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ABSTRACT 

Exploring the elasticity of mammalian cells - through interpretation of the Young’s 

elastic modulus [E] - has become one of the most useful benchmark biomarkers for 

investigating the relationship between the physiological and mechanical properties of 

cells. Such investigations have, until now, primarily focussed on interpreting how cells 

physically respond at the single cell and monolayer developmental stages. Less 

consideration into how single cell mechanics translates at intermediary and/or higher 

cell density developmental stages has been fully addressed. Therefore, attempting to 

investigate and interpret the mechanical properties of a cell at various stages of 

development e.g. increasing cell numbers and degree of monolayer confluency, will 

provide further insight into how tissue structures develop, as well as how cell-associated 

diseases such as cancer progress. Various techniques are utilised when attempting to 

determine the Young’s modulus of biological samples. One such method, atomic force 

microscopy (AFM), has emerged as a useful tool for determining the Young’s modulus 

of soft biological samples. When utilising AFM for the mechanical characterisation of 

cells, cell samples are often prepared as adherent cultures with a variety of AFM 

cantilever geometries and experimental parameters utilised. Variation in the selection of 

AFM parameters between studies can result in variation between tested batches of cell 

samples. Markedly, when attempting to measure the Young’s modulus of mammalian 

cell lines by AFM, little consideration has been given regarding how the specific stage 

of cell development and degree of monolayer confluency can affect derived elasticity 

outputs. Recent studies have highlighted the apparent differences in the elasticity of 

cells present at alternate stages of development; single isolated cells present with a 

higher Young’s modulus compared to cells within a structured cell monolayer. Further 

to this, AFM indentation and resulting [E] has been reported to be sensitive to the 

indentation depth analysed. Variation in the selection of an appropriate AFM loading 

force, and how this can affect the outcome of cell mechanical outputs, such as resulting 

final cell deformation and derived cell [E] has been not fully considered. Therefore, the 

primary aim of this thesis was to carry out a defined and bridged approach for 

investigating cell mechanics at precisely defined stages of monolayer formation. Using 

an incremental loading force range, together with cell [E] map and morphological 

fluorescence cell imaging, this thesis demonstrates the variation in derived mammalian 

cell [E] outputs through different stages of cell monolayer development. With variation 

in mechanical outputs described and associated to the most relevant intercellular and 

intracellular cytoskeletal and cell organelle components. 
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CHAPTER 1 

Introduction  

1.1 Motivation  

The human body comprises a multitude of different types of heterogeneous tissue 

structures, each of which are formed by millions of cells. Over the past few decades, 

much research has elucidated how cells within tissue and organ compartments function, 

and communicate through biological signalling pathways [1]. Many advances have thus 

followed, in the fields of regenerative science and stem cell engineering, and have led to 

the point where we are now able to culture and direct various types of progenitor cells 

into specialised fates, for the purposes of treating degenerative disorders, injury or 

disease [2], [3]. However, although noteworthy, these advances are limited in most 

scenarios to cell-only transfusion therapies. Unfortunately, despite continued efforts in 

tissue engineering, it still remains challenging to treat and regenerate vital tissue 

compartments following injury, where transfused progenitor cells neither fully integrate 

or acquire optimal cell perfusion into host tissues [4], [5]. Therefore, while it may be 

possible to chemically direct (through defined cell biochemical signalling pathways), 

different progenitor stem cells into alternate specialised fates, the failure of transfused 

and transplanted donor cells to integrate and regenerate damage tissues, suggests that 

further consideration regarding additional cell properties such as the mechanical 

characteristics of mammalian cells during tissue development needs to addressed.  
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The mechanical properties of tissue constructs have been observed at the organ level, 

with  ample evidence presented for tissue elasticity, rigidity, viscoelasticity, osmotic 

pressure and sheer stress mechanical properties [6]. However, less evidence exists, 

whereby scientists have attempted to bridge the derived mechanical properties at the 

organ scale with the derived mechanical properties at the cellular scale. How 

mammalian cells act and vary their mechanical properties at each hierarchical level of 

an organ scale tissue construct is not fully defined. Moreover, how do pathological 

changes in a cell(s) function, for example tumour growth, produce highly variable 

mechanical outputs when investigated at alternate stages of proliferation and 

development.  For instance, a single cancerous cell in cell culture, is far more malleable 

to deformation, compared to healthy mammalian cells [7].  

 

For both healthy and diseased tissue cells, one mechanical property, the Young’s elastic 

modulus [E], has become a hallmark indicator for defining how a mammalian cells 

mechanical property can vary for different development states. The Young’s elastic 

modulus of mammalian cells has been shown to vary among different cell types [8], as 

well as during different developmental conditions, such as cell apoptosis [9] , 

senescence [10]–[12], differentiation [13]–[16], as well as in response to induced 

chemical imbalance [17].  

 

Among the numerous methods available for investigating mammalian cell Young’s 

elastic moduli outputs, Atomic Force Microscopy (AFM) has gained popularity for its 

ability to produce high resolution three-dimensional images for sample surface 

topography, which, if combined with force spectroscopy, is able to define and assign 

surface properties, such as cell Young’s elastic modulus  to specific mammalian cellular 

regions. Most notably, this can be achieved in an in vitro cell culture environment [16]. 

However, much of the existing AFM studies reported on live mammalian cells, 



3 

 

primarily only investigate the mechanical properties (the Young’s elastic modulus) of 

cell samples at either the single, grouped or monolayer stages of development. Little 

evidence has shown what the resulting Young’s elastic modulus outputs are for AFM 

studies focussing on precise stages of cell monolayer development. Investigating cell 

Young’s elastic moduli outputs through mammalian cell monolayer development is 

paramount to defining how mammalian cells begin to form larger three-dimensional 

tissue layers and structures.  

 

As a result, the primary aim of this PhD thesis is to investigate how live mammalian cell 

Young’s elastic moduli outputs, acquired using AFM, are affected under specific stages 

of monolayer development during the formation and maturation of cell monolayers. By 

investigating cell Young’s elastic moduli outputs using a multiscale cell developmental 

approach, it would be possible to establish an experimental and analytical framework 

for interpreting how changes in cell Young’s elastic moduli properties may arise with 

increase in cell number and proliferation. This could then be translated into how cells 

respond to their respective tissue microenvironments. The overarching objective of the 

thesis, is determining how such processes being how these pathways can be replicated 

(or inhibited) for clinical purposes. For example, being able to direct the progression of 

cell fate using culture scaffolds or chemical perturbation, which could allow for the 

protentional development of ex-vivo regenerated tissue constructs for the treatment of 

injury or disease. Furthermore, applying similar investigative methods to determine how 

a cell adapts its mechanical properties (such Young’s elastic modulus) and transforms in 

cell degeneration or disease, could allow for the investigation into how to inhibit such 

processes.  
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1.2 Thesis scope and structure  

This thesis has two major goals. The first is to establish and test a robust and reliable 

protocol for investigating the Young’s elastic modulus outputs of mammalian cells 

across specified cell developmental scales using AFM. Experimental themes in the 

selection of cell type(s), culture protocols, AFM measurement conditions and data 

analysis techniques are all to be addressed. Defining a reproducible framework for 

investigating cell Young’s elastic modulus outputs across cell monolayer development 

stages, is paramount for addressing how cell mechanical properties can be affected 

during mammalian tissue formation. The second goal is to apply some context to the 

established protocol in the form of investigating and relating AFM measurements to 

specified intracellular cytoskeletal components.  

 

In order to achieve the aforementioned goal of multiscale mammalian cell analysis 

using AFM, this thesis is structured to allow for the progressive investigation of topics, 

theories and protocols associated with mammalian cell analysis by AFM. This thesis is 

structured to first give a concise literature review of topics associated with the analysis 

of the mechanical properties of mammalian cells and tissues, followed by the materials 

and methodology used for the experimental assays presented in this thesis. These 

chapters are then followed by the data acquired for investigations pertaining to (1) 

adapting the proposed AFM method and protocol for mammalian cell analysis, (2) 

investigating how cell state affects derived AFM Young’s elastic moduli  

measurements, (3) correlating cell state, and derived AFM Young’s elastic moduli  

outputs to associated cell morphology (4) correlating cell state at incremental length 

scales to further optimized AFM protocols and biological frameworks (cytoskeletal 

components, and cell junctional complexes).  
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Further detail about the content presented in each chapter of this thesis is presented as 

follows; 

 

Chapter 2: Length scales in biology; An overview of evidence and concepts for 

investigating the mechanical properties of cells and tissues 

 

This chapter reviews the main topics and concepts of hierarchical biological and cell 

developmental length scales associated with investigating the mechanical properties of 

mammalian cells. An overview of the current understanding of hierarchy in tissue 

microstructure and the two most often utilised approaches for biomechanical analysis, 

i.e. bottom-up and top-down approaches is discussed. Current evidence for tissue 

mechanical analysis and associated outputs are addressed, at both the macroscopic 

(tissue) and microscopic (cell) length scale. This chapter also reviews some of the 

various methods currently utilised to measure and interpret cell mechanics, with one of 

the hallmark indicators of variations in tissue and cell mechanical properties (Young’s 

elastic modulus) discussed. Specific focus on AFM as a tool for investigating cell 

Young’s elastic modulus is addressed.   

 

Chapter 3: Materials and Methods 

 

In this chapter, the general materials and methods utilised for all forms of 

experimentation in this thesis are presented and discussed, including the selected 

mammalian cell line, its preparation, maintenance and manipulation for AFM 

experimentation. Furthermore, the protocol, set-up and operating modes of AFM used 

to carry out all AFM cell indentation to derive cell Young’s elastic moduli outputs is 

detailed. Live and fixed cell fluorescence microscopy protocols are described. Lastly, 

the methods and contact models, software and statistical tests used for interpreting and 

analysing all acquired AFM and cell imaging data are detailed.  
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Chapter 4: Application of current AFM protocols for mammalian cell Young’s 

elastic moduli analysis: Adapting the experimental approach 

 

Prior to investigating the potential variations in live cell AFM Young’s elastic moduli 

measurements, proper consideration and testing of different AFM experimental 

parameters and data analysis was carried out.  In doing so, it was possible to confidently 

compare derived AFM cell Young’s elastic moduli outputs across a number of samples 

under different experimental conditions.  This allowed for greater reproducibility and 

confidence of the results presented in each chapter. This chapter addresses the 

troubleshooting assays that were carried out to produce an appropriate protocol for 

AFM Young’s elastic moduli analysis on live mammalian cells across a multiscale 

cellular platform, an appropriate protocol for AFM data acquisition and data analysis 

was tested and established. Test assays included; selection of an appropriate cell line, 

selection and testing of appropriate cantilever probes on the selected cell line, 

experimental parameters such as loading forces, cell regional selection for AFM 

cantilever indentation, and fixed cell AFM topography imaging was investigated. 

Further to this, the method of AFM force curve analysis and application of the contact 

model(s) used to derive the Young’s elastic moduli analysis is presented and discussed 

in this chapter.  

 

Chapter 5: Effect of stage of cell developmental on Atomic force spectroscopy 

Young’s elastic moduli measurements 

 

Following the assessment and application of AFM protocol parameters for live 

mammalian cell AFM indentation (Chapter 4), the next phase of AFM experiments 

focussed on evaluating how the cell sample (in terms of variation in stage of cell 

proliferation) can affect the accuracy and reproducibility of derived AFM Young’s 

elastic moduli outputs. Variation in mammalian cell height, cortical thickness, nuclear 

organelle morphology and activity of cytoskeletal elements have all been implicated as 
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key morphological variations that occur as mammalian cells proliferate to produce 

confluent cell monolayers. It is often the case however, that little consideration is given 

with regards to the stage of cell development in terms on stage of monolayer growth 

during AFM experiments investigated mammalian cell Young’s elastic moduli trends. 

Therefore, this chapter aimed to determine how the stage of cell monolayer 

development can affect the indentation/deformation depth achieved for mammalian 

cells by and thus the derived cell Young’s elastic moduli trends. This was achieved by 

carrying out mammalian cell indentations across an incremental cantilever loading force 

range (0.5nN-3.0nN). Three specific cell monolayer developmental stages (single, semi-

confluent and maximal density confluence monolayer cells) were assessed and 

compared.  

Chapter 6: Stage of MDCK cell development and associated AFM Young’s elastic 

moduli trends: A review of potential underlying mechanisms for observed 

outcomes 

 

Based on the result presented in Chapter 5, the purpose of this chapter is to outline and 

hypothesize which cellular mechanism components may give rise the derived AFM 

Young’s elastic moduli results presented. The internal and surface components of 

mammalian cells which are most associated with cell mechanical Young’s elastic 

moduli outputs such as the actin cell cortex, cell junctional complexes and cell nucleus 

is discussed. This is followed by two hypotheses as to what might give rise the results 

obtained, namely (1) variation in cell morphology with progressive cell development, or 

(2) development of increased stress along the cell-cell junction regions and cell cortical 

region with progressive development. These hypotheses are discussed, and then 

validated in the results chapters that follow.   
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Chapter 7: Hypothesis 1: Morphological variation of MDCK cells across three 

stages of cell monolayer development 

 

Having tested and derived an appropriate AFM protocol for analysing the Young’s 

elastic modulus on the selected mammalian cell line (Chapter 4), as well as investigated 

the requirement for considering the stage of cell monolayer development (at three 

specified length scales) and its applicably to AFM Young’s elastic moduli analysis 

(Chapter 5), MDCK cell fluorescent morphology analysis images were acquired and 

assessed for variation in morphological variations for the three stages of cell monolayer 

development presented in Chapters 4 and 5. This was carried out to investigate the first 

hypothesis described in Chapter 6. The morphological transitions that mammalian cells 

progress through, as well as the differences in the selection of an appropriate AFM 

protocol i.e. cantilever loading force, and resulting cell indentation/deformation depths 

with respect to cell monolayer development, can have a great effect on derived AFM 

Young’s elastic moduli output trends. Therefore, the purpose of this chapter was to 

investigate variations in cell morphology through monolayer development. This 

comparison was carried out for single cells in comparison to semi-confluent and 

maximal density monolayer cells. Fluorescent microscopy methods (FLoid EVOS 

imaging and 3D confocal imaging) were used to analyse and measure morphological 

variations in cell (1) height, (2) cortical layer thickness and (3) nuclear organelle 

morphology at each specified stage of cell development.  

 

Chapter 8: Hypothesis 2: Progressive cell development of MDCK cells results in 

the alteration of MDCK Young’s elastic moduli properties along the cortex and 

cell junction regions 

 

Based on the results derived and presented for the cell morphological analysis at 

specified stages of cell monolayer development (Chapter 7), the aim of this chapter was 

to analyse the theory of actin cortex Young’s elastic moduli gradient transitions and 
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downregulation at cell-cell interface junctions. This was carried out to investigate the 

second hypothesis proposed in Chapter 6. This involved analysing AFM Young’s 

elastic moduli outputs pertaining to the inner cell cortical layer of single, monolayer and 

intermediate (cell doublet pair and cell cluster, internal and periphery) cell monolayer 

developmental stages.  As discussed in the motivation of this thesis, much of the 

research carried out aimed at investigating how mammalian cells adapt their mechanical 

properties in terms of their Young’s elastic moduli outputs, have predominantly focused 

on the single cell, cell group and higher cell density monolayer developmental stages.  

Therefore, this chapter analysed force map Young’s elastic modulus profiles for the 

nuclear cortical region of MDCK cells, as well as the cell-cell junction region across 

incremental stages of cell monolayer development. A single selected loading force of 

0.8nN was used to gather and analyse MDCK cell Young’s elastic moduli trends 

pertaining to the inner actin filament cortex. Using a single selected indentation force of 

0.8nN and applying the Hertz-Sneddon contact model function (for appropriate MDCK 

cell deformation limits of the Hertz-Sneddon contact model), this chapter presents the 

variation in AFM derived MDCK cell  Young’s elastic outputs for (1) single, (2) cell 

doublet pair, (3) internal cell cluster cell, (4) periphery cell cluster cell and (5) semi-

confluent and (6) maximal density monolayer confluence cells. MDCK cell Young’s 

elastic moduli trends for the cell cortical region and cell-cell junction region are 

presented, and the results interpreted and discussed.  

 

Chapter 9: Looking back and working forward  

 

In this final chapter, the main conclusions obtained from the results and work carried in 

this thesis is summarized and highlighted. Future work and experiments relating to the 

topic(s) are proposed, with the hope of continuing the establishment of a novel 

framework for multiscale cell mechanical analysis at higher cell developmental length 

scales.
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CHAPTER 2 

Length scales in biology: An overview of evidence and concepts for 

investigating the mechanical properties of cells and tissues 

2.1 Length scales in biology: From cells to tissue structures   

 

When attempting to measure nature, scientists have defined a spatial, temporal and 

expansive scale by which all naturally existing entities can be conveniently observed 

and quantified [18]. This scale has allowed for the establishment of various hierarchical 

denotations for different types of tissue structures within the human body – which exist 

across several length scales i.e. molecular structure to macroscopic tissue anatomy [19]. 

Markedly, both tissue formation - which begins at the molecular level - as well as the 

physiological performance of a fully developed organ structure are both equally 

attributed to the same hierarchical scale. A useful model often used to illustrate the 

varying organizational levels found within biological structures, is the fibrous 

connective tissue band (tendon) that connects muscle to bone (Figure 2-1).  

 

Notably, while many studies have used the distinctive hierarchical anatomy of a tendon 

to illustrate differences in biological length scales, smaller biological structures, such as 

single mammalian cells, also exhibit a hierarchical structure; A single mammalian cell 

comprises organelle structures such as the nuclear organelle, which has a diameter in the 

micrometre scale, but is supported by intracellular protein networks whose diameters 

are in the nanometre scale. In the context of applying the defined hierarchical length 

scales to specific physiological or disease processes, researchers often adopt one of two 
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main approaches; a (1) top-down or (2) bottom-up approach [18], [20].  In the top-down 

approach - most often utilised - the biological system is analysed from a macroscopic 

perspective. For example, when investigating the pathological effects of hypertension, 

physicians usually correlate arterial wall thickening to an increase arterial blood 

pressure [21].  

[A] 

[B] 

 

Figure 2-1. Length scales in Biology. [A] Anatomical structure and correlating lengths 

of the mammalian tendon (Figure, Cowen and Doty, 2007, p20)  [19], [B] Length scales 

found within smaller mammalian structures such as single cells (Figure adapted and 

self-illustrated, taken from Akhtar, et al, 2011  [22].  
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However, although the top-down approach seems relatively simple, as one would 

expect, variables or measurements obtained by this method often do not accurately 

represent the true underlying physiological or pathophysiological process. In the given 

example this would be how the individual arterial endothelial cells collectively respond 

to increasing amounts of circumferential tension by producing molecular growth 

factors, which stimulates their proliferation, thereby increasing the relative thickness of 

the artery [21].The process described, is an example of how cellular level events can 

lead to tissue level disruptions and pathologies. As a result, when a more detailed 

analysis of the individual elements comprising a biological structure is required, 

scientists adopt the bottom-up approach [23]. The advantage of the bottom-up approach 

is that it allows for a ‘reversed-reductionist’ study of a biological structure or system as 

a consequence of the behaviours stemming from its most basic elements i.e. interactions 

at the single cell level, which give rise to tissue-level structure and physiological 

function [18].  

 

Therefore, in summary, when attempting to investigate and define a novel biological 

parameter through which a single cell may function to give rise to a fully functional 

tissue structure, a bottom-up analysis of the interactions that occur at a single cell and 

cell-by-cell length scale is most suitable. This will produce a more complete 

interpretation of how a tissue structure may form across a multiscale platform.  

2.2 Mechano-transduction    

 

The first indication that a physical stress can influence the physiological function and 

architecture of a tissue was over 100 years ago, when German scientist Julius Wolf 

demonstrated the increased remodelling - strength and density - of bone tissue subjected 

to increasing loads of force [24]. To date, the tissue-level observation of bone 
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remodelling has become a standard example of how a physical mechanical cue, can 

prompt a cellular-level biochemical signalling cascade. For example, when subjected to 

increasing macro-scale loads, osteocyte cells collectively respond to the increasing 

perturbations within their local environment, by up-regulating the expression and 

activity of various protein kinases and calcium signalling channels. This in turn induces 

a wave of transcriptional responses that activate the secretion of additional molecules 

and chemokines that bind to and recruit bone-remodelling osteoblast and osteoclast cells 

– thus increasing the overall density of mineralised bone [25].  

