cells with the protein ROCK inhibitor 
Y27632. The Rho/ROCK signalling governs the actomyosin contraction and 
stress fibres formation. 
Force spectroscopy measurements with the ns-Zr15 probes on PC12 cells 
treated with the ROCK inhibitor revealed a clear change of the adhesion 
dynamics with respect to the untreated cells (see Figure 28a). Differently from the 
adhesion dynamics towards ns-Zr15 of untreated cells, after Y27632 treatment 
Nj progressively increased over time, reaching particularly high levels at 120 s 
and 240 s. With this course, the dynamics in the first 60 s resembled more the 
flat-Zr condition, but then developed differently towards higher Nj values at the 
later time points in the range of flat-Zr after glycocalyx removal. There was 
furthermore a drop of <Fj> and a reduction of high jump forces (Figure 28b), 
making the profiles for Nt and Nj more alike to the flat-Zr and ns-Zr20 conditions.  
These data indicate that with the excessive force loading the molecular clutch 
disassembly (detected in the ns-Zr15 condition) and this behaviour depends 
indeed on the actomyosin contraction-powered forces regulated by Rho/ROCK 



 96 

signalling. This confirms the importance of force-related processes for later 
stages of IAC growth on the level of single binding events and for the 
nanotopography sensing.  
 

 
Figure 28. The panel shows the number of jump bond Nj, and the results of the calculation of 

the mean force per single jump bond at every contact time. 
 
 

5.2.6 Quantification of the retrograde actin flow 
 

Integrin mediated mechanotransductive processes strongly depend on the way 
the actomyosin-generated forces of the retrograde flow are transmitted to the 
substrate and consequentially the force loading in the molecular clutches6,27,119. 
To dissect the molecular clutch engagement to the actin retrograde flow, we ran 
a preliminary campaign of measurements aimed to visualise and quantify the 
velocity of the retrograde actin flow on flat-ZrO2 and on ns-ZrO2_15nm, with and 
without the GC.   
 

 
Figure 29. The nanotopography and the glycocalyx influence the lamellipodial molecular clutch 

engagement and actin retrograde flow. Particle image velocimetry and kymographic analysis, flat-Zr, ns-
Zr15 ±enzymatic treatment. Experiments has been performed by Dott. C. Schulte (Cimaina, 

Dipartimento di Fisica, Università degli Studi di Milano), particle image velocimetry has been performed 
by Dott. S. Marcotti (Randall Centre for Cell and Molecular Biophysics, King’s College London, London, 

United Kingdom). 
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It is evident that the flow is faster on the ns-ZrO2_15nm compared to the flat-ZrO2 

surfaces (Figure 29), this is consistent with the faster disrupting and recreating of 
bonds observed with the force spectroscopy. Interestingly, the glycocalyx 
removal continues producing a reverse effect on the two conditions: it increases 
the velocity of the actin flow on the flat-ZrO2 surface, whereas it reduces the actin 
flow on the ns-ZrO2_15nm, leaving the velocities of the actin flows almost 
identical between the two surfaces. This good correlation between the force 
spectroscopy and retrograde actin flow data, indicates that the glycocalyx 
removal changes the integrin-mediated adhesion dynamics in a different way for 
flat and nanotopographical substrates with a specific configuration. The condition 
with the ns-ZrO2_20nm is still missing, and future experiments need to be done 
to complete all the relevant conditions. We expect that the GC removal would not 
provide significant modulations in the actin dynamics. 
 
 

5.3 Discussion 

The spatial configuration of the nanoscale cues is decisive for the cellular 
mechanotransductive response because of their impact on the state of integrin 
adhesion complexes and actin cytoskeleton. 
What emerges from our experiments is that the glycocalyx layer represent a 
decisive player in mechanotransductive processes and that its impact is 
dependent on the substrate nanotopography. The GC influences strongly the 
cellular adhesion processes. In particular, it affects the cells’ ability to perceive 
the topographical conditions presented by the microenvironment. Our data seem 
to represent well the model proposed by Paszek et al.62,106: after the glycocalyx 
removal we observed a decrease of force per single jump at contact time ct= 
0sec.  
However, our data show also that the situation is different for the 
nanotopographical condition (depending on the specific configuration of the 
topography), as the removal of the GC layer leads to opposite effects compared 
to the flat substrate. It affects the molecular clutch and the integrin clustering, 
resulting in a decrease (in the case of ns-ZrO2_15nm) in the cell ability to 
generate stronger bonds.  
However, the divergences in the effects of the glycocalyx as a function of the 
nanotopographical features of the surfaces indicates that more complex 
mechanisms are present. Our hypothesis is that the driving parameter that one 
must take into account is the effective substrate contact area at the nanoscale 
available to the cell to create bonds and integrin nanoclusters. Indeed, it has been 
demonstrated that the cells interact only with the apical parts of the nano-
asperities of the ns-ZrO2 in the presence of the native glycocalyx30. The ns-
ZrO2_15nm possess accessible asperity surface areas that are smaller than 
those of ns-ZrO2_20nmm, due to the smoother morphology of the high roughness 
surface60 and the distribution of asperities aspect-ratio and relative distance (the 
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comparison with the flat Zr substrate is superfluous in this regard, since the cell 
does not perceive any spatial constraining on a flat surface). 
We believe that once the glycocalyx is removed, the steric repulsion and the 
spatial constrain for the integrins (due to the GC) disappear (this is valid for the 
flat and the nanostructured surfaces). However, in case of nanostructured surface 
situation, the cell membrane can bend more and can comply better to the 
morphology of the microenvironment63, allowing more integrins to bound but in a 
less stable condition, the subsequent actin flow speed-up because of faster 
bonding creation/disruption. But this adaptation is only possible when the bending 
of the cellular membrane is large enough to follow the morphologies of the 
surface below, if not (like in the case of ns-ZrO2_15nm) the effective contact area 
would not increases after the glycocalyx removal and the resulting effect is just 
the partial loss of the cell ability to stabilize integrins, precisely due to the lack of 
the glycocalyx layer. Clearly, this also suggests that other surface parameters, 
beyond the simple rq, plays a role, like the asperity aspect-ratio, curvature and 
correlation length. 
Obviously, this is an interpretation of preliminary results and further investigations 
needs to be done to try clarify the multiple aspects the affect such a complex and 
collective dynamic. 
 

5.4 Future experiments 

Some the measurements done until now were preliminary, and additional 
rigorous characterization has to be done: 
• Actin flow quantification has been applied on only two of the three reference 
surfaces (rq=20 nm is missing). Future analysis will be performed to cover all the 
AFM force spectroscopy experiments conditions. 
• Additional morphological analysis must be done on the different surfaces to 
better characterize those properties that define the interaction region. Like the 
density of available asperities, the relative distance between the asperity peaks 
and the aspect-ratio. Furthermore, also biological parameters, such as the length 
of the extracellular domain of extended integrins and different membrane bending 
conditions could be integrated in this analysis to model how that might change 
the cellular perception of the substrates’ morphological properties.  
•  A direct investigation of the cell/substrate interface in all the conditions must be 
performed to get visual demonstration of the proposed interaction model. In 
particular, high resolution microscopy techniques, such as transmission electron 
microscopy (TEM), possess the resolution needed to achieve such an insight. A 
similar approach has already been applied previously in Schulte et al. but only for 
PC12 cells in the presence of their native glycocalyx comparing flat-Zr and ns-
Zr15.  
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Chapter 6 
 
6 Cytoskeletal architecture as biophysical 

marker of cell adaptation to external 
stimuli: cell-drug interaction 
 
Cells, adhering to the ECM, probe the physical properties of the surrounding 
environment, anchoring and pulling on their surroundings through integrins, 
which provide a structural connection between the external cellular contacts and 
the internal cytoskeleton120,121. It has been widely reported how the 
microenvironment properties can impact the cytoskeletal organization and 
eventually triggers specific cellular behaviours through mechanotransductive 
processes24,30,33,122,123: the external forces, transmitted via the cytoskeleton, 
affects the mechanical properties of the cell and the resulting elastic modifications 
reflect the cells adaptation to the cues in the microenvironment124–127. 
The ability to survive on, react and adapt to different foreign environments, is 
typical of cancer cells. After diffusing through the blood vessel and lymphatic 
system, they are capable to adhere in different location of the body creating 
metastases128. The cell ability to metastasize is accompanied by various 
molecular changes129, leading to alterations of the cytoskeleton architecture21 
and influencing the overall mechanical resistance of cells. As a consequence, the 
biomechanics of tumoral cells is being studied more and more in the recent years, 
with the perspective of clinical applications in diagnosis15,16 and new therapies16. 
The mechanical investigation of tumour cells, in fluid and temperature conditions 
that imitates the natural environment, revealed alterations in the tumoral cells 
mechanics (compared to their normal counterpart) and recognized them as 
indicator of cancer-related modifications16,22. 
The systematic investigation of the cells’ mechanical response demonstrated the 
feasibility to correlate these observables in relation to cancer cells’ health. This 
opens up new strategies for the characterization of the effects of anticancer drugs 
that directly interfere with cells’ ability to reorganize the cytoskeleton, or the 
contribution of the cytoskeleton in the development of drug resistance. 
In the following, a preprint  by Kubiak et al.64 (under revision on Nanoscale 
Journal), to which I contributed as a co-author is reported. In this work, we applied 
AFM nanomechanical measurements on prostate cancer cell line DU145 treated 
with three different anticancer microtubule-targeting drugs (MTDs) at different 
concentrations. The developed protocol for the AFM measurements, coupled with 
fluorescent imaging allows to detect fine modifications in the cellular mechanics 
and morphology, locate them inside of the cell body and identify the actin 
filament-microtubule crosstalk as a mechanism that confers resistance to the 
MTDs64. 
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confers resistance to microtubule-targeting drugs 
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Abstract 

The crucial role of microtubules in the mitotic-related segregation of chromosomes makes 

them an excellent target for anticancer microtubule targeting drugs (MTDs) such as vinflunine, 

colchicine, and docetaxel. MTDs affect mitosis by directly perturbing the structural organization 

of microtubules. By a direct assessment of the biomechanical properties of prostate cancer cells 

exposed to different MTDs using atomic force microscopy, we show that cell stiffening is a 

candidate mechanism through which cancer cells preserve the original phenotype in response to 

the application of MTDs. While changes in cellular rigidity are typically mainly attributed to 

remodeling of the actin filaments in the cytoskeleton, here we provide evidence that cell stiffening 

can be driven by a crosstalk between actin filaments and microtubules in drug-treated cells. Our 

findings improve the interpretation of biomechanical data obtained for living cells in studies of 

various physiological and pathological processes. 

 

 

Introduction 

 

Microtubules (MTs) are filamentous structures constituting one of the major components 

of the cell cytoskeleton. They are cylinders composed most often of 13 longitudinally arranged 

protofilaments. Individual protofilaments are composed of tubulin heterodimers built XS IURP Į- 

aQG ȕ-tubulin linked together by non-covalent bonds forming D/ȕ-tubulin heterodimer1. Inside the 

cell, microtubules start from a microtubule-organizing center (MTOC) and span the entire 

cytoplasm, ending at a cell membrane. MTs provide functional pathways for the transport of 

cellular cargo and they are involved in intracellular signaling1. The most important role of 
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microtubules is the participation in mitosis. During this process, they form a mitotic spindle used 

by cells to separate replicated chromosomes into two newly created nuclei2,3. Thus, any agents 

affecting microtubule dynamics will introduce severe consequences for cell division by disabling 

the completion of mitosis, and thereby, by an inhibition of cell proliferation. Such effect has been 

in the center of attention of clinical oncologists for many years, leading to the use of taxanes and 

vinca alkaloids in anticancer therapy of various cancers including lung, breast, prostate, gastric, 

esophageal, and bladder, as well as squamous cell carcinoma of the head and neck4±6.  

Since the invention of atomic force microscopy (AFM7) and its first use for 

characterizations of mechanical properties of cells8±10 the spectrum of possible AFM applications 

has widened enormously. A variety of AFM-based mechanical measurements provide evidence 

that changes in cell rigidity are related to the cell cytoskeleton, mainly to actin filaments11,12. 

Gathered evidence shows that AFM-based mechanical measurements contribute to a better 

understanding of physical mechanisms involved in the cellular response to various conditions, 

including chemical treatments. 

Antimitotic agents belonging to microtubule-targeting drugs (MTDs) such as docetaxel 

improve prostate cancer patient's survival13 but, during treatment, cancer cells often develop drug 

resistance. Despite the known antitumor effect, still it is not known why some cells are resistant to 

the MTDs. Multidrug resistance linked with overexpression of ABC transporters is one of the 

possible explanations. Another possible explanation is changes in the expression of tubulin 

isotypes, which prevent interaction between the drug and its target14. Mechanisms of MTDs 

binding to D/ȕ WXbXOLQ KHWHURGLPHUV aIIHcW WKHLU G\QaPLcV b\ VWabLOL]LQJ RU destabilizing 

microtubular network15. Therefore, strong prerequisites indicate that biomechanical cues underlie 

the cellular response of prostate cancer cells to drugs against microtubules. Molecular mechanisms 

involved in the binding of MTDs are, theoretically, independent of the cell types indicating that 

all cancers can be treated with such drugs. However, there exists a group of cancers that do not 

respond positively to such a treatment, showing cells resistant to the drug treatment, as in the case 

of prostate cancers. Here, we combine AFM and cell biological methods to study changes in the 

mechanical properties of prostate DU145 cancer cells treated with three MTDs drugs i.e., 

vinflunine (VFL), docetaxel (DTX), and colchicine (COL) at concentrations below IC50. We 

identified the cell stiffening as a process through which cancer cells preserve the original 

phenotype in response to applied drugs.  
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Results 

 

Viability study shows that attached DU145 cells are more resistant to low MTDs doses. 

We started our analysis with the evaluation of MTDs' effect on the viability and 

proliferation of DU145 cells (Fig. 1a).  

To verify how low and high MTDs concentrations deviate from the IC50, the MTS assay 

was applied to cells exposed to different drug concentrations, i.e. 50 nM ± 2000 nM for VFL, 

0.1 nM to 20 nM for DTX, and 0.01 nN to 2 nM for COL. MTS assay quantifies the fraction of 

metabolically active cells (through dehydrogenase activity). Recorded absorbance was normalized 

to a viability level of NTC cells and plotted against MTDs drug concentration in the logarithmic 

scale (Fig.1 b-d). IC50, obtained from the fit of a dose-response function, was 450 ± 20 nM (VFL, 

Fig. 1b), 2.9 ± 0.5 nM (DTX, Fig. 1c), and 0.2 ± 0.1 nM (COL, Fig. 1d), respectively. 

