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Abstract

Mechanotransduction refers to theprocessbywhicha cell is able to translatemech-
anical stimulation into biochemical signals. In bone, mechanotransduction regu-
lates how cells detect environmental stimuli and use these to direct towards bone
deposition or resorption. The mechanical properties of bone cells have an impact
on the way mechanical stimulation is sensed, however, little evidence is available
about how these properties influence mechanotransduction.

The aimof the presentThesis was to quantify themechanical properties of bone
cells with a combined experimental and computational approach. Atomic force
microscopy was employed to quantify the stiffness of bone cells and their gly-
cocalyx. Changes in cell stiffness during osteocytogenesis were explored. Single
molecule force spectroscopy of glycocalyx components was performed to evalu-
ate their anchoring to the cytoskeleton. A single cell finite element model was
designed to discern the contributions of sub-cellular components in response to
simulated cell nano-indentation.

Wide ranges of variation were found for bone cell stiffness and a method was
proposed to determine suitable sample sizes to capture population heterogeneity.
By targeting single componentsof theboneglycocalyx, itwaspossible tohypothes-
ise differentmechanotransductionmechanisms depending on the hyaluronic acid
attachment to the cytoskeleton. Thedeveloped computational framework showed
similar results to the nano-indentation experiments and highlighted the role of the
actin cytoskeleton in withstanding compression and distributing strain within the
cell.
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1
Introduction

This chapter includes an overview of the Thesis project background, a list of its
objectives and a detailed index of what can be found in each chapter.

1.1 Background

Mechanotransduction is the process for which a cell is able to translatemechanical
stimulation into biochemical signals. This process is involved in the maintenance
of cell homoeostasis and often plays a role in pathological situations [1]. In bone,
mechanotransduction regulates bone adaptation and therefore how cells sense en-
vironmental stimuli and direct towards bone deposition or resorption [2].

The elements of the cell responsible for this process in a generic cell are con-
sidered tobe theoneswith functionsof generating andbearing the cellular internal
forces, such as the cytoskeleton and the adhesion complexes [3]. The glycocalyx,
a proteoglycan matrix on the outer cell membrane, has also been proposed as a
transmitter of mechanical signals into the internal cell compartments [4].

3



The mechanisms by which bone mechanotransduction occurs are not fully un-
derstood [5]. While various studies focused on the biological pathways by which
the bone mechanotransduction signalling works [5–8], less evidence is available
on how cell mechanical properties affect this process. The mechanical properties
of single cell components and of the cell has a whole have in fact a strong impact
in the way the mechanical stimulation is sensed [9, 10].

The aim of the present Thesis is to quantify the mechanical properties of bone
cells and of their glycocalyx as a starting point for further investigations on bone
mechanotransduction. Both experimental and computational approaches have
been used to obtain a range of quantitative data. The experimental approach con-
sisted in using the Atomic Force Microscopy (AFM) technique to test cell mech-
anical properties by nano-indentation and to get quantitative stiffness values in
terms of the Young’smodulus. The same technique has been also employed to pull
single glycocalyx molecules and to study their mechanical behaviour. The compu-
tational approach was based on designing a single cell Finite Element (FE) model
comprising different subcellular components. This model was tested to evaluate
the contributions of these elements when nano-indentation was simulated.

1.2 Objectives

The objectives of the present work are:

1. To design a protocol to reliably test and analyse large samples of bone cells
by AFM.

2. To use the aforementioned protocol to gain quantitative stiffness measures
of bone cells.

3. To verify if during indentation the glycocalyx is detected and itsmechanical
properties can be quantified.

4. To compare the mechanical properties of bone cells at different stages of
differentiation.

5. To characterise the bone glycocalyx main component (hyaluronic acid) by
single molecule mechanical testing.
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6. To build an FE single cell model to quantify the contributions of single cell
components during indentation.

1.3 Chapters synopsis

• Chapter 1 - Introduction: this chapter includes an overviewof theThesis pro-
ject background, a list of its objectives and a detailed index of what can be
found in each chapter.

• Chapter 2 - Literature Review: this chapter presents an introduction to the
topics discussed in the Thesis. It includes an overview of the bone cell fea-
tures, the concept of mechanotransduction and its investigation by AFM
and by FE computational modelling.

• Chapter 3 - Variability of the mechanical properties in a single bone cell popu-
lation: this chapter presents the results obtained by AFMnano-indentation
on bone cells focusing on the variability of the mechanical properties of a
single bone cell population. The protocol design and an evaluation of the
necessary sample size to reflect standard population heterogeneity are re-
ported.

• Chapter 4 - Evaluation of the bone glycocalyx mechanical properties by AFM
nano-indentation: the protocol developed in Chapter 3 is applied to verify
the possibility of sensing the glycocalyx during nano-indentation experi-
ments. Additional methods and results are presented in this chapter.

• Chapter 5 - Changes in cell mechanical properties at different stages of bone cell
differentiation: in this chapter, an application is designed to test different
bone cell lines by means of AFM nano-indentation. The focus is on the
changes in mechanical properties during bone differentiation.

• Chapter 6 - Single molecule force spectroscopy of Hyaluronic Acid: this chapter
includes the results of single glycocalyx molecule testing. The experiments
presented in this chapter were performed under the additional supervision
of Prof. Taiji Adachi at the Institute for Frontier Life and Medical Sciences
(Department of Biosystems Science, Kyoto University, Japan).
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• Chapter 7 - Single cell Finite Element modelling: in this chapter, the compu-
tational results are presented. The Finite Element single cell model design
and the simulationparameters are explained togetherwith theobtainedout-
comes.

• Chapter 8 - Discussion: the overall results of the Thesis are discussed in this
chapter, with focus on the limitations and possible future directions of the
presentwork. Theconcluding remarks and the scientific impactof theThesis
are summarised.

6



2
Literature Review

This chapter presents an introduction to the topics discussed in the Thesis. It in-
cludes an overview of the bone cell features, the concept of mechanotransduction
and its investigation by AFM and by FE computational modelling.

2.1 Bone at the cellular scale

The following section introduces the components of a generic animal cell and the
types and functions of cells in bone.

2.1.1 The animal eukaryotic cell

Eukaryotic cells are the building blocks of eukaryotic organisms, such as animals,
plants and fungi. Their defining feature which sets them apart from prokaryotic
cells is the presence ofmembrane-boundorganelles, such as the nucleus. A schem-
atic of the animal eukaryotic cell components is depicted in Fig. 2.1.1.
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Figure 2.1.1: Schematic of the components of an animal eukaryotic cell

The main cell components are [11]:

• plasma membrane: the plasma membrane encloses the cell and defines the
boundary between the internal and the external compartments. It is com-
posedof a lipidbilayerof about5 nmwhichprovides the structure and serves
as an impermeable barrier. The bilayer is decorated with various proteins,
which mediate most of the membrane functions, such as molecule trans-
port, catalysis, adhesion to the extra-cellular membrane and neighbouring
cells, signal reception and transduction.

• nucleus: the nucleus contains the main genome and synthesises the DNA
and RNA. It is enclosed by a double membrane called the nuclear envelope
which controls the passage of molecules from and to the cytoplasm. The
DNA is organised into chromosomes.

• cytoplasm: the cytoplasmconsists of everythingenclosedby theplasmamem-
brane except the nucleus. This includes the cytosol and the cytoplasmatic
organelles.
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• endoplasmatic reticulum: the endoplasmatic reticulum produces lipids and
storesCa2+ ions. The ribosomes are tethered to its surface andplay a central
role in the production of proteins.

• Golgi apparatus: the Golgi apparatus is located close to the nucleus. It re-
ceives proteins and lipids from the endoplasmatic reticulum. After the rel-
evant modifications, it delivers them to other cell compartments.

• mitochondria: mitochondria are organelles of about 0.5 − 1 μm diameter
and can be considered the energy producers in the cell. They generate ATP
(adenosine triphosphate) molecules which are used by the cell as chemical
energy for metabolic reactions.

• lysosomes: lysosomes are organelles responsible for the digestion of com-
plexes no longer of use in the cell.

• cytoskeleton: the cytoskeleton is a system of filaments which represents the
structural scaffold of the cell. Its functions relate to cell shapemaintenance,
cell movement, cell mechanical interaction with the environment, cell in-
ternal structural rearrangement and intracellular trafficking. It is composed
of three families of protein molecules arranged into filaments: the actin fil-
aments which are involved in cell locomotion and determine the cell sur-
face shape, the microtubules which control intracellular transport and or-
ganelles positioning, the intermediate filaments which provide resistance
to shear stress.

• glycocalyx: the glycocalyx is a proteoglycan-rich coating on the external sur-
face of the cell membrane. Its components can be connected to the cell
membraneviaproteoglycan-binding receptorsor can span through themem-
brane double layer. The glycocalyx has overall a negative charge and attracts
water, causing it to be a very soft and water-saturated material. Its gel-like
characteristicsmodulate cell adhesion, cell communication and cell sensing
[12].

• adhesion complexes: the adhesion complexes are protein complexes which
regulate cell-cell and cell-substrate adhesion.
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2.1.2 The bone cell

Osteogenesis defines the process of bone formation. This process involves the
progression of mesenchymal stem cells into bone tissue following one of two dis-
tinct modes [13]. The first mode is denominated intramembranous ossification and
mainly occurs in the skull bones. During intramembranous ossification, mesen-
chymal cells proliferate and differentiate into capillaries and bone precursor cells.
The second mode is endochondral ossification and consists of mesenchymal cells
forming cartilage tissue which is subsequently replaced by bone.

Four different cell types are present in bone [14]: osteoblasts, bone lining cells,
osteocytes and osteoclasts (Fig. 2.1.2).

• Osteoblasts: osteoblasts are the bone precursor cells and are derived from
mesenchymal stem cells. They are located on the bone surface and their
main function is to form bone by secreting bonematrix. Firstly, the organic
matrix (osteoid) is deposed by secretion of collagen proteins, proteoglycans
and other proteins, such as osteonectin and osteopontin. Secondly, min-
eralisation occurs by means of hydroxyapatite-like crystals. These crystals
consist ofmostly calcium and phosphate and are formed in vesicles released
by the osteoblast membrane (matrix vesicles). When these vesicles rupture
the hydroxyapatite crystals are seeded into the organicmatrix promoting its
mineralisation. Mature osteoblasts can undergo apoptosis or can differen-
tiate into osteocytes or bone lining cells.

• Bone lining cells: bone lining cells are quiescent osteoblasts which line the
bone surfaces when bone remodelling is not occurring. The function of
these cells is not completely understood but they do play a role in osteo-
clast differentiation and communicationbetweenosteoclasts andbonemat-
rix during resorption. They are also involved in the formation of the bone
remodelling sites, referred to as basic multicellular units (BMU).

• Osteocytes: osteocytes are derived from the mesenchymal stem cell lineage
via osteoblast differentiation. This process is called osteocytogenesis and
involves dramaticmorphological and structural changeswith the formation
of long dendritical processes (or dendrites) spanning long distances in the
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mineralised bone matrix. Osteocytes are located in a system of channels
called the lacunocanalicular network. Their processes can connect to neigh-
bouring osteocytes and to bone lining cells on the bone surface. They have
been recognised as bone mechanosensors due to their network being able
to sense mechanical stimuli and therefore to orchestrate bone remodelling
through signalling.

• Osteoclasts: osteoclasts are terminallydifferentiatedmultinucleatedcells ori-
ginating from the haematopoietic cell lineage. Their main function is to re-
absorb bone, contrasting the action of osteoblasts. The osteoclasts reabsorb
the bonematrix by acidifying the surrounding area and therefore dissolving
the hydroxyapatite crystals.

Figure 2.1.2: Schematic of bone cell types. Osteoblasts are the bone forming
cells, derived from osteogenic stem cells and differentiating into osteocytes when
completely surrounded by bone matrix. Osteoclasts are the bone reabsorbing
cells. By OpenStax College - Anatomy and Physiology [CC-BY-3.0].
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All the bone cells dynamically participate in the processes of bone modelling
and remodelling [15] (Fig. 2.1.3). Bone modelling refers to skeletal growth and
the fracture healingmechanism. Bone remodelling happens continuously in adult
bone and represents the balance between bone deposition and bone loss. Any
abnormal increase in osteoclast or osteoblast activity results in bone pathologies,
such as osteoporosis (resorption exceeds formation) or osteopetrosis (formation
exceeds resorption) [14].

A strong interdependence occurs between bone remodelling and mechanical
stimulation. Effectively, the balance between bone formation and bone resorption
is finely tuned in response to any changes in mechanical loading of the skeleton
[2, 16, 17]. Understanding themechanisms that lead to this mechanical signalling
would allow for the development of new treatments for highly common diseases
and pathological conditions, such as osteoporosis or bone fracture [18].

Figure 2.1.3: Schematic of a basic multicellular unit (BMU) for bone remod-
elling. Figure adapted from Siddiqui et al. 2016 [19], no permission required.
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2.2 Mechanotransduction

The following section introduces the concept of mechanotransduction, together
with the cell components involved in this process with particular focus on bone
cells.

Mechanotransduction is defined as the process used by cells to convert mech-
anical signals into electrical/biochemical response [2]. In bone, evidencehas been
provided that there is a relationship between mechanical forces and gene expres-
sion, protein synthesis, cell function and skeletal integrity. However, the mech-
anisms leading to this response are not fully understood [5]. Diverse signalling
cascades have been proposed suggesting that not a single pathway controls the
mechanoresponse. The regulation of bone remodelling seems to be mediated by
differentpathwaysusedbygrowth factors andmediators, suchasnitric oxide (NO),
prostaglandin E2 (PGE2), calcium (Ca2+) and ion channels, smallmother against
decapentaplegic homolog (SMAD) signalling, and Wingless-related integration
site (Wnt) signalling [5–8].

Various mechanisms triggering bone cellular mechanoresponse have been pro-
posed such as matrix strain, hydraulic pressure, and interstitial fluid flow driven
by bone matrix deformations [16, 18]. For each of these mechanical load-derived
stimuli experimental evidence has been reported suggesting possible interactions
among different mechanical triggers. The most studied physical trigger of bone
mechanoresponse is fluidflow-induced shear stress, first proposed in1994byWein-
baum and co-workers [20]. It was demonstrated shortly after, that bone cells in
vitro respond to mechanical stimulation within values ranging consistently with
those expected to occur in vivo [21]. Those values correspond to 1− 3 Pa of shear
stress on the cell membrane at frequencies ranging between 1 and 3Hz and were
predicted to occur on osteocytes in the lacunocanalicular network during normal
activity [5, 22].

A generic cell has various elements sensitive tomechanical loading that are able
to dynamically change their structural conformation due to external forces. These
sensitive structures are the same as those involved in the generation and bearing
of the cellular internal forces, such as cytoskeletal proteins and both cell-cell and
cell-substrate adhesion complexes [3]. The cytoskeleton is considered to be the
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major structure influencing biomechanical response, i.e. the transmission of load-
induced forces through the extracellular matrix (ECM), the cell surface and the
cytoskeletal network [1].

In endothelial cells the glycocalyx, the proteoglycan-rich coating on the outer
cell membrane, plays a role in this transmission by sensing the blood fluid flow in-
duced shear stress and transferring themechanical information onto the cytoskel-
eton (see [4] for a review). The ‘wind in the trees’ model was suggested to explain
the mechanotransductive function of the endothelial glycocalyx: the fluid flow
(wind) is sensedby theproteoglycanglycosaminoglycans (GAGs) (branches) and
transmitted to the cell membrane or the cytoskeleton (ground) through the pro-
teoglycan core protein (tree trunk) [4]. The glycocalyx core proteins are suffi-
ciently stiff to act as transmitters without significant deflection [23, 24] and it has
been experimentally showed thatmechanoresponsive signals canbe transferredby
the endothelial glycocalyx [25, 26].

Similar mechanisms of mechanical force transmission by the glycocalyx have
been proposed for other cell types, among which are bone cells [27]. An idealised
mathematical model of the osteocyte dendrites has been proposed to explain the
mechanical transmission of forces in bone from the ECM through the adhesion
proteins onto the cytoskeleton. This model represents an individual canaliculus
with its central cell process as two concentric cylinders connected through a series
of filamentous tethering elements [20]. These elements represent a proteoglycan
matrix called the bone glycocalyx with an analogy to the endothelial glycocalyx
and act as strain-amplifiers in respect to the cell membrane and its intracellular
actin cytoskeleton [28] (Fig. 2.2.1).

This hypothesiswas supportedby in vitro studies by this group andotherswhich
characterised thebonecell glycocalyx to include a substantial hyaluronic acid (HA)
component [29–31],withotherproteoglycans inminorpercentage [32, 33]. Given
the role ofHA in endotheliummechanobiology [34, 35] and its function in cell at-
tachment [36], it was hypothesised that an HA-rich glycocalyx in bone would be
important for mechanotransduction [12].

Since the initial model for the osteocyte glycocalyx [20], further works from
the same group highlighted the importance of integrins, as it was shown with ul-
trastructural studies that the dendritic processes would contain small hillocks dir-
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ectly in contact with the bone wall by protein binding [37]. It was then postu-
lated that the integrin attachments would be more important for mechanotrans-
duction than the tethering elements. In parallel, studies showed heparan sulphate
proteoglycans (i.e. perlecan) to be present around osteocytes in the lacunocan-
alicular network and to be critical to maintaining the size of the pericellular space
[38]. Gathering together these findings, it could be hypothesised that heparan
sulphate proteoglycans possibly supported by HA would represent the tethering
elements stabilising the integrin attachments and that all three components could
be key players in bone mechanotransduction [12] (Fig. 2.2.1).

It should be noted, however, that very limited experimental evidence is avail-
able on the osteocyte pericellular matrix, in particular regarding its viscosity and
stiffness, which could help elucidating themechanical stimuli sensed by the cell in
situ, as discussed in the following paragraphs.
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Figure 2.2.1: Proposed mechanism for osteocyte mechanotransduction in the
lacunocanalicular network [20, 28]. The cell outer space is filled with tethering
elements, i.e. the bone glycocalyx, which are able to transmit forces from the
ECM onto the cytoskeleton. Figure adapted from [12] with permission.
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2.3 Measuring mechanical properties by AFM

The following section reviews the Atomic Force Microscopy (AFM) method and
its application to test mechanical properties of biological samples in the context of
mechanotransduction.

A better understanding of the intrinsic properties of the cell is needed to elu-
cidate mechanotransduction mechanisms. The cell’s mechanical properties play
a crucial role in the transmission of mechanical forces. They determine the mag-
nitude of the mechanical stimuli sensed [9] and govern the relationship between
local forces and deformation [10]. Single cell mechanical properties have been
tested with various methods, such as micro-aspiration, optical tweezers and AFM
[39]. Recently, the latter technique has been largely employed due to its ability to
perform controlled nano-indentation of biological samples [40, 41].

2.3.1 Atomic Force Microscopy

The working principle of the AFM relies on the measured and controlled interac-
tion between a tip and a sample [10]. The tip can track surface morphology with
nanometric resolution or can be force-controlled to probe mechanical properties
of the specimen by pressing or pulling it. The basic configuration includes the fol-
lowing parts (Fig. 2.3.1):

• piezoelectric scanner: the piezoelectric scanner allows for positioning and
movement of the sample by application of voltage on a reversibly deform-
able piezoelectric ceramic material.

• cantilever: a sharp tip at the end of a flexible cantilever allows for sample
probing by force interaction. Cantilevers are normally made of silicon ni-
tride and present tips of various shapes and dimensions depending on the
specific application. The geometry of the cantilever determines its mech-
anical properties and they are normally classified depending on their spring
constant and resonance frequency. When mounted on the AFM the canti-
lever is fixed to a rigid substrate and depending on whether the interaction
is attractive or repulsive it moves towards or away from the sample.
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Figure 2.3.1: Schematic of the AFM basic configuration. The sample mounted
on a moving scanner is probed by a cantilever which deflection is monitored by
a detection system. By GregorioW [CC-BY-SA-3.0].

• deflection detecting system: the cantilever vertical deflection is detected by a
specific system relyingon the optical beamdeflectionmethod. A laser beam
is reflected on the cantilever onto a photo-detector. The photo-detector
consists of multiple sectors each carrying a photo-diode. When the can-
tilever is deflected, the laser moves between the sectors and its position is
recorded. High sensitivity is achieved by exploiting the optical magnific-
ation caused by the fact that the distance between the cantilever and the
detector is much greater than the length of the cantilever.

AFM testing can be performed in dry or liquid environment. The latter condi-
tion is important for biological applications as it enables the probing of samples
in physiological conditions immersed in liquid solutions. The measurements that
can be performed by AFM fall in two main categories, imaging or spectroscopy.

• When imaging, the tip is scanned over the surface to obtain a map of the
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sample morphology. This can be obtained by measuring the interactions
between the sample and the cantilever in static or resonant mode. In static
mode, the static deflection of the cantilever is measured. The most com-
mon operation method in static mode is contact mode: the tip is main-
tained in contactwith the sample and the deflection is clampedduring scan-
ning by a feedback loop. Contact mode is often not suitable for soft biolo-
gical samples such as living cells as the sample surface experiences strong
shear stress and can be irreversibly damaged. In resonant mode, the can-
tilever is forced to resonate and the changes in oscillation due to interac-
tions with the sample are measured. A common operation method in res-
onant mode is non-contact mode: the oscillating tip is brought close to the
sample and senses the van der Waals attractive forces which shift its reson-
ance frequency. The amplitude of these shifts in the oscillation ismonitored
and used for feedback while scanning the sample. In non-contact mode the
damage to the sample is minimised but this mode is not suitable for liquid
environments.

• During spectroscopy measurements, the amount of force exerted on the
probe when brought close to the sample surface is recorded. By doing so it
is possible to obtain additional data to themorphology, as the long range in-
teraction forces contain information on themechanical and chemical prop-
erties of the sample. Force curves show the deflection of the cantilever dur-
ing a vertical movement of the scanner: the tip extends towards the surface,
indents it and is then retracted until no contact is recorded, as shown in
Fig. 2.3.2. Themovement of the cantilever towards the sample is referred to
as “extend”, the movement of the cantilever away from it as “retract”. Force
spectroscopy mode can be employed in liquid and has various applications
in the biomedical field, such asmeasuring binding forces of ligand-molecule
complexes, imaging substrates depending on their physical properties or
obtain maps of the sample mechanical properties (e.g. stiffness).
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Figure 2.3.2: Schematic of the AFM force spectroscopy deflection vs. position
curve. A-B: the tip is approaching the surface, B: the tip is in contact with the
surface, B-C: the sample is indented, D: the contact between the tip and the
surface ends, D-A: the tip is resting and no force is applied to it. The direction
of the approach is depicted in blue (dashed line), the direction of the retraction
in red (solid line). Figure adapted from [10] with permission.

20



2.3.2 Mechanical properties of bone cells by nano-indentation

AFM force spectroscopy has been widely used to probe living cells. By analysing
the force-deformation experimental data, it is possible to investigate elastic and
viscoelastic, local and global cell mechanical properties [10]. A commonly used
stiffness descriptor for global elastic properties is the Young’s modulus, which is
obtainedbyHertzmodel fittingon the extend force spectroscopy curve. TheHertz
model [42] and its variations have been widely used for cell and biological sample
indentation [40, 43], despite strong assumptions of infinitesimal deformation of a
homogeneous, isotropic and linear elastic sample. Cells are in fact heterogeneous
in composition and present time-dependent mechanical properties [43].

Available Young’s modulus values for bone cells tested by AFM are reported in
Table 2.3.1.

• Pre-Osteoblasts: Takai and co-workers [44] measured the elastic modulus
of MC3T3 murine pre-osteoblasts when attached to different substrates to
study the contribution of the actin andmicrotubule cytoskeleton when the
cell was adherent to various ECM proteins. They found the elastic modu-
lus to be significantly altered by the chosen substrate and binding proteins
with an average modulus of about 1 − 2 kPa. The disruption of the actin
cytoskeleton caused a significant decrease in the elastic modulus, while the
microtubules disruption had no effect. The same cell line was used to study
the effect of the cell cycle on themechanical properties [45]. An increase of
elastic modulus during S phase in respect to G1 phase was found reflecting
themechanical rearrangement of the cytoskeleton. It has been also demon-
strated thatosteogenicdifferentiationofpre-osteoblasts affected theirmech-
anical properties [46] with a steady increase of the elastic modulus during
culture in osteogenic media on gelatin matrices.

• Osteoblasts: Titushkin and co-workers [47] observed distinct mechanical
properties of human mesenchymal stem cells in the undifferentiated state
compared with those differentiated into osteoblasts, with a decrease in the
Young’s modulus during differentiation. Similar results were found in an-
other study [48] where a correlation between the day of the differentiation
and the resultingmechanical propertieswas also shown. On theother hand,
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much higher Young’s moduli and increased values during osteogenic differ-
entiation were found by Yourek and co-workers [49], while Docheva and
co-authors [50]observedcomparable stiffness valuesbyusing separate lines
representing mesenchymal stem cells and osteoblasts. Osteoblast mechan-
ical properties have been shown to decrease in the presence of estrogen, a
hormone involved in the onset of osteoporosis [51].

• Osteocytes: Sugawara et al. [52] isolated bone cells from embryonic chicken
calvariae and studied theirmechanical propertiesduringdifferentiation from
osteoblasts to pre-osteocytes and osteocytes testing both the nuclear and
peripheral areas. They observed a progressive decrease of the Young’s mod-
ulus, with the cell edges stiffer than the centre. Some values for osteocyte
elasticity were also made available for a murine osteocyte cell line (MLO-
Y4) [53].

From Table 2.3.1 it is possible to note that no agreement has been found on
absolute elasticity values for the different cell types. The possible causes of this
variation might reside in physiological variability between samples or in different
AFM technical methods. Moreover, no guidelines are available on the minimum
sample size required toobtain reliable data and the strong assumptionsmadewhen
using mathematical models to fit specific properties are not always taken into ac-
count. In the present work, these issues will be addressed as further discussed in
the following chapters.

2.3.3 Mechanical properties of the glycocalyx by nano-indentation

AFM force spectroscopy has been also applied to study themechanical properties
of the glycocalyx. The available data in literature relates to the endothelial glycoca-
lyx due to its involvement in mechanotransduction and pathological conditions
in blood vessels, while no information is available on the bone glycocalyx mech-
anical properties. The obtained results for the endothelial glycocalyx stiffness are
reported in Table 2.3.2.

Oberleithner and co-workers [54]measured the stiffness of the endothelial gly-
cocalyx of split open ex-vivo human umbilical cord arteries. As a proof of concept
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Table 2.3.1: Available Young’s modulus values for bone cells tested by AFM.
Cell type indicates the bone cell family tested; cell origin indicates the species
the cells belong to; probing location indicates the region of the cell tested and
other additional information on the cell cycle phase if available, (- indicates
not stated probing location); Young’s modulus values are expressed as mean
(standard error of the mean) but for entries marked with ∗ which are expressed
as mean (standard deviation).

Cell type Cell origin Probing location Young’s modulus Ref
[kPa]

Pre-Osteoblast Mouse Nucleus 0.9 (0.4) [44]
Periphery, G1 phase 3.5 (0.3) [45]
Periphery, S phase 5.9 (0.5) [45]
- 1.5 (0.4)* [46]

Osteoblast Chicken Periphery 12.1 (0.9) [52]
Nucleus 8.3 (0.4) [52]

Human Whole cell 1.7 (1.0) [47]
Nucleus 2.6 (1.8) [50]
Nucleus 0.6 (0.1) [51]
Nucleus 1.4 (0.2) [48]
- 52.0 (6.0) [49]

Pre-Osteocyte Chicken Periphery 8.0 (0.4) [52]
Nucleus 3.2 (0.3) [52]

Osteocyte Mouse Nucleus 3.2, 2.2, 2.0 [53]
Chicken Periphery 4.5 (0.2) [52]

Nucleus 2.7 (0.3) [52]
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of glycocalyx indentation, they treated bovine aortic endothelial cells with degrad-
ing enzymes andmeasured the stiffness and thickness of the glycocalyx before and
after bymeans of a coupledAFM/fluorescencemicroscopy set-up. Theirmeasure-
ments showed a glycocalyx thickness of 400 nm and stiffness of 0.25 pN/nm. The
same group [55] recently applied a similar protocol to ex vivo and in vitro samples
to analyse the mechanical property changes when the endothelial glycocalyx was
subjected to enzymatic degradation or sepsis. Both treatments resulted in soften-
ing (i.e. reduced stiffness) and reduction in thickness of the glycocalyx.

O’Callaghan et al. [56] tested bovine lung micro-vasculature endothelial cells
(BLMVEC)bymeasuring theglycocalyx elastic properties after selective enzymatic
degradation. They treated cells with a cytoskeleton disruptor to discern the cell
from the glycocalyx contribution. The resultant glycocalyx elastic modulus was
in the range of 250 Pa for an expected glycocalyx thickness of 200 nm. Enzymatic
degradation affected the rate of stiffness increase in relation to indentation depth,
while thedisruptionof the cytoskeleton changed themechanical properties so that
the relationship between the modulus and the indentation was lost.