 

Referring to the example described in bone remodelling, the interplay and looped-

feedback in cellular response arising from external mechanical cues is commonly 

referred to as ‘mechano-transduction’. Events that occur during tissue formation 

processes such as cellular assortment, adhesion, deformation, and migration are all 

processes subject to the concept of mechano-transduction. The interplay and concept of 

cellular physical and biochemical mechanisms involved in mechano-transduction is 

illustrated (Figure 2-2).  

 

It is important to note that in order for scientists to advance our interpretation of how 

tissue structures naturally form, more time and investigations needs to be made in 

determining how the mechanical properties of cells relates to internal cell biochemical 

signalling pathways. Current mechanobiology studies have demonstrated a number of 

noteworthy mechanisms (in the realm of mechano-transduction as discussed) that 

demonstrate how a cells fate can be directed using external mechanical cues. As well as 

differentiation directed mechano-transduction, mammalian cells have been shown to 

adapt their shape, apical membrane stiffness and actin microfibre alignment based on 

the underlying culture substrate; softer substrate rigidities have resulted in rounded, 

non-spread cell morphologies with few stress fibres, while stiffer substrates resulted in 
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flatter, spread cells with large amounts of stress fibres [26].  Therefore, as well as 

directing cells through differentiation and development by means of instruction via 

external scaffolds or substrates, consideration in terms of what substrate platform for 

culture that different cells require to appropriately mimic that of an in vivo tissue system 

is also required.  

 

 

 

Figure 2-2. Mechano-transduction schematic. External mechanical cues or forces 

acting on mammalian cells stimulate the cells internal biochemical signalling pathways 

via surface mechano-sensors. The conference of cell fate and function in response to 

external physical perturbations, is achieved through an array of external membranous 

proteins connected to the external membranous environment – the extracellular matrix 

(ECM). ECM forces applied directly to the cell surface travel through integrin anchored 

focal adhesions which connect directly to the internal cell cytoskeletal microfilaments, 

and indirectly to microtubules and intermediate filaments. This results in the modulation 

of protein and gene expression and therefore cell fate and function (differentiation, 

proliferation and survival) (Figure taken from Tsimbouri, et al ,2015)[27]. 
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2.3 Tissue Mechanics – An overview 
 

To date, scientists have identified six levels of organisation within the human body; (1) 

biomolecular, (2) cellular, (3) tissue, (4) organ, (5) organ system and (6) organism [28]. 

In the context of studying tissue mechanics, a tissue structure can be further defined as 

“the aggregation of morphologically similar cells and associated intercellular elements, 

all acting together to perform various specific functions within the human body” [29]. 

In theory, each tissue structure within the human body often comprises a heterogeneous 

mix of two or more of the four major types of tissue present within the human body; (1) 

muscular, (2) nervous, (3) epithelial and (4) connective tissue (Table 2-1). In principle, 

when investigating the mechanical properties of different tissues, experimental outputs 

represent the macroscopic length scale, and are a summation of the mechanical 

responses of numerous cells functioning in unison - a top-down analysis. Such 

investigations often revolve around investigating specific types of mechanical properties 

namely; (1) Porelasticity, which is the interaction and behaviour of a porous medium 

and pore fluid with respect to applied stresses, (2) viscoelasticity, which is a material 

with both viscous and elastic properties, and (3) electro-mechanical properties such 

neuromuscular pathways [30]. For all methods of tissue mechanical analysis, 

experimental output values are often inhomogeneous, and greatly depend on the 

position and state at which a tissue exists at the point of experimentation i.e. type of 

bone, condition of the bone, active or inactive muscles, healthy or cancerous tissue.  

2.4 Methods for investigating tissue mechanics: Summary of methods 

 

 

Experimental techniques used to investigate the mechanical properties of macroscale 

tissue constructs fall into three broad categories; (1) ex-vivo mechanical tests, (2) in-vivo 

mechanical tests, (3) and/or computational modelling.  For clinical and physiological 

relevance, it is often more desirable to determine the mechanical properties of a given 
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tissue in its natural state. However, due to patient discomfort and ethical restrictions, 

most mechanical tests are acquired using tissue biopsy samples taken from live or 

cadaveric donors. In summary, some of the current investigative and experimental 

techniques utilised to measure the macroscopic mechanical properties of different 

tissues include; Stress/relaxation tensile and/or tissue compression tests (typical for soft 

tissues with both solid and fluid like behaviour i.e. viscoelastic) [31]; Cyclic loading 

and unloading of tensile and/or compressive tissue loads (typical for viscoelastic and 

tissue energy dissipation assays) [22]; Electrical impedance assays (useful for 

measuring in vivo muscular mechanical outputs for specific disease states) [32]; Pulse 

wave velocity (commonly used for estimating large artery stiffness/distortion in 

response to pulse pressures) [33]; Acoustic pulse methods (high frequency acoustic 

pulse waves primarily used for elastically stiff tissue types such as tumour masses) [34]; 

and lastly, computational simulation experiments configured to approximate tissue scale 

mechanical properties through inputting various mechanical values and constraints e.g. 

fluid flow, RBC movement, cancer cell growth [35], [36].   

 

Notably, as previously discussed, the mechanical properties acquired from tissue-level 

mechanical analysis are subject to the summated effects of the various cell and cell 

matrix components within the chosen tissue. As a result, experimental values are often 

used to define and correlate changes in tissue structure at a macroscopic length scale. 

Such observations are useful for identifying clinical markers associated with tissue level 

deformations associated with disease progression i.e. presence of a tumour or arterial 

wall thickening. However, tissue level investigations are less useful for underpinning 

how the mechanical properties of a tissue exist at the cell and molecular length scale.  
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Table 2-1. Mechanical properties of the four major tissue types found in the human 

body [28], [30].  

Tissue type Tissue function Tissue mechanics 

Muscle 

Generate forces required to move 

body’s skeleton. Transportation of 

blood (and contents) throughout body. 

Energy and heat generation. 

Physical functions. Uniform 

contraction and distortion of 

muscle cells to move 

skeleton and pump blood. 

Electromechanical functions. 

Uniform mechanical 

contraction in response to 

nervous tissue inputs. 

Cardiac 

Skeletal 

Smooth 

Epithelial 
Cover and lining of body surfaces, 

hollow organs, cavities and ducts. 

Forms glands. 

Physical functions. Covers, 

supports, lines and protects 

body structures. Some 

poroelastic properties 

(glandular structures/ 

oedematous tissues (skin). 

Covering and lining 

Glandular 

Connective 

Protects and supports body organs. 

Binds organs and tissues together. 

Provides immunity to pathogens. 

Gaseous transport. 

Poroelastic properties (bone 

and bone marrow). 

Viscoelastic properties (bone 

and cartilage). Physical 

functions. Support and 

connects cells forming organ 

structures. Chemical and 

immune responses. 

Blood 

Bone 

Cartilage 

Dense connective 

(Elastin, collagen) 

Loose connective 

(adipose tissue) 

Nervous 

Responds to external stimuli by 

generating electrical and chemical 

impulses to activate muscular and 

glandular responses. 

Poroelastic properties. No 

true mechanical function. 

Research investigations have 

outputs pertaining to the 

resulting electro physical and 

chemical responses evoked 

via stimulation. 

Central 

Peripheral 

 

2.5 Tissue mechanics - The ECM and intercellular mechanics   

 

The extracellular matrix (ECM), is the non-cellular component that resides within all 

tissues and organs of the body. The ECM is a composite mixture of extracellular protein 

molecules that provide structural support to the specific, and surrounding tissue cells 

from which they are secreted from (Figure 2-3A). The ECM is a form of physical 

scaffold, providing support to tissue cellular components, as well as physical platform 

through which key biochemical and biomechanical cues are signalled for cell and tissue 

morphogenesis, differentiation and homeostasis [37]. In both humans and other 
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mammals, the strength and behaviour of most aging tissues is controlled mainly by, but 

not limited to, the relative composition and organisation of the ECM protein network in 

its fibrillary form.  Across the heterogenic mixture of cells and tissue constructs present 

within the human body, cellular processes such as cell-adhesion, cell-cell 

communication and cell differentiation, are all dependent on the presence and optimal 

function of the tissue microstructure and ECM. The ECM is, in essence, a subcellular 

scaffold that characterises the strength and function of different tissue structures [38]. 

The mechanical properties of the ECM and its individual microstructure components 

has been studied in a variety of experimental assays. For example, nanoindentation by 

atomic force microscopy of porcine aorta demonstrated the significant contribution of 

ECM collagen and elastin fibres. Chemical perturbation of the these fibres resulted in 

significant reduction (50 times) in the Young’s elastic modulus values obtained from 

force mapping  of the porcine aorta [39]. Atomic force microscope indentation of bovine 

carotid artery and underlying subendothelial basement membrane demonstrated similar 

Young’s elastic moduli trends  (2.5 ± 1.9 kPa for carotid artery and 2.7 ± 1.1 kPa for 

subendothelial membrane) [40]. This suggest that the role and support (fibrillary 

composition) of the ECM can vary in different tissues and between mammalian species. 

The ECM comprises a multitude of fibrillary proteins (Figure 2-3A). The ECM is 

composed of proteins such as collagen, fibrin, laminin, and elastin.   

 

Attempts have also been made to investigate and derive the mechanical properties of 

individual fibril components of the ECM. Nanoindentation of tail type 1 collagen fibrils 

using atomic force microscopy produced elastic modulus values in the range of 5 GPa 

to 11.5 GPa [41], and a range of 100 MPa and 360 MPa for rat tail collagen type 1 

fibres analysed using optical tweezers [42]. Additional studies using optical tweezers 

found the Young’s modulus of un-crosslinked and crosslinked fibronectin fibres of 1.7 
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MPa and 14.5 MPa respectively [43]. Furthermore, elastin fibres have been shown to 

have a Young’s modulus of around 1 MPa [44]. 

2.6 Tissue mechanics – Intercellular junctions   

 

 During tissue and organ formation, mammalian cells are linked together and the ECM 

to form tissue by specific types of specialised intercellular adhesion junction complexes 

(Figure 2-3B). There are three main categories of cell-cell adhesion complexes. Firstly, 

tight junctions. These junctions are primarily found at the apical ends of cells, and are 

composed of occluding and claudin transmembrane proteins that bind to intracellular 

membrane proteins such as zonula occludens (ZO). The second type of cell junction are 

adherens junctions, which are composed of E-cadherin transmembrane proteins linked 

to intracellular adapter proteins (such as B-catenin) which the bind to the actin 

cytoskeletal network. The third type of cell junction complex is the desmosomal 

junction, which are formed by desmoglein and desmocolin proteins that bind internal 

adaptor proteins such as desmoplankin [45]. Interestingly, genetic and chemical 

perturbation studies have emphasised the apparent direct correlation with the formation 

of adherens, but not desmosomal junctions and tissue scale tension [46].  
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[A] 

 

 

 

 

 

 

 

Figure 2-3. The ECM and cell-cell adhesion. [A] The ECM is composed of several 

distinct types of molecules. These include; insoluble collagens, which make up the 

basement membrane and provide strength and resilience to cells. Soluble 

glycosaminoglycans (fibronectin, laminin and vitronectin), which anchor cells by 

binding collagens, proteoglycans and cell surface receptors resulting in bidirectional 

tissue assemblies. Cell adhesion molecules such as integrins, which control cell-cell and 

cell-ECM adhesion to help modulate mechano-transduction signalling pathways 

(Figure, Lodish, 2008) [47], [48]. [B] Cell-cell adhesion within tissues is controlled via 

the interaction of various ECM proteins with transmembrane and intracellular cell 

protein complexes. These proteins function to anchor and bind to transmembrane cell 

surface receptors, thus binding and linking multiple cells and cellular arrangements to 

one another. The number and type of cell-cell adhesion complexes present on a cell is 

dependent on the cell type (tissue specific) as well as function of the cell (Figure, Wei & 

Huang, 2013) [45].   

 

[B] 
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2.7 Cellular mechanics  

Interestingly, given that most mammalian cells have a relatively conserved internal 

structure; numerous biochemical assays have demonstrated the differential propensity of 

similar mechanical cues affecting cell function(s) in very diverse ways i.e. a specified 

load on one cell type, may evoke a wholly unrelated response compared to a different 

cell type under the same force load. For example, referring to the mechanical properties 

of white blood cells; during an immune response towards an invading pathogen, both 

macrophages and monocyte cells migrate through blood vessel constrictions far smaller 

than their total cellular diameter. Both cell types have a similarly conserved internal 

microstructure (ICM), and are of a similar size (~10µm). However, monocyte cells 

appear to migrate much faster through narrow constrictions, compared to 

macrophages [49]. This example has elucidated how the structure of a mammalian cell 

can be conserved, but their physical properties can diverge quite considerably. The 

divergence in cell mechanical function(s) for mammalian cells from similar tissue 

origin, can act a useful and significant biomarker for sorting and distinguishing 

heterogeneous cell types within similar tissues, as well as interpreting how pathological 

processes (tumour growth) progress within different tissues. However, before one can 

begin to interpret and define novel mechanisms by which cells adapt their physical 

properties during physiological processes, we have to discuss which parameters are 

most useful often utilised to study the mechanical properties of biological samples. 

Next, the terminology and mechanical parameters used to investigate the mechanical 

properties of biological samples is discussed.   
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2.7.1 Cell mechanics – defining terminology and units of mechanical 

parameters investigated 

 
The stiffness of a material is a measure of the structural characteristics of said material, 

and is subjective as to the geometry and composition of the material. It is the extent to 

which a material resists deformation to an externally applied force [50].  The stiffness of 

a material can be defined as; 

                                                         𝑘 =  
𝐹

𝛿
                                      (2-1) 

Here, [K] is the stiffness of the material, [F] the applied force/stress of the material, and 

[δ] the displacement produced by the applied stress on the material. The resulting units 

of material stiffness are N/m-1. The relationship of the stiffness of a material to the 

elastic properties of a material can be described by the Young’s elastic modulus. The 

Young’s elastic modulus of a material, relates to the mechanical properties of the 

material (intrinsic to the material properties), and is a measure of the relationship 

between a stress (force per unit area) and strain (resulting material deformation) of the 

material within the linear elasticity regime; 

                                            𝐸 =  
𝛿

𝜖
                                  (2-2) 

 

 

Here, E is the Young’s elastic modulus, 𝛿 the force in Newtons (stress) applied to the 

material (force per unit area) and 𝜖 the strain (resulting deformation of the material). 

The resulting derived Young’s elastic modulus is expressed in units of Pascals (N/m2).   

Notably, when a material undergoes elastic deformation as a result of an external stress, 

where the linear elastic regime is considered, the elastic deformation is reversible i.e. 

the material properties return to its original shape or structure following deformation by 
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an applied stress or load [51]. The reversible deformation of the material in linear elastic 

regime can be described by a materials stress-strain curve (Figure 2-4). The relationship 

between the stress versus strain (the slope of the curve) represents the elastic modulus 

of the material [52]. 

 

Figure 2-4. Schematic representation of linear elastic stress versus strain curve for 

the loading and unloading of an elastic material. The slope of the curve represents 

the elastic material properties of the material (Young’s elastic modulus). In a linearly 

elastic material, the loading and unloading portions follow the same path.  

 

Referring to investigating the mechanical properties of mammalian cells, the Young’s 

elastic modulus is one particular parameter (among others) that is used as a quantitative 

measure of the elastic mechanical properties of mammalian cells. By applying an 

external load (stress) onto the surface of a cell, the resulting strain (deformation) in the 

region of applied load, can then be used to derive the Young’s elastic material 

properties of the cell for the region under stress.  

Markedly, although the Young’s elastic modulus has been utilised for investigating cell 

mechanical properties, mammalian cells can exhibit a variety of interesting mechanical 

properties out with the linear elastic contact regime. For example, although a 
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mammalian cell can act like a solid material, and maintain its shape following an 

applied external stress, it can also preform reversible deformations, which is 

characteristic of a liquid material, which has been demonstrated previously [53]. In the 

case of such cellular deformations, the cell deformation is referred to as viscoelastic, 

whereby the cells exhibit both elastic and viscous (liquid) mechanical properties. In 

more detail the physical property of viscoelasticity refers to a material property where 

the relationship between the aforementioned stress and strain is time dependent. The 

stress-strain curve that arises as result of the unloading and loading of viscoelastic 

material (Figure 2-5) demonstrates a non-linear elastic deformation, and energy 

dissipation between the loading and unloading curves – described as hysteresis.  

 

 

Figure 2-5. Schematic representation of non-linear elastic stress versus strain 

curve for the loading and unloading of a viscoelastic material. Viscoelastic materials 

exhibit energy dissipation up deformation, which can be observed through hysteresis in 

the stress-strain curve [52]. 

 

It should also be noted that the material property of viscoelasticity is time dependent. 

When measuring material viscoelasticity, the strain rate, frequency or time-dependent 

deformation of the material must be measured [52]. Additionally, the viscoelastic 
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properties of a material can also be derived using stress relaxation or creep experiments. 

During creep mechanical testing techniques, the material is subjected to constant load of 

stress, following which the time-dependent resulting strain is recorded. In the case of 

stress relaxation assays, a constant strain is applied to the material, and the resulting 

time-dependent reduction is stress is recorded [54]. Additional mechanical property 

parameters utilised to investigate biological material properties is the shear modulus and 

bulk modulus of a material. The shear modulus of a material is sometimes referred to as 

the modulus of rigidity. This mechanical parameter, denoted G, described the response 

of material towards a shear stress, and as result the ratio between shear stress and strain 

defined by the following equation;  

 

                                                𝐺 =    
𝐹/𝐴

△𝓍/ℓ
 =  

𝐹ℓ

𝐴△𝓍
                          (2-3) 

 

Here, [G] denotes the shear modulus, [F/A] denotes the shear strain, where [F] is the 

force (stress) acting on the material, [A] the area on which the force is acting. [△ 𝓍/ℓ] 

is the shear strain, where [△ 𝓍] is the transverse displacement of the material, and [ℓ] 

the initial length of the material [55]. The bulk modulus of a material, denoted K or B, is 

a measure of how a material resists compression. Specifically, it defines the response of 

a material to hydrostatic pressure, and is the ratio of pressure increase to response of 

change of volume of the material. The bulk modulus can be defined as follows; 

 

                                               𝐾 =  −𝑉 
𝑑𝑃

𝑑𝑉
                             (2-4) 

 

 

Here, [P] is pressure exerted on the material, [V] is volume of the material in response 

to a pressure and [dP/dV] denotes the derived pressure in respect to derivative volume 

[56]. 
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2.8 Cell mechanics – Plasma membrane, ICM, and actin cortex 

 

Having described and discussed some of the mechanical parameters by which 

mammalian cells and biology constructs can be measured, next a discussion into some 

of the important biological components and mechanical properties of mammalian cells 

such as the plasma cell membrane, the intracellular matrix (ICM), internal and actin cell 

cortex is carried out. The mechanical properties discussed surround the mechanical 

parameter – the Young’s elastic modulus. There is a range of Young’s elastic moduli 

values obtained when investigating the mechanical properties of biological tissues 

Figure 2-6 demonstrated the mechanical diversity of biological tissues. As illustrated by 

Figure 2-6, there exists a large range of elastic moduli (Pa to MPa) values for different 

biological constructs. When attempting to investigate the variation in the Young’s 

elastic moduli of adherent monolayer cells, an appreciation for the cellular components 

that may contribute to the mechanical response of the cell following mechanical 

perturbation is required.  