The proliferation rate was assessed by counting cells attached to the glass surface after their 

incubation with MTDs for 24h, 48h, and 72h. Results show a strong decrease in the cell number 

for high drug concentrations i.e., for 750 nM for VFL, 5 nM DTX and 0.5 nM COL (Fig. 1 e-g), 

regardless of the culture time. The number of cells drops to the level of 10% ± 20% with respect 

to the number of alive, non-treated cancer (NTC) cells. For low MTDs concentrations, i.e. 100 nM 

for VFL, 1 nM for DTX, and 0.1 nM COL, the number of cells after 24 h and 48 h of culture 

remained at the same level as for NTC cells regardless of the drug type. The decrease in the number 

of cells was observed only after 72 hours. A drop by 33%, 48%, and 23% for VFL, DTX, and 

COL, respectively, was accompanied by the smallest proliferation rate (Suppl. Note 1).  
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Figure 1. Prostate DU145 cells respond differently to distinct MTDs drug concentrations at 

different time-points. a, Illustration of experimental steps and methods applied. b±c, Dose-

response curves for cells exposed to VFL (b), DTX (c), and COL (d). Calculated from the fit, IC50 

were 450 ± 20 nM (VFL), 2.9 ± 0.5 nM (DTX) and 0.2 ± 0.1 (COL). e-g, Proliferation level of 

prostate DU145 cells determined for low and high doses for VFL (e), DTX (f), and COL (g). A 

slope of linear fits determines a rate of proliferation. NTC cells denote non-treated DU145 cancer 

cells. Data are shown as mean ± standard deviation (s.d.) from at least n = 3 measurements; IC50 

is expressed as a fitted value ± standard error, (s.e.). Arrows indicate the position of low and high 

concentrations of drugs chosen for further experiments. 
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In our study, low MTDs concentrations are placed below IC50 while high concentrations are above 

IC50. 72h exposure of DU145 cells to low concentrations of MTDs reveals a cell population that 

contains a strongly dominating fraction of proliferating cells, while at high concentrations many 

of the cells died through both apoptosis and necrosis. All cells heavily affected by MTDs are 

detached from the surface. This is the main reason why the IC50 (MTS, bulk measurements) does 

not fully correlate with the decrease in the number of cells attached to the surface (proliferation). 

Therefore, our results show that DU145 prostate cells seem to be more resistant to COL, than to 

VFL and DTX. 

 

NTC and VFL-treated cells show a similar level of calcein efflux 

To elaborate on how the viability of cells is linked with the capability of DU145 cells to 

release MTDs, in our next step, we decided to trace acetoxymethyl (AM) ester derivative of calcein 

using flow cytometry in NTC and MTDs treated cells (Fig. 2).  

Calcein-AM is a non-fluorescent, uncharged molecule that can freely permeate the plasma 

membrane of viable cells. Inside the cell, it is converted to a fluorescent form, calcein, upon 

cleavage of the lipophilic blocking groups by nonspecific esterase in the cytoplasm16,17. Cytometric 

study shows that within the analyzed population of DU145 cells (NTC, 5.6%, Fig. 2a), there are 

minoritarian groups of cells actively pumping calcein out, i.e. side population. The side population 

denotes the shift of fluorescence proportional to the loss of calcein pumped out or accumulated 

inside the cells17. The size of this group decreases for cells treated with MTDs. The largest drop, 

about two-fold as compared to non-treated DU145 cells, was observed for COL (2.7%, Fig. 2d) 

and DTX (3.6%, Fig. 2c) treated cells. In the case of VFL treatment, the population of these cells 

was only slightly smaller (4.9%, Fig. 2b).  
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Figure 2. Calcein fluorescence intensity changes with the MTDs type. (a - d) Correlative dot 

plots of side scatter light (SSC) and calcein intensity within the cell population 72h after MTDs 

treatment. The high SSC/high calcein intensity subpopulation was observed after cell treatments 

with VFL and COL. ImageStream obtained cell images are representative of the cells gated in 

NTC (green) and MTDs-treated (magenta) cell populations. (e-f) Average fluorescent intensity of 

calcein calculated as a mean ± s.d. (n = 3 independent measurements). Statistical significance 

was estimated by unpaired t-Student test at the level of 0.05. 
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Together with the decreasing number of cells and the pumping of calcein to the extracellular 

microenvironment, a shift of a cytometric population towards higher calcein intensity appears. The 

observed MTDs-related retention of calcein in treated DU145 cells could be indirectly attributed 

to drug accumulation (Fig. 2e&f).  

 

Microtubule rearrangements depend on MTDs binding site  

MTDs such as vinflunine, docetaxel, or colchicine are known to bind at distinct locations 

in the D/ȕ tubulin heterodimer (Fig. 3a) and affect the organization of the microtubular network. 

Thus, we visualized the organization of the microtubules inside the DU45 cells after 72 hours of 

incubation with a specific drug at low and high concentrations (Fig. 3b-h). 

In NTC cells, microtubules exhibit multi-branched tubulin networks with clearly visible MTOCs 

located close to the cell nucleus (indicated by white arrows, Fig 3b). Microtubules alone form long 

fibers that span from MTOC towards the cell membrane. For cells treated with low MTDs 

concentrations, the degree of microtubule re-organization is a drug-dependent (Fig. 3c-e). In cells 

treated with 100 nM VFL, in which MTOCs are visible, the microtubular network is weakly 

affected (Fig. 3c). Here, proliferating cells are still present (Fig. 1, Suppl. Fig. S7). 

Around cell nuclei, MTs form a ring, which is strongly or weakly visible under fluorescence 

(marked by stars in e.g. Fig. 3c). The presence of both MTOCs and rings indicate that, after 72h 

of culture in the presence of MTDs, most of DU145 cells were not at all or weakly affected by 

these drugs. The microtubular network was strongly preserved for VFL-treated cells (Fig. 3c). In 

the case of prostate cancer cells exposed to 1 nM DTX for 72h, MTOCs became less visible and 

the microtubular network seems to shrink (Fig. 3d). This was accompanied by the aggregation of 

microtubules in a form of thicker rings surrounding the cell nucleus. Altered organization of MTs 

is associated with a lower proliferation rate (Suppl. Note 1) and cell viability level (Fig. 1). The 

effect of 0.1 nM COL on DU145 cells also induced a rearrangement of the microtubule network 

(Fig. 3e), similar to that obtained for 100 nM VFL. Here, MTOCs were visible only in some cells. 

These changes in the MT network can be rated as follows (from the strongest to weakest): DTX > 

COL > VFL. This agrees with the MTS assay, from which one can expect large changes in cells 

treated with DTX, COL, and VFL (Fig. 1). 
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Figure 3. MTDs bind to distinct sites located at the D/ȕ WXbXlin heWerodimer affecWing differenWl\ 

the organization of the microtubular network. a, A scheme illustrating the binding of VFL, DTX, 

and COL to D/ȕ WXbXliQ heWeURdiPeU. b-h, Epi-fluorescent images showing the organization of 

microtubules in DU145 cells upon treatment for 72 hours with low and high MTDs doses (white 

arrows show MTOCs while stars indicate MT rings formed around cell nuclei). 

 

For high MTDs concentrations, the clustering of cells was recorded (Fig. 3f-h). Although many 

cells were affected, still single cells were detected that showed organized MTOCs (e.g. Fig. 3f). 

But in the majority of cells, the microtubular network was fully disorganized (disassembled), 

especially in the case of DTX and COL, for which a destruction of MTs is expected as it could be 

linked with apoptosis18. Changes in the microtubular network were accompanied by morphological 

alterations observed for cell nuclei (Suppl. Note 2, Suppl. Fig. S1; Suppl. Fig. S2). High MTDs 

doses cause a fragmentation of nuclei, especially for DTX and COL, while low MTDs doses reveal 

a strong decrease of nuclei surface area circularity and roundness for DTX treated cells (Suppl. 

Fig. S1c-e). The results obtained for low doses confirm the postulate that drugs affecting 
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microtubules at small concentrations are not sufficient to destroy them, but they tend to change 

MTs dynamics6.  

 

DU145 cells stiffen only when treated with VFL 

Changes in MT organization roughly correlate with the results of cell viability. At the same 

time, according to already published results19±21, MT organization also is expected to affect the 

mechanical properties of cells. To investigate the role of biomechanics in drug resistance of cancer 

cells, we employed AFM to characterize the mechanical properties of treated cells22,23. In 

particular, we used AFM to obtain an overview of the temporal evolution of cellular rigidity upon 

exposure to different concentrations of MTDs. The relative change ǻErel RI YRXQJ¶V PRGXOXV E, 

defined as ǻErel = (Edrug ± ENTC)/ENTC, is quantified using Hertz contact mechanics (Materials and 

Methods, Suppl. Table S1, Suppl. Note 3; Supp. Fig. S2).  

We first carried out a characterization of the relative changes in the mechanical properties 

of cells, measured within cell center i.e. above the cell nucleus at different time-points, i.e, after 

24h, 48h, and 72h of culture in the presence of MTDs. The results show that MTDs type, dose, 

and time alter the biomechanical properties of prostate DU145 cells (Fig.4a-c, Suppl. Fig. S3, 

Suppl. Table S1).  
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Figure 4. Mechanical properties of DU145 cells depend on the dose and MTDs type. (a-c) 

RelaWiYe YRXQg¶V modulus change, ǻE, determined for cells treated with low MTDs doses in 

relation to NTC cells after 24h, 48h, and 72h of the incubation with the corresponding MT drug. 

Depending on the MTDs, a maximal increase of cell deformability was observed. Circle indicates 

values, for which a decrease of cell proliferation was observed (Fig. 1). (d) Measurements were 

conducted using AFM in indentation mode using pyramidal probes. (e-f) The 72h treatment of 

DU145 cells exposed to MTDs shows that a large change in YRXQg¶V PRdXlXV for cells treated 

with VFL, regardless of the applied drug concentration, indicating cell stiffening. DTX action 

leads to weak stiffening regardless of the applied drug concentration while COL treatment to 

either stiffening (e, high drug doses) or softening (f, low drug dose) of DU145 cells. All data were 

QRUPali]ed b\ Whe YRXQg¶V PRdXlXV Rf NTCV measured at the same time-point. Statistical 

significance was estimated by unpaired t-Student test at the level of 0.05 (** p < 0.01, 

*** p < 0.001. 
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For each MTD, a maximum of cell rigidity was observed.  For VFL and DTX after 48h of culture 

with the drug, while for COL the maximum occurred after 24h of culture. Interestingly, the 

maximum rigidity is not related to the proliferation rate (Fig. 1), showing the decrease in the 

number of cells after 72h of drug exposure. Also, such an increase was weakly associated with the 

organization of the microtubular network as MTs re-arranged strongly after 72h of culture with 

MTDs. Already published data indicate that for high concentrations, microtubule-targeted drugs 

can be broadly grouped into microtubule-stabilizing agents and destabilizing agents achieved by 

either promoting microtubule assembly or by triggering their disassembly into tubulin dimers3. 

The consequence is the re-arrangement of microtubules. Here, high MTDs concentrations cause 

heavy damages to the microtubular network (Fig. 3f-h), for DTX and COL added to cell culture. 

Observed large effect of MTs damage was not related to relative change in mechanical properties, 

neither for low nor high MTD concentrations.  

Considering the occurrence of maximal cell rigidity, in our study, we focused on cells 

exposed to low concentration of MTDs after 72h of culture, for which proliferation rate decreased. 

AFM indentation experiments showed that prostate DU145 cells stiffen (positive ǻE, p < 0.01)) 

in response to VFL treatment. After the same time, cells treated with DTX and COL revealed 

changes in mechanical properties that are statistically not significant (p > 0.2). These results are 

in contradiction with the fluorescence images of microtubular networks, showing that, for 

proliferating cells, the morphology of 100 nM VFL-treated cells is very similar to that of NTC 

cells, while the largest morphological changes are observed for 1 nM DTX and 0.1 nM COL±

treated cells, for which less obvious changes in cell mechanics are observed. 

 

Stiffening of VFL-treated cells occurs within the nuclear region 

To probe more thoroughly the mechanical changes occurring after 72h treatment with 

MTDs, we performed combined AFM topographical and mechanical measurements, and analyzed 

the elastic response of the cells at different indentation depths23 (Fig. 5, Materials and Methods). 

Each recorded force curve was linearized, and two linear regions, corresponding to different 

Hertzian regimes, were typically identified. The first regime (shallow indentation) corresponding 

to the 5-15% relative indentation range normalized to the local cell height), is expected to represent 

mainly the mechanical response of the cell membrane coupled with the actin cortical layer; the 

second regime (deep indentation) corresponding to the 20±40% relative indentation range, is 
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expected to be strongly affected by the response of the nucleus and the surrounding MT network. 

Given the peculiar organization of the MT network around the nucleus, we defined nuclear masks 

to focus our attention on the nuclear region of the cells (Fig. 5b-d). This methodology enabled us 

to analyze the deformability of different cellular regions and layers, according to the following 

classification: whole cell, from cell clusters (as DU145 cells tend to grow as clusters), nuclear 

region probed at the deep and shallow indentations, and cell periphery probed at shallow 

indentation (Fig. 5c-d). The applied finite thickness correction minimized the effect of the 

underlying glass substrate and local cell height variations (Suppl. Notes 4&5; Fig. S4). Elasticity 

maps revealed that in WKH caVH RI VKaOORZ LQGHQWaWLRQV, a OaUJH LQcUHaVH RI YRXQJ¶V PRGXOXV ZaV 

observed at the cell periphery (Fig. 5c), while the nuclear region appeared softer. At deep 

LQGHQWaWLRQV, WKH cHOO SHULSKHU\ aSSHaUHG WR KaYH ORZHU YRXQJ¶V PRGXOXV aV cRPSaUHG WR WKH 

nuclear regions (Fig. 5d). 
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Figure 5. Multicomponent mechanical analysis of cell clusters. (a) Exemplary optical image of 

prostate cancer cell clusters with highlighted regions selected for the indentation measurements 

(the colloidal probe at the end of the AFM cantilever is visible as a darker circular shadow). 

Exemplary linearized force curves collected for VFL treated cells with highlighted shallow and 

deep indentation regions. (b) Nuclear mask definition used further to sort the data recorded 

around cell nuclei. (c) Topography of a cell cluster created based on contact point positions. (d-

e) YRXQg¶V PRdXlXV PaSV RbWaiQed aW (d) shallow and (e) deep indentations. (f-i) RelaWiYe YRXQg¶V 

PRdXlXV chaQge, ǻE, deWeUPiQed fRU DU145 cells treated with specific MTDs concentrations for 

the whole cell (f), the nuclear region at shallow (g), and deep (h) indentations, and at the cell 

periphery at shallow indentation (i). Error bars were calculated using the error propagation 

method. Statistical significance was estimated by unpaired t-Student test at the level of 0.05 (* p 

< 0.05; ** p < 0.01). 

 

The obtained YRXQJ¶V PRGXOL for DU145 cells show changes that are strongly dependent on the 

cellular regions and the used drug (Fig. 5; Suppl. Table S2). Mechanical properties of COL-

treated cells show a very weak tendency to stiffen, especially for 0.5 nM drug concentration, 

however, experimental errors are large enough to exclude statistical significance (p varies between 

0.0584 to 0.8905). This brings the conclusion that colchicine does not affect the mechanical 

properties of prostate cells. RHOaWLYH YRXQJ¶V PRGXOXV changes in DTX-treated prostate cancer 

cells do not reveal any alterations in mechanical properties at low (1 nM) concentration. Changes 

in cell mechanics were observed for high (5 nM) concentration but instead of stiffening, a softening 

was noted within a peripheral region. No difference as compared to NTC was observed within a 

nuclear region at both indentation regimes. DTX-induced softening at the cell periphery (Fig. 5i) 

was dominating in the overall cell softening observed when the whole cells were measured (Fig. 

5f). In the case of VFL, changes in cell mechanics were more pronounced for nuclear regions at 

both applied MTD drug concentrations and indentation regions. Lack of ǻE variations within the 

cell periphery and at the level of the whole cell indicates that the mechanical properties measured 

for individual cells independently of the indentation depth are not affected by changes induced by 

MTD within nuclear regions. 
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In summary, DTX and VFL have two different effects on DU145 cells. DTX induces cell 

softening only at the cell periphery while VFL generates the stiffening of cells within a nuclear 

region.  

 

MT network around cell nuclei is not responsible for the stiffening of VFL-treated cells. 