Bai and Wang [57] investigated the spatial and temporal distribution and the
mechanical properties of human umbilical vein endothelial cells (HUVEC).They
analysed cells at different time points with an intact or degraded glycocalyx. Their
findings highlighted a developed glycocalyx after day 14with a thickness of 300−
1000 nm and a Young’s modulus of 390 Pa.

Marsch and Waugh [58] investigated the endothelial glycocalyx of HUVECs
cultured under fluid flow. By using a two-layer model derived from polymer ana-
lysis they obtained a glycocalyx thickness of 380± 50 nm and a stiffness of 700±
500 Pa.

Sokolov and co-workers [59, 60] proposed a protocol to quantitatively meas-
ure the elastic modulus of cells by taking into account the contribution of the sur-
face brush. To validate the protocol, human cervical epithelial cells were evaluated
obtaining a thickness of the brush of about 1.4 μm. However, the stiffness of the
glycocalyx could not be extrapolated from the customised model.

Glycocalyx stiffness measurements are difficult because of its mesh-like struc-
ture. The AFM probe could penetrate it without compression or could not be
sensitive enough to detect it. Recently, a different approach has been proposed
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Table 2.3.2: Available stiffness values for the endothelial glycocalyx, expressed
as average (dispersion) where available. The sample type, the location of testing
and the resulting stiffness values are reported. Unavailable data are indicated
with -.

Sample Location Stiffness Ref

[pN/nm] [Pa]

Ex vivo bovine arteries - 0.25 - [54]
Bovine endothelial cells Nucleus - 250 (30) [56]
Human endothelial cells Whole cell - 390 [57]
Human endothelial cells Nucleus - 700 (500) [58]

with application on bacteria cell wall indentation experiments [61]. The force-
indentation curves were log-log plotted and it was possible to discern between the
contributions of structures presenting different stiffness, i.e. to verify if different
structures were sensed. Two straight lines of nonzero gradient were found, imply-
ing the indentation of substrates with different mechanical properties. This obser-
vation led to the application of a mathematical fitting to the different parts of the
data separately.

No information is available in the literature for bone glycocalyx stiffness. This
would be needed to help elucidate the bone mechanotransduction mechanisms
which allow bone cells to detect mechanical signals from the ECM and to trans-
mit them into the inner cell compartment. In the present work, a protocol will
be proposed to investigate the bone glycocalyx by use of AFM nano-indentation.
Different mathematical models previously employed to study the endothelial gly-
cocalyx stiffness will be compared.

2.3.4 Mechanical properties of the glycocalyx by single molecule
force spectroscopy

A different application of AFM force spectroscopy allows for studying the inter-
actions between single molecules. To this aim, one ligand is immobilised on the
cantilever tip and its binding molecule is placed on a sample surface [10]. During
the extend of the cantilever towards the sample the ligand is brought in contact
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to the molecule and the interactions begin. The cantilever is then retracted and
the ligand-molecule bond is loaded with increasing force until rupture. During
the retraction, it is possible to observe subsequent tension releases when a force
rearrangement occurs in the molecule, e.g. in case of a protein domain unfold-
ing [62], as shown in Fig. 2.3.3. The force-displacement retract curve needs to be
interpreted todiscern between spurious peaks causedby interactionswith the sub-
strate or molecules entanglement and the actual molecule unfolding. The analysis
of the unfolding patterns provides informationon themechanical properties of the
stretched molecules.

Classical applications of this technique, called Single Molecule Force Spectro-
scopy (SMFS), involved testing of proteins, DNA strands and molecular motors
[63]. Recently, a study focused on SMFS of perlecan, one of the proteoglycans
which compose the osteocyte glycocalyx [64]. The rationale was to investigate
if the perlecan core protein could sustain physiological fluid flow induced forces
withoutbeingmechanicallydegraded, so todemonstrate its involvement inmechan-
otransduction within the lacunocanalicular network. This hypothesis was shown
plausible bymeasuring aYoung’smodulusof 71MPa for theperlecan coreprotein.
A different approach was used by Sun and co-authors [65], whowere interested in
studying the cell membrane properties. They plated cells on a substrate and kept
the AFM tip in contact with the cell membrane for 2 − 30 s to then retract it and
observe tip-cell interactions. Typical retraction curves showed a series of rupture-
like events in force representing the formation andbreaking ofmultiplemembrane
tethers. The degradation of the glycocalyx caused a decrease in the tether’s extrac-
tion force, suggesting that the glycocalyx contributed to the biomechanical integ-
rity and heterogeneity of the cell.

NoSMFSexperimentshavebeencarriedout to study themechanical properties
ofHA, themain component of bone glycocalyx [29–31]. It was suggested thatHA
would play a role in bonemechanotransduction [12], given its role in endothelium
mechanobiology [34, 35] and in cell attachment [36]. The ability of HA to select-
ively bind to the actin cytoskeleton has been proposed [66, 67], corroborating the
hypothesis of its role in transmitting mechanical forces. However, no quantitative
data are available on the mechanical properties of this bond and on the amount of
HA molecules bound to the cytoskeleton at a given time. A protocol for SMFS of
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HA was designed in the present work and this hypothesis was evaluated.

Figure 2.3.3: Schematic of the AFM single molecule force spectroscopy tech-
nique. The ligand-loaded tip is lowered in contact with the target molecule and
then retracted to visualise domains unfolding corresponding to force drops in
the force-distance curves. Figure adapted from [68] with permission.
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2.4 Single cell computational modelling

This section reviews the available computational models of single cell with a focus
on the Finite Element (FE) method .

The interpretation of experimental evidence is key to understand the relation-
ship between cell mechanics and function [69]. To this aim, various computa-
tional frameworks have been developed to complement experiments and to
provide new insights into cell mechanics. Computational modelling of cells has
been demonstrated to be difficult by the interplay between different length-scales
and time-scales and between structure, function and external cues.

2.4.1 Finite Element method

Continuummechanics canbeused to simulate cellmechanics if the smallest length
scale of interest is shorter than the length scale at which the cell properties vary
[69]. The FE method is the most common technique to solve continuum mech-
anics constitutive equations in cell mechanics as non-linearities can be easily in-
cluded and commercial software is available to solve numerical associated frame-
works.

The FE analysis is a numerical method widely used to solve engineering prob-
lems in the context of structural analysis, heat transfer, fluid flow, mass transport
and electromagnetic potential [70]. It relies on the approximate solution of algeb-
raic equations on discrete points of the continuum: the domain is discretised in
smaller units (finite elements) connected at common points (nodes); the equa-
tions are formulated for each element and the solution for the whole body is ob-
tained by combining them. For structural analysis problems the displacements
and stresses are to be determined in the equilibrium state under a given load, typ-
ically using the nodal displacements as variables and the equilibrium equations
and force-displacement governing laws to write the algebraic equations. The gen-
eralised FE method can be summarised in the following steps [70, 71]:

• discretisation: the domain is divided into an equivalent system of finite ele-
ments with connected nodes. The size and number of elements need to be
balanced between results accuracy and computational expense. Elements
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can be one-, two- or three-dimensional: one-dimensional elements consist
of truss and beam elements, constituted by a line with one node at each
end (linear element) or more (three nodes: quadratic element, four nodes:
cubic elements, etc.); two-dimensional elements can be triangular or quad-
rilateral and present corner nodes (linear elements) or corner andmid-side
nodes (quadratic elements); three-dimensional elements are tetrahedral or
hexahedral andcanbe linearorquadratic similarly to two-dimensional ones.

• element equations: let us consider a generic triangular linear element with
three nodes marked as 1− 3 in a two-dimensional coordinate system. The
forces acting on the nodes are defined by the nodal displacements, the load
applied to the element and its initial strain. Forces and corresponding dis-
placements are decomposed in suitable components in (x, y). Thematrices
of forces r and corresponding displacements u are defined as:

r =


r1
r2
r3

 , (2.1)

u =


u1
u2
u3

 . (2.2)

Assuming linear elastic behaviour of the element, the characteristic relation-
ship between force and displacement can be written as:

r = Ku− f, (2.3)

where f represents the nodal forces required to balance any load applied on
the element andK defined as the stiffness matrix for the element.

• assembly equations: if considering adomainconstitutedbymultiple elements
two conditions need to be met: displacement compatibility and equilib-
rium. The nodal displacement matrix written for all the elements automat-
ically satisfies the first condition. The equilibrium has been postulated for
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the single elements, therefore conditions at the nodes need to be set to sat-
isfy the total equilibrium of the structure. The resulting equations have the
displacement as a variable and their solutions define the structural problem.
For a generic node, the equilibrium equation is the sum of the force com-
ponents acting on the elements meeting on that particular node. If all the
nodal equilibrium equations are assembled the following condition is ob-
tained:

Ku− f = 0 (2.4)

• boundary conditions: to solve the system defined by Eq. 2.4 the prescribed
support displacements need to be included. These conditions are derived
from physical constraints which limit the degrees of freedom of the system,
i.e. rigid body constraint, encastre, etc. When the boundary conditions are
set the system can be solved for the unknown nodal displacements and the
element internal forces.

2.4.2 Single cell finite element models

FE single cell models have been successfully used to study the mechanical prop-
erties of subcellular components, such as the nucleus, and to gain information on
whole cell mechanics [69]. These models were designed to couple experimental
evidence and are reviewed below depending on the experimental technique they
were focused on.

• Magnetic manipulation experiments: Mijailovich and co-workers [72] de-
signed a three-dimensionalmodel of a cell to obtain cellmechanical proper-
ties from magnetic twisting cytometry experiments. In these experiments,
a torque is applied to a bead which is bound to the cell surface. With the
help of the FE model they were able to couple the relationships between
torque and cell deformation, bead rotation and lateral translation and to
obtain the Young’s modulus of the cell from the apparent cell stiffness if in-
dentation depth and cell height were known. The FE model consisted of a
linear elastic slabwith constant local height representing the cell and an em-
bedded spherical bead. This geometry was idealised with respect to the real
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cell geometry but it was shown to be accurate enough to analyse the highly
localised bead torque response.

Anothermodel was developed byKarcher and co-authors [73] for a similar
application in the context of magnetocytometry. They designed a three-
dimensional cylindrical domain representing a cell monolayer incorporat-
ing viscoelastic properties of the cytoskeleton (bulk material) and mem-
brane (shell) contributions with an embedded spherical bead. They also
allowed for cell height and material property modulation to represent dif-
ferent cell types. They found a negligible contribution of the membrane
when large beads or long bead enforcing were simulated and highlighted a
time-dependent behaviour of the force response.

• AFM experiments: McGarry and Prendergast [74] proposed an FE model
of an adherent eukaryotic cell which included the structurally relevant sub-
cellular components, i.e. nucleus, cytoplasm, membrane and cytoskeleton
network. The aim of the study was to investigate the ability of the model
to predict the non-linear structural behaviour of the cell without needing
complex material properties parameter definition. They designed six differ-
ent three-dimensionalmodels representing different stages of cell spreading
on a substrate. The cytoskeleton consisted of a network of compression-
bearing struts and tensional cables picturing themicrotubules and the actin
respectively, bound to each other at common nodes representing the ad-
hesion complexes. The material properties for all components were linear
elastic with a pre-stress applied to the actin filaments. AFM indentations
were simulated by concentrated load application on locations at a known
distance fromthe cytoskeletonconnectionnodes. They found that themain
contributor to the non-linear cell stiffnesswas the cytoskeleton, followedby
the cytoplasm and the membrane.

An FEmodel of a single cell to study the contribution of the different cyto-
skeletal fibres to cell mechanics was designed in previous work from this
group [75]. A multi-structural three-dimensional model was proposed in-
cluding cytoplasm, nucleus, microtubules, actin cortex and actin bundles
and the different cytoskeletal components were selectively removed to in-
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vestigate their structural role. The material properties for all components
were set as linear elastic and the actin bundles were pre-stressed. An ideal-
ised elliptical geometry was used for the cell with a morphologically accur-
ate disposition of the cytoskeleton; a rigid sphere was modelled represent-
ing the AFM tip and displaced to locally compress the cell over the nuc-
leus. The simulations showed that the major contributors to compressive
load bearing were the actin cortex and the microtubules and that none of
the included cytoskeletal components was able to maintain cell rigidity by
themselves.

A geometrically-refined version of the model in [75] was proposed by [76]
where confocal images were used to obtain a realistic cell topology and sub-
cellular component organisation. The FE model included nucleus, cyto-
plasm, membrane/cortex, apical and basal actin stress fibres, locally com-
pressed by a bead mimicking the AFM probe. By discerning between the
apical and basal actin stress fibres, they highlighted the contribution of the
former inmodulating themembrane strainunder compression togetherwith
the cortex. A decreased elastic modulus of both these components reduced
the apparent cell elastic modulus and increased the average tensile strain on
the membrane.

• Fluid flow experiments: The same model of [74] was used to analyse the re-
sponse of an adherent bone cell to substrate strain and fluid flow [77]. To
simulate the substrate strain each node at the cell-substrate interface was
axially displaced; to mimic the fluid flow an even force was applied to the
membrane surface, themagnitude of whichwas computed by using the pre-
dicted shear stress in a parallel flow chamber. The results showed different
responses of the cell depending on the applied mechanical stimulus, with
the fluid flowaffecting the cell entirety and the substrate strain having a local
effect.

A similar approach was previously adopted by Charras andHorton [78], as
they used AFM acquired cell topography and material properties to create
a three-dimensional FE model. They then applied different loading con-
ditions to simulate mechanical stimuli such as substrate stretch, fluid shear
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stress and intermittenthydrostatic pressure, ormanipulation techniques such
as microbead or micropipette experiments. The elastic modulus of the cell
was varied to mimic cellular adaptation to mechanical stimulation and the
strain distribution was analysed as output. They found that most stimula-
tion methods except fluid shear stress caused strains of comparable mag-
nitude; they hypothesised that a different detectionmechanism to flow and
the co-existenceofdifferentpathways in response tomechanical stresswould
be present.

Ferko and co-authors [79] were interested inmechanical load transmission
in endothelial cells exposed tobloodfluidflow. Theydesigned a cell-specific
FE model representing an endothelial confluent monolayer, with micro-
scopy determined focal adhesion positioning, and analysed the contribu-
tion of focal adhesions and material non-homogeneity on the cell mechan-
ical response. The model included the nucleus and cytoplasm modelled as
linear elastic materials and the endothelial glycocalyx modelled as a 0.4μm
thick poroelastic Brinkman layer. The results showed heterogeneous de-
formations of the cytoplasm consequent to shear stress and amplification of
mechanical response near focal adhesions, in the presence of the glycocalyx
and if the nucleus stiffness was artificially enlarged.

• Compression experiments: SlomkaandGefen[80]designeda confocal-based
FE single cell model including nucleus, cytoplasm, membrane and cyto-
skeletal networkand simulated largedeformationsoccurring in experiments
where cells were compressed or stretched. Mechanical loads were applied
through the substrates, which were simulated in contact with the cell, and
the strain measures were computed. Isotropic compressible Neo-Hookean
material propertieswere assigned to the nucleus, cytoplasmandmembrane,
while the cytoskeletal fibres were assumed linear elastic. Localised mem-
braneandnuclear surface stimulationwereobservedwithboth loadingmodes.

Very few studies in the literature built single cell FEmodels which included dif-
ferent cell components and a realistic cell geometry [74–76, 80]. In particular, in
the context of AFM experiments simulation the contribution of different indent-
ing locations to the overall computed Young’s modulus was not investigated, nor
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its dependency on the indentation depth. In this context, a single cell FE model
based on confocal images was designed to address these questions.

2.4.3 Conclusions and background for the present work

Bone mechanotransduction plays an important role in the bone remodelling pro-
cesses. A more detailed elucidation of the mechanical properties of the bone cells
would be needed to better understand the magnitude of forces locally detected
by the cells in vivo. In addition to the mechanical properties of the cell body, in-
formation on the stiffness and characteristics of the bone glycocalyx could provide
further evidence on the mechanisms which involve the cell coating in mechanical
stimulation transmission. The use of computational modelling techniques could
complement the experimental findings with quantitative information not easily
accessible with experimental approaches.
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3
Variability of themechanical properties of

a single bone cell population

This chapter presents the results obtained byAFMnano-indentation on bone cells
focusing on the variability of themechanical properties in a single bone cell popu-
lation¹. The protocol design and an evaluation of the necessary sample size to re-
flect standardpopulationheterogeneity are reported. Thepre-processeddata relat-
ive to this chapter are available at the followingDOI: 10.15131/shef.data.5632771.

3.1 Introduction

The rationale of this study was to design a suitable protocol to test live bone cells
with AFM nano-indentation and to extract the Young’s modulus values from the
obtained data. Particular focus was placed on the repeatability of the experimental
method, on the choice ofmathematicalmodels for Young’smodulus fitting and on

¹Part of the work presented in this Chapter is planned to be submitted as a scientific paper.
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the minimum sample size needed to obtain reliable mechanical properties from a
standard cell line population.

Single cells within populations display some degree of heterogeneity [81]. This
is due to cells at different stages of cell cycle or differentiation [82–84], belong-
ing to lineages with multiple cell types [85, 86], responding to spatially localised
stimuli, migrating to different locations, differently adhering to the substrate or
displaying different genetic modifiers [87]. These factors of heterogeneity affect
the cell cytoskeleton, which is involved in maintaining cell shape, directing cell
movement, responding to mechanical stimulation and generally allowing the cell
to adapt to environmental cues [88].

The reorganisation of the cytoskeleton affects cell mechanical properties due to
its close relationship with cell structure [89]. This was demonstrated experiment-
ally by various works in which the cytoskeleton has been selectively removed and
the global mechanical properties recorded [90–93]. Themechanical properties of
cells could, therefore, be a classifier for cells in different conditions (reviewed in
[40]), i.e. allowing to discern between cells at different stages of differentiation
[52, 91] and of cell cycle [45], distinguish between motile and stationary cells
[43, 94], or distinguish between physiological and pathological cells for example
in the context of cancer research (reviewed in [93]).

Different AFM experimental protocols and data analysis techniques have been
used to test single cells leading todifficultieswhen comparingdifferent results. The
determination of theYoung’smodulus is prone to the effect of various factors, such
as the experimental set-up (cantilever choice and calibration), the testing condi-
tions (load speed, indenting location) and the way data is analysed (contact point
fitting, rangeof indentation,model for stiffness fitting) [39, 40, 43, 93]. In addition
to these experimental challenges, differences in cell elasticity have been observed
depending on: cell cycle stages [45], differentiation stages [48, 52, 91], time in
culture [46, 95, 96], culture conditions [97], adhesion substrate [44], degree of
monolayer confluence [98], and cell migration [94]. Moreover, great ranges of
variability in the recorded cell stiffness values have often been found, despite the
type and conditions of cells used [40, 44, 99, 100].

The methodological variability factors can be reduced by careful optimisation
of the experimental protocols. However, it is not always straightforward to per-
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form accurate sample selection due to the time- and user-intensive nature of the
AFM experiments, which allow for a limited number of cells to be tested in one
day [39]. Moreover, some of the variability factors are intrinsic of a heterogen-
eous cell population and therefore considering a homogeneous sub-sample might
represent an oversimplification of the physiological conditions.

The aim of this study was therefore to design a protocol to test and analyse the
mechanical properties of a standard (not sub-sampled) cell population. Theexper-
imental methodology and post-processing were carefully controlled to minimise
experimental variation and focus on the cell heterogeneity aspect. An unusually
large number of AFM indentation data were acquired and analysed to quantify
the minimum sample size required to achieve statistical significance of the recor-
ded average stiffness values, i.e. the sample size for which the average value does
not change if further data is added.

3.2 Materials &Methods

3.2.1 Cells

In this study, late stage osteoblasts/early stage osteocytesMLO-A5 cells were used
[101]. These cells were originally isolated from transgenic mice long bone and
present a dendritic morphology. The cell line represents the stage of differenti-
ation of young osteocytes responsible for triggering mineralisation of the osteoid
as they spontaneously mineralise in vitro within 7 − 8 days or within 2 − 3 days
in the absence or presence of β-glycerophosphate (β-GP), respectively. They have
been used for different mechanotransduction studies and shown to be mechanor-
esponsive [31, 102, 103]. MLO-A5 cells were kindly donated by Prof. Lynda
Bonewald (University of Missouri, Kansas City, MO, USA).

Cellswere cultured inMinimumEssential AlphaEaglemedium(MEM,Lonza)
supplementedwith 10% Foetal Bovine Serum (FBS, Labtech), 100 units/ml peni-
cillin, 100 μg/ml streptomycin and 2mM glutamine (PSG, Sigma). Cells were
kept at 37◦C and passaged on standard tissue culture plastic when reaching 90%
confluence (passage 27− 30). Prior to AFM experiments, cells were seeded onto
tissue culture treatedPetri dishes (D = 10mm) at a seedingdensityof200 cell/cm2.
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This density was chosen to obtain spatially separated single cells during AFM ex-
periments. Samples were tested after 5 to 6 days of culture, before the deposition
of mineral content.

3.2.2 AFM cantilever preparation

Spherical tipped cantilevers were produced following a similar protocol to [100].
Tip-less cantilevers (WindsorScientific)withnominal spring constantof 0.2N/m
were customised by glueing a silica bead (D = 6 μm, Bangs Laboratories) at the
tip extremity. Firstly, a full calibration of the cantilever was performed in liquid
with the AFM built-in software by recording a force spectroscopy measurement
on a glass coverslip (sensitivity and spring constant determination). The sensit-
ivity calibration enables the calculation of the force derived from the cantilever
deflection and corresponds to the laser positioning [104]; the cantilever spring
constant is measured by thermal noise method [105]. This method relies on the
free oscillation of a diving board-like body and therefore it needs to be applied be-
fore the attachment of a mass (i.e. silica bead) to the cantilever. Subsequently, the
substratewas changed and adry coverslipwas positionedunder the cantileverwith
some epoxy glue (Araldite) at one end and some beads at the other. The cantilever
was dipped into the glue and maintained in position for about 5 seconds. It was
then pressed onto the bare substrate to remove excess glue and then held down on
a silica bead. The customised cantilevers were stored for at least one week before
use to allow for complete cross-linking of the epoxy glue.

3.2.3 AFM set-up

A NanoWizard 3 atomic force microscope (JPK Instruments AG) coupled to an
Eclipse Ti-S optical invertedmicroscope (Nikon Instruments) was used for all the
experiments.

The cells were washed in phosphate buffer solution (PBS) and fresh medium
was added. Samples were positioned on the heated sample holder to allow for test-
ing at37◦C. Thecantilever sensitivitywas calibratedon thebare tissue cultureplate
before each experiment. Single cells were located through the coupled optical mi-
croscope and images of cell shape were recorded for morphological analysis.
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The cantilever was centred over the cell nucleus and a grid of 5 points spaced
3 μm within each other was set [44]. Force spectroscopy measurements were ob-
tained on the 5−point grid for 3 times to collect a total of 15 data on each cell
(Fig. 3.2.1). The relative set point and the approach velocity were set to 10 nN and
4 μm/s respectively. A total of180 cellswere indentedover3 separate experiments.

Figure 3.2.1: An MLO-A5 cell overlaid with a schematic of the indentation grid
over the nucleus. The grid consists of 5 points spaced 3 μm within each other.
Each point is tested thrice following the grid numbering order three times.
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3.2.4 Post-processing

The obtained data files were exported as text files from the JPK Data Processing
software. All the subsequent post-processing was performed in MATLAB (Math-
works) with custom-written semi-automated algorithms to allow for careful tail-
oring of the analysis steps.

The methodology is summarised in Fig. 3.2.2.

Contact point determination

The ratio of variance method proposed in [106] was used to determine the con-
tact point, i.e. the point in the force spectroscopy curve at which the probe first
comes into contact with the cell. The rationale of this algorithm is that the vari-
ance of the signal measured at two intervals belonging both to the non-contact or
contact region is similar: in the non-contact region, the variance is small because
there is no cantilever deflection (d) but for instrumentation noise; in the contact
region, the variance is higher due to the sample indentation. It is possible to com-
pute the ratio of variances (RoV) between two adjacent moving windows of size
N (with N = 100 datapoints) separated by a trial point i while scanning the force
spectroscopy curve (Eq. 3.1):

RoVi =
var(di+1 : di+N)

var(di−N : di−1)
. (3.1)

For trial points iwell in the non-contact or contact regions theRoV takes values
close to 1, for trial points i close to the contact point theRoV displays a peakwhich
can be used to localise the contact point on the curve.

Each force spectroscopy curve was visually checked to verify the algorithm’s
correct functioning: curvesdisplayingnobaselinewerediscardedandcurves show-
ing incorrect fitting were re-processed with a different moving window size N.
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Figure 3.2.2: A cell population was tested to evaluate the average and dis-
persion of the stiffness values. A total of 180 MLO-A5 cells were tested. Each
cell was indented over the nucleus using the 5−point grid (points 0 − 4); each
point of the grid was indented three times following the numbered list. A
force spectroscopy curve was obtained for each indentation, for a total of 15
curves per cell. Each curve was analysed with the custom-written algorithms
(see Fig. 3.2.3 - Fig. 3.2.7) to obtain a value of Young’s modulus for increasing
indentation depths. The Young’s modulus values were averaged for each cell.
The average value for each cell was used to calculate the average and dispersion
stiffness values for the cell population.
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A step-by-step representation of the algorithm to prepare the data for further
analysis is pictured in Fig. 3.2.3 - Fig. 3.2.6:

1. each force spectroscopy extend curve was analysed separately (Fig. 3.2.3);

2. the ratio of variance method was used to determine the contact point
(Fig. 3.2.4);

3. the contact point was fitted on the force spectroscopy (Fig. 3.2.5);

4. the data were centred with the contact point (Fig. 3.2.6);

The algorithm is semi-automated: the processing of each curve requires 0.2 s of
computational timeon an IntelXeonmachinewith32GBofmemoryplus the user
time needed to confirm the goodness of the contact point fitting for each curve.

Figure 3.2.3: Data pre-processing - step 1. Example of raw extend force
spectroscopy data curve (blue line) obtained by AFM nano-indentation of live
bone cells.
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Figure 3.2.4: Data pre-processing - step 2. The ratio of variance method was
used to locate the contact point (grey dots).

Figure 3.2.5: Data pre-processing - step 3. The contact point (red circle) was
fitted on the force spectroscopy raw data curve (blue line).
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Figure 3.2.6: Data pre-processing - step 4. The force spectroscopy data curve
was centred with the contact point to obtain the pre-processed curve (black
line).

Young’s modulus fitting

The Young’s modulus was obtained by Hertz model fitting on the extend force
spectroscopy curve. The Hertz model formulation for a spherical indenter over
a half space [40, 42] was used, as summarised below.

The force F on a cantilever for which the tip can be approximated by a sphere of
radius R can be written as per Eq. 3.2:

F(d) =
4
3

E∗ R
1
2 d

3
2 , (3.2)

with E∗ effective modulus of the tip-sample system and d indentation depth. E∗

can be written as per Eq. 3.3:

1
E∗ =

1− ν 2probe
Eprobe

+
1− ν 2cell

Ecell
, (3.3)

with νprobe, Eprobe and νcell, Ecell Poisson ratio and Young’s modulus of probe and cell
respectively. Assuming Eprobe to be greater than Ecell and by setting νcell = 0.5 as

44



per an incompressible material, Eq. 3.2 can be re-written as:

F(d) =
16
9

Ecell R
1
2 d

3
2 . (3.4)

These solutions have been obtained under various hypotheses, such as homo-
geneous, isotropic and linear elastic material properties, and infinitesimal deform-
ation. However, cells are heterogeneous in composition and present time-
dependent mechanical properties [43]. Care should, therefore, be taken when
using this model, by meticulously controlling the experimental conditions [43],
by experimentally checking the elastic linear properties of thematerial and not as-
suming them a priori [39] and by verifying the assumption of constancy of the
elastic modulus over depths of indentation [107].

A set of a posteriori analyses was therefore designed to evaluate if the Hertz
model assumptions were satisfied in this context. The Young’s modulus was cal-
culated for increasing indentation depths to get an insight into the contribution of
different cell components (Fig. 3.2.7). An increasing number of points was fitted
representing indentation depths from 100 nm up to a maximum of 700 nm. The
coefficient of determination R2 was obtained as an indicator of the goodness of fit
of the Hertz model to the data for each indentation depth. The maximum indent-
ation value was chosen by looking for the last indentation value for which more
than 90% of data were available. This analysis allowed for verification of whether
the Young’s modulus was constant over a range of indentation depths and if the
substrate contribution was detected in the form of a sharp increase in stiffness
[107, 108].