 

Figure 2-6. Diversity of mechanical properties in biology. Superimposed [A-J] are 

measurements of the elastic moduli of various biological constructs; [A]single collagen 

fibrils [B] fibrillar collagen [C] fibrillin microfibrils [D] elastin [E] ferret aorta [F] 

porcine aorta [G] human radial artery [H] rat aorta and [J] human aorta. (Figure taken 

from Akhtar, et al, 2011 [22]).  
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2.8.1 The plasma membrane  
 

The cell membrane, also referred to as the plasma membrane of a cell  is described as 

the semi-permeable membrane layer that encloses and surrounds the cytoplasmic body 

of a cell [57]. The most fundamental function of the cell plasma membrane is to form a 

barrier between the internal cell environment and extracellular space. The plasma 

membrane is often described as a fluid mosaic model. According to this model, there is 

a two-molecule thick lipid bilayer (to be described). Cholesterol lines the internal region 

of this lipid later (Figure 2-7), and various important types of transmembrane proteins 

are embedded in membrane [58]. The cell membrane is able to control and regulate 

what enters and exits a cell, it is selectively permeable and facilitates the transport of 

molecules and material between the intra and extracellular environments for cell 

homeostasis, activity and survival. Material is transported into and across the plasma 

membrane, towards or out of the internal cell environment through a variety of cell 

membrane processes; Passive diffusion or osmosis of small molecules and ions driven 

by concentration gradients across the cell membrane [57]. The presence of 

transmembrane protein channels that extend across the plasma membrane, allow for the 

active transport of larger molecules such as amino acids, carbohydrates and cell 

signalling molecules [58], lastly, the fusion of intracellular vesicles with the plasma 

membrane, a process known as exocytosis, facilitates the excretion of internal cellular 

materials into the surrounding external cell medium [58]. Opposingly, the plasma 

membrane can form “blebs” that surround extracellular material, pinch off, and 

internalise as membrane vesicles (membrane invagination) into the cytosolic region of 

the cell, a process known as endocytosis [58]. As well as being a layered barrier for the 

internal cell environments, and facilitating the delivery of biochemical materials across 

the cellular compartments, the cell plasma membrane also has additional highly 

important cell functions. It also acts an anchor for the attachment of particular cell 
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cytoskeletal proteins thus aiding the support of a cells internal structure and shape. The 

plasma cell membrane is primarily composed of a mixture of lipids and proteins (Figure 

2-6). Around 50% of the volume of the plasma membrane is composed of specific 

transmembrane proteins [58]. The most fundamental component of the cell membrane is 

the phospholipid bilayer. The phospholipids that form the lipid bilayer are composed of 

a hydrophilic head that faces the internal cytosol and external extracellular fluid, and 

hydrophobic tail that lines then internal region of the lipid bilayer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7. The plasma membrane. The plasma membrane comprises a double layer 

of phospholipids molecules. The types of phospholipids present are 

phosphatidylcholine, sphingomyelin, glycolipids, phosphatidylethanolamine, 

phosphatidylserine, and phosphatidylinositol. Cholesterol is distributed between the 

phospholipid molecules (Figure adapted from M.Ruiz, 2019 [59] and Harvey and 

Lawrence, 2000  [58]).  
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When exploring the mechanical properties of the cell membrane, aside from the current 

disused functions of the lipid bilayer, the cell membrane also comprises a variety of 

processes such as external signal detection, cell cytokinesis and cell motility. All of 

these processes involve the dynamic activity and interaction of the cell plasma 

membrane with the internal cell cytoskeleton. This involves an exchange of force 

between the plasma membrane and the internal environment of the cell [60]. 

Conventionally, the plasma membrane lipid bilayer was assumed to act as a Newtonian 

fluid  – a fluid whose viscosity does not change with rate of flow [61]. However, it has 

been shown that the plasma membrane reacts to an external force in a time-varying non-

linear manner of strain, and are therefore is a non-Newtonian fluid, and can be regarded 

as a viscoelastic fluid material [62]. The deformation of the plasma membrane as a 

result of an external force is often described by the compression, area expansion and 

bending moduli of the plasma membrane [63]. The bending modulus and surface 

tension of the plasma membrane has been shown to vary between specified neuronal 

mammalian cell lines as well as macrophage cells [64]. Computational simulations and 

theoretical frameworks have also attempted to model and produce values for the 

Young’s elastic modulus of lipid membranes in different phases (liquid, gel and 

interdigitated), values were determined as 0.28 and 0.67 in units of E (elasticity) = ϵ /σ3 

for the fluid and interdigitated states respectively [65]. The shear modulus properties of 

the plasma membrane has also been investigated and demonstrated [66]. Given that the 

lipid membrane is considered a fluid model, comprising embedded transmembrane 

proteins that are able to diffuse laterally within the fluid mosaic, the shear modulus of 

the plasma membrane is applicable to its function.  

 

The cholesterol content within the lipid bilayer contributes to the fluidity and 

permeability of the bilayer. The effect of cholesterol, which is found between the 

hydrophobic tails of the phospholipid molecules has been investigated by amplitude 
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modulation-frequency modulation atomic force microscopy (AM-FM AFM) [67]. Using 

a model bilayer system, namely 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 

the effect of differing molar fractions of cholesterol (0–60%) on the viscoelastic 

properties of the lipid bilayer. This study showed that at low cholesterol concentrations, 

the lipid bilayer displays a distinct phase separation and is predominantly elastic. 

However, higher cholesterol content results in a homogenous lipid bilayer with both 

elastic and viscous properties [67].  

 

2.8.2 The intracellular matrix (ICM) 

The intracellular matrix (ICM) comprises the internal structural elements within a 

mammalian cell. Similar to the ECM, the cell ICM comprises a structural scaffold - 

commonly referred to as the cytoskeleton – which is composed of a fibrillary network 

of three types of protein filaments; (1) microfilaments, (2) intermediate filaments and 

(3) microtubules (Figure 2-8). When investigating cell mechanical properties, the 

majority of evidence implicates actin microfilaments as the principle transmitter of 

external static/dynamic cellular loads/tension, with intermediate filaments and 

microtubules conferring cellular processes such as cell shape, rigidity and organelle 

transport [22].  Under load force,  external solid forces are conferred throughout the cell 

via the internal cytoskeleton [68]. Together, all three protein networks transmit 

information about the mechanical function of the cell to adjacent cells, and then onto the 

underlying ECM structures at the ventral and lateral surfaces of the cells [69].    
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Figure 2-8. The cell cytoskeleton. The intracellular cell cytoskeleton has three protein 

filament components. [A] microtubules composed of tubulin protein subunits, [B] actin 

filaments composed of chains of actin protein subunits and [C] intermediate filaments 

composed of long fibrous subunits of proteins (such as types I and II keratins) (Figure, 

R.U. OpenStax College, available online, accessed December 2018) [70]. 

 

The mechanical properties of each intracellular cytoskeletal component have been 

investigated. Microtubules, which provide the internal framework and support for the 

transport and function of internal cell organelles, have been shown to exhibit a Young’s 

elastic modulus of around 1000-1500 MPa (as determined by bending suspended 

microtubules using an AFM cantilever) [71]. The microfilament protein – actin, which 

contributes to cell motility, maintenance of cell shape, and binds to cell-cell junctional 

complexes (adheres junctions specifically) has been shown to exhibit a Young’s elastic 

modulus of between 1800 and 2500 MPa [72]–[74]. Lastly, intermediate filaments such 

as keratin, vimentin and desmin, which function as the main tension-bearing element of 

the cytoskeleton to maintain cell shape and rigidity have demonstrated a bending 

modulus of around 300 MPa (as determined by bending single vimentin filaments using 

an AFM cantilever) [75].  

 

[A] [B] [C] 
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2.8.3 The actin cortex  

As previously noted, the majority of cellular mechanobiology studies implicate actin 

microfilaments as the most significant principle modulator of external cellular stress and 

tension [22], [76]. Reducing the internal filament length scale to the inner cell cortical 

region; numerous developmental and physical cellular events have been shown to be 

subject to the involvement and dynamic activity of the dense inner cortical actin 

meshwork that lies beneath the plasma membrane (Figure 2-9). The actin cortex is 

described as a thin network of crosslinked actin protein filaments bound to the inner 

surface of the plasma membrane, and is present in almost all mammalian cells [77]. It 

has been evidenced that cortical actin has two primary discernible structural 

arrangements; large parallel bundles and tightly compacted meshes [78]. Gradients in 

tension and stress within the cortical actin layer have been associated with multiple cell 

developmental events such as cell migration, cytokinesis and cell mitosis [13], [79], 

[80]. For example, a progressive increase in cortical tension has been observed during 

mitotic cell rounding [79], with mitosis associated cell shape transformations subject to 

the modulation and contraction of the actin cortex meshwork [81].  

 

Interestingly, towards the end of cell division in mitosis, the gradient of cortical cell 

tension becomes localised towards the cell centre, which is thought to drive cell furrow 

ingression and cleavage of the cell [82]. A similar process has been evidenced during 

the formation of cell-cell adhesion contacts; a gradient decrease in cortical tension is 

observed towards the cell-cell interface zones in developing zebrafish progenitor cells 

[83]. The downregulation of cortical actin density along the cell-cell junction interface 

has been evidenced in multiple mammalian cell lines; MDCK  [84], cancerous cells 

[85], zebrafish [83], and xenopus gastrula cells [86]. It is suggested that the 

downregulation of cortical cell tension along the cell-cell boundary region is in part due 
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to the effects of cadherin signalling. Cell adhesion is “within limits, proportional to 

cadherin expression levels”[87].  Cadherins are described as the transmembrane cell-

cell adhesion proteins that regulate cell contact(s) stability and tension. [88]. During 

cell-cell adhesion, the binding of cadherin transmembrane protein to one another 

triggers local adhesion signalling at the cell contact region. This signalling cascade is 

mediated via the activation of Rac1 (a signalling G protein) by p120-catenin, which 

results in the inhibition of expression of RhoA (a GTPase protein associated with cell 

cytoskeletal regulation). This results in adaptor proteins such as α-catenin interfering 

with the actin polymerising protein Arp2/3. Therefore, cell-cell bond formation and 

signalling affect the reduces actin polymerization, and therefore, alters cell cortical 

tension.  

 

Figure 2-9. The Actin cortex. Cadherin mediated local signalling pathways at the cell 

contact interface involving cell signalling molecular such as p120-catenin, Rac1, RhoA, 

a-catenin and Arp2/3, are all involved in mediating the disruption of cortical cell tension 

along cell-cell contact zones, thus lowering cell–cell interfacial tension and expanding 

the contact zone (Figure taken and adapted from Maitre & Heisenberg, 2013) [88]. 
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The architecture and mechanics of the actin cortex has also been evidenced to be subject 

to state of cell pluripotency; naïve embryonic stem cells present with a greater density 

of irregular organised actin fibres, which, upon transitioning through development, 

transform into cortically organised stress fibres [89]. The thickness and density of the 

actin cell cortex is also a major controlling factor towards overall cell cortical 

mechanical function. The thickness of the actin cortex has been estimated to range from 

130nm to 1µm [90]–[93], with cortical actin mesh densities estimated at ~ 100nm [77]. 

Furthermore, the control of actin cortical tension and dynamic deformation of the cell 

cortex during certain cellular events has been linked to particular actin binding proteins. 

One such protein, namely myosin-2, has been described as the most significant actin 

binding protein linked to the generation of contractile tension in the actin cortex [77]. 

Myosin proteins are described colloquially as motor proteins, which, more precisely are 

ATPase enzymes that move along actin microfilaments through the coupling hydrolysis 

of ATP [58]. Sometimes described as mechanochemical enzymes, myosin motor 

proteins function to drive actin filament contraction and movement during cellular 

processes such as cell migration, and mitosis. Evidence has shown that the activity one 

particular myosin motor protein (myosin-2) is the predominant factor affecting overall 

cell cortical tension [92], with the induced inhibition of myosin-2 activity resulting in a 

near 80% decrease in cortical tension [77]. However, alternate studies have shown that 

both actin and myosin fibre density contribute equally to the stiffness of adherent 

mammalian cells [76]. 

 

2.9 Methods for investigating cell mechanics – Summary of methods  

 

A defined method for investigating the mechanical properties of mammalian cells 

between the single cell and cell monolayer developmental length scales in terms of 

derived Young’s elastic modulus  cell outputs – and an appreciation for how said 
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Young’s elastic moduli trends relate to internal cell function - is paramount when 

attempting to define a novel process by which a mammalian cell adapts it mechanical 

properties during tissue development or disease development. Notably, as well as 

deriving the Young’s elastic modulus, it should be noted that there are numerous cell 

mechanical exploratory techniques for investigating mammalian cell mechanical 

properties. Experimental techniques used to determine the mechanical properties of 

micro and nano scale cellular properties fall into three broad categories; (1) methods for 

adherent cells, (2) methods for non-adhered/suspension cells, and lastly (3) 

computational cell modelling software analysis  [94]. As a standard, when utilising each 

type of method, a high spatial resolution is a paramount in order to relate the mechanical 

outputs of mammalian cells at the subcellular scale to cellular function. Therefore, 

scientists often adopt methods based on a specific set of objectives required for their 

analysis. The types of techniques utilised to measure the mechanical properties of 

adhered cells include; (1) cell poking, (2) atomic force microscopy; (3) 

micropillars/plates; (4) optical tweezers, (5) magnetic twist cytometry, (6) acoustic 

microscopy, (7) hydrodynamic deformation and (8) fluorescent oil droplet deformation 

[94], [95]. Methods for working on non-adhered suspended cells include (1) 

micropipette aspiration, (2) optical tweezers, (3) optical stretcher and most recently (4) 

real-time deformability  [96]–[98]. It is often the case when attempting to investigate 

cell mechanical outputs, that more than one method of measurement is utilised. 

However, synergy between the data outputs must always be accounted for, as not all 

methods are designed to measure the same mechanical parameter, for example the cell 

Youngs’s elastic modulus. With the current established, as well newly developed 

methods available for cell mechanical analysis (Figure 2-10), one such method, Atomic 

force microscopy (AFM), remains one of the more popular methods utilised for deriving 

the Young’s elastic modulus of different types of mammalian tissue cells [99]. It has 
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been demonstrated that when utilising specified protocol parameters, an AFM can 

produce outputs for the Young’s modulus [E] of soft biological samples with a 

reproducibility limit of 4% difference between two samples [100].  

 

 

Figure 2-10. Methods for cell mechanical analysis. [A] Among the various cell 

mechanical analysis methods, AFM produces the highest amount of mechanical data in 

terms of output content about the mechanical attributes of different cell types. However, 

AFM can have a low throughput of cells per experiment (~10 cells per hour), compared 

to other more robust methods. [B] Given its limitations, AFM has still been one of the 

methods most utilised for investigating cellular mechanics in publications over the last 

decade (Figure adapted from Guck & Chilvers, 2013) [99]. 

 

As previously noted, one of the most popular methods for gathering mammalian cell 

Young’s elastic moduli outputs are AFM. Investigating mammalian cell mechanical 

properties (through interpretation of the Young’s elastic modulus) has become one the 

most applicable mechanical outputs for investigating the relationship between cell 

physiological state and cell mechanical properties. The primary method utilised to 

measure the Young’s elastic modulus in thesis was AFM.  

 

 

[A] [B] 
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2.10 Investigating the Young’s Elastic Modulus of Mammalian cells 

Much research has been carried out in an attempt to define how the mechanical 

properties of a mammalian cell correlates to the physiological status of a cell i.e. cell 

type, healthy or cancerous cells. The Young’s elastic modulus is increasingly becoming 

a hallmark indicator for defining how the mechanical properties of a cell affect cell state 

and function.  Mammalian cells, as well as many soft tissues, often present with a much 

lower Young’s elastic modulus compared to most other natural solid materials [30]. In 

this thesis, the Young’s elastic modulus was used as the primary mechanical parameter 

to investigate mammalian cell mechanical properties. Variation in the Young’s elastic 

modulus for mammalian cells during different cell biological states is discussed next. It 

should be noted, that mammalian cells are not in reality, elastic solids, and do in fact 

present with viscoelastic behaviour as a result of their solid and fluid (cytoplasm) 

components. However, if the applied external stress is kept relatively low such that all 

stress-strain outputs are kept in the linear elastic regime, and deformations are small, 

this can allow the mammalian cell to return to its original shape in the region of applied 

stress.  Therefore, the Young’s elastic modulus can be utilised to investigate the 

mechanical properties of the cell for a given deformation. As a result of the research 

objective of this thesis, the Young’s elastic modulus of mammalian cells was 

investigated. Next, the variation in the derived Young’s elastic modulus for mammalian 

cells under different development states is discussed.  

 

2.10.1 Young’s elastic modulus – Cell differentiation, Senescence, and 

Apoptosis  

 

The Young’s elastic modulus of mammalian cells has been shown to be subject to 

numerous cell developmental and physiological events. During embryonic 

morphogenesis, progenitor and differentiated tissue cells undergo a multitude of 
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biochemical and structural transformations. Cellular processes such as cell division 

(cytokinesis), differentiation (fate selection), cell ageing and cell death (apoptosis) all 

encompass a multitude of internal structural changes that occur within a cell as it 

progresses through different physiological states. Therefore, utilising differences in the 

measured Young’s elastic moduli of cells at different stages of development has 

emerged as a useful method for distinguishing stages of cell development. For example, 

it has been shown that the derived Young’s elastic moduli  of a given mammalian cell 

can vary quite considerably, depending on the stage of cell development; a near 3-fold 

difference in single cell  Young’s elastic moduli was observed for early differentiating 

mouse embryonic stem cells (16.06 kPa), compared to latent undifferentiated stem cells 

(1.49 kPa) [13], [14]. Similar cell [E] output trends have been demonstrated in human 

embryonic stem cell lines [15], [16]. Natural cell aging has also been investigated (in 

vitro); serially passaged chondrocytes were shown to exhibit a statistically significant (p 

< 0.0001) reduction in measured Young’s elastic moduli  outputs in relation in 

increasing number for cell passages [10]. As with heterogeneous connective tissue 

blood cells (section 2.6), an opposing outcome was observed for human dermal 

fibroblasts [11] and human foreskin epithelial cells [12], whereby progressive cell 

passaging resulted in an increase in derived cell Young’s moduli outputs. Cell age , with 

respect to the age of the patient donor , has also been shown to affect measured cell 

Young’s elastic moduli [E] outputs; Fibroblasts taken from younger donors exhibited 

lower derived [E] outputs (~0.5kPa)  in comparison to cells obtained from older donors 

(30 kPa) [101].  Natural cell death or – apoptosis - has also been shown to have a great 

effect on measured cell [E] outputs  (0.09 kPa ⟷ 48.98 kPa) of serially passaged MSCs 

[9]. In summary, based on some of the aforementioned mechanical assays investigating 

mammalian cell Young’s elastic moduli  it is evident that measuring the Young’s elastic 

modulus of different mammalian cells at various stages of development, is a useful 
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parameter by which differences in cell state and development can be examined and 

correlated to cell Young’s elastic moduli  outputs for their respective cellular functions.  

 

2.10.2 Young’s elastic modulus – Cancer  

One of the more notable areas of mammalian cell mechanical assays currently being 

investigated is the apparent variation observed in the derived mechanical properties and 

characteristics obtained from malignant and metastatic cancerous cells. In the past, very 

little was understood about the mechanical properties of cancerous cells, other than the 

stark contrast between the physical properties of cancerous nodules and the surrounding 

healthy tissue cells. Advances in cell culture and mechanical analysis has since 

demonstrated that, at the single cell length scale, a cancerous cell can be up to one order 

of magnitude softer than healthy non-cancerous cells [102]. Notably, it is reported that 

there is up to70% decrease in the measured Young’s elastic moduli  for multiple 

primary cancerous cell types compared to their healthy corresponding tissue cells [7]. 

Multiple studies have demonstrated that cancerous cells (at the single cell 

developmental stage) regardless of tissue type are generically softer than healthy cells 

[103], which suggests a common highly conserved feature among cancer cell types. 