Changes in mechanical properties of DU145 cells induced by the presence of MTDs are 

supposed to be associated with the alterations of cytoskeletal networks, especially MTs. Rings 

observed around cell nuclei in epi-fluorescence images (Fig. 3c-e) suggest a higher MT density 

close to cell nuclei, thus, MT crowding around the nuclei could be responsible for deformability 

changes induced by MTDs. To test this hypothesis, we employed confocal microscopy to visualize 

whether the spatial organization of microtubules around the cell nucleus is different in treated and 

non-treated prostate cancer cells. Typically, the images of the cytoskeleton are recorded close to 

the surface, to which cells are attached. The AFM measurements characterized also the mechanical 

properties by applying an external load to the apical region of the cells. Therefore, we also recorded 

an apical section of the cells. We concentrate on the organization of MTs around cell nuclei in 

cells treated with low MTDs concentrations. At high MTDs concentration, the organization of the 

microtubular network is heavily affected and can be seen under epi-fluorescent microscopy 

(Fig. 3f-h). Detailed analysis of the three-dimensional (3D) organization of microtubules in 

DU145 cells treated with low MTDs doses are included in the Suppl. Note 6. 
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Figure 6. Confocal microscopy reveals a lack of cytoskeleton structural re-organization in 

microtubular networks linked with changes in mechanical properties of DU145 cells at low 
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concentrations of MTDs. Fluorescent images were recorded at two positions along the cell height, 

top and bottom. The bottom position shows the organization of microtubules and actin filaments 

and microtubules in a focal plane close to the surface substrate. The top position shows the 

cytoskeleton organization at the top of the cell where the AFM probe touches its surface (F-actin 

- phalloidin-Alexa Fluor 488, microtubules ȕ-tubulin antibody - Cy3, cell nuclei ± Hoechst 33342). 

 

Lack of evident MTs re-organization around the cell nucleus guided us towards considering a 

crosstalk phenomenon between actin filaments and microtubules24,25. Actin filaments play 

multiple roles regarding the microtubular network by the guidance of filament growth26 or 

crosslinking and anchoring of microtubules within its network27. Thus, any disruption of the 

microtubular network will affect the organization of the actin cytoskeleton and vice versa inducing 

the chemoresitance of cancer cells24,28,29. Thus, we checked whether changes in the mechanical 

properties of cells might be related to the crosstalk phenomenon by analyzing the organization of 

actin filaments (Fig. 6; Suppl. Fig. S5). After 72 hours of incubation with MTDs, the formation 

of thick actin bundles was induced in cells. The strongest formation of actin bundles is observed 

for VFL-treated cells what explains their stiffening. 

 

Discussion 

Microtubules, and proteins associated with them, are critical for successful cell division, 

intracellular transport, signaling, and the regulation of focal adhesion dynamics both in normal and 

cancer cells. Their deregulation observed in cancer makes both tubulin and microtubules a 

prominent target for various chemotherapies30. 

Numerous studies have reported a cell-, dose-, and time-dependent cellular response to 

microtubule-targeting drugs6,31±35. Although it is obvious that cells treated with high toxic 

concentrations are characterized by large damages causing their functional impairments, the effect 

of low drug concentrations on cells is less visible.  

All MTDs interact with microtubules by binding to specific locations at the D/ȕ WXbXOLQ 

heterodimer, thus, affecting the MTs dynamics by stabilizing or destabilizing the microtubular 

network15,26,36,37. Microtubule stabilizing and destabilizing drugs disrupt microtubule functioning, 

which is accomplished by various mechanisms.  
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Vinca alkaloids destabilize microtubules by binding to a site located at the inter-dimeric interface 

between D and ȕ tubulin heterodimers15. They induce the formation of alternate microtubules 

leading to the dissociation of existing microtubules38,39. Taxanes reversibly bind to ȕ-tubulin at the 

binding site located at the interior lumen of microtubules and enhance the polymerization 

process40. Colchicine binds to a site located at the interface between D and ȕ-tubulin subunits, 

adjacent to the GTP-binding site of D-tubulin41. It blocks the availability of D/ȕ tubulin 

heterodimers for protofilaments or MTs by changing the conformation of the dimers32. As a 

consequence, colchicine causes microtubule depolymerization by inhibiting lateral contacts 

between protofilaments42. Thus, we could expect that vinca alkaloids and colchicine should 

increase the softening of cells, while taxanes should enhance the stiffening of cells.  

In this study, we have focused on the effect of three selected members of MTDs, i.e., DTX, 

VFL, and COL, on prostate DU145 cancer cells. Proliferation and MTS assays conducted for cells 

cultured on glass surfaces for low and high MTDs concentrations show confirmed dose-dependent 

effects. Applying high MTDs concentrations, regardless of their type, leads to cell death showing 

a significant decrease in the number of attached cells within a whole-time range (24h±72h). MTS 

assay carried out for cells substantially confirms the results of the proliferation assay. For low 

MTDs concentrations, a large drop in the number of attached cells visible after 72h of the exposure 

of cells to specific MTDs and weakly affected viability of cells indicated that the cell population 

is not uniform. It contains cells that detached from the surface and cells that still stay attached.  

Calcein efflux demonstrated that VFL-treated cells are still able to pump out the drug, while 

this process is limited in the case of cells treated with DTX and COL (Fig. 2e&f). These results 

indirectly show the accumulation of MTDs inside the cancer cells at drug concentrations below 

IC50. VFL in contrast to DTX and COL, impacts the cellular bioenergetics very weakly, which 

does not lead to drug accumulation. Disturbances within MTs and mitochondrial dynamics may 

be responsible for the diminution of intracellular energy deposits that are necessary for effective 

drug efflux by transmembrane protein complexes43,44. 

The microtubular network alone has already been the object of AFM-based 

nanomechanical studies. In most cases, research was focused on the mechanical properties of cells 

treated by taxol-based compounds19,20,45±47. Less frequently, the effect of compounds such as COL 

or vinca alkaloids, has been evaluated using AFM46,48. Results gathered from a few existing 

publications report no stiffness change for various cell types treated with COL within a time frame 
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of 2 h and 4 h for applied concentrations of 500 µM and 10 µM, respectively46,48. Vincristine 

(belonging to vinca alkaloids) induced stiffening of cells treated with 3 nM, 12 nM and 60 nM of 

drug concentrations for 48 hours47. Paclitaxel (belonging to taxanes) affects mechanical properties 

of cells in various manners ± in some cells no effect was observed46 while in others an increasing 

cell rigidity was detected21,47,48. Compared to these results, our findings are different, which might 

be due to a distinct response of prostate DU145 cells to MTDs as other studies have already 

demonstrated the susceptibility of cancer cells to cell death induced by these drugs33,34. 

According to our results, low concentrations of MTDs applied to prostate DU145 cancer 

cells induced changes in the organization of the microtubular network and the mechanical 

properties of cells in a surprising manner. For the VFL, which weakly affected the MTs 

organization, the largest cell stiffening is observed. Cells became more rigid. DTX-treated cells 

soften at high (above IC50) concentrations at which large damages of MTs are detected.  For COL, 

which had the strongest effect on the microtubular network, the mechanical properties of cells 

remained almost unchanged.  

From these data, we cannot support the hypothesis that the mechanical resistance of prostate cells 

is associated with the changes in the organization of microtubules. Nor from the impairments in 

efflux pumps that transport the drugs out of the cancer cells4344. We postulate that the stiffening of 

prostate DU145 cancer cells is likely the mechanism that helps cancer cells to function in a non-

disturbed way (like there were no MTDs presence).  

Looking at the time-related change of cell deformability (Fig. 4a-c), all MTDs induce the 

maximum deformability changes in cells within a defined time of exposure to them. By analyzing 

MTDs-induced changes in both actin and microtubular networks, we noticed the formation of actin 

bundles in the affected cells. In our data, stiffening in VFL-treated cells was accompanied by the 

enhanced formation of actin bundles (Fig. 6; Suppl. Fig. S5). DU145 cells treated with DTX and 

COL for the same time reveal the mechanical properties of the level of NTC. For these cells, no 

increased number of actin bundles was observed indicating that the crosstalk between actin and 

microtubular network was significantly weaker. Our findings show the crosstalk between actin 

filaments and microtubules is likely the mechanisms that could be involved in the resistance of 

cells to vinca alkaloids observed in chemotherapy.  
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Materials and Methods 

 

Microtubule-targeting drugs (MTDs). The MTDs chosen for our study were vinflunine, docetaxel, 

and colchicine. Vinflunine ditartrate (VFL, Toronto Research Chemicals) was dissolved in 

GHLRQL]HG ZaWHU (CRbUabLG SXULILcaWLRQ V\VWHP, 18 ȍcP-1) to prepare stock solutions of 1 mM 

vinflunine concentration. They were stored in -18ၨC. DRcHWa[HO aQG cROcKLcLQH (DTX aQG COL, 

respectively, Sigma-Aldrich) were dissolved in ethanol. Drugs were added to the cell cultures 24 

hours after cell seeding, followed by the application of a set of methods (Fig. 1a) to characterize 

properties of prostate cancer cells.  

 

Cell culture. The human prostate cancer cells (DU145, ATCC, LGC Standards) were cultured in 

Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich) supplemented with 10% heat-

inactivated Fetal Bovine Serum (FBS, LGC Standards) without antibiotics. Cells were grown in 

25 cm2 culture flasks (Saarstedt), passaged every 3-4 days by trypsinization with trypsin-EDTA 

solution (Sigma-Aldrich) and moved to the corresponding Petri dishes. To study the effect of 

anticancer drugs targeting microtubules, VFL, DTX, and COL were added to cells cultured in Petri 

dishes. Final concentrations of anticancer drugs applied to cells were 100 nM and 750 nM for VFL, 

1 nM and 5 nM for DTX, 0.1 nM and 0.5 nM for COL. As a control, non-treated cells were used. 

 

Assessment of drugs cytotoxicity by MTS assay. Cytotoxicity of drugs was assessed by Cell Growth 

Determination Kit, an MTT based colorimetric assay (Sigma-Aldrich). 3000 of DU145 cells/per 

well were seeded on 96-well cell culture plate (TPP). After the overnight culture of cells, the 

culture medium was exchanged to that containing the corresponding drug (VFL, DTX, or COL). 

After 68 hours of culture with drugs, 10 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide was added to each well. After 4 hours of incubation (at time point 

72h), formazan crystals were dissolved in DMSO and absorbance was measured by 

spectrophotometer (ELISA SPECTROstar Nano, BMG LABTECH) at 570 nm wavelength for 

dissolved formazan and 690 nm for a background. 

 

Proliferation of cells. To assess the effect of anticancer drugs on DU145 cell proliferation, cells 

were seeded at the density of 3000 cells/cm2 in cell culture dishes with Ø = 35 mm (Sarstedt). 
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They were kept in DMEM medium containing no phenol red (Sigma-Aldrich), 10% heat-

inactivated FBS, and 2 mM L-glutamate (Sigma-Aldrich). The same number of cells was applied, 

i.e. 3 000 cells per ml for all samples. After 24 hours, the culture medium was replaced by a 

medium containing a specific drug concentration. Then, cells were maintained in such a medium 

for 24 h, 48 h, and 72 h. At each time point, a part of the cells was passaged and counted using the 

Bürker chamber. 

 

Atomic force microscopy ± indentation mode. For the measurements of the relative changes of the 

mechanical properties of the cells at different time-points, AFM indentation experiments were 

carried out using both pyramidal and spherical probes. It has been already shown that indentation 

data of living cells collected with sharp and spherical probes can both detect changes between two 

cell populations49. Mechanical properties of DU145 cells were determined by analyzing force 

curves (additional experimental details are included in Suppl. Notes S3 and S4). The raw force 

curves (raw cantilever deflection versus z-piezo displacement) were converted into force versus 

indentation curves in the proper units (nN and nm, respectively) according to consolidated 

procedures50. The spring constant of the cantilever was measured using the thermal noise 

calibration51. The deflection sensitivity was calibrated by recording raw force curves on non-

deformable substrates (coverslip without cells in this case) and evaluating the inverse of the slope 

of the uncalibrated contact region50. Alternatively, the deflection sensitivity was also calibrated in 

situ and non-invasively by imposing that the result of the thermal noise calibrated should be 

compatible with the previously characterized spring constant, according to the SNAP procedure52. 

Assuming that the elastic response of the cell can be described by Hertz contact mechanics53, 

YRXQJ¶V PRGXOXV ZaV determined.  

In the case of a conical approximation of the probing tip, the relation between load force F and the 

resulting indentation į is:  

𝐹 ൌ  
2 ൉ tan ሺDሻ

𝜋
𝐸

ሺ1 െ 𝜈2ሻ
 𝛿2 

where D�is the open-angle of the probing cone, Ȟ LV WKH PRLVVRQ¶V UaWLR, aQG E is the effective 

YRXQJ¶V PRGXOXV. For a sphere indenting purely elastic material, the relation between load force 

F and the resulting indentation į is:  

𝐹 ൌ  
3
4

𝐸
ሺ1 െ 𝜈2ሻ

 𝑅
1
2𝛿

3
2 
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Where R LV WKH SURbH¶V UaGLXV. All calculations were carried out assuming that Ȟ = 0.5 

(incompressible cells). 

 

Characterizing mechanical properties of different cellular regions. TR HYaOXaWH YRXQJ¶V PRGXOXV 

changes occurring at different regions of the cell, information on both a local height of the cell 

body and the value of the apparent YRXQJ¶V PRGXOXV was determined from each single force curve, 

and further used to SURYLGH WKH WRSRJUaSKLcaO aQG WKH YRXQJ¶V PRGXOXV PaSV23 (see Suppl. Note 

S4). A finite-WKLcNQHVV cRUUHcWLRQ ZaV aSSOLHG WR H[WUacW accXUaWH YaOXHV RI WKH YRXQJ¶V PRGXOXV 

from the force curves54 coming from experiments with colloidal probes because the rigid substrate 

XQGHUQHaWK WKH cHOOV caQ caXVH aQ aSSaUHQW LQcUHaVH RI WKH YRXQJ¶V PRGXOXV WKaW GHSHQGV RQ WKH 

local height of the sample, therefore masking fine mechanical modifications that take place inside 

the cells body. The correction was not applied to pyramidal sharp tips since the finite-thickness 

effect becomes relevant with big contact area (see Suppl. Note S5).  

Force curves were linearized to identify the presence of multiple elastic regimes inside the cell 

(typically attributed to an upper layer made of the actin cortex, and to an inner layer including the 

region around the cell nucleus). Two linear regions were typically identified in the linearized 

curves: a first region corresponding to the 5-15% relative indentation range (to the local values of 

cells height), the shallow indentation range, and a second inner region, corresponding to the 20-

40% relative indentation range, the deep indentation range. Then, the Hertz model with applied 

finite thickness corrections was applied to the force curves in the two indentation ranges, obtaining 

two maps, representing the rigidity of the surface and inner part of the cell, respectively (Fig. 5, 

Suppl. Table 2).  