Each cell was repeatedly indented 15 times in 5 different locations. This could
result in a time-dependent viscoelastic response of the cell which could potentially
start to rearrange its actin cytoskeleton [93]. To investigate the occurrence of this
phenomenon and to experimentally check the elastic linear material hypotheses,
the Young’s moduli distributions for different indenting locations within the test
grid and for different series of indentation were compared.
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Figure 3.2.7: The pre-processed force spectroscopy data curve (black line) was
fitted with the Hertz model (red dashed line) at different indentation depths to
obtain the Young’s modulus. An example is shown for an indentation depth of
500 nm (green region).
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Morphological analysis

A sub-sample of 30 cellswas analysed to verify the presence of correlation between
Young’s modulus and cell morphology. The light microscopy images of these cells
were analysed in ImageJ [109]. A mask of the cell and nucleus profiles was drawn
and its area was recorded. An ellipse was then fitted to both geometries and itsma-
jor and minor axes were measured. Correlation of each morphometric parameter
(area, major and minor axes for nucleus only and whole cell) was tested against
the Young’s modulus value fitted for the cell averaged across indentation depths.

Sample size considerations

The minimum number of cells required to obtain a stable value of Young’s modu-
lus for the population was computed, i.e. the minimum sample size for which the
addition of further single cell contributions does not affect the computed average
population stiffness. To this aim, a Monte Carlo approach was adopted and the
average Young’smodulus for samples of increasing size was calculated (i.e. by con-
sidering an increasing number of single cell contributions) across the indentation
depth range. The cell acquisition order was randomised and the n cells to be in-
cluded in the sample at each stepwere selected randomly from the randomised list.
The Monte Carlo simulation was repeated 100 times and the resulting dispersion
of the average stiffness for given sample sizeswas analysed. To this aim, the percent
deviation for each sample size across the repeats was calculated as the standard de-
viation divided by the mean of the population Young’s modulus for each sample
size. The number of cells required to obtain a percent deviation of less than 10%
was reported.

3.2.5 Statistical analysis

All the experimental quantities measured in this work were expressed as average
and dispersion values. These correspond to the mean and standard deviation for
normal distributions and to the median and inter-quartile range (IQR) for non-
normal distributions. Normality was assessed by Shapiro-Wilk test (significance
set to p < .05) with the SPSS Statistics software (IBM). Data transformation
such as log-normal transformation was not adopted to avoid difficulties in data
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interpretation [110]. The quartile coefficient of dispersion (CoD) was used as a
standardised measure of dispersion and is defined as per Eq. 3.5:

CoD =
q3 − q1
q3 + q1

(3.5)

with q1 and q3 first and third quartile of the distribution, respectively.

To compare Young’s modulus values between locations and series of indenta-
tion theKruskal-Wallis test was used (non-parametric test for comparison ofmore
than two not normally distributed samples). Significance was set to p < .01 for
all tests which were run in MATLAB (Mathworks).

The Spearman’s ρ coefficient of correlation for not normally distributed scalar
data was calculated for all morphometric parameters against the Young’s modu-
lus. A correlation coefficient ∈ (−0.3, 0.3) was considered as weak association,
∈ (−0.5,−0.3)∪(+0.3,+0.5) asmoderate,∈ (−0.9,−0.5)∪(+0.5,+0.9) as
strong, ∈ (−0.9,−1.0) ∪ (+0.9,+1.0) as very strong [111]. Calculations were
performed in the SPSS Statistics software (IBM).

3.3 Results

3.3.1 Hertz model hypotheses testing

Due to the strong assumptions theHertzmodel is built on, its applicability should
not be taken for granted. Therefore, the hypotheses of theHertzmodelwere tested
to verify their satisfaction in this context. To this aim, the Young’s modulus values
versus indentation depth for different indenting locations within the test grid and
for different series of indentation were calculated. No statistical difference was
found between the locations and series of indentation (significance set to p <

.01), confirming that the elastic material assumption was verified (Fig. 3.3.1). It is
expected that, if a rearrangement of the cytoskeleton had occurredwithin the time
frame of the 15 indentations, the recorded values for the subsequent testing series
would have changed.
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Figure 3.3.1: Young’s modulus vs. indentation depth for indenting locations 0−
4 of the grid positioned over the nucleus (top panel, see also Fig.3.2.1) and for
the subsequent series of indentation 1− 3 (bottom panel). Values for different
locations (top panel) and series (bottom panel) of indentations were compared
to test that the hypothesis of linear elastic material was satisfied. No statistical
difference was found (significance set to p < .01).
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Table 3.3.1: Young’s modulus values [kPa] for the MLO-A5 pre-osteocyte cell
population (168 cells). Average (median), dispersion (IQR), mean and standard
error of the mean (SEM) values are reported for increasing indentation depths.
SEM values were calculated with N = 168 cells.

Indentation Young’s modulus
[nm] [kPa]

median IQR mean SEM

100 2.93 1.31 3.12 0.08
200 2.76 1.24 3.01 0.08
300 2.71 1.37 2.96 0.09
400 2.71 1.45 2.97 0.09
500 2.74 1.49 2.98 0.09
600 2.76 1.49 2.96 0.08
700 2.76 1.43 2.85 0.07

3.3.2 Young’s modulus

A total of 2137 indentations across 168 different cells were analysed. The Hertz
model fitting quality was generally high (R2 = 0.9629 (0.05)) and it was compar-
able for all indentation depths despite the increasing number of points used for fit-
ting deeper indentation depths. Average and dispersion stiffness values were com-
puted for each cell (normal distribution of indentations across each cell). By hy-
pothesising each cell to have spatially homogeneous stiffness properties described
by the average value, the average and dispersion values for the cell populationwere
calculatedusing the average value fromsingle cells (non-normal distributionof cell
Young’s modulus values across the population).

In Fig. 3.3.2 histograms of the single cell average Young’s modulus values are
shown for each indentation depth, normalised for the total number of cells (i.e. if
all cells would take the same Young’s modulus value, the corresponding bar would
be equal to 1). Population average and dispersion values are highlighted in red.
Theaverage population values of theYoung’smoduluswere constantwith indenta-
tion depth, except for shallow indentationswhere a slightly higher valuewas calcu-
lated (Table 3.3.1). The maximum indentation of 700 nm did not show any sharp
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increase suggesting that the substrate was not detected.

3.3.3 Morphological analysis

MLO-A5 cells showed the expected dendritic shape [101], however, some degree
of variation was observed in cellular dimensions and elongation. Some represent-
ative cellularmorphologies are depicted inFig. 3.3.3. InTable 3.3.2, values for nuc-
lear andcellmorphological parameters are reported. These include area,major and
minor axes dimensions. Average (dispersion) values for nuclear and cellular areas
were 289 (147) μm2 and 2240 (969) μm2, respectively. Average (dispersion) val-
ues for major and minor nuclear axes were 23 (6) μm and 16 (4) μm, respectively.
Average (dispersion) values formajor andminor cellular axeswere 68 (12) μm and
41 (16) μm, respectively.

A weak correlation was found between all the morphological parameters and
the cell Young’s modulus (ρ < |0.2|), suggesting no association between shape
and mechanical properties.

3.3.4 Sample size

All the calculations reported so farwere performedon the data relative to 168 cells.
However, smaller samples might be sufficient to calculate an average population
stiffness values. The population average Young’s modulus for increasing samples
size for the computed 100 repeats is shown in Fig. 3.3.4, where dots represent the
average population stiffness for increasing sample sizes and error bars the stand-
ard deviation across repeats. The percent deviation for increasing sample sizes
is shown in Fig.3.3.5. This can be well fitted with a power function in the form
y = axb, with y representing the percent deviation, x the number of cells and a, b
fitting parameters (in this instance a = 37 and b = −0.37). Data from about
35 cells were needed to obtain a percent deviation error of 10% on the population
average Young’s modulus. This is, however, an indicative number, calculated for
the specific protocol used in the present work.
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Figure 3.3.2: Histograms of single cell average Young’s moduli for each indent-
ation depth normalised for the total number of cells. The red asterisks and lines
represent the average (median) and dispersion (IQR) value for the population,
respectively. The blue dots and lines represent means and standard errors.
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Figure 3.3.3: Representative images of the 30 MLO-A5 cells morphological
profiles. The scale bar represents 100 μm. Different degrees of elongation and
various sizes are noticeable.
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Table 3.3.2: Areas, major and minor axes for the nucleus and the cell are
reported. Weak correlation was found between the morphological parameters
and the cell Young’s modulus.

Nucleus Cell

Area Major Minor Area Major Minor
[μm2] [μm] [μm] [μm2] [μm] [μm]

1 589 30 25 2413 61 51
2 293 23 16 1981 65 39
3 352 24 19 1699 54 40
4 283 23 16 2943 70 53
5 235 19 15 2269 84 35
6 210 26 10 1709 70 31
7 187 16 15 2217 64 44
8 598 32 23 5074 103 62
9 367 30 16 3681 91 51
10 755 36 27 2742 68 51
11 339 24 18 2262 71 41
12 385 30 16 4379 112 50
13 213 22 12 2671 97 35
14 365 26 18 2630 69 48
15 356 25 18 2015 69 37
16 255 20 16 1997 67 38
17 284 21 17 1680 62 35
18 123 15 10 1230 73 21
19 202 19 13 1955 62 40
20 258 21 16 1434 56 32
21 346 22 20 1878 59 40
22 562 33 22 3619 75 62
23 443 26 22 3414 75 58
24 220 18 15 1140 49 30
25 257 24 13 2105 56 48
26 139 15 12 1566 68 29
27 325 22 19 1917 60 41
28 207 18 14 2759 66 53
29 342 25 18 3698 73 64
30 281 25 14 2392 61 50
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Figure 3.3.4: Young’s modulus average values for increasing sample size res-
ulting from 100 repeats of the Monte Carlo analysis. The x-axis represents the
randomised sample size and the y-axis the average population Young’s modulus
computed for it. Dots represent the mean and error bars the standard deviation
across repeats.
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Figure 3.3.5: The percent deviation of the average population Young’s modulus
was calculated for increasing sample sizes. A percent deviation lower than 10%
was obtained with sample sizes of about 35 cells.
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3.4 Discussion

3.4.1 Young’s modulus fitting

An unusually large number of pre-osteocyte MLO-A5 cells was tested by AFM
nano-indentation. Theexperimental protocolwas carefully controlled tominimise
experimental error. To this aim, the cantilever sensitivity was always calibrated
when changing samples and the testing conditions (i.e. temperature, day of culture
at which the cells were tested, cell seeding density, cell culture protocols) were
maintained constant. The load rate was set prior to experiments to make sure the
measurements were comparable as it was shown that cell response changes with
an increase in load rate [112]. The indenting location was controlled by centring
a 5−point grid over the nucleus for repeatability.

A spherical tip was selected as an indenter. The choice of a spherical tip over
a sharp (conical or pyramidal) tip lead to various advantages [113–115]. The ap-
plied force is distributed over a wider area reducing the stress and strain of the
cell and therefore reducing the risk of cell damage. In terms of subsequent math-
ematical fitting, the probe geometry is better defined and the Hertz model accur-
ately describes the case of a spherical indenter over an elastic body; moreover, the
calculated Young’s modulus values are more robust due to the reduced impact of
nanoscopic inhomogeneities.

Theelasticmodulus valuesfittedwhenusing spherical indenters reflect themech-
anical property contributions of the different elements composing the cell in the
tested region, e.g. themembrane, the cytoskeleton. Thismesoscopic elasticity can
have more relevance for clinical applications than the single element’s nanoscopic
characteristics [115]. The Young’s modulus obtained with spherical tips is gener-
ally lower than the one obtainedwith sharp tips, probably due to the larger contact
area, the errors in estimating the tip geometry and the fact that sharp tipsmay gen-
erate local large strains causing hyperelastic cell responses [116].

When testing soft samples in liquid, the contact point is not clearly marked due
to the poor signal-to-noise ratio of the deflection signal and to the non-linear force-
displacement relationship for small indentations [106]. Theaccurate estimationof
the contact point is vital because it directly affects the fitting procedure needed to
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calculate the Young’s modulus [115]. The RoV method used in this context has
been compared with others in terms of performance in contact point localisation
[106]. Despite not being considered as the most precise method, it was shown to
have sufficient accuracy and low computational cost and it was therefore selected
for the present study due to the large acquired database.

TheHertzmodel was used to fit the Young’smodulus of cells, a common choice
for cell and biological sample indentation experiments [10, 40, 43] as introduced
inChapter 2 (Section 2.3.2). The indentation over a half space by a spherical body
was hypothesised. Conversely, other works used the Hertz model for a spherical
indenter over a spherical body when working with adherent cells [107] so a pre-
liminary data-set was employed in this study to evaluate the radius of curvature of
adherentMLO-A5 cells. This data-set included 10 cells whichwere tested byAFM
Quantitative Imaging (QITM)mode to obtain theirmorphology (Fig. 3.4.1). QITM

is a force spectroscopy based imaging mode which can give quantitative inform-
ation on sample thickness, adhesion and slope in high resolution. A 50 x 50 μm
or 60 x 60 μmQITM image of each cell was obtained and analysed with the AFM
built-in software to obtain the thickness of the cell in respect to the substrate and
the length of the two major axes. The cell thickness at the nucleus and the length
of the shorter axis were used to calculate the radius of curvature by the equation
of the circle passing through 3 points. The shorter axis was chosen as a safety
factor to avoid underestimating the radius of curvature. Moreover, the cells were
often bigger in size than the imaging window which led to an axis measurement
lower than the real case. A mean (range) radius of curvature was calculated as
106.2 (33.5 − 194.7) μm. These values are well above the radius of the probe
(3 μm) and therefore justify the choice of using a half space as themodel indented
body.

The Hertz model was originally developed for a soft indenter on a rigid sur-
face and the calculations were based on the assumption that the deformation of
the sample was much smaller than the radius of the spherical probe [42]. This
assumption does not apply when considering soft samples such as cells and there-
fore other fitting models have been proposed. A number of studies in the liter-
ature (e.g. [96, 107, 117]) utilise the model derived by Sneddon for the case of
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Figure 3.4.1: QITM image of an MLO-A5 cell. The colour bar represents the
relative thickness of the cell to the substrate. The highest part (in yellow)
corresponds to the nucleus.
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a rigid indenter on a deformable surface [118] which does not hold constraints
on the sample deformation and can be applied for indenters of different shapes.
However, in the case of spherical indenters with radius larger than approximately
1− 2 μm the Hertz model well approximates the Sneddon model despite its rigid
assumptions and is more convenient presenting an analytical form [115].

Other models such as the Johnson-Kendall-Roberts ( JKR) model [119] and
the Derjaguin-Muller-Toporov (DMT) model [120] addressed the issue of adhe-
sionbetween the tip and the samplewhichwas not consideredby theHertzmodel.
The JKR theory takes into account adhesion inside the contact area and can be ap-
plied for large tips indenting soft samples with large adhesion; the DMT model
considers adhesion outside the contact area and is used for small tips indenting
stiff samples with small adhesion [121]. In the present work, adhesion forces were
neglected since a significant deviation between the approach and retract curve at
the end of the indentation was not observed [92].

Another correction proposed for the Hertz model relates to the thin-layer ef-
fect. The Hertz model assumes an elastic half space and therefore a sample for
which the thickness ismuch larger than themaximum indentation. Adherent cells
are however soft thin bodies standing on rigid substrates (e.g. tissue culture plate)
and this assumption implies neglecting the substrate’s contribution. One com-
mon solution consists in limiting the indentation to small percentages of the cell
height (e.g. 10% − 20% [60]) but this restricts mechanical insight on the con-
tribution of different cell components as only the superficial region is considered
[115]. Alternatively, an analytic approximate correction factor to theHertzmodel
for spherical indenters has been proposed for the case of small indentations which
takes into account the effect of the limited sample thickness [113]. In this study, a
different approach relying on the analysis of data a posteriori was used, i.e. check-
ing for the presence of sharp increases in the Young’smodulus for high indentation
depths [107, 108].

TheHertzmodel hypothesises linear elastic properties of thematerial tested. In
the case of cells, this premise cannot be assumed a priori [39]. As an experimental
verification, the Young’s modulus obtained for different indenting locations and
serieswere compared. If a viscoelastic responsewas to occurwithin the time frame
of the repeated measurements, this would reflect in a change in the stiffness for
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subsequent series. No statistical difference was found, confirming that this model
hypothesis could be assumed in this case.

TheYoung’smodulus for increasing indentation depthswas found to be broadly
constant. For shallow indentations, slightly higher valueswere calculated, possibly
representing the properties of the actin cortex. It was, in fact, proposed that in-
dentation depths lower than 200 nm would give stiffness properties of the hetero-
geneous actin cortex region, while larger indentation depths should allow for the
evaluation of the cell body stiffness [93]. Moreover, in superficial regions, the con-
tribution of the glycocalyx or cellular brush might play a role and it has been sug-
gested that appropriate variations of theHertzmodel should be used to best fit this
region and discern between the brush and the cell body contribution [60, 107].
This topic will be further discussed in Chapter 4. It should be noted that higher
values for shallow indentations could also be linked to errors in the contact point
fitting [106] or reduced sensitivity of the cantilever at low forces [61].

Constant Young’s modulus with indentation depth was found in another work
on bone cells, in which the Hertz fitted Young’s modulus was found to be inde-
pendent from the indentation depth for human osteoblasts tested up to 500 nm
in the range of 50% − 95% of maximum indentation [48]. However, contrast-
ing results were obtained in other works on ovary and epithelial cells [107, 112].
This could be due to different cell types displaying different cytoskeleton arrange-
ment and overall cell and nucleus thicknesses which would affect the indentation
measurements [40, 122]. Moreover, cellular brushes of different nature and com-
position may influence the shallow indentation results at different ratios. Finally,
considerations on the sample size should be taken into account and will be sub-
sequently discussed.

The maximum indentation of 700 nm did not show any sharp increase suggest-
ing that the substrate was not detected. The average thickness of adherent MLO-
A5 cellsmeasuredwithQITM AFMmodeon thepreliminary data-set under similar
culture conditions (Fig. 3.4.1)was 2.46 (0.30) μm. Therefore, amaximum indent-
ation of 700 nm could affect∼ 28% of cell height. This result is in accordancewith
previousworkonChinesehamster ovary cellswhere indentationsup to50%of the
cell thickness did not show a substrate contribution [112].
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3.4.2 Comparison with other bone cell Young’s modulus values

For comparison with other stiffness values recorded for bone cells, let us consider
an average value ofYoung’smodulus across the100−700 nm rangeof indentations
of 2.77 kPa (Table 3.3.1). In Table 3.4.1, literature data on AFM indentation of
bone cells are listed. Only works in which values for cell nucleus were available are
reported (see Table 2.3.1 for generic bone cell values).

Most Young’s modulus average values sit in the range of 0.5 − 10 kPa, as the
one calculated in the present work. More detailed comparison is made difficult by
the employment of different Hertz model corrections, different probe shapes (i.e.
higher stiffness modulus values are obtained with sharp cantilevers with respect
to beaded cantilevers [97]) and loading rates (i.e. cells apparent stiffness modulus
increases with the loading rate [112]).

Many works, some of which are reported in Table 3.4.1, report Young’s moduli
data as the mean value and standard error of the mean (SEM) (Fig. 3.3.2 in blue,
and Table 3.3.1). To this aim, multiple Young’s modulus values are first grouped
(e.g. by cell or by location) and a mean value is calculated; then a variability range
analysis is performed on these mean values to calculate their standard error. This
representation does not allow for direct analysis of the population heterogeneity,
as the dispersion is calculated on the mean values and not on the original data.
Moreover, the average population Young’s modulus values are likely to be not nor-
mally distributed (i.e. the distribution is positively skewed as the Young’smodulus
can’t take negative values) and, therefore, the representation through a mean and
not a median would result in calculating higher stiffness values unless some stat-
istical corrections to render normality were applied.

3.4.3 MLO-A5 population heterogeneity

Calculating the population dispersion could serve as an indicator of the hetero-
geneity of cells within the population. For the MLO-A5 cells used in this study a
quartile coefficient of dispersion (CoD) of 0.24 (average across indentation depth
range of 100 − 700 nm) was calculated, which could represent the heterogeneity
of a standard population with cells at different phases of the cell cycle or stages
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Table 3.4.1: Available Young’s modulus values for bone cell nuclei tested by
AFM. Cell type indicates the bone cell family tested; Young’s modulus values
are expressed as mean (standard error of the mean); Sample size refers to the
number of cells tested.

Cell type Young’s modulus Sample size Ref
[kPa] [cells]

Pre-Osteoblast 0.9 (0.4) ∼ 20 [44]
Osteoblast 8.3 (0.4) 23 [52]

2.6 (1.8) ∼ 5 [50]
0.6 (0.1) 25 [51]
1.4 (0.2) 30 [48]

Pre-Osteocyte 3.2 (0.3) 10 [52]
Osteocyte 3.2, 2.2, 2.0 3 [53]

2.7 (0.3) 34 [52]

of differentiation. To verify the rationality of this result, let us consider two scen-
arios. In the first scenario, a cell population is composed by 70% of cells in the G1
phase and 30% of cells in phase S of the cell cycle (the considered percentage of
cells in the S phase is higher than the one found in a standard population [123],
however no stiffness data were available for cells in G2 and M phases). By using
the differences in cell stiffness found by Kelly and co-workers [45] between cells
in the two phases and calculating the CoD value, a value of 0.26 was obtained. In
the second scenario the same approach was used to calculate the quartile coeffi-
cient of dispersion for a population of bone cells differentiating from osteoblasts
(50%) to osteocytes (50%) (i.e. this situation could represent the MLO-A5 cell
line as pre-osteocytes). The CoD calculated by using differences in cell stiffness
data from Sugawara and co-workers [52] was 0.25.

These scenarios are simplistic examples based on multiple assumptions, com-
paringdata relative tovarious cell types acquiredwithdifferent experimentalmeth-
odologies. Moreover, it has not yet been elucidated how the superposition of dif-
ferent cellular events (i.e. differentiation, division, migration) affect the cellular
stiffness. However, they could in first approximation confirm the goodness of the
population dispersion as an indicator of cell physiological heterogeneity.

A further confirmation of the MLO-A5 population heterogeneity being com-
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parable to a standard bone cell population could be obtained by comparing the
SEMof the Young’smodulus values. TheYoung’smodulus SEMvalues in the liter-
ature rangedbetween∼ 10−50%of the correspondingmeanvalues (Table3.4.1).
In the presentwork (Table 3.3.1) the calculated SEMwas∼ 3%of themean value.
The values are therefore comparable with a lower ratio obtained in this study pos-
sibly due to the large sample size. As previously discussed this is an indirect estim-
ate, as the SEM is calculated on the mean values and not on the raw data.

The sample size analysis performed gave an estimate of the required sample to
capture the population heterogeneity by evaluating the effect of the sample size
on the average stiffness. A required sample size of about 35 cells was calculated for
an admitted percent deviation for the average stiffness value of 10%. This value is
specific for the present protocol and cell population, but appears to be higher than
otherworkson indentationof cellswhich refer to smaller sample sizes (Table3.4.1).
Themethodpresented in this context to estimate suitable sample sizesmight there-
fore be considered as a useful tool to provide more accurate cell stiffness evalu-
ations. This would well fit in the wider context of a recently growing body of liter-
ature on single cell analysis and related sample sizes [124–127].

3.4.4 Morphological analysis

A weak correlation was found between all the morphological parameters and the
cell Young’s modulus (ρ < |0.2|), suggesting no association between shape and
mechanical properties. Similar values for the Spearman’s correlation coefficients
were found for human mesenchymal stem cells chemically differentiated into os-
teoblasts [48] and analogous results were published for murine fibroblasts [128].

Conversely, a recent report performing a detailed analysis of various cell types
morphology found increasing nuclear apparent elastic modulus with cellular and
nuclear size [129]. To explain this apparent discrepancy it should be highlighted
that the stiffness calculation in [129] relied on intracellular forces only as no ex-
ternal loadwas present. The stiffness parameters explored in the present study and
in [129] are therefore of different nature as in this context the cellular response to
external loading and not its unloaded physiological state was considered.

It should be also noted that this analysis was examining the overall cell and nuc-
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lear shapes and not the cytoskeletal fibre organisation. It has been in fact sugges-
ted that the spatial organisation of actin filaments would contribute to cell stiffness
[43] and it has been shown that there is a strong relationship between the amount
of actin and myosin and the cellular elastic modulus [128].

3.5 Conclusions

In the present work, a large sample of MLO-A5 pre-osteocyte cells was tested by
AFM. The experimental protocol and post-processing were carefully controlled
and the hypotheses of theHertzmodelwere experimentally verified in this specific
context.

An average (dispersion) Young’s modulus value of 2.77 (1.40) kPa was com-
puted, which is in the order of magnitude of others previously calculated for bone
cells. Detailed comparisons with values in the literature were difficult because of
the use of different elastic modulus fittingmodels, probe shapes and loading rates.
Constant Young’s modulus over all the tested indentation depths was found, i.e.
up to∼ 28% of cell height, and no substrate contribution was observed.

The populationmechanical property heterogeneity that should be expected for
a standard bone cell population was quantified and the minimum sample size to
obtain a reliable population average Young’s modulus was calculated. The com-
puted sample size was of about 35 cells accepting amaximumpercent deviation of
10% on the average population stiffness.

In the following chapters, additional studies will be presented to account for
the glycocalyx contributionwithin shallow indentation depths and to test different
bone cell lines to evaluate their heterogeneity andmechanical changesduringbone
cell differentiation.
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4
Evaluation of the bone glycocalyx
mechanical properties by AFM

nano-indentation

The protocol developed in Chapter 3 is applied to verify the possibility of sensing
theglycocalyxduringnano-indentationexperiments. Additionalmethods and res-
ults are presented in this chapter. The pre-processed data relative to this chapter
are available at the following DOI: 10.15131/shef.data.5632774.

4.1 Introduction

The rationale of this study was to test if possible to measure the mechanical prop-
erties of the glycocalyx of live bone cells byAFMnano-indentation. Protocol para-
meters such as the cantilever stiffness and probe size were tailored to this aim and
the post-processing was adjusted accordingly.
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Theglycocalyx is definedas thedynamic collectionof variousmembrane-bound
macromolecules that can be found on the surface of cells. It is composed of gly-
coproteins andproteoglycans, constituted by a core protein towhichGAGs chains
are attached [4]. It can be found in different cell types and accomplish various
functions depending on the tissue and its physiological or pathological condition.
The glycocalyx components can be connected to the cell membrane via trans-
membrane linkersor can span through themembranephospholipidicdouble layer.
They have a strong negative charge and attract water causing the glycocalyx to be
a soft and water-saturated material [12].

Traditionally, proteoglycans have been challenging to characterise because of
their variety. Natural cell membrane proteins called lectins that bind to specific
carbohydrate groups have beenused as they have an affinity for specific sugar units,
but identifying the predominant sugars is often not sufficient to specify the pro-
teoglycan molecule [130]. More recently, specific proteoglycan antibodies and
binding proteins have been identified and helped the glycocalyx component de-
tection with better specificity. In endothelium, the most prominent GAGs are
heparan sulphate (HS) in a percentage of 50 − 90% (in particular syndecans,
glypicans, andperlecans), with the remaining composedof chondroitin/dermatan
sulphate (CS, in particular biglycan) and hyaluronic acid (HA) [4]. The bone gly-
cocalyxmain component is HA [29, 131], together with other proteoglycans such
as CS (decorin [32] and biglycan [33]) or HS (perlecan [38]) making a minor
contribution.

Regarding the thickness of the endothelial glycocalyx, in vitro and in vivo meas-
urementshave led tohighly variable valuesdependingon the imagingmethodused
for assessment. These values ranged from 0.02 μm to 8.9 μm in vivo or ex vivo and
from 0.01 μm to 3 μm in vitro, causing questioning of the validity of in vitromodels
[132]. Its high water content and ability to collapse when dehydrated or in a non-
physiological state have made glycocalyx visualisation and measurements labor-
ious. A major difficulty of imaging proteoglycan pericellular layers is related to
the fixation methods needed to maintain the physiological hydration of the mesh
[133, 134]. Recently, a protocol was developed to image the endothelial glycoca-
lyx using transmission electron microscopy coupled to rapid freezing/freeze sub-
stitution fixation [132] (Fig. 4.1.1). This technique allowed for high spatial resol-
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Figure 4.1.1: Transmission electron microscopy of glycocalyx-covered en-
dothelial cells fixed by rapid freezing/freeze substitution and stained by osmium
tetroxide. The red asterisks indicate the glycocalyx on the lower cell surface.
Figure adapted from [132] with permission.

ution imaging of the glycocalyx in its hydrated and protein-rich configuration. It
was tested on bovine aortic endothelial cells and rat fat pad endothelial cells, res-
ulting in 11.35 ± 0.21 μm and 5.38 ± 1.13 μm glycocalyx thickness measured,
respectively. These values were closer to the ones obtained in vivo and confirmed
the validity of in vitro studies. Regarding the bone glycocalyx, no quantitative data
are available. For osteocytes, it has been proposed it would span the gap between
the osteocytes processes and the cement line in the lacunocanalicular network (i.e.
0.1− 1 μm) [20].