Furthermore, the stage of cancer cell development has been shown to be subject to 

additional variation in cell Young’s elastic moduli with evidence demonstrating a 

statistically significant difference between the Young’s elastic modulus of healthy, 

transforming and malignant cancerous cell types [104]. Given the numerous biological 

mutations and physiological abnormalities present in oncogenic cells compared to 

healthy tissue cells, utilising the measured Young’s elastic moduli for cancerous cells in 

comparison to non-cancerous cells is fast becoming a key biomarker for distinguishing 

physical differences between cancer cell lines during cancer cell development i.e. how 

internal biological mutations affect the mechanical properties of the cells and disease 
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progression.  For example, it has been shown that highly metastatic aggressive cancer 

cell types exhibit the greatest decrease in their measured Young’s elastic moduli, with 

the degree of tissue invasiveness directly correlated to the elastic compliance and 

deformability of the  cancerous cells [105], [106]. It is possible therefore to assume that 

a reduction in cancer cell Young’s elastic moduli may be a pre-requisite for cancer cells 

that predisposes their metastatic ability to invade neighbouring tissues. However some 

researchers believe cancer cell metastatic potential is directly influenced by mechanical 

property differences within the tissue of origin, for example, pancreatic tumours exhibit 

a greater measured [E]  than brain tumour cancer cells [107]. 

 

2.10.3 Young’s elastic modulus – Multiscale cell length scales 
 

 

As previously discussed, much research has been carried out investigating the 

mechanical properties of different types of tissue cells under different physiological 

conditions. At the intracellular length scale, the internal ICM environment has been 

shown to exhibit inhomogeneous mechanical properties; studies have shown the great 

variance in the derived Young’s elastic moduli of the  nuclear, cytoplasmic and cell 

periphery regions of a cells undergoing mechanical analysis by atomic force microscopy 

Young’s elastic moduli  analysis [12], [108]. Further to this,  analysis of human 

endothelial cells demonstrated the heterogeneity of cell [E] trends between the central 

cell body region (higher derived Young’s modulus) and periphery (lower derived 

Young’s moduli ) cell regions [109]. 

  

Moving up through the cell development and proliferation length scale, to the multi-cell 

length scale; numerous studies have addressed interpreting how mammalian cells - both 

healthy and cancerous – adapt their mechanical properties at predominantly at the single 

and monolayer length scales.  Less evidence for cell mechanical analysis (Young’s 

elastic modulus) at more specified stages of development have been obtained. Current 
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studies investigating multiscale trends in mammalian cell Young’s elastic moduli have 

evidenced differences in single, groups of cells and monolayer cell AFM  Young’s 

moduli [E] outputs [109]–[113]. 

 

Focussing on selected cell lines undergoing mechanical analysis (for the Young’s elastic 

modulus [E]), Vero epithelial cells (African green monkey) presented with greater 

derived [E] trends at the single cell length cell compared to monolayer cells [111]. 

MDCK epithelial cells (canine) presented with lower derived [E] trends at low isolated 

cell densities (5-10 cells/mm2), compared to higher cell densities (500 cells/mm2) [110],  

while NIH3T3 murine embryo fibroblast cells exhibited no significant difference in cell 

[E] trends with variation in cell density/development [110]. Human umbilical vein 

endothelial cells (HUVEC) cells exhibited greater [E] outputs for grouped (3-5 cell 

clusters), followed by single cells, with HUVEC cells having the lowest derived [E] 

outputs [109]. An opposing trend was presented for HUMEC cells whereby the derived 

[E] of cells was found to gradually decrease towards the periphery of a monolayer 

compared to single isolated cells [114].  

 

Addressing cancerous cell Young’s elastic moduli trends at multiscale and individual 

stages of development has also demonstrated a variation in derived Young’s elastic 

moduli for cancerous cells at alternate stages of development. Tumorigenic, immortal 

and metastatic HUMEC cancer cells exhibit no significant difference in derived 

Young’s moduli between single and monolayer stages of cell length scale development 

[114]. Therefore, compared to immortal cultured cell types, this suggests that cancerous 

cells may function differently in terms of their derived Young’s elastic moduli outputs 

at increasing stages of cell monolayer development. However, this assumption would 

require much additional investigation at the multiscale cellular level for multiple 

selected cancerous tissue cell types. Furthermore, given that most tissue structures 
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(including cancerous tumours) exist in the three-dimensional length scale and comprise 

a heterogeneous mixture of tissue cells, further analysis would need to be carried out to 

determine how the derived Young’s elastic modulus of healthy and cancerous cells is 

affected by cell-cell heterogeneity.  

 

2.11 Atomic Force Microscopy (AFM) 
 

When attempting to measure the material properties and mechanical characteristics of 

biological samples, a challenge exists in the interpretation of the derived output as to 

what these values mean in terms of how a biological system functions with relation to 

its response to mechanical perturbations using different analysis techniques. As 

discussed in section 2.9, a range of investigate methods exist for investigating different 

physical properties of biological samples, specifically mammalian cells. As 

demonstrated (Figure 2-10), one such method, AFM, has over the past three decades, 

become one of the most useful platforms for simultaneously investing the mechanical 

and morphological priorities of living mammalian cells.  

 

First developed in 1986, the atomic force microscope operates as a form of scanning 

tunnelling microscope (STM), in combination with a stylus profilometer, and is able to 

derive informative data about the topography and mechanical attributes of biological 

samples at an atomic scale [115]. During experimentation, an AFM is capable of 

producing high resolution three-dimensional images, which combined with force 

spectroscopy, is able to define and assign surface properties, such as surface topography 

and the mechanical properties such the Young’s elastic modulus of a sample. As result, 

AFM can be used for a range of applications in research and development. For example, 

it can be used to study the mechanical, electrical and magnetic properties of selected 

materials quantitively [116]. The AFM is capable of applying and measuring forces 

from the piconewton (pN) to micronewton (mN) range for sample areas ranging from 
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the sub-nanometre length scale to the tens of micrometre length scale, in both air or 

liquid environments, thus allowing for the investigation of sample properties such as 

surface topography, roughness, elasticity, surface adhesion, surface friction, 

viscoelasticity and energy dissipation [117]. As a result of the AFM capabilities, in the 

field of biomechanical research, AFM has allowed scientists to investigate the 

nanomechanical properties of biological samples such as DNA, RNA, molecular 

proteins, cell membrane phospholipids and cellular as well as subcellular components 

(cell organelles) in an in vitro culture environment [8], [53]. The AFM has a multitude 

of available techniques and modes that can allow for the investigation of specified 

mechanobiological research questions (Figure 2-11).  
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Figure 2-11. Summary of AFM operational techniques. [a] Bioimaging, detection of 

cantilever deflection to measure surface properties of biological system [b] Force modulation, 

scanning the cantilever across a surface, applying a driving signal to the cantilever oscillate  

and [c] Force mapping, sample mechanical properties are mapped pixel-by-pixel using 

spectroscopy based on force–distance or force–time curves [d] Force mapping by modulating 

cantilever at varying frequencies [e] Time-dependent mechanical response of a sample to an 

indenting cantilever [f] AFM can be customised to include chambers allow the mechanical 

characterization and simultaneous observation  under controlled conditions, pH, 

CO2 concentration, humidity, temperature  [g] Biological or biochemical compounds can be 

exchanged between mechanobiological investigative systems to investigate additional 

parameters [h-i] Optical microscopy and atomic force microscopy (AFM) can be combined 

for the morphological and mechanical characterization of complex biological systems [j] The 

Simultaneous characterization of both physiological and mechanobiological sample 

properties  can be obtained by introducing complementary tools, including the patch clamp 

technique or multielectrode arrays.  (DIC, differential interference contrast; FRET, Förster 

resonance energy transfer; GCaMP, genetically encoded calcium indicator consisting of 

green fluorescent protein, calmodulin and M13 protein) (Figure and legend descriptions 

taken from Krieg et al, 2019) [117]. 
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2.11.1 AFM Operational principle  

 

In principle, an AFM operates through the detection of repulsive or attractive forces 

present between the AFM indenting cantilever and the chosen underlying sample 

surface. An AFM set-up comprises a probe, that is positioned on the underside of 

reflective cantilever beam. The cantilever beam and geometry of the probe form the key 

elements of the AFM operational principle. The net repulsive or attractive forces acting 

between the cantilever and sample will depend on the relative distance between the 

sample and cantilever. The cantilever is controlled to move towards the surface of a 

selected sample (the mode and manner of which to be discussed further), which results 

in the interaction between the cantilever underlying probe and sample surface. This 

results in bending or deflection of the cantilever beam. The resulting bending of the 

cantilever is detected by a piezoelectric actuator, which converts the movement of the 

cantilever following sample interaction directly into linear motion (Figure 2-12). This 

data can then be analysed to derive selected mechanical and physical properties of the 

underlying sample material.  
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Figure 2-12. AFM Operating Principle Schematic. During an AFM experiment, a 

programmable load (force applied by the AFM cantilever beam) is applied to a chosen 

underlying sample. This results in the deflection of the cantilever upon interaction with 

sample (based on the material properties of the sample and cantilever). Deflection of the 

cantilever beam displaces the laser bean signal reflected from the topside of the 

cantilever beam onto the photodiode detector. The deflection of the laser beam signal is 

converted into an applied force versus sample deformation. The degree of force-

displacement for the sample indentation allows for the quantification of the physical 

properties of the sample (Figure, taken from Babu & Radmacher, 2019) [118].  

 

Referring to Figure 2-12, the extent at which the cantilever beam is deflected or bent 

based on the interaction with an underlying sample surface, depends on the surface 

properties of the sample undergoing AFM analysis, as well the material properties of 

the cantilever beam and indenting underlying probe [119]. The receiving photodiode 

detector that receives the laser beam signal, is split into four quadrants to allow for the 

detection of cantilever deflection in the z dimension, but also the lateral directions of 

cantilever movement. The characterisation and representation of the forces acting 

between the cantilever underlying probe and the sample surface can be described by a 

Lennard – Jones potential curve (Figure 2-13). A Lennard – Jones potential curve that 
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describes the interaction of forces between two atoms, as a function of the distance 

between the atoms [120].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-13. A Lennard – Jones potential curve to describe the interaction of forces 

between a cantilever and underlying sample surface (Figure taken from Gilman, 2009) 

[121].  

 

The initial contact between the cantilever and underlying sample surface is defined by 

repulsive forces, which results in the probe being repelled away from the underlying 

sample surface [120], [121]. In fact, contact between the cantilever and underlying 

sample is defined as a repulsive force that results in the cantilever being deflected or 

pushed away from the sample surface. However, on approach to the sample surface. as 

the cantilever moves further towards the underlying sample, the distance between the 

two bodies decreases, and the forces between the two bodies is in fact attractive, until a 

stable minimum is reached [120]. The artractive forces actig between the sample and 

cantilever are caused by long range force interncations, often described as van der 
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Waals forces acting between the two bodies[122]. As illustrated (Figure 2-12), the AFM 

cantilever beam is the component that has as receiving laser beam transmitted/reflected 

onto a photodetector diode [123]. When investigating the mechanical properties of any 

biological system by AFM, correct selection of an appropriate cantilever, which have 

spring constants similar to that of the biological sample is critical. The spring constant 

(k) of a cantilever refers to the stiffness of the cantilever. It infers information about the 

material properties of the cantilever and the degree to which it may bend (depending on 

its stiffness) in relation to being pressed against or into an underlying sample. 

Specifically, the spring constant of a cantilever refers to how much resistance it exhibits 

to a displacement when a force is applied on it. The units of the cantilever spring 

constant are (Nm-1). AFM cantilevers are available as silicon or silicon nitride 100-

500µm beams ranging in thickness between 0.5-5µm. The cantilever chosen for a given 

experiment, is chosen based on the application of the experiment. The cantilever chosen 

should always be durable such that under selected loading forces, it will not fracture or 

bend beyond the limits required for sample investigations. If the cantilever has a higher 

spring constant (is stiffer) than the material properties of the sample, the bending 

(deflection) of the cantilever can become minimal, and the derived measurement 

somewhat insensitive to the true mechanical properties of the sample. Counter wise, if 

the cantilever has a softer spring constant that the underlying sample, there may be 

insufficient deformation of the sample, which could result in breakage of the cantilever, 

or inaccurately obtained mechanical properties of the sample [117].  

 

As stated, on the underside of the cantilever beam is the indenting cantilever probe. 

Cantilever probes are available in a range of geometries, and are selected based on the 

application of the sample deformation and contact model applied to derived sample 

mechanical properties. The primary cantilever probe geometries available are spherical, 

parabolic, pyramidal, and conical. It should be noted that cantilever beams can also be 
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used as flat ended indenting beams (without an underside probe component). The probe 

is the component that primarily interacts with the surface of the underlying sample. The 

probe of the cantilever beam is often composed of the same material as the cantilever. 

Cantilever probes are available in a selection of shapes depending on the nature of the 

underlying sample being investigated. For live biological samples, such as cultured 

mammalian cells, it is often suggested that large spherical and or pyramidal shaped 

probes are used to indent the samples as to produce less damage to the sample surface.  

 

2.11.2 AFM Operational modes 

 

AFM has a number of operational modes. The mode and application selected is 

dependent of the experimental approach and material properties of the sample being 

investigated, deformed or imaged by AFM. Experiential approaches considered can also 

be surrounding the sample environment for AFM investigation. The primary operational 

modes available are (1) contact mode, and (2) non-contact or tapping intermittent mode 

(Figure 2-14). For this research thesis, the AFM operational mode selected was contact 

mode. This mode was selected as it allows for the derivation of the Young’s elastic 

moduli of an underlying sample, as well as control of contact of the cantilever with the 

sample at specified loading forces (nN). Within the contact mode, force mapping and 

imaging was utilised. Each tool within the contact mode of the AFM was used to 

investigate the mechanical properties (specifically the Young’s elastic modulus) of 

living mammalian cells, as well image the selected mammalian cell line.  
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Figure 2-14. AFM opertional modes. In AFM contact mode, the AFM cantilever is 

kept at a constant force when move over the surface of a selected sample. The height of 

the cantilever is adjusted as its moves, in constact contact with an underlying sample. In 

tapping or non-contact mode, the cantilever is osciallted near its natural resonance 

frequency, making only brief intermittmenr contact with the sample. Topographical 

images and material properites of the sample can be derived through monitouring the 

difference between the cnatilever probe and sample surface (as a result of changes in the 

oncsicalltion amplitude of the cantilever) (Figure, taken from Hansma 2019) [124], 

[125].  

 

2.11.3 AFM operational modes - Non-contact tapping mode 
 

In non-contact mode on an AFM, the cantilever is oscillated over the underlying sample 

by a piezoelectric generator. The cantilever is oscillated at the resonance frequency of 

the cantilever beam, which provides a stable amplitude of oscillation [121]. When the 

cantilever is oscillated over the sample, the attractive forces experienced by the 

cantilever through the short-range van der Waals interactions will reduce the amplitude 

of oscillation of the cantilever [122]. As the distance between the cantilever and sample 

reduces further, the amplitude of oscillation will further decrease [121].  The set-point 

force of the cantilever in the case of non-contact tapping mode, is the specified as the 

magnitude of the cantilever oscillation.  
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2.11.4 AFM Operational modes – Contact mode 

 

AFM contact mode is the most direct force spectroscopy mode and imaging mode on an 

AFM. In this mode, samples can be investigated in liquid as well as air environments. In 

AFM contact mode, the selected force acting on the cantilever beam is kept at a constant 

as the cantilever and underlying probe are brought into contact with the underlying 

sample. In contact mode, the force set-point working on the cantilever is predefined, and 

the resulting degree of deflection of the cantilever corresponds to the set-point force 

applied to the underlaying sample surface. As a cantilever is moved across a sample 

surface in contact mode, changes in the surface topography of the sample will resulting 

a variable increase and decreases in the cantilever deflections. The degree of cantilever 

deflection is dependent on the surface and material properties and topography of the 

sample. When using contact mode to investigate live biological samples, it should be 

noted that the applied force is always kept at a scale that does not damage the 

underlying cells. The force selected however should be within degree to detect and 

investigate the properties of the cell surface, for example, the plasma membrane and/or 

cell cortex. In contact mode, when deforming live mammalian cells, since the cantilever 

is kept in constant contact at a selected force with the underlying sample, the selected 

cantilever used must have specific material properties i.e. very flexible. As such, silicon 

and/or silicon nitride cantilevers are most often used.  

 

2.11.4.1 AFM Contact mode – Force Spectroscopy 

 

In AFM contact mode, force spectroscopy is the method designed to perform single 

force-indentation measurements on samples that exist at micro and nano length scales.  

When using this function, a selected point of interest is selected for a given underlying 

sample.  The cantilever beam and underlying probe are then brought into contact with 

the sample, and with a defined loading force, indent the sample in the selected region. In 
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this mode, the z position of the cantilever is scanned while the lateral position (x and y) 

is set at a fixed point. The resulting indentation can then be used to derive the material 

properties of the sample such as Young’s elastic modulus for the indentation of the 

selected region. When using this approach, there is no limit as to how many individually 

manually selected indentation points can be designated for a given sample. The AFM 

cantilever probe is directed to indent each selected point in the sequence set-up, or it can 

be paused between each sample indentation event. The cantilever probe moves towards 

and deforms the underlying sample in the vertical plane, resulting a complete force-

displacement curve with both an extend and retract curve. The x/y scan range for AFM 

indentation is set at a limit of 100μm ˣ 100μm. The z-axis is set at a limit of 15μm. 

Vertical movements of the cantilever and underlying probe and the surface of the 

selected sample results in indentation of the sample surface. This produces an extend-

retract cycle of the cantilever and produces a force-displacement curve (Figure 2-15) 

[126].  

2.11.4.2 AFM Contact mode – Force mapping  

 

Force mapping is an extension of the conventional force spectroscopy mode on an 

AFM. During force mapping, the cantilever and underlying probe moves across an 

underlying sample and performs several indentations. In this force spectroscopy 

method, a defined force map region for a selected sample is used to acquire multiple 

force indentation measurements automatically. Each force map is constructed from an 

array of pixels, known as the force map index. Each pixel within a force map represents 

a single point of sample indentation by the AFM cantilever. Force map indexes can 

range from 8 ˣ 8 pixels to 128 ˣ 128 pixels. The mechanical properties of the sample at 

each indentation pixel can then be analyzed to create a “force-map” for mechanical 

characteristic of the selected sample. For example, the mechanical properties across the 
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surface of a mammalian cell. By obtaining the resulting force map for a selected region 

on a mammalian cell, it is possible to present and account for differences in cellular 

Young’s elastic moduli and potential inhomogeneity of mechanical properties within 

different cellular regions. 

2.11.5 AFM force-displacement curve 
 

During cantilever sample indentation, the resulting bending of the cantilever is detected 

by a piezoelectric actuator, which converts the movement of the cantilever following 

sample interaction directly into linear motion. This data can then be analysed to derive 

selected mechanical and physical properties of the underlying sample material. 

Deflection of the cantilever beam in response to sample interaction and sample 

deformation is converted into a force-displacement curve (Figure 2-15). A force-

displacement curves measures the mechanical deformation response of a material under 

force load [117]. The force of cantilever indentation can be plotted as displacement as 

well as against time. Force-time curves are often derived for samples where the 

indentation of the sample is required to be held at a constant, for example, investigating 

the change in the material response of a property over time or a material that has 

viscoelastic properties[127]. A typical force-displacement curve has four primary 

sections; (1) The approach or baseline portion. This is the portion where the cantilever 

approaches the sample surface. The target height of the sample (µm) and extend speed 

(µm/s) of the cantilever are all manually controlled through the AFM interface protocol 

software. (2) The second portion of the curve is the extend portion of the curve. This 

portion of the curve represents the point where the cantilever makes contact with the 

underlying sample.  This results in the cantilever being deflected in response to the 

material properties of the sample. The loading force (nN) of the cantilever is also 

manually controlled via the AFM software interface. (3) The third and next portion of 
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the curve is the retracting portion of the curve. In this portion, the cantilever pulls away 

or retracts from the underlying sample surface. Once the maximal selected loading force 

is reached, the cantilever then retracts from the sample surface. (4) Lastly, the adhesion 

portion of the curve is the section of the force curve most susceptible to attractive 

adhesive forces between the cantilever probe and underlying sample [123]. A delay in 

retraction due to an adhesive force is dependent on the strength of adhesion and density, 

or concentration of adhesive surface materials on an underlying samples surface. An 

example force-displacement curve acquired during AFM indentation on a live 

mammalian cell in liquid media is presented (Figure 2-16).  In the case of the example 

presented, there is no prominent section demonstrating work of adhesion. However, the 

force curve for a live mammalian cell does demonstrate a concept defined as curve 

hysteresis. This is not uncommon in biological samples. The term hysteresis is used to 

describe the scenario in a stress-strain curve where a material is loaded with a stress, 

and the resulting unloading curve follows a different pathway to the loading curve. The 

resulting difference in the loading and unloading curve is termed hysteresis and is the 

energy lost or dissipated by the material (Figure 2-17) [128]. It is more common for 

viscoelastic materials to exhibit this form of stress-strain behaviour as described and 

demonstrated in section 2.7.1.  As previously noted, viscoelasticity is a term given for 

properties of a material that exhibits both liquid (viscous) and elastic characteristics 

when undergoing a deformation stress, whereby the material exhibits time dependent 

behaviours of creep and stress [19]. Since mammalian tissues and indeed, single 

mammalian cells, comprise a liquid internal element such as the internal cytoplasm, 

mammalian cells can have viscoelastic behaviour when undergoing AFM cantilever 

deformation. This is evident based on the shape of the loading and unloading region of 

the force-displacement curve example illustrated. However, by keeping cantilever 

loading rate (speed of deformation) low, it should be possible to avoid viscous effects of 
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the cells as a result of deformation, and measure only the cells elastic properties i.e. 

strain with stretch of a material with an external load to allow for the original shape of 

the cell region to return once the stress is removed.  