TR cKaUacWHUL]H WKH HOaVWLc SURSHUWLHV RI GLIIHUHQW SaUWV RI WKH cHOO¶V bRG\ ZH cUHaWHG PaVNV WR VHOHcW 

force curves belonging only to specific regions of interest (nuclear and peripheral region with 

varying indentation). Nuclei are usually located in the tallest cell region. Since the nucleus 

elasticity could be hidden by that of the stiff actin cortex, we decided to build the mask by 

multiplying point by point the topographic and the elasticity maps. We found this procedure more 

reliable than identifying the nuclei simply as belonging to the tallest regions in the topographic 

maps. The masks allowing to segregate the force curves belonging to the nuclear regions were 

built exploiting both the elastic and the topographical maps as shown in Fig. 5. 
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Statistical analysis for the deWeUPiQaWiRQ Rf YRXQg¶V PRdXlXV fRU giYeQ cellXlaU UegiRQV. The 

YRXQJ¶V PRGXOXV RI HacK cHOOXOaU UHJLRQ W\SLcaOO\ IROORZV a ORJQRUPaO GLVWULbXWLRQ, ZKLcK appears 

as Gaussian distributions in semilog10 scale. A Gaussian fit in semilog10 scale provides the peak 

value E¶ aQG WKH JHRPHWULc VWaQGaUG GHYLaWLRQ ıg
10, from which the median Emed and the standard 

deviation of the median ımed can be calculated 59: 

𝐸௠௘ௗ ൌ  10𝐸ᇲ  

𝜎௠௘ௗ ൌ  ට
𝜋
2

𝐸௠௘ௗ
𝜎௚

10

√𝑁
 

where N is the number of force curves recorded for each cell cluster. The total error for the modulus 

median ıclust associated to each cluster was calculated by summing in quadrature ımed and a 

calculated instrumental error ıinst = 3%37: 

𝜎௖௟௨௦௧ ൌ  ට𝜎௠௘ௗ
2 ൅ 𝜎௜௡௦௧

2  

Then, the median mean Emean of the moduli median, measured for different clusters at a given 

condition for the different cellular regions, was evaluated as: 𝐸௠௘௔௡ ൌ  ∑ 𝐸_ሺ௠௘ௗ,௜ሻ೙
೔

௡
 where i is the 

number of clusters investigated. The total error ıE associated to Emean, representative for a specific 

condition and cellular region, was calculated by summing in quadrature the propagated error of 

the medians ıS and the standard deviation of the mean ımean: 

𝜎𝐸 ൌ  ට𝜎ௌ
2 ൅ 𝜎௠௘௔௡

2  

where 

𝜎ௌ ൌ  1
௡

ට∑ 𝜎௠௘ௗ,௜
2

௜  and 𝜎௠௘௔௡ ൌ  ට∑ ൫𝐸೘೐೏,೔−𝐸೘೐ೌ೙൯మ
೔

௡
 

and n is the number of clusters investigated. 

 

Immunofluorescence staining. To assess the impact of microtubule-targeting drugs on the 

organization of the microtubule network in DU145 cells fluorescent microscopy was employed. 

Cells were seeded in density 3000 cells/cm2 on glass coverslips and allowed to stabilize at substrate 

overnight. Afterward, the culture medium was exchanged to a fresh medium containing final 

concentrations of microtubule-targeting drugs. After 72 hours, the culture medium was removed 

aQG cHOOV ZHUH ULQVHG 3 WLPHV ZLWK DXObHccR¶V PKRVSKaWH BXIIHUHG SaOLQH (DPBS, SLJPa-Aldrich). 
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Next, cells were fixed with 3.7% formaldehyde solution and washed with DPBS to remove 

remaining formaldehyde. Permeabilization of cells membranes was realized by the treatment of 

fixed cells with 0.2% Triton X-100 solution, followed by washing with DPBS. Actin filaments 

were stained with phalloidin conjugated with Alexa Fluor 488 dye (0.33 ȝM) for 45 minutes. 

Afterward, cells were incubated overnight with anti-ȕ-tubulin antibody conjugated with 

fluorescent dye Cy3 (1:200) (Sigma-Aldrich), followed by nuclei counterstaining using Hoechst 

33342 (0.2 ȝJ/PL). 

 

Fluorescent and confocal microscopy. Epi-fluorescent images were acquired using a fluorescent 

microscope (Olympus IX53) equipped with fluorescence camera XC10 (1.4 mln pixels). The focal 

plane was set close to the cell surface. High-resolution 2D and 3D images recorded at the focal 

planes close to the glass surface and in the apical sections (where AFM probed mechanical 

properties of cells) were acquired by Leica TCS SP8 X confocal laser-scanning microscope (Leica 

Microsystems CMS GmbH, Germany) using 63x HC PL APO CS2 1.40 NA oil immersion 

objective. Image acquisition was performed bidirectionally along X-axis at 200 Hz scan speed and 

image format 1024x1024 (pixel size 72 nm), zoom 2.5, and line average 2. Three-dimensional 

images were reconstructed using Leica Application Suite X software (3D Movie Editor, Leica 

Microsystems CMS GmbH, Germany) or ImageJ 1.51n (Wayne Rasband, National Institute of 

Health, USA) on default parameters (except non-linear intensity adjustment ± gamma parameter 

was 0.6).  

 

Calcein efflux monitoring. Cells were seeded into 6-well plates at a density of 60 000 cells/cm2 

and treated with proper concentrations of MTDs for 24 h. After incubation with 0.75 µM calcein-

AM (Sigma-Aldrich) for 30 min, the cells were washed with a warm PBS buffer and incubated in 

a fresh medium for another 3h. After harvesting with trypsin/EDTA solution, the cells were 

centrifuged and re-suspended in FluoroBrite® DMEM (supplemented with 10% FBS and 1% 

GlutaMAX; Gibco) and acquired with ImageStreamX MkII system and ISX software (Luminex 

Corp.) to determine the efficiency of dye efflux. Data processing was performed with IDEAS 6.2 

VRIWZaUH. TKH aQaO\VLV ZaV GRQH RQ ³in-focus´ images of single cells. In-focus single cells were 

classified based on their bright-field area and high bright-field aspect ratio (width to height ratio). 

At least 10 000 images were collected for data analysis.  
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Statistics. For cell biology methods (proliferation and MTS assay, cytometry, morphometric 

analysis) data are presented as a mean ± standard deviation (s.d) (Fig. 1b-e, Fig. 2e-f) calculated 

from three independent experiments. Data describing the morphometric properties of cells (Suppl. 

Fig. S1 and Suppl. Fig. S2) are expressed as a mean ± s.d. calculated for n denoting the number 

of cells measured (specified LQ WKH ILJXUH OHJHQGV). OULJLQaO YRXQJ¶V PRGXOXV YaOXHV ZHUH 

calculated as a mean ± s.d considering the number of cells or clusters measured (Suppl. Tables 

S1-2). Relative YRXQJ¶V PRGXOXV cKaQJHV SUHVHQWHG LQ Figs. 4, 5, Suppl. Figs. 2-3) were 

accompanied by an error calculated using the error propagation method. In all cases, statistical 

significance was estimated by unpaired t-Student test at the level of 0.05. The following notation 

was applied: * p < 0.5; ** p < 0.1; *** p < 0.001. 

 

Data availability 

The authors declare that the data supporting the findings of this study are available within the paper 

and its supplementary information file. Raw data underlying the presented figures are available 

from the corresponding authors upon reasonable request. 
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Supplementary Note 1: Proliferation rate of DU145 cells treated with MTDs 

 

To estimate how fast the number of cells increases, a linear regression was applied to 

quantify roughly the rate of proliferation (Fig. 1). Although for NTC cells an exponential-like 

growth can be observed, the linear fit was chosen to avoid an exponential fit to three points. As 

expected, NTC cells had the highest proliferation rate, which was of 4300 ± 1100 cells per hour 

(PeaUVRQ¶V¶ cRefficieQW = 0.939). For low doses of drugs, i.e. 100 nM VFL, 1 nM DTX and 0.1 nM 

COL, obtained rates were 3000 ± 270 cellV SeU hRXUV (PeaUVRQ¶V¶ cRefficieQW = 0.992), 2270 � 220 

ceOOV SeU hRXU (PeaUVRQ¶V¶ cRefficieQW = 0.991) aQd 3340 � 740 ceOOV SeU hRXU (PeaUVRQ¶V¶ 

coefficient 0.954), respectively.  

 

Supplementary Note 2: Morphology of DU145 cell nucleus is affected by MTDs 

 

To investigate nuclear morphology fluorescence microscopic images were analyzed in 

ImageJ with package Fiji and Cookbook with the function Particle Analysis. At least 5 images for 

each group for the following drugs concentrations: 100 nM and 750 nM for VFL, 1 nM and 5 nM 

for DTX, 0.1 nM and 0.5 nM for COL and control without addition of drug. 

Although observed changes in microtubule organization correspond roughly with the 

results of cell viability, we wanted to verify the morphology of the cell nucleus (Suppl. Fig. S1). 

At large drug doses, regardless of the drug applied, cell nuclei were heavily irregular and 

defragmented as one can see in the Hoechst stained fluorescent images (Suppl. Fig. S1a). 
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Suppl. Figure S1. Morphology of the cell nucleus is strongly affected by microtubule-targeted 

drugs. a, High concentrations of VFL, DTX, and CL induce fragmentation of cell nuclei, especially 

for DTX and COL. In low drug concentration, nucleus morphology is preserved  

(b), however, DTX seems to affect nucleus changes, as shown in morphometric analysis of surface 

area (c), circularity (d), and roundness (e) for untreated and treated prostate DU145 cells. Data 

are presented as a mean ± standard deviation calculated from n = 79-105 cells per condition. 

 

To evaluate nuclear changes occurring at low doses, three morphometric parameters were 

calculated, namely, nuclear surface area, circularity, and roundness (Suppl. Fig. S2). Obtained 

results showed large variations in the nucleus shape, in particular for DTX treated cells, for which 

circularity and roundness values dropped, too. For cells treated with COL and VFL cell nuclei 

seem to be less affected by the MTDs action.  
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Suppl. Figure S2. Cells change their morphology in response to MTDs. AFM-based 

morphometric parameters of DU145 clusters showing alterations in clusters volume, surface area, 

and height induced by MTDs. Data are presented as a mean ± ıE; n = 8-12 per condition. 

 

The obtained results show significant and opposing alterations of the cell volume and surface area 

for DTX (decrease) and COL (increase), especially for the high doses. For high VFL concentration, 

a significant increase in total volume in comparison to NTC is also observed. Such observation is 

leading us to the conclusion that the swelling of cells treated with a high concentration of drugs is 

characteristic of microtubule-disrupting agents. The height of the analyzed cell clusters shows an 

increasing trend for all MTDs, although significant observations were unique for high drug 

concentrations.  Interestingly, in the low-dose (100 nM) VFL case, for which pronounced 

deformability changes were recorded, volume, surface area, and height of cells remained at the 

same level of the NTC cells. Thus indicating cytoskeleton contribution in mechanical features 

changes of 100 nM VFL treated cells, rather than changes in their dimensions. 
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Supplementary Note 3: Time-dependent changes in mechanical properties of DU145 cells 

 

To measure the mechanical properties of DU145 cells, cells were seeded on glass 

coverslips (Ø = 25 mm) immersed in a Petri dish with internal Ø = 34 mm (TPP) at the density of 

50 000/ml. Measurements were carried out using atomic force microscopes: model Xe120 (Park 

Systems) and working in a force spectroscopy mode. A rectangular cantilever ORC8 (Bruker) with 

a QRPiQaO VSUiQg cRQVWaQW Rf 0.05 N/P, Whe RSeQiQg aQgOe Rf 36 � 2ၨ, and a radius of 15 nm were 

used. Cantilever spring constants were calibrated by the use of the thermal noise method1. For 

measurements, coverslips with cells were mounted in a transparent liquid cell and kept at room 

temperature in standard culture medium. Room temperature was not significantly harmful for 

Du145 during experiments which lasted up to 2 hours2. Keeping a temperature below 37°C reduces 

the cell motility, which was beneficial for the elasticity measurements. 25 force curves were 

acquired within an elasticity map of 5 × 5 points with a pixel size of 1 µm2, load force ~10 nN, 

and tip velocity of 8 µm/s. Each experiment was conducted in triplicate.  

 

The UeOaWiYe YRXQg¶V PRdXOXV YaUiaWiRQV aUe, caOcXOaWed aV ǻErel = (Edrug-ENTC)/ENTC, are 

reported in Suppl. Table S1 and Suppl. Fig. S2. In our analysis, the maximum indentation was 

500 QP. The fiQaO YRXQg¶V modulus was calculated as the mean ± standard error (s.e.) from n = 

80-96 cells measured for each group separately (Suppl. Table S1). 
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Suppl. TabOe S1. YRXQJ¶V PRdXOXV RbWaLQed fRU MTDV WUeaWed DX145 ceOOV (V.e. ± standard error, 

n ± number of cells measured; p-value was calculated using two tails unpair Student t-test). The 

UeOaWLYe YRXQJ¶V PRdXOXV YaULaWLRQV aUe UeSRUWed LQ bRWK FLJ. 4 aQd SXSSO. FLJ. S2. 

 

         time 

MTDs  

treatment 

24h 

E ± s.e. (n) [kPa] 

48h 

E ± s.e. (n) [kPa] 

72h 

E ± s.e. (n) [kPa] 

Vinflunine (VFL) 

NTC 3.1 ± 0.2 (94) 2.2 ± 0.1 (93) 1.5 ± 0.1 (96) 

100 nM VFL 3.1 ± 0.3 (94) 

p = 0.9512 

3.3 ± 0.3 (93) 

p = 0.0001 

1.9 ± 0.1 (93) 

p = 0.0016 

750 nM VFL 3.0 ± 0.2 (76) 

p = 0.7147 

2.7 ± 0.2 (88) 

p = 0.0412 

2.5 ± 0.2 (91) 

p = 0.0001 

Docetaxel (DTX) 

NTC 4.2 ± 0.3 (88) 2.9 ± 0.2 (88) 2.6 ± 0.1 (89) 

1 nM DTX 4.7 ± 0.4 (86) 

p = 0.3610 

4.8 ± 0.4 (83) 

p = 0.0001 

2.8 ± 0.2 (89) 

p = 2977 

5 nM DTX 4.4 ± 0.4 (83) 

p = 0.7280 

3.4 ± 0.3 (86) 

p = 0.1085 

2.8 ± 0.1 (87) 

p = 0.2971 

Colchicine (COL) 

NTC 3.3 ± 0.17 (90) 3.0 ± 0.15 (91) 2.2 ± 0.1 (90) 

0.1 nM COL 4.4 ± 0.3 (88) 

p = 0.0012 

2.9 ± 0.2 (86) 

p = 0.7853 

2.3 ± 0.1 (87) 

p = 0.4623 

0.5 nM COL 3.3 ± 0.2 (87) 

p = 0.9140 

2.0 ± 0.1 (88) 

p = 0.0001 

2.0 ± 0.2 (88) 

p = 0.2520 
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Suppl. Figure S3. Relative change ΔErel Rf WKe YRXQJ¶V PRdXOXV PeaVXUed aW WKe VaPe WLPe-point 

for low (a-c) and high (d-f) MTDs doses. (g-i) Time-dependent  ΔErel changes showing cell 

stiffening or softening dependently of the MT drug, concentration, and time applied. Error bars 

were calculated using the error propagation method. Statistical significance was estimated by 

unpaired t-Student test at the level of 0.05 (* p < 0.05; ** p < 0.01). 

 

Supplementary Note 4: Mapping the mechanical properties of cells: combined topographical 

and mechanical mapping 

 

For acquiring maps of mechanical properties, DU145 cells were plated in the standard 

experimental conditions on Ø = 40 mm glass-bottom dishes for cell culture (Willco Wells, 

Amsterdam, Netherlands). Cells were maintained in DMEM without phenol red but supplemented 

with 10% heat-inactivated FBS and 5 nM L-glutamate. Glass coverslips with cells were mounted 

in transparent liquid cell and kept at room temperature in standard culture medium.  
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Combined topographical and mechanical imaging was performed using a Bioscope 

Catalyst AFM (Bruker). During the AFM measurements, the temperature of the medium was 

maintained at 30°C using a perfusion stage incubator and a temperature controller (Lakeshore 

3301, Ohio, USA). The choice of the temperature below 37°C was made to decrease the cellular 

metabolism, which slows down also the cell motility, making it possible to acquire large maps 

without disturbance due to strong movements of the cells during the measurements (acquisition of 

one map takes 30-40 min).  