Important roles in health anddisease are attributed to the glycocalyx. Its gel-like
structure modulates cell binding and adhesion by providing resistance or allow-
ing interaction with specific molecules. To enable interactions the proteoglycan
molecules are pushed aside or squashed allowing contact [135–139]. In endothe-
lium, the glycocalyx is involved in the physiological functions of homoeostasis,
permeability, regulation, lubrication and mechanotransduction [4, 140, 141].
Whendisrupted, these functions fail and pathological situations arise (reviewed in
[140, 142–146]), even if not clear if as a cause or consequence of vascular impair-
ment [147]. In cancer, the glycocalyx composition and expression can increase the
tumorigenicity of cells and affect their interactions limiting the access of chemo-
therapeutic drugs (reviewed in [148]). The glycocalyx plays a role in pathogen
recognition and inflammatory response within the immune system (reviewed in
[149]). Damage to the bladder glycocalyx leads to cystitis andpainful bladder syn-
drome (reviewed by [150, 151]).

As reviewed in Chapter 2 (Section 2.2), the endothelial glycocalyx has been
ascribed a mechanosensor role in the transduction of the blood flow mechanical
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signal, with its GAG branches transmitting the fluid stimulus into the inner cell
compartments [23, 24]. Its contribution to mechanotransduction has also been
shown experimentally [25, 26] by selective removal of its components and con-
sequent analysis of signalling response [34] or by observation of its composition
when exposed to flow [152]. Analogously, the glycocalyx in bonewas suggested to
be involved in mechanotransduction. Starting from the model proposed by [20]
(Fig. 2.2.1, see Chapter 2, Section 2.2), this hypothesis has been taken forward
with refined models [28] and experimental techniques [29–31].

There is therefore an interest in exploring bone glycocalyx mechanical prop-
erties to better elucidate its mechanoresponsive role. Some elastic modulus val-
ues obtained with AFM are available for the endothelial glycocalyx (Table 2.3.2,
see Chapter 2, Section 2.3.3), but no reference values were found for bone cells.
In this study, the possibility of detecting the bone cell glycocalyx by AFM nano-
indentation was tested. The experimental protocol developed in Chapter 3 was
employed and the post-processing steps were modified to focus on the cell mem-
brane region instead of the cell body. Spherical probes of different sizes were em-
ployed to investigate if this affected the surface layer penetration. Different math-
ematical models were fitted to obtain a range of information on glycocalyx mor-
phology and mechanical properties.

4.2 Materials &Methods

4.2.1 Preliminary considerations

Force spectroscopydata from the experiments presented inChapter 3were used as
a preliminary database. The visual analysis proposed by [54, 55, 153] forwhich the
force spectroscopy curves are searched for sharp changes in slope was performed
on those data. The rationale behind this approach was that indenting a two-layer
material (glycocalyx + cell body) should result in a first part of the curve with a
lower slope (glycocalyx indentation, softer material) followed by a second part of
the curve with a higher slope (cell body indentation, stiffer material). The indent-
ation atwhich the slope changeswould represent the thickness of the uppermater-
ial. This approach was successfully utilised on bovine aortic endothelial cells and
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a similar approach was shown to yield relevant data when testing bacterial walls
[61]. On the available MLO-A5 database, however, no clear contribution from
the glycocalyx was detectable in the force spectroscopy curves. When comparing
the present protocol to others [54, 55, 153] it was noticed that the cantilevers used
were one order of magnitude stiffer than elsewhere. Moreover, no agreement on
the colloidal probe size to be used to detect the glycocalyx was found, with dia-
meters ranging 1 − 20 μm [54–56, 58, 153]. It was therefore concluded that the
glycocalyx was not sensed with the probe used in previous experiments and the
protocol and data collection presented in this chapter was designed.

4.2.2 Glycocalyx imaging

Confocal imaging was performed on fixedMLO-A5 cells to verify the presence of
the glycocalyx. Fluorescent staining was carried out on the main bone glycoca-
lyx component, HA [29, 131]. HA has a conserved composition expressed in all
animals with a developed immune response and therefore it is not immunogenic
and there are no specific antibodies able to recognise it [134]. Hence, a specific
binding protein, the Hyaluronic Acid Binding Protein (HABP), is employed for
specific HA detection in cell cultures. HABP is composed of the HA binding do-
main from aggrecan and it is stabilised by its native link molecule [154–156]; it
can be coupled with biotin which allows for detection with secondary fluorescent
tags bound to streptavidin [134].

The following protocol was used:

• MLO-A5 cells were seeded at 100 cell/cm2 on a tissue culture treated
8well μ−Slide (ibidi GmbH) consisting of a coverslip with eight
separated chambers (1 cm2 each);

• cells were fixed after 3 days in culture with 3.7% formaldehyde or 10%
formalin for 15minutes;

• cells were blocked with 3% Bovine Serum Albumin (BSA) for 1 hour;

• cells were incubated with HABP solution (5 μg/ml biotinylated HABP in
6% BSA in PBS) at 4◦C overnight;

71



• cells were rinsed with PBS and stained for HA with the
streptavidin-conjugated fluorophore (1% fluorophore in 1% BSA in
sodium phosphate buffer) for 1 hour at room temperature;

• cells were rinsed with PBS and stained for actin with Alexa FluorTM 594
Phalloidin (0.67 ng/ml fluorophore in PBS) for 30minutes;

• cells were rinsed with PBS and stained for nuclei with
4′, 6− diamidino − 2− phenylindole (DAPI) (1 μg/ml fluorophore in
PBS) for 10minutes;

• after a final wash with PBS, samples were readily imaged by confocal
microscopy.

BSA and biotinylated HABP from bovine nasal cartilage were sourced from
Sigma-Aldrich, Streptavidin-Alexa FluorTM 488 conjugate and Alexa FluorTM 594
Phalloidin fromTermoFisher. During preliminary experiments, two controlswere
designed to verify specific staining. In the inhibitor control, exogenousHAwas ad-
ded withHABP in 10 : 1 proportion to inhibit HABP; in the streptavidin control,
no HABP was added to check the specificity of the streptavidin-biotin binding.

Confocal images were acquired at the Kroto Research Institute Confocal Ima-
ging Facility. 512 x 512 pixel images were obtained using a Zeiss LSM 510 Meta
inverted confocal microscopemounted with a Plan-Apochromat 63x/1.4 oil DIC
objective, with a pixel dwell time of 51.2 μs. Streptavidin-Alexa FluorTM 488 con-
jugate was excited using a laser wavelength of 488 nm (40% transmission) and
emission was detected between 500 − 550 nm as a result of the band pass filter
used; Alexa FluorTM 594Phalloidinwas excited using a laserwavelength of 543 nm
(77% transmission) and emission was detected above 560 nm as a result of the
long pass filter used; DAPI was excited using a laser wavelength of 800 nm (9%
transmission) and emission was detected between 435− 485 nm as a result of the
band pass filter used. A 27 image Z-stack was obtained with similar parameters
with a pixel dwell time of 12.8 μs. Image analysis was performed using Zeiss LSM
Image Browser; Z-stack reconstruction was performed in ImageJ [109].

72



4.2.3 Cells

Late stage osteoblasts/early stage osteocytesMLO-A5 cells were used. Cells (pas-
sage27−28)were cultured following the sameprotocol presented in Section 3.2.1
(Chapter 3).

4.2.4 AFM cantilever preparation

Spherical tipped cantilevers were prepared as per Section 3.2.2 (Chapter 3). To
increase the possibility of sensing the glycocalyx, softer cantilevers were chosen
with nominal spring constant equal to 0.01N/m (Windsor Scientific) and silica
beads of different sizes were tested (D = 1, 2.5, 6 μm, Bangs Laboratories).

4.2.5 AFM set-up

The AFM set-up was the same described in Section 3.2.3 (Chapter 3). A total of
80 cells (15 data per cell) for each probe size (D = 1, 2.5, 6 μm) were indented,
each on a separate experiment.

4.2.6 Post-processing

As per Chapter 3, the obtained data files were exported as text files from the JPK
Data Processing software. All the subsequent post-processing was performed in
MATLAB (Mathworks) with custom-written algorithms to allow for careful tail-
oring of the analysis steps. The contact point determination was performed as de-
scribed in Section 3.2.4.

To address the aim of collecting the mechanical properties of the glycocalyx
layer, four different approaches were employed, as detailed below.

1. Slopedetection: the force spectroscopycurveswere analysed todetect a sharp
change in slope after shallow indentations [54, 55, 153]. The indentation
depth at which the change in slope was detected would represent the thick-
ness of the glycocalyx layer.

2. Hertzmodel: the same approach described in Section 3.2.4 (Chapter 3) was
used to fit the Young’s modulus over different indentation depths. With
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Figure 4.2.1: Schematic of a cell covered by glycocalyx being indented by
a spherical AFM probe. Z represents the relative position of the cantilever,
d the cantilever deflection, Z0 the undeformed sample position, i the sample
deformation, h the separation between probe and sample. Figure adapted from
[60].

softer cantilevers and differently sized probes, this should lead to detect dis-
tinctmechanical properties for shallow and deep indentations. Average and
dispersion values were calculated as per Section 3.2.5.

3. Brush model: the so-called brush model [59, 60] was implemented. This
model was suggested to separate the contributions of the deformation of
the cell body and the brush layer (or glycocalyx). Starting from geometrical
considerations a two-step fitting is performed: firstly the elastic modulus
is fitted for forces near the maximum load, where it can be hypothesised
that the brush is completely squeezed; secondly, the force dependency due
to the brush is sought and its grafting density and length are fitted for the
case of an entropic brush. This model does not provide information on the
glycocalyxmechanical properties buthasbeenused toevaluate the cell body
mechanical properties free from the brush layer contribution [98, 107].

Brush model derivation
In this section themodel derivation illustrated in [60] is described, using as
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reference the notation depicted in Fig. 4.2.1. The separation between probe
and sample h can be written as (Eq. 1 in [60]):

h = Z − Z0 + i + d, (4.1)

withZheight of the cantilever,Z0 undeformed sample position, i the sample
deformation and d cantilever vertical deflection (d = F/kwith Fmeasured
force and k cantilever stiffness). TheHertz model for a sphere-sphere inter-
action can be written as:

F =
4
3

i 3/2
4
3

E

√
RpRc

Rp + Rc
, (4.2)

with E Young’s modulus of the cell, Rp and Rc radii of the probe and cell,
respectively. By writing F as (k d) one can write:

i =
(

9
16

k
E

√
Rp + Rc

RpRc

) 2/3

d 2/3. (4.3)

Therefore Eq. 4.1 can be expressed as (Eq. 2 in [60]):

h = Z − Z0 +

(
9
16

k
E

√
Rp + Rc

RpRc

) 2/3

d 2/3 + d. (4.4)

In the first step the cell elastic modulus E and the undeformed sample pos-
ition Z0 are fitted. To this aim, the forces near the maximum load are con-
sidered, when h = 0. Then Eq. 4.1 becomes:

Z0 − Z − d = i. (4.5)

By substituting Eq. 4.3, Eq. 4.5 reads (Eq. 3 in [60]):

Z0 − Z − d =

(
9
16

k
E

√
Rp + Rc

RpRc

) 2/3

d 2/3. (4.6)

Hence, Eq. 4.6 can be used to fit the unknown parameters E andZ0 near the
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maximum load (last 200 nm indentation).
In the second step the force dependency due to the brush is sought and its
grafting density and length are calculated. The force F as function of the
distance between the probe and the sample h can be written as (Eq. 7 in
[60]):

F(h) = k d = k(h − Z + Z0− i). (4.7)

To obtain the brush grafting density N and length L, the force can be fitted
in the case of an entropic brush by (Eq. 8 in [60]):

F(h) ≈ 50 kBT
RpRc

Rp + Rc
N 3/2 exp

(
− 2π

h
L

)
L, (4.8)

with kB Boltzmann constant andT temperature. This approximation is only
valid if 0.2 < h/L < 0.8.

Considerations and modifications to the original brush model
In the first step, the model requires fitting the Z vs. d data with Eq. 4.6 in
the region near the maximum load (last 200 nm of indentation) to get the
cell body Young’s modulus E and the undeformed sample position Z0. In
this region, the curve can be approximated by a line which slope depends
on the stiffness of the substrate and therefore be written in the form:

x = ay + p1,

where the parameter a contains information on the cell Young’s modulus E
and the coefficient p1 represents the intercept with the x-axis (Fig. 4.2.2).
This hypothesis was verified by fitting an equation of the form x = βyγ on
this portion of the data and obtaining values for γ close to 1 (γ = 0.97 ±
0.02). Thebrushmodel, however, proposes to fit this regionwith a function
of the form:

x = −y − by2/3 − p2,

with b =

(
9
16

k
E

√
Rp+Rc
RpRc

) 2/3

and therefore containing information on E

and p2 = Z0 (Eq. 4.6). As this part of the curve is linear as shown in red
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in Fig. 4.2.2, the fitting with a non-linear function is not reliable, especially
if interested in the coefficient b containing information on E, which is the
case here. Moreover, the linear term of the non-linear function carries no
coefficient and therefore the slope of the fitting line is forced to be equal to
1.
A different approach to get E and Z0 was therefore considered. The Young’s
modulus Ewas obtained by using aHertz model fitting up to themaximum
indentation. As discussed in Section 3.2.4 (Chapter 3), the variation of
a sphere indenting a half space was used, differently from [60] where the
sphere-sphere casewas chosen. Conversely to the approach detailed in Sec-
tion 3.2.4, a givenmaximum indentation depthwas not set (e.g. where 90%
of data were available), but all the available points were fitted. To obtain the
undeformed sample position Z0 a line function d = −aZ+ p was fitted on
the region near the maximum load (red in Fig. 4.2.3) and Z0 was obtained
as p/a (red circle in Fig. 4.2.3).
The second step was maintained unchanged and therefore Eq. 4.8 was fit-
ted on the probe-sample separation h vs. force F curves (Fig. 4.2.4), with
the only variation of the sphere-half plane form instead of the sphere-sphere
one. The parameters relative to the brush grafting density N and length L
were obtained and the relationship 0.2 < h/L < 0.8was verified.
Average and dispersion valueswere computed following themethod in Sec-
tion 3.2.5 for the four fitted parameters E, Z0, N and L.
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Figure 4.2.2: The relative position of the cantilever Z is plotted against the
cantilever deflection d in a representative example. The curve portion coloured
in red represents the region near the maximum load (last 200 nm of indentation)
where the first step of the brush model is fitted.

Figure 4.2.3: The relative position of the cantilever Z is plotted against the
cantilever deflection d. The curve portion coloured in red represents the region
near the maximum load (last 200 nm of indentation). To obtain Z0, a line (black
dashed) is fitted on the red region and its intercept with the x-axis is sought
(red circle).
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Figure 4.2.4: The probe-sample separation h is plotted against the force F.
Eq. 4.8 (red dashed) is fitted to obtain the brush grafting density N and length
L.
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4. Non-Hertzian point-wise approach and two-layer composite compliance model:
a non-Hertzian point-wise approach was proposed to compute an apparent
elastic modulus dependent on indentation depth. This would provide in-
formationonmaterial non-linearity andheterogeneity in adepth-dependent
manner by also accounting for specific indenter geometries [39, 108, 157].
Material non-linearities for cell indentations have been found for shallow
depths [108], i.e. when the glycocalyx might play a role. In fact, this model
was successfully employed to study the endothelial glycocalyx mechanical
properties when tested by AFM with a spherical probe [56].
To compute the glycocalyx indentation δ, the displacement at each point of
the force spectroscopy curve is subtracted to a hypothetical rigid substrate
deflection-displacement line, with the slope equal to the negative cantilever
stiffness as calibrated with the AFM microscope system (Fig. 4.2.5). The
F(δ) force-indentation curve can be then calculated. A geometry function
Φ(δ) is used to account for the indenter spherical shape:

Φ(δ) =
4
3π

√
Rδ 3, (4.9)

with R probe radius. This function is then applied to the point-wise elastic
modulus E(δ) calculation:

E(δ) =
F(δ)

2πΦ(δ)
. (4.10)

The indentation depth δ at which E(δ) shows an inflection can be used as
an estimate of the glycocalyx thickness δG.
A composite compliancemodel can be then applied to discern between the
contributions of the cell body and the glycocalyx, once the cell population
average value of E is obtained for given indentation depths δ:

1
E(δ)

=
1
EG

exp
(
− α δ

δG

)
+

1
EC

(
1− exp

(
− α δ

δG

))
, (4.11)

where EC and EG are the Young’s modulus values of the cell body and gly-
cocalyx, respectively, and α is a parameter defining the mechanical interac-
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tions between the two layers.

Figure 4.2.5: The force spectroscopy data (in black) are subtracted point
by point to a hypothetical rigid substrate indentation curve (red line). This
difference represents the sample indentation δ (grey double arrow).

4.3 Results

4.3.1 Glycocalyx imaging

Confocal imaging was performed on fixed MLO-A5 cells stained for HA, actin
and nuclei (Fig. 4.3.1). The cells were not permeabilised to avoid affecting the
cell membrane and indirectly the HA coating. For this reason the actin staining
protocol was not optimal and its signal was rather poor. The HA signal was de-
tectable on the cell surface, confirming the presence of an HA-rich glycocalyx in a
dome-like structure around the cell (Fig. 4.3.2).
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Figure 4.3.1: Confocal image of fixed MLO-A5 cells. HA is coloured in green,
actin in red and nuclei in blue. Images are representative of about 5 − 6 cells
imaged per slide, three slides were imaged. Scale bar equal to 20 μm.

Figure 4.3.2: Confocal image of fixed MLO-A5 cells. HA is coloured in green,
nuclei in blue. This image represents a Z-stack reconstruction of 27 images.
The scale is the same as Fig. 4.3.1.
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4.3.2 Slope detection

The obtained force spectroscopy curves were analysed to detect a two-slope beha-
viour. Thefirst slopewould represent the indentation of the glycocalyx, the second
slope the indentationof the cell body. As in the case of the force spectroscopydata-
base of Chapter 3, this was however not possible as no clear distinction of curve
shape was identified with any probe size. In Fig. 4.3.3 and Fig. 4.3.4 a representat-
ive example is shown of a force spectroscopy curve obtained with the 6 μm probe
in linear and log-log scale, respectively.

Figure 4.3.3: Example of linear plot of a representative force spectroscopy curve
obtained on MLO-A5 cells with a 6 μm spherical probe. A two-slope behaviour
during indentation was not identifiable.
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Figure 4.3.4: Example of log-log plot of a representative force spectroscopy
curve obtained on MLO-A5 cells with a 6 μm spherical probe. A two-slope
behaviour during indentation was not identifiable.
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4.3.3 Hertz model

The protocol for Young’s modulus fitting described in Section 3.2.4 (Chapter 3)
was performed. Thiswas to obtain a reference value for the cell bodyYoung’smod-
ulus over increasing indentation depths.

Young’s modulus vs. indentation depth data is presented in Fig.4.3.5 as median
values (not normally distributed data). Dispersion (IQR) error bars were not in-
cluded for readability but can be found in Table 4.3.1 together with median, mean
and SEM values. The average Young’s modulus values for the 6 μm and the 2.5 μm
probes were found to be comparable to the ones obtained with stiffer cantilevers
(Table 3.3.1), although with some differences possibly due to the cantilever sens-
itivity. Conversely, the Young’s modulus values found for the 1 μm probe were
not, possibly due to the engulfment in glue of the smallest bead during cantilever
preparation. The average values for the 2.5 μm probe showed a steeper increase
with the indentation depth if compared with the 6 μm probe ones. This could be
because of the lower contact area in the case of the smaller probes, which are there-
fore more prone to local spatial changes in mechanical properties.

The contribution from the glycocalyx for shallow indentation depths was not
detected with this method, similarly to what happened with the slope detection
method for both the present database and the one described in Chapter 3. These
valueswere therefore kept as reference for the cell body for thenext two implemen-
ted methods, i.e. the brush model and the non-Hertzian point-wise approach.
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Figure 4.3.5: Average Young’s modulus values against indentation depth are
plotted for each probe size. While the values found for the 6 μm and the 2.5 μm
probes are comparable to the ones found with stiffer cantilevers, the ones found
for the 1 μm probe are not.
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Table 4.3.1: Young’s modulus values [kPa] for the MLO-A5 population fitted
with the Hertz model. The values for the three probe sizes are included. The
first column represents the indentation depth at which the value was fitted; the
second and third the average (median) and dispersion (IQR) values; the fourth
and fifth the mean and standard error of the mean (SEM) values. SEM values
were calculated with N = 79 cells for the 6 μm indenter, N = 80 cells for the
2.5 μm indenter, N = 79 cells for the 1 μm indenter.

Indentation Young’s modulus
[nm] [kPa]

median IQR mean SEM

6 μm bead 100 1.19 0.68 1.22 0.05
200 1.13 0.83 1.21 0.06
300 1.12 0.93 1.22 0.07
400 1.15 1.03 1.28 0.08
500 1.22 1.14 1.36 0.09
600 1.25 1.21 1.42 0.09
700 1.32 1.29 1.49 0.10
800 1.31 1.38 1.53 0.10
900 1.34 1.44 1.53 0.10
1000 1.37 1.50 1.53 0.09

2.5 μm bead 100 2.65 1.53 2.79 0.10
200 2.79 1.53 2.91 0.12
300 2.95 1.61 3.07 0.15
400 3.10 1.89 3.29 0.17
500 3.28 2.19 3.54 0.19
600 3.46 2.36 3.73 0.19
700 3.58 2.30 3.80 0.17

1 μm bead 100 8.61 5.31 9.03 0.40
200 9.57 5.83 9.50 0.46
300 10.21 6.88 10.01 0.53
400 10.52 8.17 10.72 0.60
500 11.22 8.95 11.13 0.59
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4.3.4 Modified brush model

It was possible to fit four parameters with the brush model: the cell body Young’s
modulus E, the undeformed position of the sample Z0, the grafting density of the
brush N and its length L. All the quantities were not normally distributed. Values
for their average, dispersion, mean and SEM for all the indenter sizes are reported
in Table 4.3.2.

Similarly to the Hertz model, the Young’s modulus values found for the 1 μm
probe were much higher than for the other two probe sizes, possibly due to a par-
tial glue engulfment during cantilever customisation. As the Young’s modulus cal-
culated in this step was then used in the calculations of the brush grafting density
N and length L, the values found for these parameters with the 1 μm probe were
probably unreliable.

The undeformed sample position Z0 was lower at smaller probe dimensions.
This was linked to the way this value was fitted, as the intercept with the x-axis of
a line tangent to the curve Z vs. d in the last 200 nm of indentation. Z represents
the cantilever height, d the cantilever deflection calculated as the measured de-
flection force F divided by the cantilever spring constant k. The cantilever spring
constants for the 6 μm, 2.5 μm and 1 μm probes were 0.0213N/m, 0.0583N/m
and 0.147N/m, respectively. Let us consider a generic height vs. force curve: to
obtain theZ vs. d curve, height equalsZ and force dividedby k equalsd. If the force
is divided by different values of k this causes the slope of the curve to change and
consequently its intercept with the x-axis. Due to this dependency, the meaning
of this fitted parameter might not be relevant.
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Table 4.3.2: Cell body Young’s modulus E, undeformed position of the sample
Z0, grafting density of the brush N and its length L as fitted with the brush
model for the MLO-A5 population. The values for the three probe sizes are
included. The first and second columns represent the average (median) and
dispersion (IQR) values; the third and fourth the mean and standard error of
the mean (SEM) values. SEM values were calculated with N = 79 cells for the
6 μm indenter, N = 80 cells for the 2.5 μm indenter, N = 79 cells for the 1 μm
indenter.

median IQR mean SEM

6 μm bead E [kPa] 1.63 1.41 1.80 0.10
Z0 [nm] 1136.28 270.22 1181.48 24.75
N [μm−2] 461.33 213.81 427.92 16.69
L [nm] 450.46 76.88 500.83 38.10

2.5 μm bead E [kPa] 4.25 2.15 4.58 0.20
Z0 [nm] 650.77 136.04 664.09 11.73
N [μm−2] 957.55 577.71 1039.41 55.72
L [nm] 160.09 177.49 399.76 80.84

1 μm bead E [kPa] 12.49 8.96 12.41 0.60
Z0 [nm] 454.41 166.23 493.80 13.71
N [μm−2] 2920.06 1976.63 3074.29 201.98
L [nm] 136.50 1639.18 1380.09 300.29
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4.3.5 Non-Hertzian point-wise approach and two-layer composite
compliance model

The first step of this approach consisted in fitting a point-wise Young’s modulus
for all indentation depths. Average values for depths of 50, 100, 200, ... nm were
computed for the cell population with the three probe sizes (not normally dis-
tributed, Table 4.3.3). In Fig. 4.3.6 a comparison with the Hertz model for all in-
dentation depths and probe sizes can be found. Thismodel was designed to better
capture the non-linearities of the material. Lower Young’s modulus values were
fitted for shallow indentations compared to the Hertz model, but overall the two
methods had similar outcomes for the 6 μm and 2.5 μm probes.

The second step implied hypothesising a glycocalyx thickness and subsequently
fitting the two-layer composite compliance model. The mean point-wise Young’s
modulus was plotted versus the indentation depth to identify the region of the
curve showing an inflection, i.e. the indentation depth that should represent the
glycocalyx thickness δG. In Fig. 4.3.7 an example of the 6 μm probe is shown:
the value of δG was identified at 450 nm similarly to that obtained with the brush
model. For the other two probe sizes, δG was identified at 350 nm. This value was
used as a parameter for the fitting equation (Eq. 4.11), togetherwith the parameter
α representing the mechanical inter-layer interaction. The latter was chosen equal
to 2.2 as fitted by [56], hypothesising similarmechanical interactions between the
glycocalyx and the cell for endothelium and bone. The unknowns then were EG

and EC, the glycocalyx and cell body Young’s moduli, respectively. The fitting was
performedon themeanYoung’smodulus values andon themean± standard devi-
ation values, to obtain the intervals of variability. Results are shown in Table 4.3.4.
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Table 4.3.3: Young’s modulus values [kPa] for the MLO-A5 population fitted
with the point-wise approach. The values for the three probe sizes are included.
The first column represents the indentation depth at which the value was fitted;
the second and third the average (median) and dispersion (IQR) values; the
fourth and fifth the mean and standard error of the mean (SEM) values. SEM
values were calculated with N = 79 cells for the 6 μm indenter, N = 80 cells for
the 2.5 μm indenter, N = 79 cells for the 1 μm indenter.

Indentation Young’s modulus
[nm] [kPa]

median IQR mean SEM

6 μm bead 50 0.87 0.48 0.90 0.04
100 0.87 0.62 0.92 0.05
200 0.84 0.81 1.02 0.08
300 0.89 1.17 1.31 0.14
400 1.03 1.47 1.66 0.19
500 1.10 2.07 1.94 0.23
600 1.25 2.62 2.17 0.24
700 1.35 2.96 2.32 0.24
800 1.51 3.17 2.43 0.24
900 1.81 3.23 2.53 0.24
1000 2.01 3.20 2.59 0.24

2.5 μm bead 50 1.81 1.08 1.93 0.08
100 1.87 1.14 2.00 0.08
200 2.09 1.28 2.24 0.12
300 2.30 1.75 2.62 0.20
400 2.58 2.23 3.10 0.26
500 2.80 2.53 3.53 0.28
600 3.17 2.91 3.90 0.29
700 3.56 3.13 4.20 0.30

1 μm bead 50 5.94 3.59 6.21 0.27
100 6.31 3.79 6.43 0.31
200 7.22 4.83 7.09 0.39
300 7.71 6.56 8.06 0.52
400 8.47 8.39 9.17 0.61
500 9.48 9.29 9.92 0.63
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Table 4.3.4: Young’s modulus values [kPa] for the glycocalyx (EG) and the cell
body (EC) as fitted with the two-layer composite compliance model.

EG EC

[kPa] [kPa]

6 μm bead 0.51 (0.46-0.68) 2.65 (2.35-2.81)
2.5 μm bead 1.50 (1.46-1.55) 3.60 (3.30-3.90)
1 μm bead 5.22 (5.02-5.43) 9.44 (8.79-10.09)

Figure 4.3.6: Comparison between indentation depth vs. Young’s modulus
obtained with the 6 μm, 2.5 μm and 1 μm probes for the Hertz model (empty
marker) and the non-Hertzian point-wise approach (filled markers).
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Figure 4.3.7: The mean values of Young’s modulus over indentation depth
for the 6 μm probe are shown. The red arrow represents the point of inflection
identified as the glycocalyx thickness δG.
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4.3.6 Cell body Young’s modulus comparison

The threemodels gave similar qualitative outcomes for the cell body Young’smod-
ulus. In Fig. 4.3.8 the box plot for the computed Young’s modulus values is shown
formaximum indentation values. This indentation depthwas the only comparable
among the threemodels, as the brushmodel was fitted on all the available data and
therefore for the maximum depth.