 

Figure 2-15. AFM force-displacement curve. Curve shown is an example curve for an 

AFM indentation obtained using a cantilever with an underlying conical tip geometry 

probe, carried out on a glass substrate sample in air. (1) The approach or baseline part of 

the curve is the point of cantilever approach to the underlying sample surface. During 

the approach, the loading force (nN) is equal to zero and the curve is linear along the x-

axis. The vertical deflection (y-axis) is not equal to zero due the presence of natural 

weak forces (Van der Waals forces for example) in the approaching cantilever 

environment. Debris, or a highly viscous media can have an additional physical effect 

on the cantilever prior to sample interaction and deformation. When the selected sample 

target height is met (manually controlled) the cantilever moves down and contacts the 

sample surface and deforms the sample resulting in the (2) extend/deflection portion of 

the curve. The cantilever continues to deform the sample until the selected force is 

reached. (3) The cantilever then retracts from the sample surface. (4) The degree of 

adhesion between the cantilever and sample controls the maximal adhesion output for 

the force-displacement curve. Notably, x-axis (or cantilever deflection) is converted 

during AFM indentation to tip-sample separation. This is due to height signal of the 

cantilever being corrected for cantilever bending i.e. the deflection of the cantilever is 

removed for the acquired cantilever height signal, such that only the height of the 

cantilever (and not piezo) during sample deformation is taken into account  (Figure 

taken from JPK instruments DP manual, 2012) [126].  
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Figure 2-16. AFM force versus z-piezo displacement curve acquired on live 

mammalian cell. Curve obtained from the indentation of a live MDCK cell in liquid 

media at 37˚C.  Regions of an AFM force indentation curve are labelled (1) approach or 

baseline where force = 0nN and no contact with sample (2) contact and indentation of 

sample resulting in cantilever bending or deflection, (3) extend/indentation into the 

underlying sample, (4) retraction of cantilever from the sample surface. In the example 

of this curve, there is a difference in the loading and unloading pathway of the curve (as 

denoted). This is referred to as curve hysteresis, and is indicative of energy 

loss/dissipation during the MDCK cell deformation.    
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Figure 2-17. Stress-Strain curve hysteresis. When a material is loaded with a 

specified stress, the material presents with resulting strain (elongation or deformation). 

When the loading is removed, the unloading curve follows a different pathway to the 

loading curve. This difference is illustrated by the grey area). This results due to energy 

dissipation and is dependent on the loading rate and material properties (elastic or 

viscoelastic) of the material (Figure, taken and adapted, Robi, et al 2013) [128].  

2.12 Deriving the Young’s elastic modulus from AFM force curves – 

Application of the Contact models  

 

When attempting to derive the Young’s elastic modulus and elastic properties of a 

mammalian cell from an AFM force-displacement curve, a range of mechanical contact 

models have been defined and are available. The contact model selected is often chosen 

based on the experimental objectives defined for a particular AFM cell indentation 

assay. Differences in the contact models surround applications based on type of 

cantilever geometry chosen, mammalian cell characteristics (shape or presence of 

sample surface features) as well as applications where the weak electrostatic forces 

between the cantilever and underlying sample prior to deformation are considered in the 

Hysteresis  
(Stress)  

(Strain)  
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contact model. In order to make confident assumptions about the derived Young’s 

elastic modulus of mammalian cell and AFM force curve outputs generated in 

biological AFM studies, appropriate AFM testing parameters as well as analysis models 

have to be carefully selected.  

For the AFM experiments carried out in this thesis, a Nano Wizard 3 JPK AFM was 

used alongside the JPK data processing software. In this software, specific contact 

models were available to interpret and analyse acquired force-displacement curves. 

These are the Hertz-Sneddon contact model, and the Deriaguin-Muller-Toporov (DMT) 

contact model. It should be noted that there are multiple additional contact models 

available for interpreting and deriving the elastic and material properties of mammalian 

cells. However, for the purpose of this thesis, the Hertz-Sneddon contact model was 

used within the JPK data processing software. The most commonly utilised contact 

model from deriving the approximate mechanical properties from samples undergoing 

AFM indentation are the Hertz-Sneddon, the DMT model and the Johnson-Kendall-

Roberts (JKR) model [117]. Additional contact models (such as the DMT and JKR) are 

to be presented in the sections to follow for review of selected contact models available.   

 

2.12.1 Contact models – Hertz, Hertz-Sneddon, DMT, and JKR 
 

One of the first contact models defined for investigating the mechanical and 

deformation properties of objects was the ‘Hertz theory of elastic deformation’. First 

published in the 1800s, the Hertz theory was defined through investigating the contact 

area between two spheres. The resulting deformation of the two spheres was dependent 

on the material properties of the spheres and the load of force generated when bringing 

the two spheres into contact with one another [129]. Following on from the Hertz 

theory, continual developments in the field of mechanical modelling has resulted in 

numerous additional contact models being defined for investigating the material and 
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deformation properties of objects. Notable additional contact models include the Hertz-

Sneddon model and DMT theory and JKR theory [122], [130]. The Hertz-Sneddon 

contact model was derived to modify the Hertz contact theorem by way of accounting 

for variation in the geometry of the indenting body brought into contact with the 

opposing material object. The Hertz-Sneddon contact theorem includes contact models 

for conical, flat-ended cylindrical, pyramidal and parabolic shaped indenting probes 

[123], [130]. Further to the traditional Hertz and Hertz-Sneddon contact models, an 

additional regularly utilised contact model is the DMT theorem. In the DMT model, 

additional mechanical affects such as the small Van der Waals forces outside the contact 

regime between the two objects in contact are considered when deriving the elastic and 

material properties of the objects [122]. Further to this, an additional contact model 

developed from the Hertz model – the JKR theory – which considers the variation in 

forces of adhesion between the two contacted bodies is also utilised [131].  

 

2.12.1.1 The Hertz theory 
 

Originally derived to investigate the contact mechanics between two bodies, the Hertz 

contact model (Figure 2-18), was first investigated by modelling the elastic deformation 

of two glass lenses brought into contact with one another, with the initial hypothesis 

being that the contact area between the two lens bodies is elliptical. Simplification of 

the deformation between the two bodies resulted in the assumption that each of the lens 

bodies can exist as an elastic half-space, loaded over a small region of its planar surface. 

This results in a region of highly concentrated stress between the two bodies, separate 

from all other stresses acting on them. This highly concentrated region of contact stress 

is directly related to the shape of the bodies in contact and the manner in which they are 

supported [129].   
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Figure 2-18. Hertz contact model schematic. The Hertz contact model is applied to 

analyse the contact mechanics between two elastic bodies. The parameters applied in 

the Hertz contact model are the radius of the contact region/area between the two bodies 

[a], the radius of the spherical indenter [R], the indentation depth of the spherical 

indenter [𝜹] and the force applied by the spherical indenter [F]. The radius of the 

contact region between the two bodies and resulting indentation depth are both 

dependent on the force applied to the surface of the sample (Figure adapted from 

Chadwick, et al 2002) [129], [131], [132] 

 

In order to appropriately derive the elastic properties of elastic bodies, the Hertz model 

makes certain assumptions about the objects undergoing mechanical investigation. 

Referring the parameters detailed in Figure 2-18; the radius of the contact region/area 

between the two bodies [a], the radius of the spherical indenter [R], the indentation 

deformation depth of the spherical indenter [𝛿], and lastly, the force applied by the 

spherical indenter [F], the following assumptions are made by the Hertz contact model 

when calculating the elastic deformation between two bodies;  
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• Each body is considered as an elastic half-space,  

• The surfaces of the bodies are considered continuous and non-conforming such 

that the region of contact between the two bodies is smaller than the dimensions 

of the contacting bodies (a <  R), 

• The strains are small (a <  R),  

• There is no friction between the two bodies, and only a normal applied force is 

transmitted between them. 

 

To demonstrate how the Hertz contact theorem derives the elastic modulus (material 

property) - the following equations have been defined; For an elastic half-space that is 

deformed by a spherical elastic solid, the Hertz model demonstrates that the area of 

contact and radius [a] can be derived by:  

 

 

𝑎 = (
3𝐹𝑅

4𝐸∗ 
)

1
3
 (2-5) 

And the indentation depth (deformation of the elastic material) can be derived by: 

 

 
𝛿 =

𝑎2

𝑅
= (

9𝐹2

16𝑅𝐸∗2
)

1
3 (2-6) 

 

Here as previous, [a] is the radius of the contact region/area between the two bodies, [R] 

the radius of the spherical indenter, [𝛿] the indentation deformation depth of the 

spherical indenter, [F] the force applied by the spherical indenter, and lastly [E] the 

Young’s elastic modulus of the material under deformation.  
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To derive the total indenting load of force applied by the spherical indenter to 

deform/compress the underlying body, Eq. (2-2) can be modified as follows; 

 

 𝐹 =
4𝐸𝑅

1
2

3(1−𝜈2)
𝛿

3

2                                             (2-7) 

 

To derive the final Young’s elastic modulus of the underlying body following a force of 

deformation, the following equation is utilised;  

 

 1

𝐸∗ 
= (1 −

𝜈1
2

𝐸1
) + (1 −

𝜈2
2

𝐸2
) 

 
(2-8) 

 

The variables denoted [E*] and [ν] in equations (2-5, 2-6, 2-7) and (2-8) are the 

Young’s elastic modulus and the Poisson’s ratio respectively [133].  To clarify the use 

of the variables shown in the above equations, the Poisson’s ratio needs to be described 

and defined. The Poisson’s ratio, is a ratio between the contraction strain (transverse, 

lateral or radial) normal to the applied load stress - to the extension strain in the 

direction of the applied load. A rudimentary description would be to imagine a material 

sample, which when stretched in one particular direction, results in a thinner geometry 

in the lateral direction, but if compressed in a particular direction will get thicker in the 

lateral direction [134].  Essentially, the Poisson’s ratio is a term derived to describe the 

process of a material compression in which the material tends to expand in directions 

perpendicular to applied direction of compressive load.  
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The Poisson’s ratio can be expressed as follows;  

 

                                                 𝜇 =  
𝑡

𝑙
                                     (2-9) 

 

Here, [µ] is the Poisson’s ratio, [εt] the transverse strain [m/m] and [εl] the longitudinal 

or axial strain [m/m]. To better define and derive the transverse and/or longitudinal or 

axial strain, the following is defined;  

For longitudinal or axial strain; 

                                                    휀𝑡 =  
𝑑𝑙

𝐿
                                       (2-10) 

 

Here, [εt] is the transverse strain, dl the change in material length [m] and [L] the initial 

material length [m].   

For contraction (transverse, lateral or radial strain); 

                                                     휀𝑡 =  
𝑑𝑟

𝑟
                                       (2-11) 

 

Here, [εt] is the transverse (lateral or radial strain), [dr] the change in material radius 

[m] and r the initial material radius [m].   

The value obtained for the Poisson’s ratio provides information about the material 

property of a sample – how compressible or incompressible a material is. A perfectly 

incompressible material would a Poisson’s ratio of exactly 0.5, which is derived if the 

material is elastically deformed at small strains. In the case of AFM analysis of 

mammalian cells and the derivation of the Young’s elastic modulus, it is often the case 

the Poisson’s ratio is assigned as 0.5 in the Hertz contact model (and certain model 

derivatives). This is just one of the assumptions made by the contact model for 
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mammalian cell Young’s elastic moduli analysis (additional assumptions and 

limitations to be discussed in sections to follow).  Assigning a Poisson’s ratio of 0.5 to 

mammalian cells assumes the cells as incompressible, and is an approximation of the 

material properties of a mammalian cell which implies the cell is isotropic and 

homogenous [135]. Although it is often the case that this value (0.5) is assigned in 

certain AFM studies on mammalian cells, some published studies have reported 

Poisson’s ratio’s for single mammalian cells at reduced values; Using combining AFM 

and acoustic probes, Shin and colleagues reported a better fit for derived AFM force-

displacement data gathered on compressing osteoblast-like cells using a Poisson’s ratio 

of  0.37 ± 0.03 [136].  

 

When deriving the elastic properties of mammalian cells from AFM force-displacement 

curves, the Hertz contact model is often applied to the extend portion of the force 

displacement curves as it is less affected by the attractive adhesive forces when 

retracting from the samples surface. Simply put, the resulting bending force between the 

cantilever as it contacts the sample surface can be described using Hooke’s law; 

 

                                              F = k × x                                    (2-12) 

 

Where [F] is the force applied to the sample, [k] is the spring constant of the cantilever, 

and [x] is the resulting deflection (bending) of the cantilever upon sample deformation. 

Hooke’s law describes the elastic properties of a material as a function of the 

relationship between stress and strain. Hooke’s law states that a stress on a material is 

proportional to strain, and the stress-strain curve is linear. The relationship between 

stress and strain or coefficient of proportionality (slope of the curve) defines the elastic 

properties of the material (Young’s elastic modulus) [137], [138]. The resulting 

deformation depth [δ] of the sample in a given stress-strain event, at the given stress 
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(force) can then be derived from the cantilever deflection and the z-piezo [Z] 

displacement as follows; 

  

                              𝛿 − 𝛿0 = (𝑧 − 𝑧0) − (𝑥 − 𝑥0)                               (2-13) 

 

 

Here, [ 𝛿0] refers the contact point of the cantilever with the underlying sample. This is 

a simplification of the indentation carried out between two elastic bodies (in terms of 

the stress-strain relationship during sample deformation by a cantilever.  

 

It should be noted that many of the alterative contact models that are also used to 

investigate the elastic material properties of samples were developed based on the Hertz 

model contact theorem. These models were developed and are utilised where some of 

the assumptions made by the Hertz-contact theorem are not met, or, additional surface 

or material properties are being investigated. For example, where experimental 

objectives such as investigating the surface adhesion of a material, the geometry of the 

cantilever, and or thickness of the material are considered in the contact model. 

Furthermore, when applying the Hertz contact model to derive Young’s elastic moduli 

(for mammalian cell investigations), the thickness of the cell must be considered. The 

Hertz model is most suitable for application where sample deformation is shallow ( < 

10% of total sample thickness) [139]. 

 

2.12.1.2 The Hertz-Sneddon theory  

 

As previously outlined, the Hertz contact model theorem, in the field of contact 

mechanics, provided the foundation for further experimental and theoretical models to 

be developed. Some of the additional models further defined were investigated to 

account for variation on the geometry of the indenting cantilever underlying probe. This 

is the Hertz-Sneddon modification, and was derived by Ian Sneddon in 1965. This 
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contact model demonstrated the correlation between the force load of the cantilever, and 

resulting material displacement in relation to the contact of the indenting cantilevers 

underlying probe [130]. The models investigated and defined by Sneddon, lead to an 

equation which can be applied for the calculation of the applied load and resulting 

Young’s elastic modulus of a sample when using cantilever indenturing probes of 

different geometrical shapes. The Hertz-Sneddon modification allowed for the 

development of contact models used to derive the elastic properties of a material for the 

following cantilever probe geometries  [123], [140]; 

 

In the case of a spherical indenter, the equation is modified as: 

 

 
                           𝐹 =

𝐸

1−𝜈2
[

𝑎2+𝑅2

2
ln

𝑅+𝑎

𝑅−𝑎
− 𝑎𝑅]                       (2-14) 

 

Where [a] is the radius of contact sphere, and [R] is the radius of the sphere and [V] the 

Poisson’s ratio of the sample. 

The Hertz-Sneddon modification for a four-sided pyramidal indenter; 

 

                        𝐹 = 0.7453
𝐸

1−𝜈2
 𝛿2 tan 𝛼                          (2-15)  

Here [α] denotes the face angle of the pyramidal indenter.  
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For flat-ended cylindrical indenters, the relation between load and displacement is given 

as: 

 
                                   𝐹 =

2𝐸𝑅𝑛

(1−𝜈2)
𝛿                                 (2-16)  

Here [E] is the elastic Young’s modulus, [Rn] is the radius of the flat-end indenter, [ν] 

is Poisson’s ratio and lastly [δ] is the indentation/deformation depth of the sample. 

 

For the conical indenters, the Hertz-Sneddon equation given as: 

 

 
                             𝐹 =

2𝐸 tan 𝛼

𝜋(1−𝜈2)
𝛿2

                                    (2-17)  

 

Here, all parameters are the same as above, with [α] as the half angle of the cone. 

 

Having discussed the adaption of the Hertz-contact model that considers the geometry 

of the cantilever indenting probe, next the second contact model mentioned in the 

introduction of this section (section 2.12.1) – the DMT theory, is next described. As 

previously mentioned, the Hertz model has been modified by many scientists based on 

the application of the contact model for different experimental conditions i.e. Cantilever 

geometry (Hertz-Sneddon modification). However, in this model, as with the Hertz 

model the attractive adhesive forces between the two contacting bodies in negated. In 

the case of the DMT model, this is not the case.  

 

2.12.1.3 The DMT theory 

 
The Deriaguin-Muller-Toporov (DMT) model of elastic contact is another contact 

model developed from the principles of Hertzian contact mechanics. Developed in 

1975, the DMT theory considers the elastic interaction between two bodies, but also 
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considers additional attractive forces such as adhesive interactions outside the contact 

regime [122]. Specifically, the Van der Waals interactions are taken into consideration 

in the DMT model. These low level attractive forces are capable of affecting the elastic 

interaction between a spherical indenter and underlying sample  [122], [141].  In greater 

detail, the DMT theory allows for the derivation of the work of adhesion/forces 

resulting from the Van der Waals interactions outside the contact regime; 

 

 𝐹𝑎𝑑ℎ(𝐷𝑀𝑇) =  2𝜋∆𝛾𝑅 (2-18) 

 

 

Here, [R] is the radius of the spherical body, and [ Δγ] is the work of adhesion.  

 

 

 

The contact radius between the indenting sphere and underlying body is derived by; 

 

 

 
𝑎𝐷𝑀𝑇 =  

3𝑅

4𝐸∗
(𝐹 + 2𝜋∆𝛾𝑅)

1
3 (2-19) 

 

Here, as previous, [R] is the radius of the spherical body, [F] is the loading external 

force, and [Δγ] is the work of adhesion. 

 

The final resulting Young’s elastic modulus [E*] of the underlying body is derived by; 

 

  

 1

𝐸∗ 
= (1 −

𝜈1
2

𝐸1
) + (1 −

𝜈2
2

𝐸2
) (2-20) 

 

 

Here, [E1] and [ E2] denote the Young’s elastic modulus, and variables [ ν1] and [ν2] 

denote the Poisson ratios of the two bodies in contact with one another.  