We used custom monolithic borosilicate glass probes consisting in spherical glass beads 

with radii R in the range 4500±5500 nm, attached to ultra-soft silicon, tipless cantilevers 

(Micromash HQ:CSC38/tipless/no Al) with elastic constant k = 0.02± 0.03 N/m, measured using 

the thermal noise calibration3. Probes were fabricated and calibrated, in terms of tip radius, 

according to an established custom protocol4. 

The topographical/mechanical maps were obtained, as described elsewhere5, from sets of 

force curves, collected in Point and Shoot (P&S) mode, selecting the regions of interest from 

optical images, exploiting the accurate alignment of the optical and AFM images obtained using 

the Miro software module integrated in the AFM software. Each set of force curves consisted of 

an N × M array of curves spatially separated by approximately 1.5 µm, each force curve containing 

4096 points, with ramp length L = 6 ȝP, Pa[iPXP ORad Fmax = 10 nN, ramp frequency f = 1 Hz. 

Typical maximum indentation was 2-3 ȝP, larger than in the case of sharp pyramidal probes (max 

indentation 500 nm). 
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Suppl. TabOe S2. YRXQJ¶V PRdXOXV RbWaLQed fRU MTDV WUeaWed DU145 cells showing the mean 

value of the median E extracted per each cluster; error represents WKe fLQaO eUURU ıE that take into 

accRXQW WKe WKUee PaLQ eUURUV: WKe LQVWUXPeQWaO eUURU ıinst, the error associated to one single 

cOXVWeU PedLaQ YaOXe ımed aQd WKe deYLaWLRQ Rf WKe aOO cOXVWeUV ımean, n ± number of cell clusters 

measured; p-value was calculated using the two-tails unpair Student t-test.  

 VFL DTX COL 

whole-cell E ± ıE [Pa] E ± ıE [Pa] E ± ıE [Pa] 

NTC 375.1 ± 23.2 (8) 429.0 ± 35.9 (11) 376.6 ± 37.6 (9) 

low  444.61 ± 24.4 (8) 

p = 0.0058 

407.9 ± 34.3 (12) 

p = 0.6759 

360.6 ± 79.6 (8) 

p = 0.8528 

high 447.1 ± 29.8 (7) 

p = 0.0755 

336.6 ± 25.5 (12) 

p = 0.0456 

436.8 ± 132.1 (7) 

p = 0.6321 

nuclear region (5-15%)    

NTC 346.6 ± 19.8 (8) 410.8 ± 32.7 (11) 422.9 ± 43.6 (9) 

low  466.5 ± 36.9 (8) 

p = 0.0125 

388.3 ± 41.0 (12) 

p = 0.6760 

470.5 ± 99.2 (8) 

p = 0.6536 

high 539.0 ± 44.9 (7) 

p = 0.0012 

394.4 ± 33.6 (12) 

p = 0.7296 

628.4 ± 167.9 (7) 

p = 0.2054 

nuclear region (20-40%)    

NTC 381.9 ± 13.2 (8) 378.7 ± 24.3 (11) 429.0 ± 38.2 (9) 

low  488.9 ± 22.7 (8) 

p = 0.011 

341.8 ± 25.5 (12) 

p = 0.3093 

486.1 ± 60.6 (8) 

p = 0.4271 

high 537.6 ± 44.8 (7) 

p = 0.0037 

340.0 ± 16.5 (12) 

p = 0.1957 

642 ± 107 (7) 

p = 0.0584 

cell periphery    

NTC 397.3 ± 29.9 (8) 401.4 ± 27.6 (11) 376.8 ± 35.9 (9) 

low  437.5 ± 24.2 (8) 

p = 0.3139 

403.4 ± 23.1 (12) 

p = 0.9544 

388.5 ± 79.3 (8) 

p = 0.8905 

high 398.3 ± 41.7 (7) 

p = 0.9841 

321.1 ± 24.8 (12) 

p = 0.0416 

536 ± 152 (7) 

p = 0.2702 
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Supplementary Note 5. Finite-thickness correction 

 

To overcome issues linked with the influence of the underlying stiff support on the 

mechanical properties of cells, finite thickness correction was applied to the obtained data shown 

in Suppl. Fig. S4. 

 

The finite-thickness correction is needed when the requirement that the sample thickness is much 

larger than the maximum indentation (K>>į) is not satisfied. When indenting cells, which are very 

soft, with maximum indentation į well beyond 1 μm, the finite-thickness effect must be accounted 

for. In this condition, the influence of the rigid substrate (the bottom of the glass dish from Wilco 

Weels®) makes the cell elastic response stiffer, i.e. the measured YM is larger. This effect 

increases when the sample becomes even thinner, like in the peripheral regions of the cell body. 

As a rule of thumb, the condition 10-15 į < K should be satisfied to neglect finite-thickness effects, 

although the incidence of finite thickness depends also on the radius of the indenter (see below). 

It turns out actually that this effect is stronger for large colloidal probes, while it is usually 

negligible for sharp AFM tips. 

 

We implemented the analytic correction developed by Dimitriadis et al.6 for spherical 

probes, as described by Puricelli et al.5. Since cells adhere to the substrates using highly dynamical 

focal adhesion complexes, following the advice of Gavara and Chadwick7, we used a correction 

factor to the Hertz equation, which represents an average between the two conditions of perfectly 

adherent and non-adherent cells: 

 

𝐹 ൌ
9
16

𝐸𝑅
1
2𝛿

3
2ሾ1 + 1.009𝜒 + 1.032𝜒2 + 0.578𝜒3 + 0.051𝜒ସሿ 

 

This is the effective equation for the correction of the finite-thickness effect.  
Defining Δሺ𝜒ሻ ≡ ∆ሺ𝜒ሺ𝑅, 𝛿, ℎሻሻ, with 
 

Δ ൌ 1 + 1.009𝜒 + 1.032𝜒2 + 0.578𝜒3 + 0.051𝜒ସ, 
 
the finite-thickness corrected Hertz Model can be written as: 
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𝐹
Δሺ𝜒ሻ

ൌ
9

16
𝐸𝑅

1
2𝛿

3
2 

The variable 𝜒 ൌ  √𝑅𝛿
ℎ

 combines the three critical lengths of the system, the radius of the probe R, 
the indentation 𝛿 and the height of the sample h. Considering that for the Hertz model the contact 
area between the probe and the sample is 𝑎 ൌ  √𝑅𝛿, we have 𝜒 ൌ  𝑎

ℎ
, meaning that the finite-

thickness effect does not depend directly on the ratio of the vertical lengths 𝛿 and h, but rather on 
the ratio of the horizontal dimension of the contact area, i.e. the contact radius a, to the sample 
height h. As a consequence, for a given indentation δ, the finite-thickness effects will be 
significantly stronger for the colloidal probes, compared to the sharp ones. 

 

An example of the effects of the finite-thickness correction is shown in Suppl. Figure S4. 

The YaOXe Rf Whe YRXQg¶V PRdXOXV e[WUacWed fURP each force curve is plotted as a function of the 

local cell height, for three representative different clusters of cells (control conditions), measured 

in a single day. Data are shown with (Suppl. Fig. S4a), or without (Suppl. Fig. S4b), the finite-

thickness correction. 

 
Suppl. Figure S4. Finite thickness correction for colloidal probes based on Dimitriadis et al.6 

Data are presented as YRXQJ¶V PRdXOXV extracted from single force curves, coming from three 

clusters of cells of the control condition, using (a) standard Hertz model and (b) the finite -

thickness cRUUecWed HeUW] PRdeO. (c) YRXQJ¶V PRdXOXV median value of single cell clusters (Emd, 

see Materials and Methods). (d-e) PedLaQ YRXQJ¶s modulus ± ıE; n = 3 clusters per condition. (f) 

mean YRXQJ¶V PRdXOXV ± standard error; n = 76-94 cells per condition. 
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To verify that the results of the mechanical analysis are not affected by the change in the height of 

the cells inside the clusters (for example, the thickening of cells could determine a loss of 

sensitivity to the inner region of the cells, for the same maximum indentation, or to a redistribution 

Rf RUgaQeOOeV iQ Whe c\WRSOaVPic UegiRQ), Ze SORWWed Whe PediaQ Rf YRXQg¶V PRdXOXV fURP Whe iQQeU 

cells body (nuclear region, deep indentation) of each cluster versus the mean cluster height (Suppl. 

Fig. S4c). There is no evidence of any correlation between the height of the cluster or the cell and 

YRXQg¶V PRdXOXV, Zhich Oed XV WR e[cOXde WhaW RXU aQaO\ViV iV VigQificaQWO\ biaVed b\ Whe 

morphological changes of the cells. It is clear from the comparison of Suppl. Fig. S4a and S4b 

WhaW Whe PeaVXUed YRXQg¶V PRdXOXV iQcUeaVeV aV Whe ceOO heighW decUeaVeV, OeadiQg WR VeYeUe 

overestimation of the intrinsic (effective) value of a cell modulus. Noticeably, the substrate-

induced also in the highest points. In our experimental conditions, only with cell heights of 

approximately 20-30 ȝP ZRXOd Whe fiQiWe-thickness effect negligible.  

 

The effect of the rigid substrate underneath the cells is to hide the fine mechanical 

modifications that take place inside the cells body, upon the action of the drug, resulting in a loss 

of sensitivity. Since we have shown that the morphological properties, and in particular the height 

of the cells, change upon the treatment with the drugs, the application of the finite-thickness 

correction is important to compare results obtained at different drug concentrations. This is shown 

in Suppl. Fig. S4d-f, where the results obtained with VFL with and without the finite-thickness 

correction are shown. Without the correction, apart from a rigid shift to higheU YRXQg¶V PRdXOXV, 

the differences between the three conditions are lost; with the application of the correction, instead, 

the differences are evident and the same trend is observed as with the pyramidal probes. 

 

Supplementary Note 6: 3D organization of MTs visualized using confocal microscopy 

 

To visualize the 3D organization of MTs, movies were prepared by combining all recorded z-

stacks for DU145 cells treated with low MTDs doses. List of movies: 

 

භ DU145_MTs_NTC.mp4 

භ DU145_MTs_VFL.mp4 
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භ DU145_MTs_DTX.mp4 

භ DU145_MTs_COL.mp4 

 

Supplementary Note 7: Actin organization inside DU145 cells 

 

Maximum fluorescence intensity (maximum intensity projections of the Z-stacks of 

microscope images) obtained from phalloidin conjugated with Alexa Fluor 488 showing the 

organization of actin filaments in non-treated (NTC) and MTD±treated prostate DU145 cancer 

cells (Suppl. Fig. S5).   

 
Suppl. Figure S5. Organization of actin filaments in non-treated (NTC) and MTDs-treated 

prostate DU145 cancer cells visualized using confocal microscopy. 
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Suppl. Figure S6. Example of proliferating DU145 cells during the mitosis process after 72h of 

treatment with VFL. Maximal projection image from the fluorescent confocal microscope. Scale 

baU = 25 ȝP. 
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6.1 Additional discussion 

 
As mentioned in the Supplementary Information (Section note 5), the accurate 
measurement of the cell mechanics requires the fine mapping of the whole cell 
plus the surrounding substrate. The reason behind this approach is the need to 
obtain a pointwise information about the cell’s height to eventually apply the finite-
thickness correction65. Moreover, different portions of the cells may have different 
properties. The achievement of such high-resolution maps is usually challenging 
and time-consuming:  
1. To reduce the hydrodynamic drag130,131, and also to avoid viscoelastic 
effects, the ramping frequency should be kept low (around 1 Hz), with a resulting 
acquisition time of the order of 40-60 min. 
2. A fine sampling implicates that a considerable amount of time would be 
necessarily spent on the substrate that is not a region of interest. 
3. The resulting acquisition time is compatible with the movement of the 
cells in the range of few microns. Indeed, motile cells can actually move 
significantly during the time frame of a measurement which might invalidate the 
result. This can be limited by working at lower temperatures (slowing down their 
metabolism), although the risk in stressing the cells is high, with a consequent 
alteration of their natural behaviour. 
A more useful approach would consist in spending as little time as possible on 
the substrates, acquiring few FCs in order to characterize the orientation 
substrate baseline in the 3-dimensional space, then focus the attention only on 
the regions of interest on the cells (like just the cell nucleus or the lamellipodia). 
A preliminary development of such protocols will be discussed in detail in the 
Appendix A. 
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Chapter 7 
 

7 Mechanics of the extracellular environment 
in peritoneum metastases* 
 
As discussed in the Introduction, the field of mechanobiology is based on the 
study of reciprocal physical interactions of single cells and the ECM composing 
the tissues. Indeed, while it is evident that the ECM composition, morphology and 
stiffness influence the cell fate, it is also true the ECM itself is a product of the 
cellular metabolism, and that cells can actually modify the local environment they 
are living in. Cells can change indeed the ECM chemical composition, influence 
the enzymatic activity or structurally reorganize its components, thus giving rise 
to a feedback loop by which cells and the ECM transform each other.  
A direct consequence of this interplay is that the progression of cancer is strongly 
dependent on ECM deregulation, which in turn promotes abnormal cell behaviour 
and metastases. 
It has been widely demonstrated that the extracellular matrix in tumoral tissue is 
stiffer than its healthy counterpart3,132,133, but in an interesting work Nebuloni et 
al.15 have studied the progression of human colorectal carcinoma (CRC) and 
have shown that ECM modifications precede the tumour invasion. They 
discovered that the perilesional ECM possesses intermediate mechanical 
properties between the ones coming from healthy and tumoral tissues, thus 
demonstrating that even cancer cells need to modify their surrounding 
microenvironment in order to invade it. 
Moving towards advanced stages of CRC progression, among the first organs 
colonized by CRC metastases is the peritoneum134. In the following work we have 
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tested the mechanical and morphological properties of human peritoneal ECM, 
healthy tissue and already invaded by metastases. 
In the past, peritoneal metastases (PM) were considered a terminal condition, 
amenable only to palliative treatments, and about 70% of treated patients still 
experience peritoneal relapse135. It is therefore desirable to develop new pre-
clinical cellular models able to faithfully recapitulate the PM pathology to identify 
more effective therapeutic strategies. PM development consists of a series of 
steps that begin with cell detachment from the primary tumour. These cells bind 
to the peritoneum as a result of molecular interactions with elements of the 
peritoneal microenvironment, and they invade the sub-peritoneal layer where 
angiogenesis promotes their growth. The process is known as peritoneal 
metastatic cascade136. Fine-tuned interactions between the biochemical factors 
released by the tumour and biomechanical events, such as the remodelling of the 
extracellular matrix (ECM), govern the cascade and allow formation of the 
metastatic niche137,138. Development of the metastatic niche facilitates 
organotrophic metastasis through the direct promotion of cancer stem cells 
survival, exploiting a tissue-specific microenvironment more suitable for the 
attachment of exfoliated neoplastic cells139.  
However, the biology behind these interactions is poorly understood, particularly 
because experimental models that demonstrate organ specificity are lacking. The 
advent of collagen-based matrices and Matrigel that reproduce a tissue-like 
environment has allowed three-dimensional (3D) cultures resemble the in vivo 
environment. However, the composition of these substrates differs from the tissue 
microenvironment encountered by cells during metastatic spread140.  
Most data on metastatic spread have been obtained using cancer cell lines or 
patient-derived xenografts models, which do not fully reflect the physiopathology 
of their tumour of origin141. 
Tumour-derived organoids (TDO) are an intermediate model between cell lines 
and xenografts; they grow three-dimensionally and retain cell–cell and cell–matrix 
interactions, which more closely reflect the characteristics of the original tumor142. 
Organoids can be established in a relatively short time and are easy to 
manipulate142; in addition, they maintain the genetic status of the original tissues 
and can be used to identify new therapeutic targets143. However, TDO lack native 
tissue structures, including ECM, and thus do not mimic important features of PM. 
One possible approach to engineer PM in vitro could be to grow PM-derived 
organoids on decellularized ECMs that constitute the scaffold of the PM.  
Here, a protocol for the purification of tissue-derived ECM is successfully applied 
ant tested, aimed at the complete removal of cells and cellular debrides. The 
protocol follows a decellularizing protocol developed by Genovese et al144 in 
which the decellularized ECMs maintain their own initial biochemical properties 
and 3-dimensional structures, allowing to study ECM features decoupled form 
cell interference. 
Interestingly the metastatic ECMs display a structural organization characterized 
by the loss of fibrillar-like structures accompanied by a significant stiffening of the 
sample. In particular, when seeded with CRC malignant cells, healthy ECMs 
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shows a noticeable ability in constraining cell infiltration and downregulating the 
proliferation rate, compared to the metastatic ECMs where the malignant cells 
proliferate and assumes the same behaviour as during in vivo metastases. 
The aim of this projects was thus to check the possibility to exploit the already 
modified metastatic ECM as scaffold for the reproduction of metastatic like culture 
in vitro. 
Indeed, even though cancer cells have extreme resistance to disparate 
environments and are relatively easy to culture in standard conditions, the petri 
dishes do not resemble the natural environment for the cancer, leaving the cells 
in an unnatural state. This new system instead would give the chance to follow 
the spontaneous evolution of a metastatic tissue in its natural environment in 
vitro, allowing to test the real efficiency of anticancer drugs without any risk for 
the patient providing in general a reproducible and realistic model for the study 
for peritoneal metastasis. 