Thenon-Hertzianpoint-wise approach showed thewidest dispersiondue to the
point-wise method that did not allow for smoothing of local differences during
curve fitting. Its results were comparable to the Hertz model as observed previ-
ously elsewhere [157]. Statistically significant differences were found for the 6 μm
probe. However, the comparison was made only for the maximum indentation
depth. When comparing an average value on the whole indentation range for each
cell, no statistically significant difference was found (Mann-WhitneyU-test, signi-
ficance set to p < .01).

The Hertz and the brush models used the same fitting equation and should,
therefore, give analogous results. It should be noted, however, that while theHertz
model was fitted on given indentation depthswith themaximumchosen by select-
ing the value with more than 90% data available, the brush model used the max-
imum available indentation for each curve.
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Figure 4.3.8: Cell body Young’s modulus values obtained with the Hertz model,
the modified brush model and the non-Hertzian point-wise approach are com-
pared for probes of different sizes. For the Hertz model and the non-Hertzian
point-wise approach Young’s modulus values for the maximum indentation were
considered, as the modified brush model was fitted on all the available data.
Statistical comparison was performed separately for each probe size with a
Kruskal–Wallis test by ranks (significance set to p < .01). Solid line connections
represent statistically significant differences between models.
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4.4 Discussion

AFM nano-indentation experiments were performed on MLO-A5 pre-osteocyte
cellswith indenters of different sizewith the aimofmechanically characterising the
glycocalyx. The presence of an HA-rich coating over the cell surface was shown
by confocal images. However, the HA coat looked inhomogeneous on the cell.
This could be related to the fixation method [134] and to the presence of other
proteoglycans in the glycocalyx which were not stained in this instance (such as
CS orHS).The aldehyde-based fixationmethodmight have caused the collapse of
the glycocalyx structures as the physiological hydration of the surface layer would
not bemaintained. Therefore no information on the glycocalyx thickness could be
retrieved from these images.

Nano-indentation experiments were conversely performed on live cells in me-
dia containing a physiological salt solution and therefore no issue with glycocalyx
dehydration should have arisen. The glycocalyx was consequently expected to be
identifiable by AFM experiments, however, neither the slope detection method
nor the Hertz model (Section 3.2.4, Chapter 3) was successful. One possible ex-
planation for the inability to detect the glycocalyx contribution would be that it
was not sensedwith the present protocol. This could be caused by the chosen can-
tilever being too stiff to be deflected by it. However, the cantilever spring constant
was chosen to equal similar protocols in the literature where the glycocalyx was
sensed [54–56, 98, 153]. While in [54, 55, 153] the two-slope behaviour was de-
tected, in [56, 98] itwas not. Hence, further analyses similar to the latter twoworks
were performed and the brush model and the non-Hertzian point-wise approach
were applied to the data.

It could not be shown that cantilevers softer than the ones used in Chapter 3
led to more detailed information (i.e. clearer glycocalyx contribution) for shallow
indentations. Moreover, varying the probe size led to disagreement between the
fitted values and caused difficulties when comparing the results. This could pos-
sibly link to the different contact area and therefore the different subjectivity to
local spatial changes. The 1 μm showed unexpected results possibly caused by the
cantilever preparation process. The glue might, in fact, engulf spherical beads of
small diameter [158] and this would cause a deviation from the expected spher-
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ical shape of the probe. TheHertz fitting hypothesising a spherical indenterwould,
therefore, have low reliability [115].

The evaluation of the parameters obtained by the modified brush model was
challenging. The undeformed sample position Z0 was highly dependent on the
spring constant of the employed cantilever due to the way it was calculated. For
this reason, this parameter might not be meaningful. Not many values for brush
grafting density were available in the literature for comparison with the present
study: values in the range of 300 − 360 μm−2 were obtained for human cervical
epithelial cells [59, 60] and lymphoblastic leukaemia cells [98], whichwere similar
inmagnitude to that computed here. ThehigherN values found for smaller probes
could be related to the smaller surface able to sensemore locally, but the lack of lit-
erature for comparison made it difficult to obtain conclusive explanations. The
brush length L was fitted to median values of 160 nm and 450 nm with the 2.5 μm
and 6 μm probes, respectively. These values were similar to other computed from
AFM indentation experiments [54–56, 58, 98]. It should be noted that this para-
meter is often not readily available (unless a slope detection method can be ap-
plied). Therefore, models are fitted to obtain it and the model assumptions not
always satisfied. In this case, the brush parameters were found by hypothesising
an entropic brush and by fitting a model originally developed for polymers [159].
Itwas suggested that thismodel’s assumptions (i.e. of stiff andhomogeneous struc-
ture) would not be valid for the endothelial glycocalyx due to the electrostatic and
molecular interactions between its components [55]. Thebone glycocalyxwas hy-
pothesised to be similar in structure to the endothelial one, therefore care should
be taken when evaluating the results obtained with this model.

The non-Hertzian point-wise approach was designed to better capture the ma-
terial non-linearities [39, 108, 157] and the lower values fitted for shallow indent-
ations when compared to theHertzmodel might be an index of this feature. How-
ever, the information on the mechanical properties of the glycocalyx alone is not
readily available and would require the use of a second model, i.e. the two-layer
composite model. The obtained values for the glycocalyx Young’s modulus were
comparable to the ones found with other AFM indentation experiments [54–58].
However, it should be noted that, when using this model, the unknown paramet-
ers fitting is strongly affected by the choice of δG and α [56], therefore care should
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be taken when interpreting these results.

4.5 Conclusions

Three samples of pre-osteocyteMLO-A5 cells were tested with different spherical
probe sizes to gain information on the glycocalyxmechanical properties. The 1 μm
probe gave unreliable results due to glue engulfment during cantilever preparation.

MLO-A5 cells were imaged by confocalmicroscopy and the presence of anHA-
richglycocalyxwas confirmed. Noquantitativemeasurementof its thickness could
be obtained due to the fixation method not maintaining its hydrated state.

The slope detection method did not work on the present database, as no clear
distinction in the slope of the force spectroscopy curves was detectable between
the indentation of the glycocalyx and cell body.

The Hertz, brush and non-Hertzian point-wise models were used to obtain in-
formation on the cell glycocalyx. They gave qualitatively comparable results in
terms of cell body Young’s modulus, but statistically significant differences were
observed at maximum indentation depths. This suggests that the choice of the ap-
propriate model is crucial depending on the sought application.

The Hertz model fitting over indentation depths did not show a clear contribu-
tion from the glycocalyx, similarly to the data presented in Chapter 3. This could
be due to the probe not sensing it during indentation or could suggest the need for
further analyses on the data to discern between different material contributions.

Values for the brush grafting density N and the brush length L were computed
by using the brushmodel. The strong assumption of stiff and homogeneous brush,
whichmight not hold for the bone glycocalyx as it does not for the endothelial one
[55], made the results obtained with this model possibly unreliable.

The two-layer composite compliance model was applied in combination with
the point-wise Young’s modulus fitting and values for the glycocalyx stiffness with
a magnitude of about 30% of the cell body were obtained.

It should be noted that differenceswere found in all the results when comparing
probesof different size anddifferent fittingmodels. Thishighlights theneed for not
considering the obtained values as absolute cell characteristics indices, but always
taking into account the population variability and handling the results obtained
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with model fitting with care especially if the assumptions of the original model
were not fully satisfied.
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5
Changes in cell mechanical properties

during bone differentiation

In this chapter, an application is designed to test different bone cell lines bymeans
of AFM nano-indentation¹. The focus is on the changes in mechanical properties
at different stages of bone cell differentiation. The pre-processed data relative to
this chapter are available at the following DOI: 10.15131/shef.data.5632777.

5.1 Introduction

Osteoblasts (OBs) are the bone matrix-producing cells and their main function is
to form bone by secreting andmineralising bonematrix; osteocytes (OCs) derive
fromOB differentiation and are located in the lacunocanalicular network with the
suggested functionof orchestratingbone remodelling through signalling [14]. Os-
teocytogenesis is the process for which an OB turns into an OC. This transform-

¹Part of the work presented in this Chapter is planned to be submitted as a scientific paper.
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ation involves dramatic morphological changes, such as a decrease in cell body
size, the formation of dendritic processes and changes in the intracellular organ-
elles. Despite osteocytogenesis being morphologically evident, the mechanisms
controlling it are not fully understood [160, 161]. Moreover, different mechan-
isms might play a role depending on the different bones, types of bone formation,
locations within the bone and species [160].

Osteocytogenesis has been historically regarded as a passive process, with the
OBs becoming embedded in the matrix and therefore turning into OCs. Four
mechanisms were proposed to explain this enclosure, with the last selected as the
most probable [160]:

1. theOBs are not polarised and lay downmatrix in all direction: cells become
trapped by their own secretions;

2. individual OBs are polarised and lay downmatrix in one direction only, dif-
ferent to that in adjacent layers: cells become trapped by matrix being de-
posited in all directions;

3. OBs in each layer are polarised in the same direction: cells are buried in
matrix by the preceding generation;

4. within a layer, some OBs slow down or stop their matrix deposition rate:
cells are trapped by the secretion of neighbours.

Recently, it has been proposed that osteocytogenesis is, to the contrary, an act-
iveprocess [161]. OBson thebone surfacewere found tobehighlymotile andable
to span distances up to 100 μm in a 24 hour period. This would suggest that the
transition frommotile to embeddedmight be associated with an arrest in motility
which is likely to be linked with cytoskeletal dynamics. The formation and time
evolution of dendrites would also be connected to dynamic cytoskeletal events.

The actin cytoskeleton is thought to be central in osteocytogenesis. Osteocytes
have an actin-rich cytoskeleton, with fibres distributed along the entire length of
the process and in a crisscross pattern over the cell body cytoplasm [162]. If this
network is disrupted, the osteocytes lose their typical morphology and possibly
part of its mechanosensor role, as processes retract and membrane tension de-
creases. Actin-binding proteins were proposed as intracellular markers for osteo-
cyte successful differentiation [163].
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Changes in the actin cytoskeleton affect the cell mechanical properties. There-
fore, cells at different stagesofosteocytogenesis couldbe identifiableby theirmech-
anical properties. This hypothesis has been investigated in a study where OBs and
OCs (osteoid and mature) isolated from embryonic chicken calvariae were tested
by AFM nano-indentation on the nuclear and peripheral areas [52]. The authors
found decreasing stiffness with osteocytogenesis and higher elastic moduli on the
periphery than on the nucleus.

A similar experiment to investigate bone cell mechanical properties during os-
teocytogenesis was designed as a test application for the protocol developed in
Chapter 3. Three cell lines representing different osteocytogenesis stages were
selected. AFM nano-indentation tests were performed on the nuclear and peri-
pheral areas using a spherical indenter, which should give more reliable data than
the sharp tips used in [52], as discussed in Chapter 3. Larger samples were used
and the minimum sample sizes to obtain reliable population average stiffness val-
ues were calculated as per Section 3.2.4. Samples from each cell line were imaged
by confocalmicroscopy to evaluate the actin cytoskeleton due to its importance in
determining cell mechanical properties.

5.2 Materials &Methods

5.2.1 Cells

Cells from three different lines were used to represent four steps of osteocytogen-
esis, i.e. pre-OBs, OBs, pre-OCs and OCs. All cells derived from mouse for con-
sistency. MLO-A5 cells data were partially presented in Chapter 3, references to
the relevant Sections will be made.

MC3T3: pre-OBs

The MC3T3 cell line represents pre-OBs. MC3T3 cells were originally isolated
from newborn mouse calvariae. They exhibit alkaline phosphatase (ALP) activ-
ity as a marker for OBs and can mineralise and produce collagen in vitro [164].
MC3T3 cells have been used in numerous studies asmodels for pre-OBs andOBs,
e.g. in AFM studies [44–46].
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MC3T3cellswere cultured inMEMsupplementedwith10%FBS,100 units/ml
penicillin, 100 μg/ml streptomycin and 2mM glutamine (penicillin streptomycin
glutamine, PSG). Cells were kept at 37◦C and passaged on standard tissue culture
plastic when reaching 90% confluence (passage 15− 16).

Prior to AFM experiments, cells were seeded onto tissue culture treated Petri
dishes (D = 10mm) at a seedingdensityof5000 cell/cm2. Thisdensitywas chosen
to obtain spatially separated single cells during AFM experiments. Samples were
tested after 2 to 3 days of culture, before the deposition of collagen.

IDG-SW3: OBs and OCs

IDG-SW3cells can represent different stages of differentiation from lateOB to late
OC [165]. They were derived from murine long bones and are able to produce,
mineralise and embed in a mineralised collagen matrix. IDG-SW3 cells express a
temperature sensitive mutant controlled by interferon-γ (INF-γ): it induces con-
tinuous proliferation and immortalisation at 33◦C in the presence of INF-γ; at
37◦C in the absence of INF-γ under differentiation conditions the cells resume
their in vivo phenotype and are able to differentiate towards OCs. When showing
OB characteristics IDG-SW3 cells deposit collagen andmineral and express ALP;
when turning towards OCs they express typical osteocytic genes, such as Dmp1
(Dentin matrix acidic phosphoprotein 1).

Dmp1 is a marker protein for osteocytogenesis: during OB maturation it be-
comes phosphorylated and is exported to the extracellularmatrix, where it orches-
trates mineralised matrix formation. In IDG-SW3 cells, Dmp1 drives green fluor-
escent protein (GFP) expression, i.e. cells express green fluorescence when the
protein is expressed. This feature allows observation of osteocytogenesis in IDG-
SW3 cells by fluorescence microscopy.

IDG-SW3 cells were purchased from Kerafast (USA). They were cultured at
33◦C in proliferation medium to maintain an undifferentiated and proliferative
state. Proliferation medium consisted of MEM supplemented with nucleosides
and 2mM UltraGlutamine I, 10% FBS, 50 units/ml INF-γ and a solution of
100 units/ml penicillin and 100 μg/ml streptomycin (penicillin streptomycin, PS,
Sigma). Cells were passaged on standard tissue culture plastic when reaching 90%
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confluence (passage 24− 28).
IDG-SW3 cultured following this protocol were considered as OBs and were

tested by AFM nano-indentation as such. Prior to AFM experiments, cells were
seeded onto tissue culture treated Petri dishes (D = 10mm) at a seeding density
of 200 cell/cm2. This density was chosen to obtain spatially separated single cells
during AFM experiments. Samples were tested after 4 to 6 days of culture.

To induce osteogenic differentiation, IDG-SW3 cells (passage 28) were cul-
tured at 37◦C in differentiation medium. Differentiation medium consisted of
MEMsupplementedwith nucleosides and 2mMUltraGlutamine I, 10%FBS, 1%
PS, 5mM β-glycerophosphate (β-GP) and 50 μg/ml L-ascorbic acid 2-phosphate
sesquimagnesium salt hydrate (ascorbic acid). Cells were seeded on 6-well plates
at a density of 5000 cell/cm2 and monitored under fluorescent microscopy for the
onset of GFP signal, representing the marker for osteocytogenesis.

After 10 − 12 days in culture in differentiation medium, IDG-SW3 cells ex-
pressed a detectable GFP signal and were classified as OCs. They were passaged
onto tissue culture treated Petri dishes (D = 10mm) at a seeding density of about
9000 cell/cm2. The seeding density count was made difficult by the presence of
mineral deposit which caused the cells to detach as a sheet and often to bind to-
gether in clusters. Sampleswere tested after1 to3days of culture as itwas observed
that the GFP signal would fade after longer periods of time. Prior to testing, each
cellGFP signalwas verifiedwith the fluorescent invertedmicroscope coupledwith
the AFM microscope (Fig 5.2.1).

MLO-A5: pre-OCs

TheMLO-A5 cells used in this study were described in Section 3.2.1 (Chapter 3).
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Figure 5.2.1: An IDG-SW3 cell in bright field (left) and green fluorescence
(right). The presence of green signal confirmed the started osteocytogenesis
process; if no signal was detectable the cell was not tested.
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5.2.2 Confocal imaging of the actin cytoskeleton

Confocal imaging of fixed cell samples was performed on theMC3T3 (pre-OBs),
undifferentiated IDG-SW3 (OBs) and MLO-A5 (pre-OCs) cells. The differenti-
ated IDG-SW3werenot successfully imageddue to strongmineralisation affecting
the fluorescent signal.

The following protocol was used:

• cells were seeded at 2000 cell/cm2 on a tissue culture treated ibidi μ−Slide
8well consisting of a coverslip with 8 separated chambers (1 cm2 each);

• cells were fixed after 1 day in culture with 3.7% formaldehyde or 10%
formalin for 15minutes;

• cells were blocked with 3% Bovine Serum Albumin (BSA) for 1 hour;

• cells were permeabilised with a solution of 1% BSA and 0.1%Triton
X-100 for 20 minutes;

• cells were stained for actin with Phalloidin–Tetramethylrhodamine B
isothiocyanate (TRITC) (0.67 ng/ml fluorophore in PBS) for 30minutes;

• cells were rinsed with PBS and stained for nuclei with DAPI (1 μg/ml
fluorophore in PBS) for 10minutes;

• after a final wash in PBS, samples were readily imaged by confocal
microscopy.

Confocal Z-stack images were acquired at the Microscopy Core Facility (Med-
ical School, University of Sheffield). 1024 x 1024 pixel images were obtained us-
ing an inverted Zeiss LSM 510 NLO microscope mounted with a C-Apochromat
40x/1.2waterUV/VIS/NIRobjective,with apixel dwell timeof1.6 μs. Phalloidin-
TRITC was excited using a laser wavelength of 543 nm (63% transmission) and
emissionwas detectedbetween565−615 nm (IR) as a result of the bandpass filter
used; DAPI was excited using a laser wavelength of 740 nm (1.1% transmission)
and emissionwas detected between 394−480 nm as a result of the filter used. Im-
age analysis and Z-stack reconstructions were performed using Zeiss LSM Image
Browser.
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5.2.3 AFM cantilever preparation

Spherical silica beads (D = 6 μm, Bangs Laboratories) were glued to tip-less can-
tilevers (Windsor Scientific) with nominal spring constant of 0.2N/m, similarly
to what was described in Section 3.2.2 (Chapter 3).

5.2.4 AFM set-up

The set-up was similar to the one outlined in Section 3.2.3 (Chapter 3), with ap-
plied modifications as described below. Samples were positioned on the heated
sample holder to allow for testing at 37◦C for the MC3T3 (pre-OB), MLO-A5
(pre-OC) and differentiated IDG-SW3 (OC) cells, at 33◦C for the undifferenti-
ated IDG-SW3 (OB) cells.

Cell nucleus and periphery were tested for MC3T3 (pre-OB), MLO-A5 (pre-
OC) and differentiated IDG-SW3 (OC) cells, nucleus only for the undifferenti-
ated IDG-SW3 (OB) cells. When testing for nucleus and periphery two separate
grids of 5 points spaced 3 μm within each other were set on the nucleus and to-
wards the edges of the cells (i.e. periphery) (Fig. 5.2.2). Force spectroscopymeas-
urements were obtained on the nucleus 5−point grid for 3 times first and on the
periphery 5−point grid for 3 times second to collect a total of 15 data on each
location.

A total of 178 MC3T3 (pre-OBs) cells were indented over 3 separate experi-
ments, 192 undifferentiated IDG-SW3 (OBs) cells were indented over 4 separate
experiments, 180MLO-A5 (pre-OCs) cells were indented over 3 separate experi-
ments (nucleus data presented inChapter 3), 160 differentiated IDG-SW3 (OCs)
cells were indented over 4 separate experiments.
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Figure 5.2.2: An MLO-A5 cell overlaid with a schematic of the indentation
grids over the nucleus (red) and periphery (blue). Both grids consists of 5 points
spaced 3 μm within each other. Each point is tested thrice following the grid
numbering three times.
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5.2.5 Post-processing

Post-processingwas performed as described in Section 3.2.4 (Chapter 3), with the
following modifications. The contact point determination, Young’s modulus fit-
ting and sample size considerations were performed for all cell lines as previously
outlined, with separate post-processing for the nucleus and periphery where the
periphery data were available.

The morphological analysis was performed on 30 cell light microscopy images
for each cell line in ImageJ [109]. Correlation of the morphometric parameters of
cell and nucleus areas, nucleus major and minor axes was tested against the nuc-
leus Young’s modulus value averaged across indentation depths; correlation of the
morphometric parameters of cell area,major andminor axeswas tested against the
periphery Young’s modulus value averaged across indentation depth. Spearman’s
correlation coefficients ρ were calculated for each correlation pair.

5.3 Results

5.3.1 Confocal imaging of the actin cytoskeleton

Confocal images of the basal actin cytoskeleton and nuclei of the MC3T3 cells
(pre-OB), undifferentiated IDG-SW3cells (OB) andMLO-A5 cells (pre-OC) are
shown in Fig. 5.3.1. The Z-stack reconstruction (example of an IDG-SW3 cell in
Fig. 5.3.2) exhibited the presence of most actin fibres located in the basal region
(i.e. close to the adhesion substrate), with fewer located in the apical region (i.e.
over the nucleus, Fig. 5.3.3).

The MC3T3 (pre-OB) and the undifferentiated IDG-SW3 (OB) cells showed
fibres in a crisscross pattern as observed elsewhere formesenchymal stem cells dif-
ferentiated towards the osteoblast lineage [49, 50]. The stronger fluorescent signal
and the apparent cross-section of the actin fibres of the OBs compared to the pre-
OBs might be considered as a sign of differentiation progression [49]. The MLO-
A5 (pre-OC) cells showed actin-rich, not fully developed processes as expected
for cells turning towards OCs [162].
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Figure 5.3.1: Confocal images of cells stained for actin (green) and nuclei
(orange) are shown. Basal fibres for MC3T3 cells (pre-OB), undifferentiated
IDG-SW3 cells (OB) and MLO-A5 cells (pre-OC) are shown from left to right.
Scale bar equal to 50 μm. Images are representative of about 5− 6 cells imaged
per slide, three slides were imaged for each cell line.

Figure 5.3.2: Confocal Z-stack reconstruction of undifferentiated IDG-SW3
(OB) cells stained for actin (green) and nuclei (orange). Most of the green
signal from actin is located towards the basal region. Scale bar equal to 20 μm.

Figure 5.3.3: Confocal image of the apical actin cytoskeleton of undifferen-
tiated IDG-SW3 (OB) cells stained for actin (green, white arrows) and nuclei
(orange). Scale bar equal to 20 μm.
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5.3.2 Young’s modulus

A total of 2033 and 2453 indentations across 175 and 177 differentMC3T3 (pre-
OB) cells were analysed for the nucleus and periphery, respectively; a total of 1778
indentations across 190 different IDG-SW3 (OB) cells were analysed for the nuc-
leus; a total of 2137 and 2556 indentations across 168 and 180 differentMLO-A5
(pre-OC) cells were analysed for the nucleus and periphery, respectively; a total
of 1214 and 645 indentations across 144 and 79 different IDG-SW3 (OC) cells
were analysed for the nucleus and periphery, respectively.

Average and dispersion values were computed for each cell, nucleus and peri-
phery were analysed separately (normal distribution of indentations across each
cell). By hypothesising each cell to have spatially homogeneous stiffness proper-
ties described by the average value, the average and dispersion values for the cell
population were calculated by using the average value from single cells (not nor-
mal distribution of cell Young’s modulus values across the population).

Histograms of the single cell average Young’smodulus values normalised for the
total number of cells were calculated for each indentation depth and cell line, for
the nucleus and periphery. In Fig. 5.3.4, Fig. 5.3.5, Fig. 5.3.6 and Fig. 5.3.7 his-
tograms relative to the nucleus can be found for MC3T3 (pre-OB), undifferen-
tiated IDG-SW3 (OB), MLO-A5 (pre-OC) and differentiated IDG-SW3 (OC)
cells. In Fig. 5.3.8, Fig. 5.3.9, Fig. 5.3.10 histograms relative to the periphery can
be found forMC3T3 (pre-OB),MLO-A5 (pre-OC) and differentiated IDG-SW3
(OC) cells. Summaries for all cell lines are reported in Fig. 5.3.14 and Fig. 5.3.15
with consistent scale for comparison.

Average (median), dispersion (IQR), mean and SEM values are reported in
Table 5.3.1 and Table 5.3.2 for all the cell lines and indentation depths, for the
nucleus and periphery, respectively. The average population values of the Young’s
modulus were constant with the indentation depth on the nucleus, but not on the
periphery where they tended to increase with the increasing indentation depth.
The periphery Young’s modulus values resulted in higher values than the nuclear
ones for all cell lines (Fig. 5.3.11, Fig. 5.3.12 andFig. 5.3.13,Table 5.3.1, Table 5.3.2;
summary in Fig. 5.3.16). MC3T3 (pre-OB) andMLO-A5 (pre-OC) cells showed
lower and less disperse Young’smoduli for both the nucleus andperipheral regions
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(Fig. 5.3.4, Fig 5.3.8, Fig. 5.3.6 and Fig. 5.3.9). In contrast, the undifferentiated
(OB) and differentiated IDG-SW3 (OC) cells showedwide dispersion ranges and
higher values (Fig. 5.3.5, Fig. 5.3.7 and Fig. 5.3.10).

Figure 5.3.4: Histograms of single cell average Young’s moduli for each indent-
ation depth normalised for the total number of cells for the nucleus of pre-OB
(MC3T3) cells.
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Figure 5.3.5: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the nucleus of OB
(IDG-SW3) cells.
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Figure 5.3.6: Histograms of single cell average Young’s moduli for each indent-
ation depth normalised for the total number of cells for the nucleus of pre-OC
(MLO-A5) cells.
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Figure 5.3.7: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the nucleus of OC
(IDG-SW3) cells.
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Figure 5.3.8: Histograms of single cell average Young’s moduli for each indent-
ation depth normalised for the total number of cells for the periphery of pre-OB
(MC3T3) cells.
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Figure 5.3.9: Histograms of single cell average Young’s moduli for each indent-
ation depth normalised for the total number of cells for the periphery of pre-OC
(MLO-A5) cells.
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Figure 5.3.10: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the periphery of OC
(IDG-SW3) cells.
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Figure 5.3.11: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the nucleus and the
periphery of pre-OB (MC3T3) cells where both available.
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Figure 5.3.12: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the nucleus and the
periphery of pre-OC (MLO-A5) cells where both available.
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Figure 5.3.13: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the nucleus and the
periphery of OC (IDG-SW3) cells where both available.
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Figure 5.3.14: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the nucleus.



Figure 5.3.15: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the periphery.



Figure 5.3.16: Histograms of single cell average Young’s moduli for each in-
dentation depth normalised for the total number of cells for the nucleus and the
periphery where both available.



Table 5.3.1: Young’s modulus values [kPa] for the nucleus. The values for
MC3T3 (pre-OB), undifferentiated IDG-SW3 (OB), MLO-A5 (pre-OC) and dif-
ferentiated IDG-SW3 (OC) cells are reported. The first column represents the
indentation depth at which the value was fitted; the second and third the av-
erage (median) and dispersion (IQR) values; the fourth and fifth the mean and
standard error of the mean (SEM) values. SEM values were calculated with
N = 175 cells for the MC3T3 (pre-OB) cells, N = 190 cells for the undifferen-
tiated IDG-SW3 (OB) cells, N = 168 cells for the MLO-A5 (pre-OC), N = 144
cells for the differentiated IDG-SW3 (OC) cells.

Nucleus Indentation Young’s modulus
[nm] [kPa]

median IQR mean SEM

pre-OB (MC3T3) 100 3.27 1.91 3.47 0.11
200 3.03 1.88 3.49 0.12
300 3.03 2.05 3.57 0.14
400 3.10 2.14 3.67 0.15
500 3.15 2.16 3.72 0.15
600 3.19 2.16 3.66 0.13

OB (IDG-SW3) 100 12.25 7.76 12.64 0.40
200 12.36 8.21 13.39 0.46
300 12.33 8.91 13.55 0.45

pre-OC (MLO-A5) 100 2.93 1.31 3.12 0.08
200 2.76 1.24 3.01 0.08
300 2.71 1.37 2.96 0.09
400 2.72 1.45 2.97 0.09
500 2.74 1.49 3.00 0.09
600 2.76 1.55 3.02 0.09
700 2.78 1.62 2.99 0.09
800 2.81 1.50 2.89 0.07

OC (IDG-SW3) 100 13.50 7.66 14.29 0.52
200 12.26 7.63 14.18 0.60
300 11.87 7.24 12.77 0.50
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Table 5.3.2: Young’s modulus values [kPa] for the cell periphery. The values
for MC3T3 (pre-OB), MLO-A5 (pre-OC) and differentiated IDG-SW3 (OC) cells
are reported. The first column represents the indentation depth at which the
value was fitted; the second and third the average (median) and dispersion (IQR)
values; the fourth and fifth the mean and standard error of the mean (SEM)
values. SEM values were calculated with N = 177 cells for the MC3T3 (pre-OB)
cells, N = 180 cells for the MLO-A5 (pre-OC), N = 79 cells for the differentiated
IDG-SW3 (OC) cells.