 

2.12.1.4 The JKR theory 

 

Having discussed the Hertz contact model and derivates (Hertz-Sneddon and DMT), 

another contact model theory that describes the elastic deformation of two bodies in 
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contact is the Johnson-Kendal-Roberts (JKR) theory. In the Hertz, and Hertz-Sneddon 

contact theorems, the adhesive and attractive forces between the two bodies in contact 

are negated. In the case of the JKR theory, and similar to the DMT theory, the adhesive 

and attractive forces are considered. In the case of the JKR theory, the effect of surface 

energy and work of adhesion at the contact area between the two elastic solids was 

investigated. The JKR theory demonstrated that the adhesion between the two bodies is 

not significant at high deformation forces, however, at low force (as it tends to zero), the 

adhesion forces does become significant and cannot be negated as with the conventional 

Hertz contact theorem [131]. Further development of the JKR theory also demonstrated 

that at low deformation forces, contact area between the two elastic solids is 

significantly larger than shown by the Hertz contact theorem [142]. The JKR theory 

investigates the adhesive forces between a rigid sphere and a rigid surface, whereby 

rigid sphere with a radius [R] that comes into contact with a rigid surface, the adhesion 

force [FA] between the sphere and the surface can be derived as follows: 

 

 𝐹𝐴 = 2𝜋∆𝛾𝑅 (2-21) 

 

Additional to the model and equation defined, in order to separate the two surfaces in 

contact, mechanical work is required to overcome the work of adhesive forces between 

the sphere and planar surface. This work of adhesion - which creates a ‘new’ surface, can 

be defined as follows;  

 ∆𝛾 =  𝛾1 + 𝛾2 − 𝛾12 (2-22) 

 

Here, work of adhesion is [Δγ], [γ1] and [γ2] are the surface energies of two spheres for 

creating a unit area of a ‘new’ surface, and [γ12] is the interface energy. 
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2.13 Limitations of application of Hertz contact model in Young’s 

moduli Mammalian cell AFM measurements 

 

As stated, in this thesis, the Hertz-Sneddon contact model was utilised for the analysis 

of all derived AFM force-displacement curves to obtain the Young’s elastic modulus of 

the chosen mammalian cell line under investigation. The Hertz-Sneddon contact model 

was utilised for two reasons; (1) The requirement and scope of the research required 

investigation of the Young’s elastic modulus (specifically) for mammalian cells at 

alternate stages of monolayer development, (2) To derive the Young’s modulus, the 

AFM system used had two different contact models available for mammalian cell 

elastic moduli analysis, namely Hertz-Sneddon and DMT. In this thesis two different 

cantilever geometries were used (spherical and pyramidal). Therefore, based on the type 

of data required and difference in cantilever geometry, the hertz-Sneddon contact model 

was used. It should be noted that there are limitations when utilising the Hertz-Sneddon 

contact model for live cell mammalian cell measurements. As previously discussed, 

when applying the Hertz-Sneddon contact model to derive the mechanical properties of 

two elastic bodies, certain assumptions about the two bodies in contact have to be made. 

The Hertz-Sneddon contact model assumptions for live mammalian cell AFM force-

displacement calculations are;  

• Mammalian cells are considered as linear elastic infinitely deep homogenous 

isotropic solids. 

• Inherent viscoelastic properties within the cell are negated. 

• The cells are not considered as active.  

• Secondary effects resulting from the external mechanical load (such as 

cytoskeleton re-orientation) are not considered.  

• Cells are considered incompressible (Poisson’s ratio 0.5) as noted previously 
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Notably, referring to the above assumptions made by the Hertz-Sneddon contact model 

(as a derivative of the Hertz contact model), it is evident that many of the assumptions 

are not met in biological complex samples. This leads to limitations in the application of 

the model and the results derived for live biological samples. For example, mammalian 

cells are not in reality linearly elastic bodies. They exhibit viscoelastic behaviour. This 

is evident based on the hysteresis curve derived for mammalian cell AFM cantilever 

indentation (Figure 2-16). Therefore, the stress-strain relationship during mammalian 

cell deformation would need to consider sample viscosity [117]. When a cantilever 

deforms a mammalian cell at a given region, the energy distributed by the indenting 

cantilever is not given back by the cell (as is not the case of absolute elastic materials). 

The dissipation of the energy (hysteresis) is evident in live cell AFM force-

displacement curves (Figure 2-16).  However, the viscous contributions of the material 

can be reduced by maintaining appropriate and reduced cantilever loading rates. In this 

case there is still a limitation however, as too lower loading rate could result in the 

remodelling of the sample under indentation. At too higher indentation velocities, 

higher resistance of the sample can be observed and thus more viscous effects of the cell 

sample measured. However, at too low indentation velocity, the indentation stress could 

result in irreversible deformation of the cell. Furthermore, the material properties of the 

outer cell environment such as the ECM can begin to govern the derived elastic property 

behaviour of the sample indentation as low indentation speeds (timescales) [143]. 

Additional limitations to be considered when deriving the Young’s elastic modulus of 

mammalian cells by AFM encompass matters surrounding the thickness of the cell 

sample, and fitting of the Hertz-Sneddon contact model. In traditional Hertzian contact 

mechanics, the model assumes that sample (cell) indentation depth is negligible in 

comparison to the thickness of the sample. However  fitting of the contact model to 
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derive the Young’s elastic modulus of the elastic body under indentation is subject to 

the indentation depth analysed [119], [123]. Indentation of biological samples by more 

than 10% of sample thickness will result in the material properties of the underlying 

substrate contributing to the derived elasticity measurements [132]. Therefore, the 

deformation depth of the sample has to be carefully considered. The Hertz model is only 

valid for relatively small indentations of around 5-10% of total sample thickness [123], 

which reduces the occurrence of artificial and inaccurate contact model fitting due to the 

influence of the underlying substrate. For live mammalian cells, this value can range 

from 100-500nm. However, even if careful consideration is taken when applying an 

appropriate loading force and loading rate, there is still a limitation; the accurate 

derivation of the Young’s elastic modulus from a force-displacing curve requires the 

accurate determination of the point of contact of the cantilever and the underlying 

sample. For biological samples whose surface topographies can be somewhat uneven 

and complex such as mammalian cells, a precise signature of the contact region in a 

force-displacing curve for a sample where deflection of the cantilever starts to take 

effect can sometimes not be clear or precisely determined. This can make values 

obtained for indentation/deformation depths of the sample inaccurate by tens of 

nanometres [117].  Markedly, as with the limits of sample thickness of the Hertz-contact 

model, it is typically recommended that a sample deformation depth at least > 400nm be 

required to avoid contact point detection errors [144],[145].  

There have been corrections made to account for samples with finite thickness, and 

additional contact model theorems have been defined for measuring thinner regions of 

elastic materials (such as mammalian cells) [146], [132], [147]. An example of one such 

correction can be demonstrated by discussing the work presented by Gavara and 

Chadwick (2012); In their study on AFM indentation of polyacrylamide gels of graded 

thicknesses and adherent fibroblast cells they tested the application of their Bottom 
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Effect Cone Correction (BECC) model in comparison to the Hertz-Sneddon contact 

model for deriving the elastic properties of each sample type. Specifically, their BECC 

model defines a correction for the height of the samples for commonly used Hertz-

Sneddon mode for conical cantilever tips;  

 

𝐹 =  
8𝐸 tan 𝜃𝛿2

3𝜋
 {{1 + 1.7795

2 tan 𝜃

𝜋2  
𝛿

ℎ
 + 16(1.7795)2 tan2 𝜃

𝛿2

ℎ2 + 0 (
𝛿3

ℎ3) }     (2-23) 

 

Here [F] is the applied force, [δ] is indentation of the material, [θ] is the half-opening 

angle of the cantilever cone, [h] is the height of the sample at the location of indentation 

[146]. 

In their study, Gavara and Chadwick found the Hertz-Sneddon model can grossly 

overestimate the derived elasticity of polyacrylamide gels and does not allow for the 

discrimination of specific regions of fibroblast surface properties compared to their 

BECC model. Using their BECC model they were able to effectively derive elastic 

values of polyacrylamide gels for larger (>85% thickness) before non-linear mechanical 

properties were met. The BECC model was also able to discern distinct regions of 

fibroblast mechanical properties relating to cytoskeletal stress fibres [146]. 

Further to the limitations in sample thickness and cantilever loading rates, some 

biological samples present with non-linear mechanical outputs and can stiffen under 

certain strains [148], which could render the application of the contact model inaccurate. 

Additionally, The Hertz model contact theorem assumes the cells as infinitely thick (as 

stated above), however this is not the case and mammalian cells are typically only 

around a few micrometres thick across their cell body regions. The Hertz contact 

theorem and derivatives also assume that there are no other forces of interaction 

between the two surfaces in contact (such as adhesion or friction). This is a limitation 
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since mammalian cells can present with adhesive properties following cantilever 

indentation [149]. In this case, contact models such as the JKR or DMT theory would be 

more appropriate to investigate the mechanical properties of the mammalian cells. 

Therefore, when using the Hertz-Sneddon contact model, careful consideration of 

experimental protocol application on the AFM has to be carried out. Lastly, although 

the Hertz-Sneddon contact model does allow for the derivation of the Young’s elastic 

moduli of mammalian cells for different cantilever geometries, it has been demonstrated 

that the Hertz model assumption for small deformations (10% of sample thickness) 

becomes invalid using sharp and/or pyramidal cantilever indenters [132]. Therefore, this 

renders many of the commercially available cantilever geometries as inappropriate for 

investigating certain elastic material properties of biological samples. However, it is 

suggested that if large spherical cantilevers are used, with large enough curvature radii, 

it then becomes possible to apply deformation forces to biological samples that can 

allow for the derivation of reliable material properties of the sample. Specifically, it is 

suggested that  radii of 5µm can result in strains that are kept in the linear elastic region 

for quite large deformation forces [132]. 

2.14 AFM - Mammalian cell Young’s moduli measurements 

 

As previously discussed, AFM is one of the most highly useful cell mechanical analysis 

tools for investigating and characterising the mechanical properties and surface 

topographies of mammalian cells in an in-vitro environment. With continued advances 

in the field of AFM measurements, mammalian cells can now undergo mechanical 

analysis under conditions that mimic those of an in-vitro culture environment. 

Biological samples can be analysed and imaged at appropriate temperatures with 

optimal CO2 concentrations and perfusion.  
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Automatic force mapping tools with controlled approach, indentation and retract speeds 

can allow for high resolution surface topography analysis without negatively affecting 

the surface of the mammalian cells or needing to fix, stain or label the cells surface 

which would produce artificial cell surface Young’s elastic moduli values. To date, 

numerous cell types from multiple body tissues have undergone AFM mechanical 

analysis in an attempt to derive the Young’s elastic modulus values for a different 

mammalian cell type (Table 2-2).  

 

Table 2- 2. Young’s elastic moduli of various mammalian cell types derived using 

AFM force indentation analysis. 

 

Cell Type 
Length scale 

analysed 
[E] kPa Reference 

Cardiomyocytes Single cell 90-110 [150] 

Fibroblasts Single cell 0.5-7 [16] 

Embryonic (human) 

Embryonic (mouse) 

Monolayer 

Monolayer 

0.05-10 

1.49-16 

[16] 

[14] 

Endothelial cells 

Human umbilical vein 

Single cell 

Cluster group 

Monolayer 

0.84-0.89 

0.75-0.73 

0.88-0.95 

[109] 

Epithelial cells                 

(human foreskin) 

(canine kidney 

MDCK) 

Single cell 

Monolayer 

14-33 

5.7-5.8 

[12] 

[151] 

Mesenchymal Single cells 0.81-1.13 [9] 
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2.15 AFM – Cancer cell Young’s elastic moduli measurements  
 

As previously discussed, much research has been carried out investigating how the 

physical and mechanical characteristics of cancer cell lines relate to cancer cell 

development and disease prognosis. Correlating derived AFM mammalian cell Young’s 

elastic moduli measurements from various cancer cell lines to their respective healthy 

tissue counterparts has revealed a trend in cancer cell mechanical outputs. A common 

highly conserved feature of cancer tissue remains the clinical presentation of stiffer 

tissue mass surrounded by softer healthy tissue [152].  Studies investigating AFM 

cancer cell Young’s elastic moduli outputs for different cancer cell lines and their 

respective healthy tissue counterparts, demonstrated a reduced Young’s elastic modulus 

across all cancer cell types (Table 2-3). 

 

Table 2- 3. Young’s elastic moduli of various cancer cell types derived using AFM 

force indentation analysis. 

 

Cancer Cell Type 

Length 

scale 

analysed 

[E] kPa 

(healthy 

cells) 

[E] kPa 

(tumour 

cells) 

Reference  

Carcinoma of the 

lung 
single 2.10 -2.89 0.56-0.65 [7] 

Breast ductal 

carcinoma 
single 1.93-2.43 0.50-0.58 [7] 

Pancreatic 

adenocarcinoma 
single 0.54-0.66 0.54-0.58 [7] 

human mammary 

tumorigenic cells 

Single 

monolayer 

2.34-3.87 

2.49-4.37 

1.62-5.55 

3.72-5.07 
[112] 

Ovarian cancer cells Single 2.47-4.47 0.88-1.38 [106] 

Prostate cancer cells Single 2.8-3.2 0.3-0.35 [153] 

Bladder cancer cells Cell clusters 16.0-16.9 3.0-3.1 [154] 
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2.16 Investigating the Young’s elastic modulus of mammalian cells at 

alternate stages of cell confluence and monolayer development  

 

Notably, although AFM provides the ability to measure and analyse mammalian cell 

Young’s elastic moduli, there is a great deal of disparity among AFM studies as a result 

of differences in experimental approaches and protocols.  The variation in derived AFM 

Young’s moduli outputs for different mammalian cell lines at alternate stages of cell 

monolayer development, ascends the question if such variations are due to differences 

in cell line (species and/or tissue type), or if the derived AFM output trends may result 

from variation in AFM methodology approaches. Differences in the geometry of the 

AFM cantilever probe selected i.e. spherical  [110]–[112] versus pyramidal [113] and/or 

loading force i.e. 0.4nN [113], 0.2 -1.0nN [111] or 2.5nN [112],  could result in the 

variation in AFM [E] trends derived. This may not be due to biological variation, but 

arise as a result of the alternate indentation and deformation depths associated with 

selection of different loading forces and more localised penetrative cantilever 

geometries. The location of cantilever probe indentation; cell body and central cell 

regions can vary in height and location of the large internal nuclear organelle can also 

produce differences between AFM studies investigating cell elastic properties at 

different stages on monolayer development. If similar cell regions are selected for AFM 

cantilever deformation, a slight variation in cell deformation may result in a variation of 

calculated AFM cell elastic properties, which is likely due to the presence of large 

internal organelle structures. Furthermore, a great deal of intracellular variation due to 

the presence and activity of the intracellular cytoskeleton, increase in the number of 

cell-cell bonds, internal organelle movement and activity, could also greatly affect the 

synergy among AFM studies investigating mammalian cell elastic properties with 

increase in monolayer development. Secondly, the stage of mammalian cell 

development in terms of cell cycle and/or number of repeated in-vitro passage cycles 
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could also result in a great deal of variation for studies carrying out AFM indentation on 

similar mammalian cell lines. If AFM experimental parameters are kept absolute and 

uniform for each individual AFM cell mechanical assay, it could be possible for 

individual groups to draw reliable conclusions for how similar cell lines (tissue 

type/origin) vary in their elastic properties through increasing stages of monolayer 

development. Current variances among AFM studies on similar cell lines make it 

difficult to define a novel process through which a tissue monolayer develops.  

2.17 Inhomogeneity across tissue constructs – A mechanical challenge  

 

While it may be useful to measure the mechanical output properties of tissue biopsies 

for clinical research purposes, a great problem posed with the interpretation of such 

outputs, is the relationship between macroscopic tissue function and the underlying 

cellular make-up of the tissue. Interpreting the mechanical outputs of tissue length scale 

constructs for the replication of cellular processes ex-vivo, is a primary objective in the 

field of tissue engineering. More eloquently put by Marquez and colleagues in their 

remodelling of the Zahalak continuum law… “Continuum constitutive laws are needed 

to ensure that bio-artificial tissue constructs replicate the mechanical response of the 

tissues they are designed to replace…” [155]. Moreover, Marquez and colleagues 

highlighted that both tissue and cellular mechanical properties are gathered during tissue 

mechanical measurement assays, and that the actual distribution of mechanical strain 

within a tissue greatly depends on the relative mechanical properties and orientation of 

the underlying tissue cells. Out-of-plane orientation of cellular distribution greatly 

affects both cellular stiffness and as well as global tissue stiffness, with uniform planar 

orientations of cells producing far stiffer tissue mechanical outputs, compared to an 

otherwise identical tissue construct with randomly orientated tissue cells [155]. 

Preferential cellular alignment and cell traction or contact guidance was found to 
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produce a similar effect on measurement outputs in ECM tissue undergoing mechanical 

analysis [156]. Furthermore, cellular alignment and contact guidance are both physical 

cell functions which inherently affect intracellular components such as the position of 

cell nuclear organelle and cell cytoskeleton. Given the scale of heterogeneity that exists 

in the derived Young’s elastic moduli across different internal single cell regions [12], 

mechanical analysis across various tissue and higher cell length scales remains 

somewhat incomplete. Approaches in mammalian cell Young’s moduli analysis aimed 

at merging how the mechanical outputs of cells (and their respective internal 

environments) relates to cell-cell mechanical functions and ultimately tissue function, 

will provide a more concise overview of how tissue structures physically develop and 

function across a multiscale inhomogeneous platform.  

 

As discussed, and highlighted in this chapter, there is an inconsistent and lack of 

synergy among mammalian cell mechanical Young’s elastic moduli analysis using 

AFM. Alternate protocol approaches – such as loading forces and cantilever selection – 

make it difficult to compare and correlate studies attempting to address cell mechanics. 

Many of the aforementioned AFM cell mechanical assays primarily focus on isolated or 

intermediate cell group or cluster stages of monolayer development, which cannot be 

translated into a complete cell-by-cell narrative of how mammalian cell monolayer layer 

formation ensues from the single to monolayer developmental stages. Given that most 

of the tissues that make up the organs and organ compartments within the mammalian 

body are composed of multiple layers of cells, accounting for how the mechanics of a 

cell transitions from the single to monolayer developmental length scale, will provide an 

insight into how single cells (and their internal components) vary and adapt their 

mechanical properties  in-vitro to produce monolayer and tissue scale structures.   
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In summary, to highlight the current gaps in defining and interpreting mammalian cell 

mechanics between different mammalian cell AFM assays, the current challenges are; 

 

• Inconsistent and diverse AFM measurement approaches for cell mechanical 

analysis – in terms of selected cantilever types and loading force ranges 

• Missed and lack of appreciation for how varied AFM protocol parameters can 

affect cell mechanical analysis for similar cell lines 

• Inconsistent and diverse AFM protocol approaches in selected mammalian cell 

length scales used for analysis 

• Missed/lack of correlation between mechanical outputs of intermediate (doublet 

and cluster) cell developmental length scales and mammalian cell monolayer 

development    

 

Therefore, using a structured and defined approach for live mammalian cell AFM 

indentation analysis, this thesis investigates variations in cell mechanical properties 

(Young’s elastic modulus) with increase in cell monolayer developmental length scale. 

Themes surrounding cell developmental length scale across precise increases in cell 

number(s), cantilever indentation and cell deformation depths, cantilever loading forces 

and intracellular environment are all investigated and presented. The primary objective 

of this thesis is to attempt to analyse and bridge the gap in cell mechanical analysis, 

using mammalian cell AFM mechanical analysis and imaging techniques, to improve 

and build upon the current narrative of biological and mechanical control of mammalian 

cell monolayer development.  

 

 

 

 



81 

 

CHAPTER 3 

Materials and Methods 

3.1 Introduction  

In this chapter, the general materials and methods used to carry out all experiments are 

described. Atomic force microscopy (AFM) was the primary method for cell 

mechanical analysis of cells, in investigating the elastic properties of the selected cell 

line, as well as for the imaging and analysis of cell surface topography. For all AFM 

data obtained on the selected cell line, the elastic moduli outputs were obtained and 

calculated using the JPK AFM and JPK SPM analysis software by way of application of 

the Hertz-Sneddon contact model.  

3.2 General cell* culture protocol 

All cell culture protocols including reagent preparation were carried out in an aseptic 

manner i.e. using sterile consumables handled in a manner to minimise the risk of 

microbial contamination, with all procedures performed within a class II microbiology 

safety cabinet.  