 

7.1 Material and Methods 

 
7.1.1 Human tissues 
 

Peritoneal tissue was collected from six patients who underwent resection for 
metastatic grade IV CRC, at the Unit of Peritoneal Malignancies of our Institution. 
The patients had been diagnosed according to the WHO classification145. The 
study was approved by the review board of our Institution (134/13; I249/19). Each 
patient provided written informed consent for the resected tissue, left over after 
diagnostic procedures, to be used for research purposes. The study was 
conducted in accordance with the Declaration of Helsinki, 2009.  
Metastatic lesions and apparently normal tissue (> 10 cm from the metastatic 
lesion) were collected. Part of the metastatic tissue (1 cm in diameter) was placed 
in ice-cold PBS (Thermo Fisher Scientific) with gentamicin (50 ng/ml, Thermo 
Fisher Scientific) and amphotericin B (50 ng/ml, Thermo Fisher Scientific) for the 
development of PM-derived organoids, while a second piece was frozen in liquid 
nitrogen for molecular and histopathological analyses. The remaining tissue was 
used to develop 3D decellularized matrices (3D-dECMs). Normal tissue was 
partly used to develop 3D decellularized. 
 
 

7.1.2 Development of peritoneal metastasis-derived organoids 
 

Fresh PM tissues were processed following the protocol by Fuji et al.143 (Figure 
30A). Briefly, the tissue was cut into small pieces, washed with ice-cold PBS at 
least ten times, and subsequently digested with 500 U/ml collagenase type II 
(Sigma Aldrich) in DMEM-F12 for 60 min at 37 °C with vigorous pipetting every 
15 min. The remaining fragments were additionally digested with 1 mg/ml trypsin, 
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5mM EDTA (Thermo Fisher Scientific) at 37 °C for 20 min. The supernatant was 
collected and centrifuged at 300 g for 5 min at 4 °C. The cell pellet was suspended 
with Matrigel (growth factor reduced, Corning) and dispensed into 24-well culture 
plates (50 µl/well). After Matrigel polymerization, the cells were overlaid with 500 
µl of basal culture medium consisting of Advanced DMEM-F12 (Thermo Fisher 
Scientific). Medium was refreshed every three days. 
Organoids were split every 1-2 weeks as follows: they were mechanically 
removed from the Matrigel by pipetting, incubated in Cell Recovery Solution 
(Corning) for 1 hour at 4 °C, washed two times with ice-cold PBS and seeded as 
before. Aliquots of each organoid culture were frozen or prepared for IHC 
analyses as follows: samples were fixed in 10 % formalin at room temperature 
for 10 min and embedded into 200 µl Bio-Agar (Bio Optica). The samples were 
then cooled at -20 °C until solidification. For each sample, sections of 3 µm were 
obtained. 

 

 
Figure 30. Diagram of optimized established method. 

A) Schematic representation of the protocol used for developing CRC PM-derived organoids. B) Schematic 
representation of the protocol used for obtaining the peritoneal-derived 3D-dECMs. C) Experimental design 

used to develop the ex vivo 3D engineered PM lesions. 
 
 
 
7.1.3 Preparation of 3D-decellularized extracellular matrices 
 

3D-decellularized extracellular matrices (3D-dECMs) were derived from both PM 
and the corresponding normal peritoneum (Figure 30B). Three to 10 different 
surgical specimens derived from different PM patients were used for each 
experiment. The decellularization procedure used followed the protocol described 
in Genovese et al.144. Briefly, both PM and normal peritoneum samples of 60-100 
mg wet weight were kept in ice-cold PBS for 1 h before processing.  
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The specimens were divided into two fragments and one was kept untreated for 
a comparison of the characteristics of the 3D-dECM. For decellularization, the 
fragments were washed with ice-cold PBS supplemented with 50 ng/ml 
gentamicin and 50 ng/ml amphotericin B and then treated with solutions 
containing detergents and enzymatic agents. After decellularization, 3D-dECMs 
were washed with ice-cold PBS and either transferred into chilled freezing 
solution (90 % DMEM-F12, 10 % DMSO) and frozen for storage, or fixed for IHC 
and immunofluorescence analyses.  
 
 

7.1.4 Ex-vivo engineered peritoneal metastasis lesion 
 

Engineered PM lesions were obtained from three organoid cultures. TDO were 
removed from the Matrigel as described above and dissociated in single cells with 
Trypsin-EDTA by petting vigorously for 10 min. 3D-dECMs obtained from both 
normal peritoneal tissue and PM were incubated overnight at 37 °C in DMEM-
F12 supplemented with 10 % FBS (Euroclone) and 50 ng/ml gentamicin plus 
amphotericin B. To reduce intra-sample variability, the 3D-dECMs were cut into 
fragments of comparable size. TDO were suspended in 1 ml of culture medium 
and seeded on the top of 50 mg of 3D-dECMs. Repopulated matrices were 
placed in a 24-well plate (Corning) containing DMEM-F12 supplemented with 10 
% FBS and 50 ng/ml gentamicin plus amphotericin B and incubated for 2 h at 37 
°C. Each well was filled with 2 ml of medium, which was changed every 2 days 
(Figure 30C).  

 
 

7.1.5 Topographical analysis of the decellularized matrices 
 

The topographical evaluation of the 3D-dECMs was performed by atomic force 
microscopy (AFM) technology on samples derived from healthy peritoneum and 
PM donors. The experiments were conducted on samples from three different 
PM patients. Prior of the AFM analysis, the slides were left 30 minutes at room 
temperature in order to dissolve the optimal cutting temperature (OCT) compound 
and then carefully washed with ultrapure water and 3D-dECM samples were then 
filled with PBS buffer. Measurements were carried out at room temperature. 
Surface topography was performed in air using NanoWizard3 AFM (JPK, 
Germany) coupled to an Olympus BX61 inverted microscope and equipped with 
tapping mode silicon ACTG AFM probes (APPNANO). The 50 µm tissue slices 
were mounted onto polarized glass slide (Thermo Fisher) and were left 30-minute 
RT in order to dissolve the OCT and then carefully washed with ultrapure 
water.  The topography of each tissue was determined using at least 10 areas 
(5x5 µm) of the sample with 512 × 512 two-directional lines scanned at 3 μm/Hz.  
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7.1.6 Nanoindentation measurements by atomic force microscopy 
 

AFM analysis was carried out on 3D-dECMs derived from healthy peritoneum 
and PM of three patients. 3D-dECMs were embedded in OCT to fully cover the 
tissue sample and then frozen with nitrogen-cooled 2-propanol for 10 seconds; 
slides of 100 µm thickness was cut with a microtome (Leica) and then attached 
to positively charged poly-lysine coated glass coverslips (Thermo Fisher 
Scientific) exploiting the electrostatic interaction. 
Nano-mechanical tests were performed in liquid on samples covered by a PBS 
droplet confined by a circular ridge of hydrophobic two-component silicone paste 
(Leica). A Bioscope Catalyst AFM from Bruker was used, resting on an active 
anti-vibration base (DVIA-T45, Daeil Systems), and closed into an acoustic 
enclosure (Schaefer). The measurements were performed at constant 
temperature of 30 °C. 
Custom monolithic borosilicate glass probes consisting in spherical glass beads 
with radii R in the range 7.5–9.5 µm, attached to force-modulation silicon, tipless 
cantilevers (Nanosensor, TL-FM) with nominal spring constant k = 2.8 N/m were 
used. Probes were fabricated and calibrated, in terms of tip radius, according to 
an established custom protocol67, while the spring constant was measured using 
the thermal noise calibration68,69 and corrected for the contribution of the added 
mass of the sphere55,72. The deflection sensitivity was calibrated in situ and non-
invasively before every experiment by using the previously characterised spring 
constant as a reference, according to the SNAP procedure described in Ref50. 
The mechanical properties of the 3D-dECMs were obtained fitting the Hertz 
model to sets of force vs distance curves (FCs), as described elsewhere45. FCs 
were collected in Point and Shoot (P&S) mode, selecting the regions of interest 
from optical images, exploiting the accurate alignment of the optical and AFM 
images obtained using the Miro software module integrated in the AFM software. 
Each set of FCs consisted in an 15x15=225 array of curves spatially separated 
by approximately 10 μm, each FC containing 8192 points, with ramp length L= 8 
μm, maximum load Fmax = 150 nN, ramp frequency f = 1 Hz. Typical maximum 
indentation was 3-4 μm. 
Mechanical tests were carried out on ECM samples obtained from three different 
patients. For each patient, two conditions were tested: healthy 3D-dECM 
(apparently normal tissue > 10 cm from the metastatic lesion) and neoplastic 3D-
dECM. For each condition, three samples were characterised. In each sample 
three P&S of 225 FCs each were recorded in macroscopically separated 
locations, resulting in ~2000 FCs per patient’s condition. 

 
7.1.7 Stem cells maintenance, proliferation, and apoptosis assays 
 

Growing cells derived from the disaggregation of TDO were detected on FFPE 
sections stained with mouse anti-human Ki-67 monoclonal antibody (clone MIB-
1) plus DAPI; their growth rate was expressed as the percentage of Ki-67+ cells 
out of the total number of cells present in regions without dead cells. Stem cells 
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were detected on FFPE sections stained with mouse anti-human LGR5 
monoclonal antibody (clone OTI2A2) plus DAPI; their density was expressed as 
the percentage of LGR5+ cells positive out of the total number of cells present in 
regions without dead cells. The percentage of Ki-67+ LGR5+ cells was obtained 
by counting three independent fields (40 X magnification by means of ImageJ 
software). 
Apoptotic cells were detected on FFPE sections stained with rabbit anti-human 
cCASPASE-3 monoclonal antibody (clone 9661) plus DAPI staining; Apoptotic 
cells rate was obtained as percentage of cCASPASE-3+ cells out of the total 
number of cells present in the field. The percentage of ki-67+, LGR55 and 
cCASPASE-3+ cells was obtained by counting three independent fields (40 X 
magnification by means of ImageJ software). All the experiments were performed 
in triplicate. 

 

7.2 Results 

 
7.2.1 3D-dEMCs: Morphological features and mechanical properties 
 

Confocal reflection and polarized light microscopy techniques gave us 
information on the surface pattern of the decellularized tissues at the micro scale. 
The differences between normal and neoplastic-derived tissues obtained from 
three different PM patients were related both to the tissue texture and to the 
distribution and integrity of the single collagen fibre (Figures 31A). The 3D-dECM 
of normal tissues showed higher density and loose collagen fibres, while the 
neoplastic 3D-dECM assumed a particular reticular organization. 
The AFM topographical analysis highlighted an even distribution of collagen: the 
normal-derived matrices had an organization of very thin fibres, characterized by 
homogeneous and cross-linked reticular structures; while in the neoplastic-derived 
ones we observed a corrugated surface pattern, with a loss of the original fibrillar 
organization (Figure 31A). 
Figure 31B shows the cumulative boxplots built with all data coming from the same 
condition (normal or neoplastic) and patient. Each young module (YM) value in the 
boxplots was obtained from a single FC. Peritoneal 3D-dECM showed great 
variability in mechanical properties, and inhomogeneities were present in both 
healthy and neoplastic ECMs, although the neoplastic 3D-dECM was markedly 
stiffer than the normal 3D-dECM. The distributions show that data are considerably 
scattered, and a significant overlap is present between the two conditions. The 
ECM is evidently a complex and diverse system that does not entirely transform 
from one condition to another, but which remains locally heterogeneous on the 
scale of several typical cellular lengths, i.e. 10-100 µm.  
In Figure 31C aggregated mechanical values are reported15: the stiffening is 
statistically significant for all the three patients; this is confirmed by the results 
normalized to the mean YMs value of the healthy samples (Figure 31D). 
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 Of note, the patient with the softer healthy 3D-dECM (Pt1) has the strongest 
relative stiffening in the tumour tissue, with an increase in YM of more than 300%. 
In Figure 31E we tried to correlate the big difference in absolute values of the YM 
of different patients with some specific patients’ conditions. We found that the 
rigidity of the healthy ECM clearly increases with the age of the patient, e.g. the 
YM value of the tumoral ECM of Pt1 is comparable to the YM of healthy ECM of 
Pt3; the relative stiffening instead seems to be related to the aggressiveness of the 
cancer. The interesting results of these preliminary correlative assays prompt for 
other experiments with more donors to confirm the observed trends. 
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Figure 31. Results of the AFM investigation on ECMs samples. (A) Changes in peritoneal-derived 
3D-dECMs topography. Height, phase and peak force error images of both normal and neoplastic-derived 

decellularized matrices (scale bar: 1 µm), images obtained by A. Oldani (IFOM, The FIRC Institute of 
Molecular Oncology, Milan, Italy). (B) Dots represents the YM values obtained from each FCs grouped in 
boxplots, for each patient (Pt) for two different conditions: Normal and Neoplastic, with the quartile group, 
outliers and median values. (C) Result of the statistical analysis for each patient15: the bars represent the 

mean of the median values extracted by each location while the error-bars represent the standard 
deviation of the mean integrated with propagated instrumental error and normal deviation in each location.  
(D) Results of the statistical analysis normalized to the mean healthy YM value. (E) Observed trends of the 

mechanical properties of the ECM correlated with patients’ information: age and aggressiveness of the 
CRC. 
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7.2.2 3D decellularized scaffolds support the proliferation of organoids 
 

The growth rate of live cells was estimated by Ki-67 immunofluorescence (Figure 
32). 3D-dECMs from neoplastic peritoneum had a significantly higher percentage 
of Ki-67+ cells on days five and 12 (*** p<0.001), indicating faster growth early in 
culture (Figures 32A). No differences were observed after 21 days. LGR5+ 
staining highlighted that the stem cell pool was maintained in both normal and 
neoplastic 3D-dECMs after five and 12 days of seeding (Figures 32B), but after 
21 days it was significantly lower in 3D-dECMs from normal peritoneum (** 
p<0.01 Figure 32B).  
 