Periphery Indentation Young’s modulus
[nm] [kPa]

median IQR mean SEM

pre-OB (MC3T3) 100 6.40 3.65 6.90 0.23
200 7.49 5.35 8.26 0.32
300 8.21 6.88 9.16 0.37

pre-OC (MLO-A5) 100 5.56 3.36 6.15 0.19
200 6.12 4.00 7.01 0.26
300 6.53 4.74 7.54 0.28
400 6.93 4.66 7.48 0.24

OC (IDG-SW3) 100 13.34 9.70 14.12 0.69
200 14.33 11.90 15.56 0.86
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5.3.3 Morphological analysis

Some illustrative cellular morphologies are depicted in Fig. 5.3.17 for all cell lines.
The onset of dendritic processes formation is visible for the MLO-A5 (pre-OC)
and differentiated IDG-SW3 (OC) cells, but fully developed osteocyte-like pro-
cesses [52, 162] were not observed. Average (dispersion) values for nuclear and
cellular areas,major andminor axes are reported inTable5.3.3. Similardimensions
forMC3T3 (pre-OB) cells were reported in [44, 45, 166]; forMLO-A5 (pre-OC)
cells in [103]; for undifferentiated IDG-SW3 (OB) cells in [167]. None of the
morphological parameters changedmonotonically with the differentiation stages.

A weak correlation was found between all the morphological parameters and
thenucleusYoung’smodulus (ρ < |0.2|). Theonly exceptionwas for the undiffer-
entiated IDG-SW3 cells (OB) where a moderate correlation was found (|0.3| <
ρ < |0.5|). Moderate correlations were also calculated for the MC3T3 (pre-OB)
cells between periphery Young’s modulus and cell area and between periphery
Young’s modulus and cell minor axis; for the differentiated IDG-SW3 cells (OC)
between periphery Young’s modulus and cell area and between periphery Young’s
modulus and cell major axis.

5.3.4 Sample size

The effect of the sample size on the average stiffness of nucleus and periphery ob-
tained for all the cell populations was evaluated. For each cell line and location
the minimum sample size to obtain a percent deviation of 10% on the population
average Young’s modulus was computed (Table 5.3.4). More cells were needed
to obtain a reliable stiffness measure for the periphery than the nucleus, reflecting
the higher heterogeneity of the former. In the case of the differentiated IDG-SW3
(OC) cells the tested sample size was not sufficient to obtain a percent deviation
of 10% for the periphery measures.
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Figure 5.3.17: Representative images of the 30 morphological profiles analysed
for each cell line: MC3T3 (pre-OB), undifferentiated IDG-SW3 (OB), MLO-
A5 (pre-OC) and differentiated IDG-SW3 (OC) cells. The scale bar represents
100 μm. A gradual change in shape can be observed but full osteocyte differen-
tiation was not observed. Different degrees of elongation and various sizes are
noticeable.
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Table 5.3.3: Areas, major and minor axes average (dispersion) values for the
nucleus and the cell are reported for the MC3T3 (pre-OB), undifferentiated
IDG-SW3 (OB), MLO-A5 (pre-OC) and differentiated IDG-SW3 (OC) cells.
Area distributions were not normal and therefore median (IQR) are shown; all
the other parameters were normally distributed and therefore mean (standard
deviation) are shown.

Area Major Minor
[μm2] [μm] [μm]

Nucleus pre-OB 211 (124) 22 (4) 14 (3)
OB 215 (120) 22 (5) 12 (3)
pre-OC 289 (147) 24 (5) 17 (4)
OC 182 (121) 21 (4) 12 (4)

Cell pre-OB 2088 (1443) 84 (22) 38 (14)
OB 1620 (1202) 70 (21) 31 (10)
pre-OC 2240 (969) 70 (14) 44 (11)
OC 1301 (996) 69 (20) 30 (14)

Table 5.3.4: Minimum sample size to obtain a maximum percent deviation
of 10% on the average Young’s modulus for the nucleus and the periphery are
reported for the MC3T3 (pre-OB), undifferentiated IDG-SW3 (OB), MLO-A5
(pre-OC) and differentiated IDG-SW3 (OC) cells. Values marked by asterisks
represent analysis terminated due to the tested sample size being reached: more
cells than the ones tested were needed to obtain the set value for the percent
deviation.

Sample size [cells]

Nucleus pre-OB 58
OB 49
pre-OC 35
OC 52

Periphery pre-OB 67
pre-OC 56
OC 79*
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5.4 Discussion

Large samples of bone cells belonging to different cell lines were tested by AFM
nano-indentation to investigate the change inmechanical properties during osteo-
cytogenesis. The cell population average Young’s modulus for increasing indent-
ation depths was calculated using the Hertz model for the cell nucleus and peri-
phery.

The average population values of the Young’s modulus were constant with the
indentation depth on the nucleus, similarly to what was reported in Section 3.3.2
(Chapter 3) for the MLO-A5 data. Conversely, the same result was not observed
on the periphery, where Young’s modulus values tended to increase with the in-
creasing indentation depth. This could be related to the substrate contribution,
as the cells showed lower thickness towards the edges (Fig. 3.4.1, Chapter 3), or
to a less homogeneous structure of the cell outside the nucleus. While centring
the measure over the nucleus provided consistency between cells, the peripheral
measurements might have tested areas richer or poorer in cytoskeletal fibres (e.g.
moving or stationary cell fronts).

The cytoskeletal fibres have been proposed to be the major contributors to cell
stiffness (reviewed in [43]). The close correlation between the actin filaments
and the cell stiffness has been suggested following numerous studies in which the
actin fibres were disrupted by use of pharmacological agents resulting in lower cell
Young’s modulus compared to non treated controls. Recently, robust quantitative
correlation between the amount of stress fibres and cell stiffness was shown [128].
In particular, the amount of actin and myosin fibres caused a linear increase in
the cell stiffness, while the actin fibre thickness caused no mechanical differences.
Moreover, reinforcement of the cell cytoskeleton was observed in the presence of
aligned and/or peripheral actin fibres.

A weak correlation was found between most of the morphological parameters
and the nucleus Young’s modulus, suggesting no association between cell shape
and nuclear mechanical properties, similarly to what was discussed for the MLO-
A5 cells in Section 3.3.3 (Chapter 3). Somemoderate correlations were found for
morphological parameters related to the cell periphery. These moderate correl-
ations might be indirectly related to the actin organisation [128]. However, this
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hypothesis could not be verified as no information on the actin cytoskeleton to-
pology was available for the cells used for the morphological analysis.

The periphery Young’smodulus showed higher values than the nuclear ones for
all cell lines (Fig. 5.3.16, Table 5.3.1, Table 5.3.2). Similar trendswere observed for
bone cells [52] and for other cell lines (e.g. epithelial cells [96, 168], fibroblasts
[128], endothelial cells [169, 170]). It has been proposed that peripheral regions
stiffer than nuclear ones would be detected for cell with high levels of actomyosin
[128], as qualitatively confirmed by the acquired confocal images.

MC3T3 (pre-OB) and MLO-A5 (pre-OC) cells showed lower and less dis-
perse Young’s moduli for both the nucleus and peripheral regions (Fig. 5.3.14 and
Fig. 5.3.15). In contrast, the undifferentiated (OB) and differentiated IDG-SW3
(OC) cells showed wide dispersion ranges and higher values. This could be re-
lated to the intrinsic characteristics of the cell lines, given that they were acquired
from different sources and were not differentiated from a single origin as in [52].
They could, therefore, represent partially overlappeddifferentiation stages and this
would explain the lack ofmonotonic relationship between the Young’smodulus or
the morphological parameters and the stage of osteocytogenesis.

In the case of the differentiated IDG-SW3 (OC) cells, the co-presence of differ-
ent phenotypes might also have occurred, similarly to what has been observed for
other cell types in [171]. Conversely to their results, however, a bi-modal distribu-
tion could not be clearly fitted on the present data possibly suggesting amore com-
plex phenotype interaction. The fluorescent GFP signal was not quantified: a cell
was tested if displaying any intensity of fluorescence. This might have caused the
grouping of different sub-populations such as early (less intense signal) and late
(more intense signal) osteocytes into a single population and therefore recording
higher population variability. The hypothesised presence of mixed phenotypes in
the differentiated IDG-SW3 (OC) cells was also corroborated by the sample size
analysis, for which it was found that the tested sample size was not sufficient to ob-
tain a maximum percent deviation of 10% on the population average stiffness for
the periphery.

Moreover, the morphological analysis performed on light microscopy images
showed lack of fully developed osteocyte-like processes [52, 162]. The differenti-
ated IDG-SW3 cells might, therefore, represent an earlier stage of differentiation
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prior to fully differentiated terminal osteocyte.
It should be also noted that, during culture in osteogenic media prior to re-

seeding and testing, differentiated IDG-SW3 cells reached confluence and heavily
mineralised. Cell detachment from culturing substrates was made difficult by the
formedmatrix and somemineral debrismight have beenmovedwith the cell onto
the new substrate. If this was the case, an unknown degree of the Young’smodulus
distribution might have been caused by the mineral deposited over the cells [46].
Moreover, the re-seeding at low density might have inhibited some osteocyte-like
features and possibly changed the mechanical characteristics.

The sample size analysis allowed for an estimate of the needed sample to obtain
reliable population average stiffness values. It should be noted that the computed
sample sizes are specific to the cell lines and protocol used andmight therefore not
represent absolute values. If a population showed lower heterogeneity, fewer cells
would be needed to obtain reliablemechanical propertymeasurements. An estim-
ate of the sample heterogeneity should bemade during the protocol preparation as
absolute sample sizes proposed for other cell typesmight not be appropriate [60].

5.5 Conclusions

In this study, large samplesof bone cells at different stagesof osteocytogenesiswere
tested byAFMnano-indentation. ThesewereMC3T3 (pre-OB), undifferentiated
IDG-SW3 (OB), MLO-A5 (pre-OC) and differentiated IDG-SW3 (OC) cells.

A lower Young’s modulus in cells representing later stages of osteocytogenesis
was expected during differentiation, with the cell periphery stiffer than the nucleus
[52]. While the difference between cell regions was shown, a monotonic relation-
ship between osteocytogenesis stages and mechanical properties was not found.
The choice of testing separate cell lines instead of a single differentiating popula-
tion might have caused this discrepancy, as some cell lines might represent over-
lapping differentiation stages.

The differentiated IDG-SW3 cells proved difficult to test. They had to be cul-
tured in osteogenic media at high confluence to achieve differentiation (i.e. de-
tection of GFP signal). During this culture stage, they produced an abundant
mineralised matrix which made them difficult to passage and might have affected
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subsequent measurements. Moreover, the GFP signal was not quantified prior
to single cell testing but only visually verified. For this reason, cells at different
stages of osteocytogenesis might have been grouped in the same population and
collectively regarded as OCs. The morphological analysis revealed no differenti-
ated IDG-SW3 cells with fully developed dendritic processes. This evidence sug-
gests that the tested cells might be in a pre-OC stage and therefore partially over-
lap with theMLO-A5 population. Finally, the number of differentiated IDG-SW3
cells was not sufficient to compute the Young’s modulus with a maximum percent
deviation of 10% in the peripheral region.
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6
Singlemolecule forcespectroscopy of

Hyaluronic Acid

This chapter includes the results on single glycocalyx molecule testing. The exper-
iments presented in this chapter were performed under the additional supervision
of Prof. Taiji Adachi at the Institute for Frontier Life and Medical Sciences (De-
partment of Biosystems Science, Kyoto University, Japan)¹.
The pre-processed data relative to this chapter are available at the following DOI:
10.15131/shef.data.5632783.

6.1 Introduction

Hyaluronic Acid (HA) is a glycosaminoglycan composed of a repeated disacchar-
ide units in the form of a linear polymer [172]. It is synthesised by three related
trans-membrane proteins (HAS1, HAS2, HAS3) and extruded towards the outer

¹Part of the work presented in this Chapter is planned to be submitted as a scientific paper.
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surface of cells [173]. It is cleaved by specific enzymes (hyaluronidases) and can
form chains of different lengths, in normal physiological conditions in the range of
2 − 25 μm with a molecular mass of 106 − 107 [174]. HA is involved in various
physiological cell functions, such as cell proliferation, locomotion and recognition.
Moreover, its abnormal production and function in pathological conditions such
as inflammation, sepsis and oedema have been observed [172]. HA is often over-
expressed in tumours and can be prognostic for malignant progression [174].

HA is considered as a contributor to mechanotransduction and signals medi-
ation due to tension, shear or tissue compression (reviewed in [173]) and it has
been suggested that its mechanical and swelling properties could change cellular
functions such as adhesion and spreading. Moreover, HA can form structures,
such as cables [175] and microvilli [67], which could play a role in signal trans-
mission. It has been shown that cells over-expressingHA synthases spontaneously
formed HA-rich microvilli containing filamentous actin. This phenomenon was
observed in various cell types in vitro and in vivo, suggesting a conserved func-
tion common to different lineages [176, 177]. Furthermore, HA has the ability
to change local membrane properties. This was demonstrated by observing that
membrane tethers pulling changed when the HA-glycocalyx was disrupted. This
observation led to the hypothesis thatHA could act as an external cytoskeleton by
being able to modify and control cell shape [65].

In conjunctionwithotherproteoglycans,HA forms the cell glycocalyx, orbrush,
which has been observed on cells belonging to different tissues (e.g. endothelium
[25], cartilage [178], bone [27], muscle [179], brain [180]). This proteoglycan
collection on the outer surface of cells has been investigated as a cell mechano-
transductor [4, 28, 181]. Different hypotheses have been formulated to explain the
underlying mechanisms of glycocalyx-mediated mechanotransduction [4, 182].
Firstly, a decentralised mechanism could take place, where the mechanosensing
happens at the glycocalyx level while the mechanotransduction happens at sites
distinct from the surface (i.e. cytoskeleton, focal adhesions, nucleus). The idea is
that the glycocalyx fibre deflection due to fluid shear stress causes molecular dis-
placement of signalling proteins on the cell cytoskeleton [26]. A simple model
has been proposed to explain this signal mediationmechanism in endothelial cells
called the “wind in the trees” model [4]. In addition to this decentralised mech-
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anism, a centralised mechanism could also take place for which the glycocalyx acts
as a mechanosensor and a mechanotransducer. This would be mediated by gly-
cocalyx fibres directly connected to membrane caveolae where an abundance of
signallingmolecules reside [4]. Moreover, HA and the glycocalyx can regulate the
membrane permeability by selectively controlling the local concentration gradi-
ents and transport of ions, amino acids and growth factors [4, 183]. Finally, the
glycocalyx could shield or expose membrane domains [29] or change local mem-
brane properties [65].

The connection between the glycocalyx/HA and the cell cytoskeleton appears
to be crucial for signal mediation and for exploring the occurrence of the differ-
ent hypothesised mechanotransduction mechanisms. HA is anchored to the cell
through its synthases or through surface receptors, such as CD44 [173]. It has
been hypothesised that both synthases [67] andCD44 [66] could selectively bind
to the actin cytoskeleton. The actin-binding link molecules have been identified
for the CD44 receptor, but not for the HAS family. CD44 has no actin-binding
sites on its cytoplasmic domain, suggesting an indirect interaction mediated by
cytoskeleton-associated proteins, which have been identified in the ERM (ezrin-
radixin-moesin) protein family and in the related protein merlin. Both these link
molecules have active and inactive forms allowing for switch-like binding between
HA and the actin cytoskeleton [66]. One protein of the ERM family, ezrin, has
been mechanically characterised by single molecule AFM [184]. It was shown
that a phosphorylation-induced extension couldmodulate themolecule activation
for cytoskeleton attachment and therefore switch on themechanism for which the
binding occurs. Thismechanismwould involve the complete unfolding of the pro-
tein which could then function as a spring linker and mechanotransducer. Simil-
arly, a mechanotransductive role was hypothesised for merlin in the context of co-
herent cell migration [185]. This evidence would suggest that these proteins are
good candidates formechanical signal transmission from the outer to the inner cell
compartments through the glycocalyx.

AFM single molecule force spectroscopy has been widely used to study single
molecules mechanical properties [10]. This technique allows for high resolution
force or distance controlled pulling of molecules, which can be attached to a sub-
strate or directly to live or fixed cells. The AFM probe is activated by attaching
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chemical groups of interest and then lowered on the target molecule. When the
chemical bond is activated, the probe is retracted and the force-distance curve is
recorded. By analysing these force-distance data it is possible to obtain informa-
tion on the properties of the target molecule.

Recently, amethodologywas developed to evaluate the attachment of the target
molecule to the cytoskeleton in case of switch-like anchoring mechanisms [186–
189] (Fig. 6.1.1). If the target molecule was anchored to the cytoskeleton, the
force-distance curvewould exhibit a clear rise in force before the rupture event (i.e.
before the unbinding between the probe and the targetmolecule), due to the cyto-
skeleton acting as a spring and pulling the target molecule away from the probe. If
the targetmoleculewas not anchored to the cytoskeleton, the force-distance curve
would show long plateaux with constant force representing tethers being pulled
out of the cell membrane, due to the plasma membrane offering constant tension
against the probe before the rupture event [189]. Therefore, it would be possible
to distinguish between cytoskeleton anchored andnon-anchored targetmolecules
by analysing the force-distance curve in the proximity of the rupture events.
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Figure 6.1.1: Left panel: the rupture events observed on the retract curve of
AFM SMFS experiments are classified as cytoskeleton (CSK) anchored (red) or
membrane tethers (green) depending on the local force-distance curve character-
istics. If the target molecule was anchored to the cytoskeleton, the force-distance
curve would exhibit a clear rise in force before the rupture event; if the target
molecule was not anchored to the cytoskeleton, the force-distance curve would
show long plateaux with constant force representing tethers being pulled out of
the cell membrane. Figure adapted from [188]. Right panel: an example of a
tether (green arrow) being pulled from the cell membrane imaged from a lateral
view. Figure adapted from [190].
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6.2 Materials &Methods

6.2.1 Cells

Murine pre-osteoblast cells MC3T3-E1 (Riken cell bank, passage 22 − 23) were
cultured in Minimum Essential Alpha Eagle medium (MEM, Lonza) supplemen-
ted with nucleosides and 2mM UltraGlutamine I, 10% Foetal Bovine Serum and
a solution of 100 units/mlpenicillin and100 μg/ml streptomycin (penicillin strep-
tomycin, PS). Cells were kept at 37◦C and passaged when 70% confluent. Prior
to AFM analysis, cells were seeded onto tissue culture treated Petri dishes (D =

10mm).

6.2.2 Samples

Hyaluronic Acid Binding Protein (HABP)was used to specifically bindHAon the
cell surface. This molecule is commonly employed for the detection of HA on cell
culture [134] and it is composed of theHA binding domain from aggrecan and its
native stabiliser link molecule [154–156].

Four different samples were employed for experiments, designed as follows:

1. HABP/HA: cantilever functionalised with HABP, untreated cell sample;

2. BSA/HA: cantilever functionalisedwith bovine serumalbumin (BSA), un-
treated cell sample;

3. untreated/HA: non functionalised cantilever, untreated cell sample;

4. HABP/HAase: cantilever functionalised with HABP, cell sample treated
with hyaluronidase (HAase).

Sample 1 (HABP/HA) represented the study experiment, with the cantilever
functionalised to target theHAmolecules on cells. Samples 2−4were considered
as controls, to verify the specificity of theprotocol. In these cases, nopulling events
should be observed.

The BSA used for cantilever functionalisation in Sample 2 (BSA/HA) should
block all the non-specific bonds, as a non-reactive protein coating non-specific
protein binding sites. As a further verification, Sample 3 (untreated/HA) was
designed with no cantilever functionalisation.
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In the last case (HABP/HAase), the HA was removed from the cell by en-
zymatic treatment with HAase (from Streptomyces hyalurolyticus, Sigma-Aldrich).
To this aim, the protocol described in [29] was used and cells were treated with
160U/ml HAase/MEM for 1 hour prior to AFM experiments.

6.2.3 Cantilever functionalisation

Low spring constant cantilevers with pyramidal tip (Olympus) were used for all
the experiments (nominal spring constant 0.02N/m, tip radius 15 nm). The can-
tilever functionalisation method was similar to the one described in [191]. The
steps of activation are listed below and were the same for Sample 1 (HABP/HA,
functionalisation molecule: HABP), Sample 2 (BSA/HA, functionalisation mo-
lecule: BSA) and Sample 4 (HABP/HAase, functionalisationmolecule: HABP).
The cantilevers used to test cells in Sample 3 (untreated/HA) were not treated,
but washed in ultra-pure water prior to experiments.

The following activation steps were performed just before the experiments:

• deposition of (-SH) groups: cantilevers were oxidised using an ozone
cleaner and submerged in 2% (3− Aminopropyl)triethoxysilane
(APTES)/ultra-pure water for 15minutes to depose (-SH) groups on the
probe surface;

• attachment of intermediate linker molecules: after washing, the cantilevers
were submerged in 6mM Maleimide-PEG-NHS ester/Tris for 30minutes.
This compound bound to the (-SH) groups and exposed NHS esters for
subsequent binding to the carboxyl groups of the functionalisation
molecules;

• functionalisation: after washing, the functionalisation molecule was bound
to the exposed NHS ester groups by submerging the cantilever in 100 nM
HABP/Tris solution (Sample 1HABP/HA and Sample 4
HABP/HAase) or 1% BSA/ultra-pure water (Sample 2 BSA/HA) for 1
hour;

• blocking: the excess maleimide was quenched with 50mM
2-mercaptoethanol/ ultra-pure water by submerging the cantilevers for 1
minute;
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• washing: after a final washing, the functionalised cantilevers were kept
submerged in ultra-pure water until mounting on the AFM holder.

6.2.4 AFM set-up

A NanoWizard 3 Atomic Force Microscope (JPK Instruments AG) coupled to a
IX series optical invertedmicroscope (Olympus) enclosed in ametal box to reduce
environmental noise was used for all the experiments.

The cell sample was washed with PBS and freshmediumwas added before test-
ing for a maximum of 2 hours at room temperature. The cantilever sensitivity was
calibrated and the systemwas allowed some time for temperature stabilisation be-
fore each experiment. The cantilever spring constant was manually imposed as
equal to the nominal value given by the manufacturer due to difficulties in using
the built-in calibration system after the cantilever chemical functionalisation.

Cells were located through the optical microscope and tested within an area of
10 x 10 μm2. A 16-point grid was drawn and force spectroscopy measurements
were obtained on the grid for 3 times to collect a total of 48 data on each cell. The
relative set point and the approach velocity were set to 0.5 nN and 2 μm/s respect-
ively. A total of 150 cells were tested over 4 separate experiments for Sample 1
(HABP/HA); 15 cells were tested for each of the control samples.

6.2.5 Post-processing

The obtained data files were exported as text files from the JPK Data Processing
software. All the subsequent post-processing was performed in MATLAB (Math-
works) with custom-written semi-automated algorithms to allow for careful tail-
oring of the analysis steps.

The contact point determination was performed as described in Section 3.2.4.
If an offset of the retract baseline was observedwith respect to the extend baseline,
this was considered to be due to the hydrodynamic effect of the cantilever move-
ment in liquid and was corrected before further analysis by translating the retract
curve so that the baselines would match [192].

Force-distance retract curves were analysed as the focus was on the pulling of
the target molecules that occurred when the probe was moved away from the cell
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surface. A clear decrease in force representing the unbinding between the probe
and the target molecule was defined as a rupture event. Multiple rupture events
could be observed in one retract curve if multiple target molecules were initially
bound to the probe. The force-distance ratio (measured in [pN/nm]) preceding
the rupture event was described as slope and used to classify the rupture events.

Localisation of rupture events

Rupture events were searched for in the region of the force-distance curve where
the probe was not in contact with the cell body, i.e. after the contact point. If a
curve displayed any rupture events occurring in the indentation region (i.e. before
the contact point), it was excluded from further analysis, as this would most likely
be due to membrane piercing, an incomplete detachment of tethers in previous
locations or noise.

An algorithm was designed to detect the rupture events by screening the first
derivative of the signal after smoothing to remove high frequency noise [188]. In
fact, the first derivative is null for a constant value of force as expected after the
contact point; when a rupture event is encountered the first derivative shows a
peak due to the close-to-vertical line that marks the unbinding between the probe
and the target molecule. These peaks were detected and their force and distance
from the contact point were recorded. The slope in an interval of 50 nm preceding
the rupture events was also computed.

The algorithm steps are summarised below:

1. each force spectroscopy retract curve was analysed separately (Fig. 6.2.1);

2. the raw data were smoothed using a spline function (Fig. 6.2.2);

3. the first derivative of the force was calculated (Fig. 6.2.3);

4. a threshold was set to localise peaks corresponding to rupture events
(Fig. 6.2.4);

5. the interval corresponding to the peak in the derivative was analysed back
on the force spectroscopy data (Fig. 6.2.5);

6. the local minimum representing the rupture event was searched in the
interval (Fig. 6.2.6);
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7. the 50 nm preceding the rupture event were fitted with a line to determine
the local slope (Fig. 6.2.7).

Figure 6.2.1: Localisation of rupture events - step 1. Example of force spec-
troscopy retract curve raw data (blue line) obtained by AFM SMFS targeting
HA on live pre-osteoblast cells.
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Figure 6.2.2: Localisation of rupture events - step 2. The force spectroscopy
data showed in Fig. 6.2.1 was smoothed using a spline function (red line) to
remove the high frequency noise.

Figure 6.2.3: Localisation of rupture events - step 3. The first derivative (black
line) of the smoothed force showed in Fig. 6.2.2 was calculated to localise the
rupture events.
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Figure 6.2.4: Localisation of rupture events - step 4. A threshold was set on
the derivative showed in Fig. 6.2.3 to localise peaks corresponding to rupture
events (yellow dashed line). The area marked in grey is zoomed in the bottom
panel.
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Figure 6.2.5: Localisation of rupture events - step 5. The interval corresponding
to the peak in the derivative was analysed back on the force spectroscopy data
(yellow circles). The area marked in grey is zoomed in the bottom panel.
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Figure 6.2.6: Localisation of rupture events - step 6. The local minimum
(black star) representing the rupture event was searched in the interval. The
area marked in grey is zoomed in the bottom panel.
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Figure 6.2.7: Localisation of rupture events - step 7. The 50 nm preceding the
rupture event (grey line) were fitted with a line (red line) to determine the local
slope. The area marked in grey is zoomed in the bottom panel.
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Successful target rate

If a force-distance curve showed at least one rupture event it was considered as
successfully targeting the molecule of interest (HA) on the cell surface. The num-
ber of successful target curves was counted over the total number of data curves
for each sample as an estimate of the ease of binding between the probe and the
target molecule for each pair. This quantity was expected to be higher for Sample
1 (HABP/HA) than in the control samples due to the intended specificity of the
binding.

Classification of rupture events

It was possible to distinguish between those HA molecules that were anchored or
non-anchored to the cytoskeleton by analysing each rupture event. If the target
molecule was anchored to the cytoskeleton, the rupture event would be preceded
by a clear rise in force; otherwise, the rupture event would be preceded by a long
force plateau representing a membrane tether pulling.

The parameter defined as slope (Fig. 6.2.7) could, therefore, act as a marker
for the two types of rupture events: if the slope preceding the rupture event was
higher than a threshold, this would represent a cytoskeleton anchored rupture;
otherwise a membrane tether rupture (i.e. non-anchored rupture) [187, 188]
(Fig. 6.2.8). To define this threshold, it was necessary to evaluate the variability
range of a force that could be described as constant. Hence, the variability of the
baseline slope of the extend curveswas considered. Thebaseline is, in fact, holding
zero force as it is extracted before the contact between the probe and the sample.

The slope of the last 50 nm of all extend baseline datawas calculated (Fig. 6.2.9).
The resulting histogram was fitted with a normal distribution with the following
descriptive parameters: μ = −0.002 pN/nm and σ = 0.103 pN/nm. About
99.7% of data lies in the space defined by μ ± 3σ and therefore in the interval
(−0.311 pN/nm, 0.308 pN/nm). This interval was used to define the membrane
tether rupture slope variability range: if the slope of the rupture event fell in the
interval it could be considered horizontal (constant force) and therefore the rup-
turewas classified asmembrane tether rupture; if the slopewas higher then a linear
increase in force was observed and the rupture event was classified as cytoskeleton
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anchored.

Themembrane tether ruptureswere classifiedwith their associated force, calcu-
lated as the sudden release of force due to tether rupture. If multiple tethers were
formed, the tether force corresponded to the force step between one tether and
the subsequent one [193]. The tether length was computed as the distance of the
rupture events from the contact point.

Figure 6.2.8: Example of rupture event classification. The localised rupture
events are marked in green if classified as membrane tether ruptures, in red if
classified as cytoskeleton anchored ruptures.