Note: Prior to all cell culture activities (passaging/thawing/ AFM sample preparation) 

all media aliquots and liquid reagents (TrypLE, PBS) were pre-warmed at 37 °C. 

*Selected cell line to be denoted for each experiment in each chapter. 
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All reagents and equipment used for cell culture and culture media preparation 

are listed as follows: 

Equipment                                                              Reagents:  

T(25)cm2 vented volumetric flasks                  (Selected mammalian cell line*)  

Sterile 15ml and 50ml universal tubes             Cell culture media  

Gilson pipette aid                                             TrypLE select (10X) 

5ml, 10ml and 25ml volumetric pipettes          PBS (10X) 

Bench top centrifuge                                        Trypan blue 

Haemocytometer Fuchs-Rosenthal 

Pipette gun 

3.3 Preparation of cell culture media 

The selected cell line for each experiment was cultured in standard culture media, 

prepared by adding the following individual constituents; Phenol red-free RMPI 1640 

(500ml) (Fisher Scientific), 1% Penicillin/Streptomycin (Fisher Scientific), 10% Fetal 

bovine serum (FBS) (heat inactivated) (Fisher Scientific) and GlutaMAXTM supplement 

(Fisher Scientific). Once prepared, the cell culture media was stored at 2-8°C until used 

for cell culture/passaging.   

3.4 Cell culture passaging 

Following thawing from frozen stores, the selected cell line was cultured in standard 

cell culture media at 37°C and 5% CO2 until ~80% confluent. Confluent cells were 

detached from culture flasks using the TrypLE select (10X) cell dissociation enzyme. 

Dissociated cells were then pelleted at 1000rpm for 3 minutes and re-suspended in 

standard culture media for subsequent passage in a new culture flask (at recommend 
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spilt ratios). For methods where specific cell densities were required for 

experimentation, re-suspended cells were counted using a C-Chip haemocytometer 

(DHC-FO1 Grid pattern – Fuchs-Rosenthal). Cells were counted by mixing a sample of 

cell suspension with trypan blue at a 9:1 ratio. Cells were then counted and numbers 

adjusted for the dilution factor of the haemocytometer; the cell yields following each 

passage were calculated and appropriate cell densities seeded onto culture dishes for 

each experiment.  

3.5 Cell cycle synchronisation  

Due to the previously discussed physical variations that occur within cells during the 

cell cycle (Ch2, section 2.7.1), cell cultures were synchronised into the same cycle 

phase (G1 phase) prior to all AFM analysis. This was carried out with the aim of 

attempting to reduce any mechanical variances between cell samples which may arise 

due to cell cycle events.  In doing so, it also allows for greater reproducibility and 

improved data comparisons between each cell sample. Cell cultures were synchronised 

using a nutrient (FBS serum) starvation protocol as previously described [157], using 

restriction of the serum reagents and materials as detailed in sections 3.2 and 3.3. 

3.6 AFM sample preparation  

All AFM sample preparations were carried out in an aseptic manner to minimise the 

risk of microbial contamination of the AFM samples, with all procedures performed 

within a class II microbiology safety cabinet.  

All reagents and equipment used for AFM sample preparation are listed; 
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Equipment and reagents used for AFM sample preparation: 

Equipment                                                       Reagents 

60mm AFM culture dishes (Figure 3-1)          Cell culture media (Section 3.3) 

Standing portable UV lamp                             Selected cell line 

Parafilm 

 

 

 

 

 

 

 

Figure 3-1. AFM sample dish. 60mm non-coated AFM sample cell culture dishes 

(TPP).  

 

3.6.1 Preparation of cell sample for AFM experimentation  

Following each cell passage, remaining re-suspended cells were used to prepare cell 

samples for experimentation by AFM. Cells were seeded onto plastic UV sterilised 

(non-coated) 60mm culture dishes (Figure 3-1), at ~1 x104 cells/ml to produce well 

developed cell seeding densities for AFM measurements. Samples were always 

prepared and incubated at 37°C, 5% CO2, 12-24 hours prior to analysis to allow for 

adequate cellular attachment and reduce over-confluence or death of cells for AFM 

analysis. Due to previously reported studies demonstrating the affected compliance of 
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loosely attached cells with artifical elastic outputs [158], only properly attached cells 

were selected for AFM indentation. Attached cells were identified through observation 

for adquate cell surface area deformation (lamellipoda formation) and spreading onto 

the AFM culture dishes.  Prepared sample dishes were monitored carefully for required 

cell length scale phenotypes for each live cell analysis. When required, cells were 

suspended and plated at lower densities ( > 2 x 103) to ensure the presence of single 

attached cell phenotypes. 

3.7 AFM set up and experimental protocol 

3.7.1 AFM microscope  

All AFM experiments were carried out using a Nanowizard®III Bio AFM (JPK 

Systems, Berlin), mounted on top of a Zeiss Observer D1 inverted optical microscope, 

situated within a JPK isolation box to reduce any ambient noise interference during 

AFM measurement (Figure 3-2). All AFM elasticity measurements were obtained in 

contact modes; force spectroscopy and force mapping. For each chapter, force 

indentation modes and experimental parameters are denoted and discussed. In all cases, 

unless otherwise stated for specific experiment aims, an attempt was made to keep all 

force indentation parameters uniform across all experiments in order to draw reliable 

and reproducible conclusions and outcomes based on data outputs from each 

experiment.  Indentation loading force (nN), indentation speed (extend speed) (μm/s), 

Z-length (µm) and target sample height (µm) are denoted in each section (experiment). 

Force indentation measurements were collected for each sample over a period of no 

more than 1 hour per AFM sample.  
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Figure 3-2. AFM NanoWizard III Bio within acoustic isolation chamber. The AFM 

is situated on top of a vibration isolation table.  

 

3.7.2 Preparing and loading cell sample onto AFM stage   

Following 12-24 hours incubation, prepared AFM sample dishes were assessed for 

cellular attachment and confluence by brightfield microscopy. AFM samples that 

contained appropriate densities and required phenotypes of cells (subject to the aims of 

each experiment) were then mounted into the pre-heated BioCell stage (Figure 3-3) 

which maintains the cells and culture media at 37°C for the period of AFM 

experimentation. In order to maintain the viability of live cell samples for AFM 

experimentation, it is essential to control the in vitro environment of the live cells 

during AFM experimentation.  To minimise the effect of cellular debris and viscosity of 

FBS, all cell culture media was removed from the AFM sample dishes, and replaced 
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with pre-warmed serum free sterile RMPI-160 culture media prior to commencing AFM 

experimentation. 

 

 

   

 

 

 

 

 

 

 

 

 

 

Figure 3-3. AFM BioCell stage and chamber. Unoccupied BioCell stage and chamber 

(top panel), and loaded with a prepared AFM cell culture sample (bottom panel).  

 

3.7.3 AFM cantilever probes 

When carrying out AFM indentation on live mammalian cells, selection of a suitable 

AFM cantilever probe geometry and material properties is essential. Cantilever 

properties such as; tip geometry, coating material and spring constant are all factors to 

consider when selecting the most appropriate probe for indenting soft, active 

mammalian cells. Cantilevers with soft spring constants are often selected for working 
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with live cells (typically around ~0.02 N/m), and are usually fabricated from silicon 

nitride (Si3N4) due it its material flexibility with a range of depth indentations. Selection 

of cantilevers with a reflective coating, such as gold, increases the sensitivity of the data 

acquisition for cantilever indentation by providing optimal reflection of the laser beam 

from the surface of the cantilever to the receiving photodiode. For AFM elasticity 

measurements, two different types of cantilevers were used in this thesis; (1) ORC8-10 

silicon nitride Au/Bot pyramidal cantilevers with nominal spring constants 0.38 N m-1 

and 0.05 N m-1   (Bruker, Germany), (Figure 3-4A) and  (2) PNP-TR silicon nitride 

Cr/Au coated borosilicate glass 5µm diameter colloidal tipped cantilevers, with nominal 

spring constants 0.32 N m-1 and 0.08 N m-1 (sQUBE, USA) (Figure 3-4B). As 

previously noted, cantilever probe geometry is selected based on the selected sample 

undergoing AFM indentation. Cantilever geometries include conical shaped, spherical 

(colloidal), and/or pyramidal shaped. Spherical cantilever geometry was chosen due to 

previously published evidence of cell membrane tethering with the use of sharp 

conical/pyramidal shaped probes, with spherical shaped probes (2-10µm diameters) 

producing less penetrative, evenly distributed force indentation displacements [114], 

[123], [159]–[164]. 
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Figure 3-4. AFM cantilever geometry. [A] Micrograph image of pyramidal shaped 

cantilever (Bruker, Germany). Pyramidal cantilever porbe tip height has a length of 2.5-

3.5µm. [B] Micrograph image of colloidal/spherical shaped cantilever probe (Sqube, 

USA). Colloidal cantilever probes have a sphere radius of (R = 2.5 µm).  

 

3.7.4 Cantilever sensitivity and spring constant calibration  

Once the appropriate cantilever was selected and mounted, cantilever probes were 

always pre-calibrated using the surface of a clean AFM culture dish. Cantilever 

calibration can be carried out with and without liquid media (in air). For the purposes of 

working with live cell samples for AFM indentation, cantilever probes were calibrated 

in a liquid environment. For AFM experiments, colloidal cantilevers were pre-calibrated 

in pre-warmed serum free RMPI-1640 cell culture media. Once the cantilever was 

mounted, prior to calibration, cantilevers were always left to pre-warm for ~1hour in the 

serum free culture media placed within the BioCell AFM heating stage. This was done 

to avoid any thermal fluctuations that may arise as the metal coating on the cantilever 

warms within the culture media. Such fluctuations can result in poor calibration and 

inaccurate AFM indentation outputs.  

PNP-TR     k = 0.08 -0.32 N m-1
 

R = 2.5µm              

ORC8-10     k = 0.05 -0.38 N m-1
 

Tip height = 2.5-3.5µm            

[A] [B] 
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Once pre-warmed, the cantilever and AFM indentation software are then calibrated for 

force indentation. To begin calibration the laser beam is aligned along the back section 

of the cantilever probe (Figure 3-5A), the position of the laser bean is aligned according 

to cantilever geometry and manufacture instructions. The corresponding laser signal on 

the receiving laser photodiode is aligned to the centre of the cross hairs and the 

cantilever is manually positioned over a subjective selected region of interest on an 

empty AFM culture dish (Figure 3-5B). The default vertical deflection of the laser beam 

on the receiving photodiode is measured in units of Volts. During cantilever calibration, 

the sensitivity and spring constant of the vertical deflection of the cantilever is 

converted from units of Volts to nano-Newton (nN). This allowed for the application of 

an appropriate indentation loading force (nN) for all AFM force indentation and force 

mapping experiments. To calibrate the cantilever, a single force indentation is first 

acquired at ~1V on the clean AFM culture dish surface. This calibration curve is then 

used to calibrate cantilever sensitivity (Figure 3-6A). The cantilever spring constant is 

calibrated using the thermal noise determination method (Figure 3-6B). The thermal 

noise determination method determines the cantilever sensitivity by computing the free 

fluctuations at the end of the cantilever as a result of thermal vibrations [165]. The 

balance between the resulting free fluctuations and deflection of the cantilever upon 

indentation of the sample surface provides an accurate spring constant for the cantilever.  
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Figure 3-5. AFM laser alignment. [A] The AFM laser is aligned along the reflective 

back surface of the cantilever beam. [B] The laser signal is reflected back towards a 

receiving laser photodiode within the AFM. This is manually aligned prior to cantilever 

calibration to ensure a sum value above 1.0V to allow for an accurate calibration 

indentation.   

 

[A] [B] 
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Figure 3-6. Cantilever calibration. [A] Cantilever sensitivity measurement to convert 

the unit of vertical deflection from Volts to nN. The approach curve (light blue line) is 

fitted (red line) to create a tangent and convert the sensitivity measurement. [B] The 

thermal noise detection method is used to determine the cantilever spring constant. 

During this method, one or more frequency spectrum peaks are obtained. The largest 

peak of the curves is most often fitted with the Lorentz curve. If the larger curve does 

not have a baseline on either side (as illustrated), the second largest curve is fitted. 

Following an accurate Lorentz curve fit, the cantilever spring constant can then be 

determined and the vertical deflection unit converted from V to nN.  

[A] 

[B] 
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3.7.5 AFM optical direct overlay 

When carrying out both force spectroscopy and force mapping live cell indentation(s), 

positioning the cantilever accurately over a precise selected region is paramount when 

attempting to draw conclusions about the mechanical characteristics of biological 

samples. When manual cantilever positioning is carried out, using only the coarse 

movement knobs, the position of the cantilever over the sample is subjective and often 

inaccurate for the selected region of interest. Therefore, to accurately select and indent a 

specified sample region, optical overlay of the cell sample with the cantilever is carried 

out, thus resulting in more precise automated cantilever movement.  

The first step in optical overlay calibration is to first create high contrast between the 

cantilever and surrounding AFM sample dish. To calibrate the optical overlay, an 

empty, clean AFM sample dish is always used. High contrast between the cantilever and 

surround, allows the AFM software to recognize the position of the cantilever, 

following which an image of the central region of cantilever position is acquired (Figure 

3-7A). The image and data acquired during AFM optical calibration is independent 

from the AFM force spectroscopy calibrations. Once the cantilever position is 

calibrated, the AFM sample dish is replaced with a sample dish containing the live 

mammalian cells. A mammalian cell of interest is sourced and captured with the CCD 

camera. This image is imported into the operating force spectroscopy/force mapping 

scan region (Figure 3-7B). A desired region within the selected mammalian cell can 

then be selected by placing a scanning map over the region of interest (Figure 3-7C). 

The selected region of interest is then used to acquire single or force map indentations 

for the selected mammalian cell. Optical overlay accuracy was found to be accurate 

with all calibrations.  
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Figure 3-7. AFM direct optical overlay cantilever calibration. [A] High image 

contrast is created between the cantilever probe and underlying AFM sample dish. This 

allows the AFM software to locate and calibrate the central position of the cantilever 

probe over the maximal field of view. [B] The calibrated cantilever probe is then 

retracted and following the placement of a live cell sample, positioned over a selected 

live cell sample whereby the sample is within the AFM software scanning region. [C] A 

specified sample region within the scanning region can be selected, following which the 

cantilever probe is directed to scan/image and/or indent the selected region. Example 

images acquired for live MDCK cell cluster. 

 

 

[A] [B] 

[C] 
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3.7.6 AFM Force spectroscopy mode – Single point indentation  

As previously described, force spectroscopy (contact mode) on and AFM allows for the 

indentation of various selected single force indentation measurements on a specific 

sample. All selected indentation points are manually selected and there is no limit as to 

how many individual manually selected points can be designated for a given sample. 

The cantilever moves towards and deforms the underlying sample in the vertical plane, 

resulting a complete force-displacement curve with both extend and retract portions of 

the curve. The selected indentation points are listed and manual instruction allows the 

user to control which point to indent in what order (Figure 3-8). 

 

Figure 3-8. Single point force spectroscopy. Multiple points of interest are selected 

for a chosen cell region and listed (red box) by the AFM indentation feedback control 

panel (left). The current selected point for indentation is highlighted in green. The user 

manually selects which points and in what order to indent the selected region. Example 

image shown - live single MDCK cell with 4 selected indentation points for nuclear 

region (MDCK transfected to express GFP for Actin cytoskeletal protein).  
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3.7.7 AFM Force mapping mode   

As previously described, AFM force mapping is an extension mode of the conventional 

force spectroscopy mode on an AFM. During force mapping, the cantilever performs 

several force-displacement indentations across selected points of an underlying sample. 

A defined force map region for a selected sample is used to acquire multiple force 

indentation measurements for a selected sample automatically. Force map sizes can be 

defined with a minimum of 8 × 8-pixel index and a maximum and 128 × 128-pixel 

indexes. For all force maps detailed in the following chapters, 8 × 8 force map indexes 

were used (Figure 3-9), thus producing a total of 64 force-displacement curves for each 

force map indentation of the selected cell line.  

Force map indentation parameters were kept at a constant for each experiment, with 

indentation speeds and loading forces denoted in each chapter.  

 

Figure 3-9. Example 8 × 8 force map index. Force map acquired over the central 

nuclear region of an MDCK cell sample. For all force map indexes, the cantilever probe 

performs a single force-displacement indentation at each pixel (yellow highlighted 

square) of the selected force map index. The force map also gathers information about 

the surface of the sample, such as the height following indentation and deformation of 

the selected region (as shown by the height channel - right channel). In this example, the 

representative height of the MDCK following force deformation across the MDCK cell 

has a maximal height estimate of 3.75μm.   
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3.8 Live cell imaging  

As well as obtaining force curves to determine the Young’s elastic modulus of live 

mammalian cell samples, additional cell samples were prepared for AFM and/or live 

cell fluorescent imaging. When probing the cellular length scale of tissues for 

mechanical properties, experimental output values are often directly attributed (but not 

limited) to the molecular activity and conformational changes of the inhomogeneous 

intracellular matrix, as well as the presence of intracellular organelles, such as the cell 

nucleus.  Gathered cell images were used to investigative and correlate the surface 

topographies and/or presence of internal cellular structures to the force map 

images/elastic values for cells existing at alternate cell length scales. Cell surface 

topography, height offsets, location of internal cell nucleus, and expression of particular 

cellular structure components such as the ICM protein – actin - was assessed by cell 

imaging methods. Both live cell as well as fixed cell images were gathered. Cell 

imaging methods included AFM topographical imaging, AFM fluorescence imaging 

and 3D confocal fluorescence microscopy imaging.   

3.8.1 Live cell fluorescent imaging – AFM  

To precisely discriminate the nuclear and cytoplasmic intracellular regions of the 

selected cell line, the cells were transduced to express an actin protein bound conjugated 

green fluorescent protein (GFP) marker, using the BacMam 2.0 CellLight reagent 

system (Life Technologies) [166]. CellLight live cell fluorescent probes allowed for the 

concurrent measurement of live cell elastic moduli, with minimal toxicity or cell 

fixation for intercellular environment imagining and nuclear organelle localisation. 

Prepared live cell AFM samples were labelled with CellLight reagents at ~ 50 particles 

per cell (PPC). Prior to AFM indentation, mammalian cell samples were analysed using 

and EVOS Floid imaging station to assess GFP fluorescence (Figure 3-10).  Following 
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confirmation of GFP fluorescence, cell samples were then mounted into the AFM. The 

Presence of GFP fluorescence was assessed under the AFM fluorescent filter (Figure 3-

11). As previously stated, to improve intracellular regional localisation direct optical 

overlay for tip-to-optical calibration for the colloidal probe was carried out for each 

force indentation and cell imaging experiment. Previous evidence has demonstrated that 

live cell transfection with actin associated GFP tags do not have any significant effect 

on intracellular fibre assembly, cell mechanical function or outputs [76]. 

 

 

 

Figure 3- 10. EVOS FLoid fluorescent cell imaging. [A] Live MDCK cell (bright 

filed) EVOS Floid micrograph for GFP CellLight reagent at ~ 50 particles per cell 

(PPC). [B] GFP fluorescent (green light) EVOS FLoid micrograph image. Example 

MDCK cell micrographs demonstrating confirmation of transfected actin-conjugated 

GFP cell-permeant fluorescent labels (ThermoFisher)[Scale bars 20μm]. 

[A] 

[B] 
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Figure 3-11. Example AFM optical overlay micrographs for actin GFP. CellLight 

reagent labelled live MDCK cell sample. MDCK nuclear regions were identified and 

selected as regions lacking any prominent actin GFP fluorescence marker signal. GFP 

actin labels allowed for the identification and localisation of MDCK cell edge, 

periphery, cell boundary and nuclear regions under the AFM microscope. Optical 

overlay images were acquired prior to all AFM indentation experiments for each cell 

sample [Scale bar 20μm]. 