 

 
Figure 32. A) Proliferation rate of PM-derived organoids measured as the percentage of ki-67+ cells out of 
the total number of cells in the regions free of dead cells. Five fields per experiment (40x magnification) were 
counted. Data are median and SD for surgical specimens of three patients. One-way ANOVA (***p<0.001). 
(B) LGR5+ PM-derived organoids, measured as the percentage of LGR5+ cells on the total number of cells 
present in the regions free of dead cells. Data are median and SD for surgical specimens of three patients. 
One-way ANOVA (**p<0.01). Data obtained by S. Brich (Laboratory of Molecular Pathology, Department of 

Pathology, Fondazione IRCCS Istituto Nazionale dei Tumori, via Venezian 1, 20133 Milan, Italy). 
 

 
7.2.3 Ex vivo engineered PM lesions reproduce the patient’s PM  
 

To compare the similarity of the engineered model with the original patients’ 
lesions, we evaluated the presence of colorectal markers on TDO, on tissue 
derived from the PM of origin and on the repopulated 3D-dECMs. Repopulated 
3D-dECMs summarize the main characteristics and the morphology of their 
tumour of origin (Figure 33), presenting the typical histological features observed 
in PM patients, such as: i) signet ring cells, ii) bizarre mitotic figures, iii) necrotic 
debris, iv) pleomorphic cell size and shape and v) multinucleated cells. 
Interestingly, signet ring cells have been reported only once in an ex vivo model 
system146, highlighting that the ex vivo engineered model of the PM we generated 
is highly representative of the in vivo lesions.  
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Figure 33. Histological comparison between peritoneal metastasis and neoplastic-derived 3D-dECM 

repopulated with PM-derived organoids. The ex vivo engineered PM lesion present histologic features typical 
of PMs of gastrointestinal origin (scale bar: 20 µm). Data obtained by S. Brich (Laboratory of Molecular 

Pathology, Department of Pathology, Fondazione IRCCS Istituto Nazionale dei Tumori, via Venezian 1, 20133 
Milan, Italy). 

 

7.3 Discussion 

The number of in vitro models available to study PM disease is limited by the 
challenges in reproducing the main cell-cell and cell-matrix interactions of the 
metastatic niche140,141. Here we describe a PM-specific engineered model that 
combines the main features of TDO within the surrounding microenvironment, 
enabling a precise recapitulation of the PM niche under physiologically relevant 
conditions. The creation of organoids from peritoneal metastasis of colorectal 
cancer is unique and highly relevant for most of the colorectal cancer patients 
suffering for a widespread peritoneal disease. The 3D-dECM models reproduces 
the complex tissue architecture and cell-matrix interactions of the native 
environment of PM, as evidenced by its full colonization by TDO. Moreover, the 
3D-dECM derived from the neoplastic peritoneum allows the development of a 
tissue microenvironment that preserves the stem cell pool of TDO, enhancing 
their proliferation and favouring a repopulation pattern similar to that usually 
observed in in vivo lesions. 
Our findings are in keeping with previous works showing that cancer-derived 
ECM sustains the proliferation and invasion of CRC cell lines, thus highlighting 
that ECM can be used as a scaffold for the growth of tumour cells. Scaffolds 
derived from neoplastic peritoneum showed greater stiffness and cross-linking of 
collagen fibres than those derived from normal peritoneum, most likely because 
they contained less collagen. These findings confirm the results of a study 
investigating the biochemical and physical diversity of ECM in CRC that shows 
that the perilesional ECM presents increased crosslinking, stiffness and fibrils 
organisation147. As reported in other studies, the rigidity of the healthy tissues 
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clearly increases with the age of the patient148. Regarding neoplastic-derived 
tissues the relative stiffening seems to be related to the aggressiveness of the 
cancer, which was greater in the younger patient (Fig. 31). This confirms previous 
works showing that the tumour stiffness favours its metastatic spread149.  
The mechanical properties of the ECM could be involved in the direct 
reprogramming of the epithelial cells conferring them neoplastic features via the 
interactions between YAP/TAZ and specific oncogene aberrations, such as RAS 
signalling150. Indeed, expression of specific genes fundamental for tissue 
architecture and stiffness151. 
Results obtained through AFM microscopy experiments show that the neoplastic 
scaffold undergoes to further complex structural modifications that enhance the 
adhesion and the proliferation of TDO.   
The engineered model we propose, which presents the 3D cellular organization 
of the TDO and the appropriate ECM supporting microenvironment observed in 
vivo, could therefore be a drug screening tool closer to patients than the classical 
monoculture 2D models, still used, or even 3D-cultures152.  
In conclusion, our 3D model could be used as a pre-clinical platform to study the 
role of tumour ECM in the development of the PM niche. The model represents 
a physiological tool to identify key molecular and biomechanical players in the 
metastatic development and may allow to select in a biologically relevant setting 
new therapeutic strategies that could help in define new prognostic targets, also 
providing a new tool to boost the bench-to-bed-side process for improving patient 
care.  

 

7.4 Additional discussion 

Apart from the demonstrated feasibility of the proposed model, several aspects 
of the system remain open and further investigations are needed for a better 
understanding of the fine mechanisms trough which CRC cancer cells invade the 
peritoneum. 
• The macroscopic nature of the ECM and its topographic heterogeneity suggest 
that too high resolved sampling would not give significantly spatially averaged 
information about its mechanics. This aspect is not valid only along the lateral 
(XY-plane) dimensions, but also along the indentation axis Z. Thus, a large 
indentation is recommended, well beyond the typical 1-3 µm achieved with the 
AFM. 
The problem of the indentation is first of theoretical nature, i.e. the correct 
application of the Hertz model requires that the indentation 𝛿 is much smaller than 
the radius 𝑅 of the spherical indenter; this condition could be overcome using 
larger CPs with the previously discussed drawbacks (like the correct 
measurement of a reliable deflection sensitivity, the fine sampling of the deflection 
signal and the application of the specific corrections for the chosen geometrical 
conformation, see Chapter 3), or implementing contact mechanics models (like 
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the Sneddon model49) that do not need the 𝛿 ≪ 𝑅 restriction. An implementation 
of the approximated Sneddon model66 is discussed and tested in the Appendix 
B. 
• It is evident from the analysis in the results and from previous works15 that CRC 
malignant cells are less able to proliferate on the healthy ECM. So, the metastatic 
progression should involve a co-evolution of the tumour and its 
microenvironment, with a modification of the ECM intrinsic properties that 
happens before the metastatic cell’s attachment. New findings suggest that the 
host cells of the target tissue play a key role in influencing the metastatic 
behaviour153 and membrane vesicles derived both from tumour and host cells 
have been recognised as new candidates in the promotion of ECM 
modifications154. The characterization of the mechanical fingerprint of tissues 
undergoing this cancer-like modification would help reducing the peritoneal 
relapse. 
• While in the case of colon ECM the stiffening was accompanied by a progressive 
degree of anisotropy and fibres linearization15, on the peritoneum instead the 
physical origin of the tissue stiffening is still unclear. Image 31A highlights that 
the fibril structure in the neoplastic ECM seems to be covered by a thin layer with 
the appearance of holes and niches, which is likely the product of the metabolism 
of malignant cells covering the “older” healthy ECM but a deeper morphological 
characterization is required to better understanding this phenomenon. 
• Figure 31E points out that, beside the marked variation of the ECM mechanical 
properties, also an evident correlation between healthy ECM Young’s Modulus 
and the age of the patient, and a more subtle correlation between the relative 
increase of stiffness in the neoplastic tissue and the “aggressiveness” of the 
tumour, are observed. 
Despite the interesting correlations found, the samples tested come from just 
three patient and a statistically relevant population needs to be investigated. 
The creation of a detailed database that correlates the mean Young’s modulus of 
the peritoneal ECM (healthy and neoplastic) with relevant information of the 
patient (such as age, sex, tumour aggressiveness, tumour stage, previous clinical 
treatment) would provide a knowledge of the range of the possible expected YM 
from specific conditions. Such a database could be used as a reference for other 
laboratories pushing forward the standardization of the nano/micromechanical 
approaches and possibly provide a chance to obtain an additional diagnostic 
parameter to analyse besides the standard biopsy techniques. 
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Chapter 8 
 
8 Conclusions 

 
It is now established that the biological specimens (like cells, ECMs and 
eventually the whole tissue) display physical properties strictly correlated to their 
physio/pathological state, which manifest themselves at multiple levels, and 
influence each other. Despite the versatility of the AFM, in terms of working 
environments and accessible length-scales, a multidisciplinary approach, based 
on the integration of diverse expertise and the collaboration among scientists 
from different fields, is indispensable for the achievement of reliable and useful 
results. Nevertheless, AFM can offer a strong support to many other experimental 
techniques. 
In the following the major results of my PhD course are summarized  
 

I. The possibility to fabricate probes with the appropriate geometrical and 
mechanical properties allows investigating mechanobiological processes 
at several different scales. Nevertheless, a correct calibration of CPs is not 
always straightforward and attention must be payed to the fact if the 
relative dimensions of the cantilever and the attached sphere become 
comparable. We have seen how the added mass could modify the thermal 
oscillation dynamics of the probe, leading to an underestimation of the 
intrinsic spring constant. We provide a new correction parameter b that 
takes into account the above-mentioned modifications, and we proposed 
a calibration protocol thought to minimize the sources of possible issues 
(Chapter 3). 

II. The colloidal probes provide also a reliable scaffold for various 
modifications/functionalizations. Exploiting the supersonic cluster beam 
deposition technique, I fabricated CPs with controlled morphological 
surface properties at the nanoscale. Those nanotopographical colloidal 
probes (nt-CPs) were used to simulate the morphological properties of the 
cellular microenvironment, furnishing an insight view of the early cellular 
adhesive response (Chapter 4). 

III. Selecting the microenvironmental topographical stimulus on the probe, it 
is then possible “to play“ with the cellular modifications, e.g. inhibiting or 
manipulating specific cellular components or capabilities, or using cells in 
which the expression of certain proteins of interest have been knocked-
out. In this manner, complex molecular cascade reaction can be dissected 
and key components in the mechanotransductive pathways be identified. 
In light of this prospect, we decided to investigate the role of the 
glycocalyx, a pericellular sugar brush, in the complex molecular processes 
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that permit the cell to recognize the topography of the surrounding. In 
particular, we found that the glycocalyx is an important component that 
influences the integrin adhesion spot formation and eventually the 
molecular clutch engagement and force loading (Chapter 5). 

IV.  The fine application of nano-mechanical tests on prostate cancer cells 
provided the opportunity to dissect the mechanical behaviour of separated 
cellular regions. This procedure allowed us to characterize the cellular 
reaction to three different microtubule-targeting-drugs, observing and 
identifying a possible mechanism for the ability of cancer cell to resist to 
anticancer-drugs (Chapter 6). 

V. The connection between ECM and cancer metastases development has 
been acknowledged by the mechano-biology community, and attempts to 
exploit this connection have already been proponed155 (Chapter 7). Here, 
we investigate the physical properties of human peritoneal metastatic 
ECM, in comparison to the healthy one. Then we cultivated in vitro 
peritoneum metastases in their natural environment, directly observing the 
influence of the microenvironmental mechanical and morphological 
properties on CRC metastatic growth. 
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9 Perspectives 
 

9.1  Application of nt-CPs 

The AFM force spectroscopy approach with nt-CPs has been applied on the 
PC12 cell line. The reason behind this choice was the need to first test the new 
approach on a well-known system and to further deepen the understanding of the 
behaviour of these cells in relation to the biocompatible ns-Zr02 materials30–32,56. 
Now, that the protocol is implemented, it would be interesting to apply it on cellular 
systems with higher biological and biomedical relevance, such as primary 
neurons, mouse embryonic fibroblasts (MEF) or cells with different 
pathophysiological conditions, e.g. healthy vs cancer cells, or cancer cells at 
different progression stages). 
 
 

9.2  Development of new protocols for the functionalization of CPs in 
order to create ECM-CPs 

The functionalization of CPs with nanostructured thin films provided a reliable 
scaffold to reproduce the characteristic three-dimensional nanotopography of the 
ECM. However, the morphology is not the only information the ECM provides. It 
is well known that different integrin subtypes link to different ECM ligands and, as 
already discussed, ECM from different tissues, healthy or tumoral, express 
different components with different relative abundancies and structural 
organisation. 
 One idea is to move towards the recreation of ECM physico-chemical properties 
directly on the probe contact surface, via subsequent functionalization with single 
ECM elements, such as fibronectin, laminin, collagens, or RGD peptides (which 
is a motif recognised by certain integrins). Indeed, it has already been 
demonstrated that CPs can be functionalized with single ECM components156,157. 
A further functionalization would be the direct attachment of micrometric ECM 
patches, coming from different tissues in different conditions, on the CPs. This 
research would help to characterize the adhesive affinity between 
cancer/metastatic cells and specific tissues, helping to gain an understanding for 
the reason why certain cancer types metastases preferentially to specific organs. 
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9.3  Characterization of the glycocalyx in different metastatic stages 

As described in Chapter 5, the glycocalyx layer has a fundamental role in the 
interaction with the microenvironment and forms a protective barrier against the 
entry of chemicals and substances harmful to cells97,98. Metastatic cells have the 
ability to invade different tissues and move through the vessels, exposing 
themselves to different environments. It has been suggested that cancer cells 
possess peculiar glycocalyx structure and composition different from their healthy 
counterpart99. Through methods discussed in Chapter 5, AFM imaging, AFM 
nanoindentation and targeted enzymatic treatments, it would be possible to 
inspect the glycocalyx structure and composition of metastatic cells as a function 
of their invasive capabilities. This would help in dissecting its role in metastatic 
cancer cell survival strategies and may open the possibility for new drug targeting 
approaches.  
 