Single and multiple rupture events

If only one rupture eventwas observed in a curve, it was classified as single; ifmore
than one rupture event was observed in a curve, they were classified as multiple.
The percentage of single and multiple rupture events and their associated force
were calculated to verify the occurrence of specific rupture patterns.
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Figure 6.2.9: The histogram of the slope of all extend baseline data is shown.
The red line represents a normal distribution fit (μ = −0.002 pN/nm and σ =
0.103 pN/nm).

Intrinsic bond characterisation

The theory used to describe the rupture of chemical bonds has been initially stud-
ied by Bell, who proposed this phenomenological formula [194]:

τ(F) = τ0exp
(
− F γ

kBT

)
, (6.1)

with F rupture force, kB Boltzmann constant, T temperature, τ0 intrinsic lifetime
of the bond, γ energy barrier width. Further theoretical studies followed to de-
velop a framework to describe single bond ruptures, in terms of an activation en-
ergy barrier ΔG that has to be overcome before bond rupture and which is effect-
ively lowered by the external force applied to the system [121, 195]. The following
formula, often referred to as the Bell-Evans model, has been proposed [195]:

F =
kBT
γ

log
τ0 γ r
kBT

, (6.2)
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with r loading rate. Eq. 6.2 has been widely used in single molecule force spectro-
scopy studies (e.g. [188, 196]) to compute the intrinsic bond lifetime τ0 and the
width of the energy barrier γ, having performed experiments at different loading
rates.

In the present study, the experiments were carried out with constant pulling
force and therefore the Bell-Evans model could not be employed. Amethodology
to retrieve force-dependent lifetime information of the system in similar cases has
been proposed as outlined below [197, 198]. The force-dependent lifetime of the
system τ(F) can be expressed as:

τ(F) =
∫∞
F p(f) df
Ḟ(F) p(F)

, (6.3)

with p(F) distribution of rupture forces and Ḟ(F) loading rate. If hypothesising a
stiffmolecular systempulled by a spring ks at velocityV, the loading rate Ḟdoes not
depend on the force and can be expressed as Ḟ = ksV. Considering a probability
density function rupture force histogram p(F)with N bins of width ΔF starting at
F0 and finishing at FN = F0 + ΔF, Eq. 6.3 can be evaluated at the mid-point of
each bin as:

τ(F0 + (k − 1/2)ΔF) =
ΔF

(
1
2hk +

∑N
i=k+1 hi

)
hk Ḟ

, (6.4)

fork = 1, 2, ...,N andhbinheight. The rupture force vs. force-dependent lifetime
data can be fitted with the Bell model (Eq. 6.1), as a particular case (ν = 1) of the
following equation derived from the Kramers theory [199]:

τ(F) = τ0
(
1− νFγ

ΔG

)1−1/ν

exp
{
− ΔG

kBT

[
1−

(
1− νFγ

ΔG

)1/ν]}
. (6.5)

This methodology was used on rupture event data, separately for the cytoskel-
eton anchored and the membrane tethers. A minimum force threshold of 20 pN
and 10 pN for the cytoskeleton anchored and the membrane tethers, respectively,
was set to ensure full significance of each bin in the force histograms [192].
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6.3 Results

6.3.1 Study sample vs. control samples

A total of 5905 force spectroscopy data were analysed for Sample 1 (HABP/HA),
687 for Sample 2 (BSA/HA), 696 for Sample 3 (untreated/HA) and 563 for
Sample 4 (HABP/HAase).

The successful target ratewas calculated for each sample as shown inTable 6.3.1.
The successful target rate was comparable in the three series of testing for each
cell and in Sample 3 (untreated/HA) it was remarkably lower than in the study
sample (Sample 1,HABP/HA) and the other two control samples.

The distance from the contact point at which the rupture events occurred was
calculated as an indicator of the interaction specificity. Low distance values would
be a sign of a non-specific interaction: the interaction would happen close to the
contact point and would not be maintained over increasing height of the canti-
lever in respect to the sample. The rupture distance from the contact point for each
sample was compared (Fig. 6.3.1) and a statistical difference was found between
the study sample and all the control samples (Kruskal–Wallis test by ranks, signi-
ficance set to p < .01).

Table 6.3.1: The calculated successful target rate is reported for each sample
as an index of the number of successful binding events between probe and target
molecule. This quantity was calculated as the percentage of curves displaying
some rupture events over the total number of analysed curves.

Sample 1 Sample 2 Sample 3 Sample 4
HABP/HA BSA/HA untreated/HA HABP/HAase

65.19% 67.92% 16.67% 66.11%

6.3.2 Cytoskeleton anchored vs. membrane tether ruptures

In Fig 6.3.2 the distance from the contact point against the slope of each rupture
event of the study sample (HABP/HA) is shown. It could be noted that few rup-
ture events with low distance from the contact point were present, whichmay rep-
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Figure 6.3.1: Box plot of rupture distance from the contact point for the study
sample (Sample 1 - HABP/HA, solid line) and the control samples (Sample
2 - BSA/HA, Sample 3 - untreated/HA, Sample 4 - HABP/HAase, dashed
line). The rupture distance from the contact point for the study sample was
statistically significantly higher suggesting specificity of the bond between HABP
and HA (Kruskal–Wallis test by ranks, significance set to p < .01).
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Figure 6.3.2: Scatter plot of the rupture events in Sample 1 (HABP/HA).
The x-axis represents the distance from the contact point, the y-axis the slope of
the curve before rupture. The rupture events classified as cytoskeleton anchored
are shown in red, as membrane tethers in green.

resent non-specific binding. A threshold could be used to rule out these events
from further analysis. However, a good threshold definition would be necessary
to avoid removing useful data and could not be found in this case.

Over the total number of rupture events, 14.4%were classified as cytoskeleton
anchored and 85.6% as membrane tethers. This fact would underline that about
one HA molecule every ten has an active indirect link to the actin cytoskeleton.
The number of cytoskeleton anchored rupture events remained constant over the
three series of testing for each cell. Tether formation can be characterised by the
tether force, i.e. the sudden release of force due to tether rupture. If multiple teth-
ers are formed, the tether force corresponds to the force step between one tether
and the subsequent one [193]. The average (median) calculated tether force was
16 pN, with a dispersion (IQR) of 10 pN (Fig. 6.3.3). The average (median) cal-
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culated tether length was equal to 199 nm, with a dispersed distribution (IQR of
291 nm and maximum values up to 870 nm).

Figure 6.3.3: Probability histogram of the membrane tether force in Sample 1
(HABP/HA). The median value is equal to 16 pN, the IQR to 10 pN.

6.3.3 Single and multiple rupture events

A further classification made on the rupture events regarded their occurrence as
single or multiple events within one retraction curve: if single, only one rupture
event per curve was recorded, if multiple, more than one. Over the total number
of successfully targeted retract curves in Sample 1 (HABP/HA), about 4 every
ten showed single ruptures, the rest multiple ruptures (Fig. 6.3.4). About 99% of
the curves in the multiple sample contained 2 to 6 rupture events.

Thepercentageof occurrenceof the cytoskeleton anchoredormembrane tether
rupture events was similar to the one found without discerning between single or
multiple events (Section 6.3.2). 14.1% of the single rupture events were classified
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as cytoskeletonanchored,85.9% asmembrane tethers; 14.5%of themultiple rup-
ture events were classified as cytoskeleton anchored, 85.5% as membrane tethers.

Figure 6.3.4: Pie chart of the number of rupture events in the successfully tar-
geted curves in Sample 1 (HABP/HA). If only one rupture event was observed
it was classified as single, if more than one as multiple. About 99% of the curves
in the multiple sample contained 2 to 6 rupture events.

In Fig. 6.3.5 the slope of the multiple rupture events is shown. The slope of
the first (I) rupture event was statistically significantly higher than the slope of the
second to sixth (II-VI) rupture events (Kruskal–Wallis test by ranks, significance
set to p < .01). The size of samples VII-X was too low for accurate statistical ana-
lysis as less than 1% of multiple rupture data showed more than 6 rupture events.
Moreover, the first rupture in case of multiple rupture events would classify as a
cytoskeleton anchored one with ∼ 2.5 fold higher rate (36.4%) than in case of
single ruptures.
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Figure 6.3.5: Box plot of the slope of multiple rupture events. The slope of the
first (I) event is statistically significantly different from the slope of the second
to sixth (II-VI) rupture events (Kruskal–Wallis test by ranks, significance set to
p < .01). The size of samples VII-X was too low for accurate statistical analysis
as less than 1% of data were in these samples.
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6.3.4 Intrinsic bond characterisation

Themethodologyproposed in [197, 198]was employed to investigate the intrinsic
bond lifetime τ0 and the energy barrier width γ. For this aim, the force-dependent
system lifetime τ was calculated from the force histograms.

The obtained data should collapse onto a master curve if the molecule kinetics
can be explained by a single exponential function [198]. However, thiswas not the
case for either the cytoskeleton anchored nor themembrane tether rupture events
(Fig. 6.3.6) and it was therefore not possible to calculate the intrinsic bond lifetime
τ0 and the energy barrier width γ for either type of rupture event.

Figure 6.3.6: The calculated force-dependent lifetime of the system for the
cytoskeleton anchored (red circles) and the membrane tether (green circles)
rupture events is shown. Calculated points did not collapse on a master curve
as expected for single-exponential molecule kinetics.
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6.4 Discussion

HAwas targetedbyAFMsinglemolecule force spectroscopyon livepre-osteoblast
MC3T3 cells. An HA-rich glycocalyx involved in mechanotransduction is expec-
ted on these cells [29]. To hypothesise possible mechanotransduction mechan-
isms the anchoring of the HA molecule to the cytoskeleton was investigated.

The study sample in which the AFM cantilever was functionalised with HABP
was compared to control samples, where the cantilever was either blocked with
BSA, not functionalised, or the cells were treated with HAase to degrade the HA
glycocalyx. The successful target rate, i.e. the number of force spectroscopy curves
showing rupture events counted over the total number of data, was calculated for
each sample as an indicator of the ease of binding between the probe and the target
molecule. This quantity was comparable in the three series of testing for each cell,
suggesting that no HA fragments remained attached to the cantilever causing the
saturation of binding sites.

The amount of HABP absorbed on the cantilever was not measured. However,
it was observed that the successful target rate would not decrease during series of
testing on the same or on different cells throughout the experiments. This would
suggest that the cantilever binding sites were not saturated or damaged for the dur-
ation of the experiments and that the chosen concentration of functionalisation
molecule was appropriate.

For the untreated cantilever in Sample 3 (untreated/HA) the successful tar-
get rate was markedly lower than in the other samples. This could be related to
the absent functionalisation of the cantilever, which resulted in fewer interactions
between the probe and the sample. The other control samples showed, however,
successful target percentages comparable to the study sample. This could be ex-
plained by the presence of non-specific interactions caused by the cantilever func-
tionalisation process. The distance from the contact point at which the rupture
event occurred was therefore calculated to corroborate this hypothesis and was
shown to be statistically significantly lower in all control samples with respect to
the study sample. The specificity of the bond betweenHABP andHA in the study
sample was hence considered to be satisfied and further analyses were carried out
to classify the rupture events.
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Over the total number of rupture events, 14.4%were classified as cytoskeleton
anchored and 85.6% as membrane tethers, suggesting that about one HA mo-
lecule every ten has an active indirect link to the actin cytoskeleton. It should be
noted that this link couldoccur through theCD44 receptoror through theHAsyn-
thases as it was not possible to distinguish between the two cases when pulling on
theHAmolecule. Moreover, if the linkagewas throughCD44, the linkermolecule
could differ (i.e. ERM family, merlin or oligomers of these proteins [184])making
the category of cytoskeleton anchored bonds rather heterogeneous. The number
of cytoskeleton anchored rupture events remained constant over the three series
of testing for each cell, suggesting that if theHA/actin bindingwere severedduring
measurements they would reform within the time frame of 30 s corresponding to
the delay between probing the same spot.

Membrane tethers are structures involved in cell-cell adhesion, communication
andmotion which originate from the cell membrane [65]. Themembrane surface
tension regulates various intracellular events and its maintenance is finely regu-
lated [47, 193]. The cell membrane is capable of accommodating small and large
variations in the surface tension using differentmechanisms: small surface tension
fluctuations are buffered by use of the membrane reservoir, i.e. extra membrane
stored in the form of undulations, folds, ruffles, microvilli and caveolae; large vari-
ations are facilitated by membrane material dynamic recycling mechanisms. The
ability to create membrane tethers resides in the existence of themembrane reser-
voir, which is affected by the membrane composition and mechanical properties,
the interactions with the cytoskeleton and the lipid bilayer turnover.

It has been shown that the tether growth once started does not depend on the
chemical nature of the attachment between the force transducer and the cell mem-
brane [65]. In previous works employing AFM,membrane tethers were pulled by
cantilevers which were either untreated [65] or treated with non-specific adhesive
molecules [65, 193]. In the case of untreated cantilevers, the contact with the cell
was maintained for 2− 30 s before retracting to facilitate the tether formation. In
the present study, no prolonged contact was performed and the HABP/HA bind-
ing behaved similarly to non-specific adhesion by forming the link within the time
frame of the measurement. Therefore it was hypothesised that the HABP/HA
binding is strongenough toallow for the initiationof tethers, despitepulling through
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the HA molecule and not directly on the membrane.

The average tether force calculated in this study was 15.88 pN, in the range of
10− 60 pN measured in the literature for various cells [65]. The quantity disper-
sion was hypothesised to represent the membrane heterogeneity, both in terms of
composition andmechanical properties. The average tether length for osteoblasts
differentiated from humanmesenchymal stem cells wasmeasured as 4.0±1.1 μm
[47]. The average tether length calculated in this studywas howevermuch shorter,
equal to 199 nm, with a much dispersed distribution. This was related to a limit-
ation in the employed protocol. In fact, the cantilever was kept close to the cell
surface and was translated between subsequent spots of the testing grid. For this
reason, the tethers were pulled vertically for a limited range (∼ 1 μm) and not
allowed to develop in full length.

Therefore three scenarios could occur: i) all the tethers would rupture during
the vertical movement; ii) some of the tethers would bemaintained during the lat-
eral cantilever movement and would be ruptured during the translation; iii) some
of the tethers would be maintained during the lateral cantilever movement and
would still be present during indentation of the subsequent test grid spot. The
first two cases were difficult to discern due to the hydrodynamic effect: if some
residual tethers were still be bound to the cantilever, the zero force condition (i.e.
baseline) would not have been reached on the retract curve, similarly to previous
observations [65]. Similar outcomes would, however, be observed in the case of
the hydrodynamic effect, as the cantilever would be pushed to bend up due to the
liquid resistance when moving downwards and to bend down when moving up-
wards. In the present protocol, it was chosen to correct the retract curves for the
hydrodynamic effect, having observed that the offset between baselines was com-
parable to previous indentation experiments with untreated cantilevers. There-
fore longer tethers in the second scenario were probably overlooked and the total
average tether length underestimated. Data belonging to the third scenario were
excluded from the analysis, as recognisable fromunexpected peaks during the can-
tilever extend/cell indentation region.

It was possible to hypothesise that patterns in the HA molecule pulling were
present by analysing the multiple rupture events. Multiple rupture events were
observed in about 60% of the force spectroscopy curves, with most curves show-
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ing from 2 to 6 rupture events. The slope of the first rupture event was statistically
significantly higher than the slope of the following rupture events and showed a
higher incidence of cytoskeleton anchored ruptures than in case of single rupture
events. These results would suggest that a cytoskeletal bond needs to be broken to
improve the ability to pull multiple tethers from the cell membrane. Similar res-
ults were obtained on red blood cells and it was hypothesised that at the beginning
of tether formation the link with the cytoskeleton would be partially broken and
further tether elongation would be accompanied by the elongation of the intact
components of the cytoskeleton [186]. The resulting tether would therefore not
be completely disconnected from the cytoskeleton and possibly maintain an actin
cytoskeleton core, analogous to what was observed in the formation of HA-rich
microvilli [67, 176, 177].

It was not possible to calculate the intrinsic bond lifetime τ0 and the energy
barrier width γ for either type of rupture events, as the molecular kinetics could
not be explained by a single exponential function [198]. This result would suggest
that both categories were heterogeneous and contained events of different nature.
As previously discussed, the cytoskeleton anchor link might be one or more pro-
teins of the ERM family or merlin and this could result in different bond charac-
teristics, while the membrane tethers might or might not conserve an actin-rich
core. Moreover, non-specific interactions might have played a role, as they were
not ruled out before the analysis.

6.5 Conclusions

In this study, HAmolecules on the surface of pre-osteoblast cells were investigated
by single molecule force spectroscopy.

HA molecules were successfully targeted by using HABP-functionalised canti-
lever. The specificity of the HABP-HA bond was supported by the observation of
the control’s successful target rates. In fact, untreated cantilevers showed fewbind-
ing events and cantilevers treatedwith BSA showedweak interactionswhich could
not sustain the increasing pulling force of the cantilever. If cells were treated with
HAase similar weak interactions were observed, possibly linked to the cantilever
interacting with membrane domains exposed by the removal of the glycocalyx.
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It was possible to distinguish between cytoskeleton anchored and membrane
tether rupture events by analysing the slope preceding the observed ruptures dur-
ing retraction of the cantilever from the cell. Both categories were heterogeneous:
the HA can be linked to the membrane by its synthases (HAS) or the receptor
CD44 and these could anchor to the cytoskeleton with different molecules; the
local composition and mechanical properties of the membrane could affect the
membrane tether characteristics and rupture force. This heterogeneity was also
observed in the evaluation of the single chemical bond intrinsic characteristics,
where the interplay of different molecules was hypothesised.

The HABP-HA bond was shown to be strong enough to pull membrane teth-
ers. This would suggest that the HA molecule acts as a rigid linker between the
cantilever and the cell membrane. This observation is in accordance with the con-
formation of the HA molecule, in which repeated disaccharide units form a linear
structure organised as a random coil [200]. No domain unfolding or mechanical
denaturation are therefore expected, as they were not observed in the retraction
curves.

Different mechanotransductive mechanisms involving HA could be hypothes-
ised from the observed results. Single cytoskeleton anchored rupture events were
interpret to represent HAmolecules linked directly to the cytoskeleton and there-
fore transmittingmechanical stimuli into the inner cell compartments, withdecent-
ralisedmechanosensing at sites distinct from the cell surface [4, 182]. Singlemem-
brane tethers were conversely predicted to be examples of centralised mechano-
sensing, with the glycocalyx molecules directly connected to areas of the mem-
brane where an abundance of signalling molecules reside [4]. Finally, multiple
rupture eventswith an initial link to the cytoskeletonprobably representmicrovilli-
like structures with an actin-rich core, similar to the ones observed for cells over-
expressing HA synthases and hypothesised to have a signalling role [67, 173, 176,
177].

Thepresentfindingswould, therefore, support the ideaof theHAhaving a struc-
tural role and being able to organise and support the cell membrane as an external
cytoskeleton deeply involved in the glycocalyx-mediated mechanotransduction.
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7
Single cell Finite Elementmodelling

In this chapter the computational results are presented¹. The Finite Element (FE)
single cellmodel design and the simulation parameters are explained togetherwith
the obtained outcomes.

7.1 Introduction

Single cells in a population showvariable behaviours and characteristics [81]. This
heterogeneityhas stochastic aswell as deterministic sources andhistorically hasof-
ten been overlookedwhen focusing on commonmechanisms between cells. Most
information collected on cell processes was obtained averaging the characteristics
of a cell population and generalising them to all cells. However, when the same
characteristics were studied at the single cell level different patternsmight emerge.
Moreover, single cell studies lead to insights not achievable with bulk analysis, for
example in cancer biology [201] or immune system response [202].

¹Part of the work presented in this Chapter is planned to be submitted as a scientific paper.
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Some of the factors dictating cell population heterogeneity, such as cell cycle
or differentiation stages [82–84], cell migration and adhesion [87], have a direct
impact on the cell cytoskeleton and therefore on the cell mechanical properties.
Moreover, when testing cell mechanical properties with experimental techniques
further variability might be introduced. In the case of AFM measurements, the
experimental set-up, the testing and culture conditions, and the post-processing
of data might all cause additional experimental error [39, 40, 43, 93].

For these reasons, the development of a computational framework could be of
help. In fact, the use of theoreticalmodels could provide better control over the or-
ganisation and interplay between intracellular components. Moreover, it has been
suggested that the use of confocal microscopy based FE models with an accur-
ate representation of intracellular structures could strongly support experimental
work on cell mechanics [69, 80]. These models would, in fact, allow for realistic
representation and quantification of mechanical stimuli acting in vitro or in vivo
on individual cells. Moreover, numerical simulations including different cell com-
ponents could provide insights into the contribution of individual elements to
whole-cell mechanics [75] and on the distribution of forces for structural stability
[74].

The generation and transmission of forces in the cytoskeleton have been mod-
elled using discrete theories, such as tensegrity, for which the cytoskeletal fibres
are described as a network which distributes forces within the cell. In single cell
tensegrity models, the structural integrity of the cell is based on pre-stress and in-
terdependence of cytoskeletal components, but the role of individual fibres in gen-
erating and transmitting forces is not elucidated [75]. Therefore, a new category
of models has been introduced including discrete and continuous formulations
to embed the cytoskeletal fibres in a continuum representing the cytoplasm [74–
76, 80]. The tensegrity principles are maintained but the individual elements can
move independently and the integrity of the cell is not solely dependent on the
fibre network.

In Chapter 3 andChapter 5 results related to cell body AFM indentation exper-
iments were presented. Wide ranges of variability were observed in the Young’s
modulus for all tested cell populations and it was hypothesised this would be re-
lated to their intrinsic heterogeneity in terms of the cytoskeletal arrangement. The
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development of a computational model simulating the experimental conditions
could, therefore, add some quantitative information on the contribution of the
single cell components to the whole cell stiffness. The hypothesis would be that
a multi-structural model could describe the response of a cell to the mechanical
indentation in terms of local stresses and strains. In addition, it could provide in-
sights on the intracellular force and deformation distributions caused by external
mechanical stimulation.

An image-based single cell model was therefore designed as a preliminary step
to study the heterogeneity of a population. Themodel comprised the nucleus, the
cytoplasm and the actin cytoskeleton. The latter was modelled as actin bundles
resisting tensional forces [74–76, 80] and actin cortex responding to compression
[75, 76]. The use of confocal stack images of a single pre-osteocyte MLO-A5 cell
allowed for faithful representation of the cell shape and of the arrangement of the
actin bundles. AFM indentation with a spherical bead was simulated in different
cell regions to investigate the effect of the compression of multiple intracellular
components with different mechanical properties.

7.2 Materials &Methods

7.2.1 Confocal imaging

Confocal imaging of fixed cell samples stained for nuclei and actin was performed
on the MLO-A5 pre-osteocyte cells as described in Chapter 5 (Section 5.2.2). Z-
stack images spaced0.49 μmwereobtainedwith1024 x 1024pixel resolution. The
cell chosen for the model design well represented the population morphology:
its dimensions for the area, major and minor axes of the nucleus and the whole
cell were in the ranges for the population average as measured in Section 3.3.3
(Chapter 3).

7.2.2 Geometry reconstruction

The single cell model geometry reconstruction consisted of two steps: first, the
confocal images were segmented in ImageJ [109] to obtain separate masks for
the nucleus and cytoplasm; then the images were imported in Simpleware ScanIP
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(Synopsis, Inc.) for three-dimensional reconstruction and FE meshing.

Segmentation

Confocal images for each slice and each channel (DAPI for nuclei and phalloidin
for actin) were separately analysed (Fig. 7.2.1). A threshold was set to select the
pixels showing channel signal against the blackbackground and amaskwas created
on the selection. Binary processes of dilation/erosion were employed to obtain
solid fields for the nuclei. A similar process was used to predict the cell surface
area (i.e. cytoplasm) by dilation of the actin fibre signal.

Figure 7.2.1: The confocal images segmentation process is presented. A mask
(left column) was created by using a threshold on raw images (right column)
for the nucleus (top row) and cytoplasm (bottom row), respectively.
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Figure 7.2.2: Three-dimensional solid reconstruction in Simpleware ScanIP
of the two solids representing the nucleus (green, semi-transparent) and the
cytoplasm (red, opaque). The mesh was created so that the nodes and elements
were congruent at the interface between the two regions.

Reconstruction and Meshing

Themasks for the nucleus and cytoplasm for all slices were imported into Simple-
ware ScanIP. By using Boolean operations, two separate solids were created con-
sisting of the nucleus and the cell volume subtracting the nucleus. RecursiveGaus-
sian smoothing was performed to obtain amore realistic geometry (Fig.7.2.2). An
FEmodel was prepared with built-in utility, by congruously meshing the volumes
with smoothed tetrahedral quadratic elements and by defining two placeholder
materials for further modification in the subsequent steps.

7.2.3 Indentation simulations

The FE model obtained in Simpleware ScanIP was imported as an input file in
Abaqus (Simulia, Dassault Systèmes). Actin fibres and cortex were added and
boundary conditions and simulation parameters were set to simulate the indent-
ation of a spherical bead at different locations over the cell. The obtained model
was constituted by two parts, the cell and the indenting bead.
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Single cell model refinement

Discrete three-dimensional truss elements were added representing the actin
bundles (Fig.7.2.3). The disposition of these bundles was chosen following the
information contained in the confocal images. Basal and apical bundles were in-
cluded close to the substrate and the nucleus, respectively. The basal actin bundles
roughly followed the morphology of the cell and were tied to the cytoplasm at
nodes regarded as focal adhesions. The apical actin bundles were designed to join
thenucleus and the cytoplasm inaparallel fashion, similarly towhatwaspreviously
reported in [76, 80], and were therefore tied to the nucleus on one end and to the
cytoplasm on the mid-point and on the opposite end. A cross-section of all truss
elements was chosen equal to 0.2 μm2, asmeasured from the confocal images. The
actin bundles were not pre-stressed as stated by the tensegrity theory. This choice
was made to reduce computational costs, as it was shown that the pre-stress does
not significantly contribute to the exerted forces when compressionwas simulated
[203].

The actin cortex was modelled as a thin shell homogeneously covering the cell
surface [75, 76]. A thicknessof0.2 μmwas chosen [43, 75, 93]. Thecellmembrane
was not included in the model as it was considered negligible in terms of mechan-
ical deformation resistance, as it is much softer than the actin cortex [75, 76].

Having imported the nucleus and cytoplasm from Simpleware ScanIP as two
separate solid with congruous mesh at the interface, it was possible to assign dif-
ferent materials to each of them. Materials [76] and element types for each sub-
cellular component are summarised in Table 7.2.1. Homogeneous, isotropic and
elastic material properties were assumed, defined in terms of Young’s modulus
and Poisson’s ratio. A hybrid formulation was attributed to all elements to ac-
count for the almost incompressible material behaviour. Second-order tetrahed-
ral three-dimensional hybrid elements (C3D10H) were used for the nucleus and
cytoplasm; three-nodes hybrid quadratic truss elements (T3D2H) for the actin
bundles; three-dimensional triangular small-strain thin shell elements (STRI65)
for the actin cortex. The obtained cell part is shown in Fig. 7.2.4.
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Figure 7.2.3: Confocal images of basal (top left) and apical (top right) actin
bundles are shown together with the modelled fibres (bottom row). Basal
bundles follow the shape of the cell, while apical bundles are centred over the
nucleus.
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Figure 7.2.4: FE model for the single cell part, including nucleus (blue), cyto-
plasm (red), apical (white) and basal (yellow) actin bundles and actin cortex
(green). The actin cortex covers the cell surface completely and it is in contact
with it, the depicted representation was chosen for clarity only. The texture rep-
resents the meshed elements, which dimensions are dependent on the geometry
complexity (e.g. the area of the cytoplasm close to the nucleus shows fewer
elements as it is mainly flat).
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Table 7.2.1: Material properties [76], Abaqus element type and number of ele-
ments of each modelled cellular component are summarised. An elastic material
definition was used in terms of Young’s modulus (E) and Poisson’s ratio (ν).

Nucleus Cytoplasm Actin cytoskeleton

Bundles Cortex

Apical Basal

E [kPa] 5.1 1 10 10 2.4
ν [-] 0.3 0.49 0.3 0.3 0.3
Element Type C3D10H C3D10H T3D2H T3D2H STRI65
Element No. 174821 1102047 72 30 114789
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Rigid spherical indenter

The spherical bead used as indenter wasmodelled as three-dimensional rigid shell
with radius equal to 3 μm, similar to the one used for cell body indentation exper-
iments (Chapter 3, Section 3.2.2). A reference point was set on the sphere centre
for rigid constraint and subsequent boundary condition definitions. The system
reference axes XYZ were designed with the origin on the sphere surface closest to
the cell.

Boundary conditions and contact

The indentationwas controlled by setting the bead displacement in theZdirection
for 1 μm, with the ideal substrate of cell attachment on the XY plane. The other
degrees of freedom for the bead were constrained. To model the cell adherent to
the substrate the nodes at the cell base were constrained on the Z directions. In
the nodes denominated as focal adhesions, i.e. where the basal actin bundles were
tied to the cytoplasm, a total encastre was enforced.

A contact interaction was defined between the bead and the top surface of the
cell, with an isotropic friction coefficient of0.001. Afinite surface to surface sliding
was allowed with the bead set as master surface and the cell as slave surface.

Simulation parameters

Two steps were set for the simulation. At the initial step, the contact interaction
and the cell boundary conditions were active; during the following static general
step, the bead boundary conditions (i.e. displacement) was added. Large deform-
ation theorywas employed [80] and an initial increment size of0.01 swas set, with
0.0001 s and 0.1 s minimum and maximum limits for the automatic incrementa-
tion mode, respectively.

Simulations ran as batch jobs on high computing performance facilities (Ice-
berg, University of Sheffield) and took on average about one hour of system time
when launched on a 2x8-core Intel E5-2670 machine with 256GB of memory.
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Figure 7.2.5: Spherical bead (blue) indenting the single cell body (green) at
different locations. Indenting location 1 was centred over the nucleus; indenting
locations 2 and 3 were positioned towards the cell periphery.

Indenting locations

Three separate versions of the model were run with the spherical bead indenting
different locationsof the cell (Fig. 7.2.5). Indenting location1was centredover the
nucleus; indenting locations 2 and 3 were positioned towards the cell periphery
away from the nucleus.

Output

The calculation of the Young’s modulus of the modelled cell at different indent-
ing locations was of interest for comparison with the experimental data. To this
aim the total reaction forces in the Z direction were requested as output at each
time increment. These were used against the bead displacement to plot force-
displacement curves similar to the ones obtainedwith theAFM.An algorithmwas
written in MATLAB (Mathworks) to fit the curves with the Hertz model for dif-
ferent indentation depths, similarly to that detailed in Section 3.2.4 (Chapter 3).

Thebuilt-inAbaqus visualisation toolswere employed toexplore the strain trans-
mission to the actin bundles. This allowed study of the actin cytoskeleton involve-
ment during indentation of the nucleus and periphery. The maximum stress on
the actin cortex was also computed to verify it would not exceed the membrane
surface tension value hypothesised for cells.
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7.3 Results

7.3.1 Indenting locations

Three separate simulations were run on three different indenting locations, one on
the nucleus (indenting location 1) and two towards the cell periphery (indenting
locations 2 and 3). The rationale was to test if a variation in the reaction forces
at the cell base could be observed depending on the location. This could be a one
possible reason for the stiffness variability observedexperimentally (Chapter 3 and
Chapter 5).

An indentation of 1 μm was set as a displacement boundary condition. In the
case of the indenting location 3, the simulation reached convergence and the total
displacementwas achieved; in theother two cases thiswasnot obtained as the sim-
ulation did not complete due to excessive element distortion. This was expected
due to the irregular geometry of the single cell model obtained from confocal im-
ages. Themaximum indentation achieved for indenting location 1was therefore of
580 nm and for indenting location 2 of 105 nm. The results for periphery indent-
ing location 2 and 3were comparable and therefore indenting location 3was used
as the periphery reference having reached complete convergence.

The Young’s modulus was obtained by fitting the Hertz model on the displace-
ment vs. reaction forces on the Z-direction. The reaction forces at the cell base are
visualised in Fig. 7.3.1 for indenting location 1. The comparison between the FE
and single cell AFM results for a sample of MLO-A5 tested over the nucleus and
the periphery (Chapter 5) is shown in Fig. 7.3.2. The indentation depth vs. force
curves were comparable for the nucleus, but lower forces in the FE model were
exerted at similar indentation depths in the case of the periphery.

The resulting overall Young’s modulus obtained by fitting the displacement-
dependent reaction forces with the Hertz model for the FE model is shown in red
in Fig. 7.3.2 for indenting locations 1 (nucleus, bottom left panel) and 3 (peri-
phery, bottom right panel). In the case of indentation over the nucleus (i.e. in-
denting location 1), the Young’s modulus tended to increase with the indentation
depth,while a constant average stiffnesswas calculated for the experimental values.
Conversely, the indentations towards the cell periphery converged to a Young’s
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Figure 7.3.1: Reaction forces in the Z-direction for the cell base in the case
of indenting location 1 at maximum indentation (∼ 600 nm). The region in the
red square represents a zoom of the nucleus area, where the indentation was
performed.

modulus value of about 1.2 kPa constant for increasing indentation depths. This
value was lower than the experimental stiffness values obtained when testing the
cell periphery.

All computedvalueswere in the rangesofdispersion for thepre-osteocyteMLO-
A5 cells (Section 5.3.2, Chapter 5). It is interesting to notice that the values found
for the nucleus and periphery simulated indentations were different, due to the
contribution to the overall stiffness of the different materials and their local mor-
phology. Conversely to what was observed in the experiments, the Young’s mod-
ulus was higher on the nucleus.
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Figure 7.3.2: The FE results (red) were compared to the AFM experimental
results for one sample of 80 MLO-A5 (Chapter 5), for indentations over the
nucleus (left) and the periphery (right). In the top panels, the indentation
depth vs. force plots can be found; in the bottom panels, the indentation depth
vs. fitted Young’s modulus.
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7.3.2 Actin cytoskeleton contribution

The localised strain of the modelled continuous cell components (i.e. actin cor-
tex, cytoplasm and nucleus)might be considered as trivial due to the compression
applied by the bead displacement. On the other hand, it is interesting to verify
the actin bundles strain as this could represent a measure of the involvement of
this cytoskeletal component during indentation. The maximum principal strain
for the actin bundles was considered. For both the indentation simulations over
the nucleus and periphery, the basal actin bundles showed zero strain or deform-
ation, suggesting their role was secondary for the simulated bead displacement
magnitude. In contrast, the apical actin bundles were strained for both nucleus
and periphery indentations, as shown in Fig. 7.3.3. When the indentationwas per-
formed over the nucleus (indenting location 1) the strain was more localised but
of higher magnitude, up to ∼ 700 μ ε of true strain, in respect to the periphery
(indenting location 3). Similar values for actin bundle strains were found in [76],
where analogous assumptions on thematerial properties and geometrical fibre dis-
position were made.

Themaximumstress on the actin cortexwas also analysed, to verify that its value
would not exceed the documented values formembrane surface tension [75, 203].
This verification confirmed that the modelled actin cortex layer would withstand
the imposed deformation without collapsing, as the maximum von Mises stress
value was of 766 Pa and the membrane surface tension hypothesised to be in the
range of 2400 Pa.
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Figure 7.3.3: True strain of the apical actin bundles for the indentation over
the nucleus (indenting location 1) and periphery (indenting location 3). The
comparison was made at the deepest indentation value available for both simu-
lations, i.e. ∼ 600 nm.
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7.4 Discussion

An FE model was designed to simulate single cell indentation by AFM. This in-
cluded different cell components, i.e. the nucleus, cytoplasm, actin cortex, apical
and basal actin fibres, and was based on confocal images of a pre-osteocyteMLO-
A5 cell. Simulations of indentation over the cell nucleus and periphery with a
spherical beadwere performed, representing analogousAFMexperiments presen-
ted in Chapter 3 and Chapter 5.

The Young’s modulus for increasing indentation depths was computed and was
different for the nucleus and periphery, highlighting the importance of the realistic
model geometry and the inclusion of different cell components. The computed
values were in the range of experimental values for MLO-A5 cells, despite show-
ing higher stiffness for the nucleus than for the periphery, oppositely to the aver-
age experimental findings. However, it should be noted that some single cells also
showed a similar behaviour experimentally. The Young’s modulus calculated for
the periphery was close to the lowest bound of the experimental stiffness distribu-
tion, suggesting that the cytoskeletonmodelling was not adequate to fully capture
the cell characteristics, as discussed below.

The FE model Young’s modulus values and trends were also closely related to
the particular morphology of the reconstructed cell: the nucleus at the site of in-
denting location 1 was covered by a layer of cytoplasm of about 750 nm and by
the actin cortex which was 200 nm of thickness; therefore, for an indentation of
∼ 600 nm the nucleus was only indirectly indented due to the compression of
the above layers. For this reason, the calculated Young’s modulus for the nucleus
might not have reached a plateau representing a stable valuewhere all thematerials
were directly compressed. For indentations over the cell periphery, the calculated
Young’s modulus was mainly due to the contribution of the actin cortex and cyto-
plasm elasticity. The actin bundles, in fact, were designed to withstand tensional
forces only and therefore contributed to a lesser extent to the overall cell stiffness.
Similar results were reported previously, where the contributions of the actin cor-
tex and bundles were studied by selectively changing their mechanical properties
[76, 203] or by selectively removing them from the single cell model [75].

Thematerial properties used for the single cell componentswere taken fromdif-
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ferent cell types andmightnotbe accurate for pre-osteocyteMLO-A5cells. In fact,
due to thedifficulty in experimentally isolating single contributions, notmanydata
were available from the literature and theywere sourced fromdifferent cell types in
different experimental conditions [75, 76]. The impact of changing the mechan-
ical properties of single cell components on the overall simulatedYoung’smodulus
has been previously investigated [75, 76, 203]. It was shown that computationally
changing the actin cortex thickness and Young’s modulus, the actin bundles num-
ber and Young’s modulus, and the cytoplasm rigidity would give rise to a change
in the overall cell Young’s modulus. The material properties could, therefore, be
adjusted to obtain a bettermatch to the average experimental values, however, this
was not considered appropriate in this context not being able to back up any struc-
tural changes with experimental evidence for the MLO-A5 pre-osteocyte cells.

Another limitation could reside in the modelling of all materials as isotropic
elastic, despite the fact that cells are heterogeneous in composition and present
time-dependent mechanical properties [43]. However, similar hypotheses were
consideredwhen using theHertzmodel to obtain the Young’smodulus fromAFM
data in the present work andwere shown accurate enough for the stated objectives
(Chapter 3). Moreover, information on the time-dependent nature of single cell
components material properties was not readily available in the literature. Hence,
to define them in themodel would implymaking assumptions which could be not
physiologically relevant for cells and would be hard to verify [203].

The cytoskeleton, and in particular actin, has been proposed as the major con-
tributors to cell stiffness [43]. In the present model, the cytoskeleton was mod-
elled only as the actin component, in the form of the actin cortex and apical and
basal bundles. The actin cortex played a role in withstanding the AFM bead com-
pression and the bundles were involved in transmitting the load within the cell,
as also suggested by experimental evidence [43]. However, the absence of other
components, such as myosin, could have impacted on the strain distribution, as
it was suggested that this molecule might reinforce and add tension to the actin
scaffold [128]. Moreover, the absence ofmicrotubules and intermediate filaments
might have impacted on the force transmission within the cell [75, 203].

The number and geometry of the actin bundles were simplified for modelling
purposes. It has been previously shown that the spatial organisation of the actin
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fibres play a role in the overall cell stiffness, with the presence of aligned and/
or peripheral actin fibres reinforcing the cytoskeleton [128]. Similar results were
obtained computationally [203], as it was demonstrated that the number and ori-
entationof actinbundleswould affect the computedYoung’smodulus. TheYoung’s
modulus obtained for the periphery with the FE model was close to the lowest
boundofdispersionof the experimental values, suggesting that the simplifiedmod-
elling of the peripheral cytoskeleton caused the inability of the model to capture
this fibre reinforcement. It would be therefore of interest in the future to model
different single cells of which values of Young’s modulus obtained by AFM were
available to evaluate the ability of the computational models to replicate experi-
mental results.

The glycocalyx was not included in the single cell FE model. Similarly to the
cell membrane, this was considered too soft to give a relevant contribution when
AFM bead indentation was performed if modelled as a homogeneous layer. Dif-
ferent modelling approaches previously used for the endothelial glycocalyx could
have been employed, considering the glycocalyx as a porous medium [204, 205]
or focusing on its fibres properties [24, 206]. However, for this aim,more in-depth
information on the interactions between fibres of different nature in the bone gly-
cocalyx (e.g. HA and other proteoglycans) would be needed.

Finally, it should be mentioned that the computational model represented a
static snapshot of the cell. For example, no dynamic polymerisation of the actin
cytoskeleton was included and no molecular structures were taken into account
[74]. Moreover, all the cell components were considered as homogeneous, failing
to represent the intrinsic local heterogeneity of living organisms and cells in partic-
ular. The inclusion of different cell components and of a realistic cell morphology
represented however an attempt towards more reliable single cell computational
models and the importance of these features was highlighted.

7.5 Conclusions

A single cell FEmodel was built based on confocal images. Different cell compon-
ents were included and AFM nano-indentation experiments were simulated. The
importance of a realistic cell morphology and the contribution of different com-
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ponentswas highlighted showinghow indenting different locations led to comput-
ing different overall stiffness values in the range of those calculated experimentally
for the same cell type.
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8
Discussion

8.1 General discussion

Mechanotransduction mechanisms could be further elucidated by a better under-
standing of the intrinsic properties of the cells. In particular, themechanical prop-
erties of cells are vital in the transmission of mechanical forces, determining to
which magnitude a given stimulus is sensed and how the forces and deformations
are related locally [9, 10].

In the present thesis, the mechanical properties of bone cells were studied ex-
perimentally byAFMandcomputationally byFEmodelling. Distributions of stiff-
ness values for different bone cell populations were experimentally acquired. Par-
ticular focuswas placed on the glycocalyx, on the ability of AFMnano-indentation
techniques to elucidate its mechanical properties and on the potential mechano-
transduction mechanisms involving the connection of the glycocalyx to the cyto-
skeleton. Computational simulations were designed to complement the experi-
mental findings.
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A protocol was optimised for AFM nano-indentation of large samples. This in-
volved careful control of the experimental set-up and tailored post-processing to
obtain the Young’s modulus of cells from force spectroscopy data as a measure of
cell stiffness. TheHertzmodel was used for fitting, although this relies on assump-
tions which are not necessarily applicable to cells. To account for this, the Young’s
modulus for various indentation depths was calculated to verify its expected con-
stancy and confirm the fact that the rigid substrate contribution was negligible.
Moreover, multiple indentations on neighbouring locations were performed and
compared and no time-dependent viscoelastic responsewas observed, confirming
that in this specific case the elastic material assumption could be utilised. No ad-
hesion between the tip and the cell was detected, suggesting that the use of more
complexmodels (such as the JKRorDMT)was not needed in this instance. These
findings were considered sufficient to permit the use of the Hertz model, which
also allowed for easier comparison with available literature studies using this com-
mon approach.

Large ranges of dispersion were found for all the tested bone cell populations,
highlighting their intrinsic heterogeneity. Suitable sample sizes and data repres-
entation are needed in order to capture this feature. In the present work, amethod
to evaluate the accuracy of the computed average stiffness values was employed
based on Monte Carlo analysis. It was calculated that, depending on the hetero-
geneity of the population, samples ranging from 35 to 70 cells were needed if ac-
cepting amaximumpercentdeviationof10%. It shouldbenoted that these sample
sizes are specific for the cell populations andprotocol used in this study and should
not be taken as reference values. However, they highlight the need for suitably
large samples to avoid generalising population characteristics based on unrepres-
entative sub-samples.

Different stiffness values were observed for the nucleus versus the periphery for
all the bone cell populations tested. In particular, the periphery had more hetero-
geneous stiffness distributions: centring the measure over the nucleus provided
some degrees of consistency between different cells. The periphery might have
had different ratios of intracellular components changing the measured Young’s
modulus (e.g. more cytoskeletal fibres resulting in material reinforcement, more
cytoplasm resulting in larger thickness). Theperiphery of all bone cell populations

188



also was shown to be stiffer. It was suggested that this might be related to cells
with high levels of actomyosin [128], as qualitatively confirmed by the acquired
confocal images of actin fibre distributions in this context.

Particular focus was placed on the glycocalyx, given its hypothesised role in
bonemechanotransduction. Thisproteoglycan-rich cell outer layerhasbeenmech-
anically characterised for endothelial cells, but equivalent information on bone
cells is lacking.

A modification of the protocol optimised to test cell body stiffness by AFM
nano-indentation was employed to explore the possibility of detecting the bone
glycocalyx. Softer cantilevers and indenters of different sizes were used to account
for the softer and fibrous nature of the material. A layer of HA could be observed
on cells by confocalmicroscopy, however, the contribution of the glycocalyx could
not be visually identified as the indentation of a two-layer material, as reported
previously for the glycocalyx of bovine aortic endothelial cells [54, 55, 153] or for
bacterial walls [61]. Previously developedmathematicalmodels (the brushmodel
[59, 60] and the non-Hertzian point-wise approach [56]) were therefore used to
discern the contribution of the glycocalyx from the cell body material properties.
No agreement was found on the glycocalyx properties computed for the different
indenters and different fitting models. Therefore, it was not possible to confid-
ently extract any quantitative finding from the acquired data, as it was not possible
to show that the glycocalyxwas sensedby the probe and to fully satisfy the assump-
tions of the employed models.

Adifferent experimental approachwas therefore selected to study the single gly-
cocalyx molecule contribution to mechanotransduction. This involved perform-
ing AFM single molecule force spectroscopy on HA molecules and analysing the
attachment of the targeted molecules to the actin cytoskeleton. HA molecules
anchored to the cytoskeleton could be distinguished by the spring-like response
to pulling and were considered to represent examples of decentralised mechano-
sensing, with the transmission of mechanical stimuli from the glycocalyx to the
inner cell compartments, i.e. the cytoskeleton, and therefore at sites distinct from
the cell surface [4, 182]. HA molecules not anchored to the cytoskeleton presen-
ted the force plateaus typical of membrane tethers and would exemplify cases of
centralised mechanosensing, with the glycocalyx molecules directly connected to

189



areas of the membrane where an abundance of signalling molecules resides [4].
Events representing multiple probe-molecule interactions also occurred and they
were hypothesised to relate to the formation of tethers with an actin core, similar
to the microvilli-like structures observed for cells over-expressing HA synthases
and hypothesised to have a signalling role [67, 173, 176, 177].

As a further tool to explore bone cell mechanical properties, a single cell FE
model was built. This was based on the confocal images of a pre-osteocyte cell and
included different cell components, namely the nucleus, cytoplasm, actin cortex
and actin fibres. An AFM nano-indentation experiment was simulated by com-
pressing the single cell with a spherical bead in different locations. Similarly to
whatwas observed experimentally, different stiffness valueswere computed for the
nucleus and periphery depending on the cell components involved and on their
geometrical organisation. The strain distribution was analysed, highlighting the
role of the actin cytoskeleton similarly to that reported from experimental data, as
reviewed in [43].

8.2 Limitations and future directions

For AFM nano-indentation measures in the present study, an effort was made to
reduce experimental error by carefully controlling protocols and post-processing.
One aspect thatwas not taken into considerationwas the calibration step for canti-
lever characterisation, whichwas not optimised in this context but performedwith
the conventional procedure of recording a force curve on a bare region of the sub-
strate and using the built-in AFM microscope application to obtain information
on the cantilever sensitivity and spring constant. Recently, however, a multicentre
study aimed at standardising AFMprocedures for soft biological samples detected
an important source of experimental error in this step [207]. In particular, they
found that the erroneous cantilever sensitivity determination was a major cause
of discrepancies in the results between different labs, both for soft gels and cells.
A new standardised procedure was therefore proposed to calculate the correct de-
flection sensitivity from thermal fluctuations of the free cantilever with an inde-
pendently determined value for the spring constant obtained with a vibrometer.

The systematic use of similar procedures might in the future improve the previ-
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ously reported issues of comparing results in cells mechanical properties obtained
with different protocols [40, 207]. This experimental error was however over-
looked in the present work and therefore might have caused not fully repeatable
results. In future works, similar standardised methodologies should be incorpor-
ated as they would help to ascribe the correct degree of variability to cell physiolo-
gical heterogeneity, further reducing the experimental inaccuracies. The consid-
erations of a suitable sample size and data representation discussed in the present
thesis remain however valid and highlight the need for common procedures for
AFM nano-indentation of biological samples.

All the measurements performed in the present work for cell mechanical prop-
erties focused on the cell stiffness represented by the Young’s modulus and there-
fore on the elasticmaterial characterisation. Theviscoelastic characteristics of cells
are however a key factor in the regulation of various cell processes [208, 209] and
their understandingwouldprovide better insights onmechanotransduction. AFM
hasbeenused tocharacterise cell viscoelasticityby superimposing a low-amplitude
sinusoidal oscillation to an initial cell indentation and by analysing the cell time-
dependent response [209]. This methodology was used for example to study hu-
man lung epithelial cell response to cyclic breathing stimulation [210] or to cor-
relate the local viscoelastic properties of the lamellipodium and its speed of exten-
sion in the context of cancer cell motility [211]. Dynamic AFM techniques were
also proposed to obtain local stiffness, stiffness gradient and viscoelastic dissipa-
tion parameters in high throughput cell propertymapping by combined use of the
zeroth, first and second harmonics of cantilever vibration [212].

A future development of the presented protocol might incorporate the meas-
urementof viscoelastic properties of bone cells byAFMnano-indentation coupled
with oscillation. This further characterisation could be also used for the single cell
computationalmodel, defining additionalmaterial properties which could change
the simulated strain transmission. A local mapping such as the one proposed in
[212] would, in addition, provide information on the spatial heterogeneity within
a single cell, which was neglected in the present study.

Cell lines were used in this study. This appeared to be a convenient choice
to obtain repeatable results on controlled cell populations. When studying the
changes in mechanical properties during bone differentiation it, however, became
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clear that it was not straightforward to associate a cell line with a specific phase
of differentiation. Moreover, large variations were observed in cell shape within
a single population, suggesting some degree of phenotype variability. Concerns
about the use of cell lines were previously expressed [213]. Firstly, the cell lines
might not be representative of the primary cell counterpart despite showing ana-
logous functional features, due to the often not fully characterised properties of a
given primary population. Moreover, serial passage as part of cell banking proced-
ures or cross cell contaminationmight cause genotypic and phenotypic variations,
resulting in a genetic drift from the original cell line.

Good cell culture practice was observed when handling the cells used in the
present study. However, no verification of the genetic profiling was performed
to check if a given cell population would ascribe to the stated cell type. Standard
methods to perform this analysis would include karyotyping, isoenzyme analysis
andmitochondrial DNA typing [214]. Thismade it difficult to test the hypothesis
formulated in the bone differentiation study, for which the non-monotonic rela-
tionship between osteocytogenesis stages and mechanical properties was linked
to an overlap between different cell populations in terms of differentiation stages.
Further work in this direction could include obtaining genetic profiles of the cell
lines used or evaluating cells biochemically differentiated from a progenitor pop-
ulation.

It was not possible to confidently discern the mechanical properties of the gly-
cocalyxwith the protocol used in the present study. Theuse ofmathematicalmod-
els was challenging not having observed a clear two-layer behaviour of the cell and
glycocalyx and therefore needing to rely on model assumptions not easily verifi-
able in this context. Different methodologies could be employed to complement
AFM results, such as reflectance interference contrast microscopy [215] or pass-
ive micro-rheology [216], which has been previously used to test the mechanical
properties of the endothelial glycocalyx. In reflectance interference contrast mi-
croscopy, the relative movement of two reflecting surfaces are tracked. The light
interference pattern created by the reflections of a glass bead fluctuating over the
cells in culture and of the culture coverslip itself can be evaluated as a measure of
the stiffness of the glycocalyx layer [215]. In passive micro-rheology experiments,
the thermal fluctuations of optically trapped colloidal particles are measured. In-
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dentations of the glycocalyx could be performed by manipulating the particle po-
sition to measure its shear elastic and viscous moduli [216].

A different approach to characterise themechanical properties of the glycocalyx
by AFM would be a relative measure between an untreated control and a sample
in which the glycocalyx was enzymatically degraded. Similar techniques were em-
ployed before for the endothelial glycocalyx in [55–57]. A drawback of this ap-
proach would be the difficulty of choosing which glycocalyx molecules to target
with the degrading enzymes, as the bone glycocalyx composition is not fully char-
acterised. The associated risk would be to selectively remove only some of the gly-
cocalyx components and therefore underestimate its mechanical contribution.

Some of the challenges related to the mechanical characterisation of the bone
glycocalyx could, therefore, relate to the lack of information on its composition
and structure. HA [29], perlecan [38], decorin [32] and biglycan [33] have all
been detected as bone glycocalyx components, but the ways in which these mo-
lecules interact is still not fully elucidated. Moreover, cells at different stages of
bone differentiationmight express different glycocalyx compositions. A thorough
characterisation might help to predict what mechanical property ranges might be
expected and therefore aiding selecting the most suitable experimental methodo-
logy. This could also facilitate the modelling tasks and therefore a better under-
standing of the mechanotransduction role of the bone glycocalyx.

Single molecule force spectroscopy experiments were carried out on the HA
coating of bone cells to evaluate the attachment of the HA molecules to the cyto-
skeleton. Different underlying mechanotransduction mechanisms involving HA
werehypothesiseddependingon the anchoring characteristics. Futureworkmight
be directed towards experimental testing of these hypotheses. HA synthases or the
ERM proteins which are hypothesised as cytoskeleton linkers could be inhibited
to evaluate the correspondent occurrence of rupture events. Moreover, recently
developed advanced imaging techniques have been used for subcellular processes
visualisation. Fluorescence-resonance energy transfer (FRET) technology, for ex-
ample, exploits a quantum mechanics phenomenon where two fluorescent pro-
teins have an energy transfer when close to each other at given relative angles to
study molecular signals at subcellular levels in live cells [217]. In the context of
mechanotransduction, FRET imaging was used to analyse relevant signalling mo-
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lecules, such as calcium signalling and pathways associated with cytoskeleton re-
modelling. Moreover, FRET-based force sensors able to detect intracellular ten-
sion were also designed, relying on the unfolding of proteins at strategic cell loca-
tions such as focal adhesions or adherens junctions [218].

A multi-structural FE model of a single cell was designed and used to simulate
AFMnano-indentation experiments. The importance of an accurate cell geometry
was highlighted, particularly in terms of the arrangement of the different compon-
ents. Future works might concentrate on the design of more single cell models
to evaluate the variability of calculated stiffness values for simulated populations.
This could be achieved by building additional models with the methodology de-
scribed in this work, however, thismight be time-consuming due to the image seg-
mentation process. A different approach would be to use statistical shape model-
lingmethods [219]. Tobuild thesemodels, a training image set of example objects
is first considered and labelled for relevant points. The statistical variation of these
points is then studied and used as a flexible shape template to buildmultiple mod-
els. Similar methods were employed in combination with FE in a range of applic-
ations, for example for bone modelling aimed at skeleton disease research [220]
or for tissue specific models including simplified cell geometries to represent the
biphasic mechanics of chondrocytes [221].

The single cell model designed in this context could also be employed to simu-
late different loading scenarios relevant to study bonemechanotransduction, such
as matrix strain, hydraulic pressure or interstitial fluid flow driven by bone matrix
deformation [16, 18]. If combined with the addition of the glycocalyx layer, fluid
shear stress could be simulated to quantify the magnitude of mechanical stimu-
lation detected at the cell surface. Such simulations could help elucidate the hy-
pothesised role of the bone glycocalyx fibres as tethering elements acting as strain-
amplifiers in respect to the cellmembrane and cytoskeleton in osteocytes [20, 28].

8.3 Summary and conclusions

The present thesis focused on the mechanical characterisation of bone cells and
their glycocalyx. A combined experimental and computational approach was em-
ployed with the use of atomic force microscopy and finite element modelling. Ex-
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perimental protocols were designed to test cells by nano-indentation and to tar-
get hyaluronic acid molecules by single molecule force spectroscopy. A compu-
tational framework was developed describing a multi-structural single cell model
with realistic geometry.

The key findings of the present work are summarised below.

• The cell populations showed a wide degree of variation in terms of stiffness.
Suitable sample sizes were needed to capture this heterogeneity and stiff-
ness distributions should be preferred over stiffness average values to rep-
resent mechanical properties data.

• Themechanical properties of the bone glycocalyx could not be extracted by
atomic force microscopy nano-indentation of cells. Better characterisation
of the bone glycocalyx structure and components will help optimise exper-
imental protocols for this aim.

• The cell lines representing different stages of bone differentiation showed
changes in cell stiffness, although the expected monotonic relationship
between osteocytogenesis stages and mechanical properties was not found
due to the overlap of differentiation stages between the selected cell lines.

• Hyaluronic acid, amain component of the bone glycocalyx, was targeted by
single molecule force spectroscopy using the hyaluronic acid binding pro-
tein. The hyaluronic acid selective bind to the cytoskeleton was observed
and possible mechanotransductionmechanisms were proposed depending
on the observed cytoskeleton anchoring.

• Finite element modelling of single cell showed different stiffness values for
indenting locationsoverdifferent cell components. Themodelled actin cyto-
skeleton was involved in withstanding compression and distributing strain
within the cell.
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