 

9.4  Following the direct modification of ECM physical properties upon 
interactions with cancer cells 

As discussed in Chapter 7, the ECM in the tumoral/metastatic tissues possess 
morphological and mechanical properties that are very different from the healthy 
ones15,18,158,159. The molecular mechanisms behind the modification of ECM 
properties (cell-related metabolism and biochemical processes) and the time scale 
of these modifications are still poorly investigated and understood. Starting from 
the results obtained by Nebuloni et al.15 and those shown in Chapter 7, a possible 
experiment would be to exploit the developed decellularization protocol and revers 
the tissue components; i.e. plating tumoral cells on the healthy ECM and the 
healthy cells on tumoral ECMs. Then the mechanical and biochemical properties 
of cells and ECM would be followed and characterized over time in order to 
understand the effects of the mutual interactions and identify the mechanism 
through which these modifications take place. 
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Appendix A 
 

10 Optimisation of the acquisition time for 
mechanical and topographical maps of 
living cells 
 
The simultaneous acquisition of both mechanical and topographical maps allows 
to spatially resolve the cell mechanics and identify regions of interest and 
eventually compare the morphological modification with the possible cytoskeletal 
rearrangement detected. Furthermore, a 3-dimensonal map of the cell provide 
precise information about the cell height, area and volume, and can be exploited 
to apply the finite-thickness correction45,65 needed for the evaluation of the real 
cell Young’s modulus. 
As outlined in the additional discussion of Chapter 6, the acquisition of detailed 
map of cells could cost a consistent amount of time, with the considerable risk 
that the cell undergoes cytoskeletal reorganization during the acquisition time. 
Another drawback is the upper limit in the number of cells that could be 
exanimated in a single session, forcing to extend the measurements on several 
different days and so different cell cultures, providing results that are potentially 
less compatible between among them. 
In the following I will present a new protocol that was thought to maintain or even 
increase the desired sampling resolution over the region of interest of the cell 
body and, at the same time, to reduce significantly the time spent on the 
characterization of the substrate region, allowing to measure with accurateness 
the cell’s height in every point sampled. 
The standard acquisition protocol, described in detail by Puricelli et al.45, consists 
in the identification of the interested cell trough the optical microscope (see Figure 
34a), the definition of a grid of points over the region of interest, which includes 
both the cell and the substrate, in the optical image and then, exploiting the 
accurate alignment of the optical and AFM images, the acquisition of FCs per 
each point defined on the grid.  
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Once the acquisition is finished and the data analysis is performed as follow: 
a) FCs are rescaled on the tip sample distance. 
b) The baseline is removed using a suitable noise threshold. 
c) The first 20% of the contact part of each FC is fitted by the Hertzian model 

and the fit is back-extrapolated in order to reach the F= 0 N applied force. 
The contact point is identified by the intersection of the back-extrapolated 
fit with the F=0 N axis. 

d) The deformation map is calculated with the maximum indentation 
measured (in reference to the contact point) per each FCs. 

e) The uncompressed topographic map is calculated by adding the 
deformation map to the compressed topographic map, then subtracting 
the average height of the substrate. 

f) Eventually with the evaluated YM per each FC the mechanical map is 
reconstructed. 

The results of the described protocol are shown in Figure 34b-c. 
 

 

 
Figure 34. (a) Optical image of two cells with the grid of FCs defined with the Miro software. 

(b) Topographical map of the two cells reconstructed. (c) Mechanical map. 
 

 
It is possible to observe that a large portion of the whole set of FCs is used to 
characterize the substrate; unfortunately, this time is necessarily needed to 
achieve a good characterization of the substrate for the correct evaluation of the 
cell height. As discussed, the fine characterization of the cell’s height is strictly 
necessary for the application of the finite-thickness correction. Indeed, the cells 
lays over a substrate that is (usually) much stiffer than cells and resulting effects 
is an overestimation of the effective YM and a loss of sensitivity in the fine 
mechanical modification (for details see pg 143-145). 
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The new developed protocol is now described in details: 
a) Instead of acquiring FCs along a rectangular grid spamming the cell and 

the substrate, just few points on the substrates are taken in regions around 
the cell (three are the inferior limit to define a baseline plane in the 3-D 
space), while a dense grid of points is created on the cell body. 

b) Starting from the acquired set of points on the substrate in the 3-D space                             
𝑆 = 	 E𝑥34, 𝑦34, 𝑧34J35),…8$

, the coefficient (𝑎, 𝑏, 𝑐, 𝑑) of a plane in 3-

Dimensional space, 𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧 + 𝑑 = 0, are evaluated by fitting the 
points set 𝑆. 

c) For each point acquired on the cell (𝐶 = 	 E𝑥9: , 𝑦9: , 𝑧9:J35),…8%, where 𝑁; ≫

𝑁4),  of the i-th force curve taken, the corresponding substrate height is 
evaluated trough the plane equation 𝑧9<=>< = − ?

;
𝑥9: −

>
;
𝑦9: −

@
;
 . 

d) The pointwise uncompressed cell height is evaluated as ℎ9 = 𝑧9: − 𝑧9<=>< +
𝑖𝑛𝑑9 . 
 

The results of the described protocol are shown in Figure 35. 
 
A test of the reliability of the new algorithm is shown in Figure 36, where the plane 
defined from the previous grid approach (Figure 36a, black dots) is compared to 
the one (Figure 36b) evaluated from nine random FCs of the substrate (red 
crosses). It is possible to observe that even if the reference sample is limited a 
very good agreement between the real substrate and the evaluated one is 
evident. Clearly the FCs on the substrate should be distributed appropriately 
around the cells, and a reasonably large number of FCs should be collected in 
order to effectively average out the noise.  
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Figure 35. (a) Optical image of a cell with the new set of FCs drawn on the cell nuclear (small 
dots) region and the reference FCs on the substrates (big dots). (b) Reconstructed cell nuclear 

region topography (hi, black dos) in reference to the calculated substrate plane, the height of the 
substrate beneath the cell are shown (zisubs, blue dots).  

 
 

A part from the fastening, the new acquisition process permits to focus only on 
specific portions of the cell. As an example, we tested the protocol on Mouse 
Embryonic Fibroblast (MEF) performing mechanical test with the two approaches 
(old and new) only on the nuclear region of the fibroblasts. Fibroblast are typical 
cells of the connective tissue, and possess a dimension of the cytoplasm that 
could cover even a hundred of microns. It is therefore useful to focus the analysis 
only on the target location within the cell body. 
With the standard protocol an acquisition of a single cell map could easily take 
40-50 minutes while with the new one the acquisition time was reduced to around 
7-10 minutes. The results of this preliminary test are shown in Figure 36c. The 
mean YM values obtained from the two approaches are compatible. 
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Figure 36. (a) Old acquisition protocol: 3-Dimensional map from the absolute position of the 

FCs (black dots) with nine random-selected FCs of the substrates (red crosses). (b) 
Reconstructed substrate plane (coloured plane) from the nine FCs (red crosses). (c) 

Comparison of the Young’s modulus measured with the Old Protocol (O.P.) and the New 
Protocol (N.P.). 
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Appendix B 
 

11 Implementation of the approximated 
Sneddon Model 
 
The contact mechanics models, under the hypothesis of negligible or null 
adhesion, can be cast in a simple generalized equation linking the applied force 
𝐹 and the resulting indentation 𝛿 of the sample160 
 

𝐹 = 	𝜆𝛿A 																(𝟏) 
 

In Eq. 1 the parameter l contains the relevant mechanical information, like the 
sample’s Young’s modulus and the Poisson ratio, as well as the indenter 
properties, as the radius of curvature R or the tip angle a. The exponent b instead 
depends on the indenter geometry (see table 2)45. 
 

g b Probe shape 
𝟒
𝟑

𝑬
(𝟏 − 𝝂𝟐) √𝑹 3

2#  Sphere or paraboloid of radius R 

𝟐
𝝅
𝑬	𝒕𝒂𝒏𝜶
(𝟏 − 𝝂𝟐) 2 Conical tip with angle 2a 

𝟎. 𝟕𝟒𝟓𝟑
𝑬	𝒕𝒂𝒏𝜶
(𝟏 − 𝝂𝟐) 2 Four-sided pyramidal tip with angle 2a 

𝟎. 𝟕𝟎𝟕𝟏
𝑬	𝒕𝒂𝒏𝜶
(𝟏 − 𝝂𝟐) 2 Blunted four-sided pyramidal tip with angle 2a 

𝟐
𝑬	𝑹

(𝟏 − 𝝂𝟐) 1 Flat-ended cylindrical tip with radius R 

Table 2. Summary of the most common AFM tips’ geometry and the corresponding 
parameters. 

 
Among the variety of different probe-shaped implemented models, the Sneddon 
model49 for the spherical indenter, developed in the framework of classical theory 
of elasticity, does not have the above mentioned constrain of 𝛿 ≪ 𝑅. The 
Sneddon model for the indentation 𝛿 of an elastic flat surface deformed by a 
spherical indenter is the following: 

𝐹 = 	
𝐸

(1 − 𝜈!) U
(𝑎! + 𝑅!) ln X

𝑅 + 𝑎
𝑅 − 𝑎Y − 2𝑎𝑅[									(𝟐) 

 

𝛿 =
1
2𝑎 ln X

𝑅 + 𝑎
𝑅 − 𝑎Y									(𝟑) 
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The drawback of such equation is the lack of an analytical form, which makes the 
solution hard to implement. To overcome this issue, Muller et al66 approximated 
it; the proposed equation combines the Hertz model with a polynomial correction 
factor based on a truncated power series approximation: 
 

𝐹 = 	
4
3

𝐸
(1 − 𝜈!)√𝑅𝛿

&
!/ a1 −

1
10

𝛿
𝑅 −	

1
840 X

𝛿
𝑅Y

!

+
11

15120 X
𝛿
𝑅Y

&

+
1357

6652800 X
𝛿
𝑅Y

-

d		(𝟒) 

 
Calling 

 

𝜉 =
𝛿
𝑅																(𝟓) 

 
It is possible to rewrite the polynomial correction as 
 

Γ(𝜉) = U1 −
1
10 𝜉 −	

1
840 𝜉

! +
11

15120 𝜉
& +

1357
6652800 𝜉

-[							(𝟔) 

 
It is interesting to notice that the polynomial correction of Eq. 6 is quite similar to 
those of the finite-thickness correction provided by Dimitriadis et al65 
 

Δ(𝜒) = [1 + 1.009𝜒 + 	1.032𝜒! + 0.578𝜒& + 0.051𝜒-]							(𝟕) 
 

With the non-banal differences that 𝜒 = √𝑅𝛿
ℎn 	 where ℎ is cell height and √𝑅𝛿 is 

the contact radius. 
 
In Figure 37 the behaviour of the function Γ(𝜉) is shown. The inset represents the 
real physical upper indentation limit for an AFM 𝛿 = 2𝑅 (indeed is unlikely to 
indent more than the microsphere diameter of a CP, in fact 𝛿 = 𝑅 represent 
already a upper reasonable upper limit), In this region the trend is almost linear 
with a correction that could reach the 20% 
 

 
Figure 37. Trend of the approximated Sneddon correction as a function of the ratio 𝜉 = &

'
. 
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Now the Hertz equation model can be written in term of a reduced force 𝐹B = C

D(E)
 

as: 
 

𝐹
Γ(𝜉) = 	

4
3

𝐸
(1 − 𝜈!) √𝑅𝛿

&
!/ 										(𝟖) 

 
Following the approach of Puricelli et al45, the above equation can be linearized 
as: 
 

𝐹∗ =	 X
4
3

𝐸
(1 − 𝜈!) √𝑅Y

!
&/

𝛿.										(𝟗) 

 
𝐹∗ represents an effective pseudo-force, a variable with the dimensions of a force 
elevated to the power of 2/3, given by 
 

𝐹∗ = X
𝐹
ΓY

!
&/

																	(𝟏𝟎) 

 
Linearization of the above equation allows extracting the value of the Young’s 
modulus from experimental data by means of a simple linear fit, which can be 
implemented using matrix algebra to be applied to many FCs at once. 
To test the effectiveness of such correction, I measured the YM of a soft hydrogel 
(Petrisoft, nominal YM= 25 KPa, Matrigen, USA), using three different CPs with 
curvature radius ranging from few hundred nanometres to tens of microns (see 
Table 3). Samples were pre-hydrated before the measurement using MilliQ water, 
for 30 minutes. 
The AFM-based nanomechanical characterization of the samples was 
implemented as follow. Measurements were made in fluid at room temperature, 
using a Bioscope Catalyst (Bruker). Monolithic colloidal probes were fabricated 
and calibrated, in terms of tip radius, according to an established custom 
protocol55. Sets of force vs distance curves (FCs), were collected selecting 
macroscopically separated regions from optical images, exploiting the accurate 
alignment of the optical and AFM images obtained using the Miro software 
(Bruker). Each set of FCs consisted in an NxM array of curves spatially separated 
by approximately 1.5 µm, each FC containing 4096 points, with ramp length L= 8 
μm, ramp frequency f = 0.7 Hz. The mean indentations achieved with the three 
probes are quite similar [2-4] µm, thanks to the increasing force constant of the 
cantilever of larger probes. 
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Probe 
type 

Probe 
name 

Tip 
Radius 

[nm] 

Force 
Constant 

[N/m] 
CM P1 720 0.76 
FM P2 8116 2.86 
TM P3 32730 50.49 

Table 3. Properties of the CPs fabricated for this study. CM, FM, TM, describe the tipless 
cantilever used (Contact Mode, Force Modulation, Tapping Mode) 

 
To show the effect of the correction factor Γ(𝜉), a linearized force-indentation 
curve, taken with a colloidal probe P1 is plotted in Figure 38 where before and 
after the correction. 
 

 
Figure 38. Linearized force Vs indentation curves with the two linear regimes highlighted 

(black lines): (blue) without the Sneddon correction, (red) with the Sneddon correction. 
 
Looking at the two curves it could be notice the presence of two linear regimes 
(i.e. where the sample is responding Hertzian-like): the first that covers the first 
700-800 nm of indentation and the second between 900-1000nm and 1400 nm. 
It is interesting to notice how the correction start to be relevant when 𝛿 > 0.5	𝑅 
approximately. 
The results of the YMs extracted from the two linear regimes (showed in Figure 
38) evaluated from the measurements taken from all the CPs used in the 
experiment, before and after the correction are shown in Figure 39. 
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Figure 39. Histograms of the evaluated Young’s Moduli, evaluated at the two linear regimes, 

with a gaussian fit: (a) without the Sneddon correction, (b) with the Sneddon correction. 
 
 
As a consequence of the behaviour of the correction factor Γ(𝜉) represented in 
Figure37-38, the first linear regime is poorly affected by the correction (a part from 
P1, where already in the first regime we have the condition	𝛿 ≅ 𝑅). The correction 
become more evident for the second-deep linear regime (P3 excluded, where 
𝛿 ≪ 𝑅 in both the regimes) providing a YM mean value compatible with the 
expected one. The underestimation of the YM evaluated with P3 could be the 
effect of inaccuracies in the force constant calibration procedure, as highlighted 
in Ref55, due to the peculiar configuration of such a large colloidal probe (a TM 
cantilever with length L=125 µm with a sphere of diameter D=65 µm is likely 
affected by a rigidification effect, as described in the additional discussion of 
Chapter 3). Eventually, the two linear regimes result better separated and even 
the differences inside of the same regimes are smaller after the correction. 
As a final remark, it would be interesting to combine the large-deformation (Eq. 
6) and the finite-thickness (Eq. 7). Indeed, also working with thin samples (like 
cells) the condition 𝛿 ≪ 𝑅 is not always satisfied. 
From a theoretical point of view the pseudo-force written in Eq. 10 could be re-
defined as: 

𝐹∗∗ = 𝐹! &/ 	X
1

∆(χ)Y
!
&/

X
1
Γ(ξ)Y

!
&/

= X
𝐹

∆(χ)Γ(ξ)Y
!
&/

 

 
 
Where the finite-thickness correction provides the linearized force-deformation 
relation on a semi-infinite sample, and the large-deformation then correct for any 
possible 𝛿 ≅ 𝑅 related artefacts. 
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Appendix C 
 

12 Table of the correction factor b for the 
calibration of spring constant of large 
colloidal probes 
 
As widely discussed in Chapter 3, if the mass of the attached microsphere is 
comparable to that of the cantilever, the resulting oscillation dynamics would be 
modified. As consequence the b correction factor in the thermal noise formula 
needs to be modified accordingly. Here, a table with the values of the correction 
factor  𝛽 ≡ 	𝛽(𝑚x, 𝑟̃)  is reported in order to facilitate the applicability of such 
modified model. 
Furthermore, we report the presence of this online calibration tool (developed by 
Prof. Ludovic Bellon) for the calculation of 𝛽 ≡ 	𝛽(𝑚x, 𝑟̃): 
 
“http://perso.ens-lyon.fr/ludovic.bellon/AFM_colloidal_probe_online_calibration/” 
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