 

3.8.2 Live cell fluorescent imaging – EVOS FLoid cell imaging  

In Chapter 7 of this thesis, mammalian cell morpholgy variation with increase in cell 

developmental length was evaluated by 2D and 3D fluorescence microscopy. 2D 

MDCK morphology analyses was carried and compared with AFM and 3D morphology 

outputs. MDCK EVOS Floid micrograph images were analysed for 2D morphology 

variations at each length scale using ImageJ. For nuclear organelle and cell boundary 

morphology analysis, mammlain cells were bathed in Hoechst 33342 nucleic acid cell-

permeant nulcear counterstain (ThermoFisher), followed by fixation in 4% 

paraformaldeyde, and incubation with an ActinGreen TM ReadyProbe Reagent 

(ThermoFisher). As previous (section 3.8.1), uptake of cell fluorescence for each cell 

length scale was confirmed via a sample image test using an EVOS FLoid microscope 
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imaging station. 2D cell morphology measurements included; Nuclear organelle area 

(μm2), sphericity, and cell body/cytoplasmic area (µm2). Actin/GFP channel 

intensity/expression was also analysed for variations across each cell developmental 

length scale using the integrated density (IntDen) measurement function within the 

ImageJ measurements toolbox. (IntDen) by definition is the sum of pixel intensity over 

a defined selected area in the image ROI manager toolbox. To correctly quantify GFP 

fluorescence for each MDCK cell analysed, (IntDen) outputs were corrected using the 

corrected total cell fluorescence (CTCF) calculation; 

 

(IntDen) = sum of the intensity of pixels for one MDCK cell 

(Background) = average signal per pixel for a selected region beside the MDCK cell 

(CTCF) = corrected true intensity of signal for MDCK cell; 

 

CTCF = (IntDen) – (Area of cell x Mean fluorescent background) (3-1) 

 

The method of quantifying CTCF for biological samples has been previously cited 

[167]–[169]. Precise outcomes and chapter specific protocols to be detailed further in 

Chapter(s) 5, 7 and 8.  

3.9 Fixed cell imaging  

Fixed cell imaging was carried out for the selected cell lines for two purposes; (1) to 

acquire clear high-resolution AFM topographical images of selected cell samples and 

(2) assess the selected cell line for 3D morphological variations across a cell 

developmental length scale using 3D confocal microscopy. 
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3.9.1 Fixing of cell samples for fixed cell imaging 

For experiments where the cell samples were required to be fixed for AFM and/or 3D 

confocal fluorescent imaging, cell samples were fixed prior to imaging and image 

analysis. 

Equipment and reagents used to fix cell culture samples:                         

Equipment                                                 

Sterile 50ml universal tubes 5ml volumetric pipettes                

Pipette gun  

60mm AFM culture dishes 

25mm glass cover slips (3D confocal microscopy) 

75mm glass slides (3D confocal microscopy)  

Reagents  

4% Formaldehyde solution in PBS (fixative solution) (Fisher Scientific) 

ProLong® Gold antifade reagent (mountant) (Life Technologies) 

 

To fix the cell samples, all media was removed from the sample culture dishes. The 

samples were then washed in PBS, following which a 4% formaldehyde solution was 

added to the AFM culture dish and left to incubate at room temperate for ~15 minutes. 

Where AFM surface topography imaging was being carried out; following incubation, 

the fixative solution was removed from the culture dishes, and the fixed cell samples 

stored in PBS solution until used for AFM imaging. For 3D confocal imaging, the 

samples were labelled and fixed on 25mm glass coverslips. Following fixation, sample 

coverslips were then mounted onto 75mm glass slides using a ProLong® Gold antifade 

reagent. 
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3.9.2 Fixed cell imaging – AFM   

Following the cell fixation process, prepared AFM cell samples dishes were mounted 

into the AFM Biocell stage. In all cases, cells were imaged in liquid (serum free RMPI), 

using PNP-TR silicon nitride Cr/Au coated borosilicate glass 5µm diameter colloidal 

tipped cantilevers, with a nominal spring constant of 0.32 N m-1 (sQUBE, USA) 

(section 3.7.3). In all cases, imaging parameters were adjusted to obtain accurate, non-

tethering and clear surface images of the cells. Image parameters were taken with forces 

of up to 2nN and scan rates of up to 2Hz. AFM images for fixed cell samples were used 

to analyse cell surface topographical properties such as cell height and surface texture 

following AFM surface imaging.  

3.9.3 Fixed cell imaging - 3D confocal microscopy  
 

In Chapter 7 of this thesis, 3D mammlian cell morphology from single cell through 

monolayer development was evaluated by 3D confocal  fluoresence microscopy. For 3D 

nuclear organelle and cell boundary/cytoplasm morphology analysis, mammlian cells 

were bathed in Hoechst 33342 nucleic acid cell-permeant nuclear counterstain 

(ThermoFisher), followed by fixation in 4% paraformaldeyde, and incubation with an 

ActinGreen TM ReadyProbe Reagent (ThermoFisher). 3D mammalian cell morphology 

measurements were aquired using a Leica SP8  scanning confocal 3D multicolour gated 

STED microscope. MDCK  cell confocal images were aquired as XYZ stacks with step 

stack distances of  0.150µm between Z-stacks for  two channels simultaneously. 

Aquired MDCK image stacks for each cell developmental length scale were 

automatically and simultanesouly deconvoluted using the Leica Hyvolution imaging 

tool utilised during MDCK stack acquisition. MDCK cell morphology was analysed and 

measurements aquired using the Imaris imaging analysis software. Following the 

generation of isosurface bodies for the nuclear organelle (Hoescht 33342 ) channel 
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using the Imaris Surpass toolbox, nuclear organelle surface area and sphercity values 

were obtained for nuclei across each mammalian developmental length scale. 

 

To analyse and assess 3D morphological variations for the selected cell line, cell height, 

nuclear organelle z-diameter and cortical membrane thickness was analysed from the 

aquired 3D confocal stacks using the Imaris software XYZ stack section viewer 

toolbox.   z-projections for each  cell developmental length scale were  analysed for 

morphology variations across each developmental length scale.   

3.10 Data processing  

Unless otherwise stated, all resulting force curve elasticity (elastic Young’s modulus) 

values detailed were obtained by application of the Hertz-Sneddon contact model for the 

selected cantilever geometries (spherical and pyramidal).  As previously stated, all force 

indentation parameters were kept uniform for each consecutive experiment as to allow 

for the correct application of the contact model. For all force indentation curves 

obtained, the JPK SPM data processing tool was used to analyse all acquired AFM data 

acquired in this thesis.  

 

3.10.1 Force curve analysis  

Following force indentation and acquisition of a single or multiple (force mapping) 

force-displacement curves, force-displacement curves were first analysed by manually 

interpreting and manipulating entire force curves using the JPK Data processing 

software. This involved removing sections of the force curves that go beyond the limit 

of a reliable Hertz-Sneddon contact model fit. To achieve this, the entire region of a 

force-displacement curve is selected, which results in the point of first 

contact/indentation between the probe tip and the sample being determined by the JPK 
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software. This then allows the user to select specific functions within the JPK software 

required to apply the Hertz-Sneddon contact model (function) to the force curve (Figure 

3-12).   

Prior to application of the specific functions, the approach (extend) portion of a force 

displacement curve is selected along the region where there is no force of deflection 

between the cantilever and the underlying sample – this is the approach baseline.  The 

first function is then selected and applied. This is (1) the subtraction of the baseline, 

which automatically calculates the average value of the baseline and subtracts this from 

the whole force curve. This results in a zero-force approach baseline. Next is (2) 

removal of any offset or tilt at the baseline of indentation and subtraction of the 

cantilever bending from the approach piezo movement. (3) The third function used is 

determination of the contact point between the sample and cantilever. The contact point 

is calculated as the zero-force point of the x-axis vertical deflection curve. These 

functions yield a force-displacement curve that displays the channel ‘tip-sample 

separation’ or force versus displacement. The tip-sample separation function corrects 

the height for the cantilever bending signal during sample indentation. The correction 

for cantilever bending is calculated whereby the initial height signal is derived from the 

piezo movement during sample indentation. Following sample indentation/deformation, 

the cantilever deflects/bends in the opposite direction to the piezo z movement. 

Applying the correct functions to yield the tip-sample separation channel allows the 

user to analyse and plot the appropriate contact model to the correct indentation channel 

i.e. cantilever indentation/deflection rather than piezo height movement. Once all 

functions have been applied, the Hertz-Sneddon contact model function can then be 

applied to the processed force displacement curve. The JPK SPM data processing 

software allows for the application of the Hertz-Sneddon and DMT contact models 
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depending on the chosen geometry of the cantilever (Hertz-Sneddon) or application of 

AFM experiment (DMT for investigating cell adhesion).  

For all cases where the JPK SPM processing software was used, the Hertz-Sneddon 

contact model for a spherical/colloidal and pyramidal cantilever probe was used is 

detailed below;  

1) The Hertz-Sneddon contact model (JPK SPM software) for a spherical 

cantilever probe; 

 

 
𝐹 =

𝐸

1 − 𝜈2
[
𝑎2 + 𝑅2

2
ln

𝑅 + 𝑎

𝑅 − 𝑎
− 𝑎𝑅] (3-2) 

 

2) The Hertz-Sneddon contact model (JPK SPM software) for a pyramidal 

cantilever probe;  

 

 

                        𝐹 = 0.7453
𝐸

1−𝜈2  𝛿2 tan 𝛼                          (3-3) 
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Figure 3-12. AFM force-displacement curve analysis. The SPM data processing 

toolbox for an acquired force-displacement curve (as displayed). The data processing 

functions are applied to the extend portion of the force-displacement curve (top panel, 

red curve). The functions applied to the curve (bottom panel) are, in order; (1) 

subtraction of the baseline, (2) contact point determination for the force curve, (3) 

correction of the height for the cantilever bending to calculate tip sample separation; 

and finally (4) executing the contact model fit (Hertz-Sneddon – green curve) to the 

extend curve and determine the resulting Young’s elastic modulus for the sample 

indentation.  

 

 

 

(1) Subtract baseline (2) Contact point 

determination 

(3) Height correction (4) Contact  

model fit 
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3.11 Statistical analysis of AFM and cell morphology data sets  
 

To effectively analyse and compare mammalian cell AFM outputs as well as 

morphology measurements across each mammalian cell monolayer length scale, certain 

statistical tests were used. Variation within each data set (AFM and morphology 

measurements) was assessed using standard error of the mean (s.e.m) as well as 

standard deviation of the mean. The standard error of the mean was used to demonstrate 

the variation from the mean within the population(s) measured. If the s.e.m is large 

(relative to the mean), this indicates that the output values are spread across a large 

range. Conversely, if the s.e.m is small, this indicates that all values within the 

population lay close to the population mean.  The s.e.m was calculated as follows;  

 

                             SEµᵪ = 
𝑆

√𝑛
                                   (3-4) 

Where, [µᵪ] denotes the sample mean, [S] the standard deviation of the mean and [n] the 

number of samples being assessed.  

 

To assess the variance for normality (normal versus non-normal data distribution), the 

Shaprio-Wilk test was applied [170]. Following the establishment of data distribution, it 

was found that AFM [E] data outputs presented with primarily non-normal data 

distribution, however cell morphology outputs presented with both normal and non-

normal data distributions. As a result, to effectively assess the significance in variation 

between mammalian cell Young’s moduli [E] and morphology measurements across 

alternate cell and monolayer developmental length scales, the Mann-Whitney U test was 

used. The Mann-Whitney U test is non-parametric test that allows for two (or more) 

populations to be compared without making the assumption that the values within the 

populations are normally distributed [171]. The Mann-Whitney U test asserts the null 
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hypothesis that the medians of two samples are identical. Since the data outputs in 

Chapters 4, 5, 7 and 8 of this thesis comprised both normal and non-normal data 

distributions, the Mann-Whitney U test was selected. Each test was carried out at 0.01 

significance and two-tailed comparison carried out for all data set comparisons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



109 

 

CHAPTER 4 

Application of current AFM protocols for mammalian cell Young’s 

elastic moduli analysis: Adapting the experimental approach. 

4.1 Introduction 

 

When investigating how the mechanical properties of live mammalian cells, such as 

Young’s elastic modulus, during the process of monolayer formation, great detail and 

attention are required when attempting to establish a reproducible protocol for analysing 

derived AFM Young’s elastic moduli outputs. Notably, although there is a vast amount 

of AFM studies describing different aspects of cell mechanical analysis, difficulty arises 

when attempting to refer to and compare AFM experimental outcomes due to the lack of 

synergy among both the physical properties measured between each AFM assay, as well 

as differences in experimental approaches and protocols. The primary variation in AFM 

experimental parameters among mechanical measurement of mammalian cells largely 

revolves around variation in;  

(1) The selected tissue or cell line investigated (immortal or primary) 

(2) Cell sample preparation (fixed or live cell samples for AFM indentation) 

(3) Cantilever geometry  

(4) Selection of loading force (nN) 

(5) Sample indentation depths  

(6) Cell region of indentation (cell nuclear region or periphery cytoplasm) 

(7) Measurement environment (air or liquid media)  

(8) Contact model selection for cell elastic [E] output derivation 
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As a result, referral to previous AFM studies for experimental protocols and/or 

outcomes of AFM cell Young’s elastic moduli analysis is often fairly complex. To 

effectively measure and compare cellular Young’s moduli outputs, reproducible AFM 

data outputs are needed [100]. To put into a measurable context, evidence has shown 

that in measuring fluctuations in elasticity outputs for soft mammalian cell samples, 

among the aforementioned AFM assay parameters, three primary AFM testing 

parameters can greatly affect the comparison of Young’s moduli elasticity outputs for 

measurements on similar soft polymer/biological samples; Firstly, live cell Young’s 

elastic moduli outputs strongly fluctuate at shallow indentation depths approaching the 

point of contact with a cells surface. By increasing the indentation depth, cell [E] 

reaches a plateau, before once again increasing when the maximal depth results in 

affects felt from the underlying substrate stiffness [100]. As a result, shallow specified 

depths are often only analysed to avoid underlying substrate effects [164], [172]. 

Secondly, and often not absolutely considered, is the resulting final indentation depth 

achieved, which is greatly dependent on the selected cantilever loading force used. The 

selection of cantilever loading force is greatly varied among AFM studies on 

mammalian cell lines. Finally, variations in the selected contact model chosen for 

deriving sample Young’s elastic moduli [E] outputs from AFM indentation curves can 

also result in considerably varied experimental outcomes among AFM cell elasticity 

studies. The contact model chosen is most often dependent on the selected indenting 

cantilever geometry [164], [173], [174]. Thus, AFM studies carrying out similar cell 

mechanical analysis objectives, can produce different outcomes by not having used 

similar cantilever geometries. Differences in the geometry of AFM cantilever probe 

selected i.e. spherical  [110]–[112] versus pyramidal [113] and/or loading force i.e. 

0.4nN [113], 0.2 -1.0nN [111] or 2.5nN [112],  could result in the variation in AFM cell 

[E] trends derived for cells at alternate stages of cell development. 
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Therefore, the purpose of this chapter was to investigate and analyse selected AFM 

parameters and protocols on a chosen mammalian cell line. The overarching objective 

was to assess current AFM methodologies, and the applicability of certain AFM test 

parameters as an initial assessment of using AFM for the mammalian cell monolayer 

developmental stage analyses in this thesis.  

This will allow for improved reproducibility of the results presented in each chapter, 

and was achieved by carrying out the following assays; 

(1) Selection of an appropriate mammalian cell line. 

(2) Selection and assessment of an appropriate cantilever probe on the mammalian 

cell line. 

(3) Assessment and application of the JPK data analysis platform for AFM Young’s 

moduli elasticity analysis, and application of the Hertz-Sneddon contact model 

at cell deformation depths within the limits of the Hertz-Sneddon contact model. 

(4) Troubleshooting precise and repeated region of AFM indentation/deformation of 

nuclear region on the mammalian cell line to make data comparison accurate. 

(5) AFM surface topography imaging of selected cell line at specified 

developmental stages. Stages of cell development selected are single cell; semi-

confluent and maximal density monolayer cells. 

4.2 Materials and methods  

 

The specific materials and methods used to carry out all AFM experimental 

troubleshooting assays on the live cell line in this chapter are detailed as follows; 
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4.2.1 Cell culture  

To test and analyse various AFM protocol parameters, the Madin-Darby canine kidney 

(MDCK) cell line was selected for all live cell AFM measurements. MDCK cells were 

cultured, maintained and prepared for AFM experimentation as described previously 

(Ch3. Section 3.4 – 3.6).  

4.2.2 Cantilevers 

For all MDCK cell AFM [E] analyses in this chapter, PNP-TR silicon nitride Cr/Au 

coated cantilevers were used. The cantilevers were borosilicate glass with a 5µm 

diameter, and a nominal spring constant of   0.08 Nm-1. Cantilever probes were mounted 

and calibrated as described previously (Ch3. Section 3.7.3- 3.7.5). To compare and 

address the appropriate selection of a colloidal geometry cantilever probe for live 

MDCK cell measurements, silicon coated diving board QRC8-10 pyramidal tipped 

cantilever with a spring constant of 0.50 Nm-1 (Bruker, Germany), was used to carry out 

the cantilever geometry comparison assay.  

 

 4.2.3 AFM  

For all live cell MDCK mechanical analysis tests, both single point as well as force 

mapping force spectroscopy mode were used as detailed (Ch3. Section 3.7.6 and 3.7.7). 

For fixed cell topography imaging, AFM imaging mode was used (Ch3. Section 3.9.2). 

4.2.4 Fluorescent cell imaging - AFM 

In order to assess intracellular regional selection under the AFM microscope, MDCK 

cells were transduced to express an actin protein bound conjugated green fluorescent 

protein (GFP) marker [166]. MDCK cells were transduced to express GFP as described 

previously (Ch3. Section 3.8.1), with confirmation of reagent uptake confirmed as 

described previously (Ch3. Section 3.8.2).  
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4.2.5 Data processing 

Unless otherwise stated, all resulting force curve [E] (Young’s elastic modulus) values 

detailed were obtained by fitting the Hertz-Sneddon contact model(s) for a colloidal 

probe (and pyramidal probe - where presented) (Ch3. Section 3.10). As previously 

stated, all force indentation parameters were kept uniform for each consecutive 

experiment as to allow for the correct application and reproducibility of the contact 

model. The Hertz-Sneddon contact model was applied to the approach (extend) portion 

for all acquired force-displacement curves, for both single point force spectroscopy and 

force mapping AFM data. Pre-processing JPK data processing functions (Ch3. Section 

3.10.1) were used to process the raw curve files prior to application of the Hertz-

Sneddon contact model.  

4.3 Results  

 

4.3.1 Selection of a live mammalian cell line for AFM indentation  

The MDCK cell line was selected as the cell line for investigating and troubleshooting 

the selected AFM indentation parameters and experimental protocols. The clone type 

was kindly donated and is referenced previously [175]. The MDCK cell line is a model 

mammalian cell line utilised for a variety of biological in- vitro cell culture studies 

including cell-adhesion, motility, and polarity assays. The MDCK cell line is known to 

form well established viable monolayers when maintained under optimal culture 

conditions, and with controlled seeding densities, it is possible to culture the MDCK 

cells at alternate selected length scales. The MDCK cell line has also been shown to be 

well suited for three dimensional culture assays and multicellular rearrangements such 

as branching morphogenesis [176].  
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Under optimal culture conditions, the MDCK monolayer can spontaneously form three-

dimensional dome structures (Figure 4-1). Furthermore, the MDCK cell line was 

selected due to the number of evidenced resources detailing the internal cytoskeletal 

characteristics of MDCK cells [177], [178], as well as Young’s elastic modulus  outputs 

of MDCK  [110], [151], [179]. Referral to previous mechanical analysis assays on 

MDCK cells, allowed for a benchmark of cell culture and Young’s elastic moduli 

characteristics from which to begin the AFM protocol establishment for live cell 

indentation at alternate cell monolayer length scales.  

 

 

 

 

 

 

 

 

 

 

Figure 4-1. Floid EVOS micrograph image of MDCK cells. MDCK cells at maximal 

density monolayer length scale. Red boxes show MDCK dome formation within an 

established maximal density fully confluent MDCK monolayer [Scale bar 20µm]. 

 

4.3.2 AFM cantilever selection for live cell [E] measurement – 

comparison of probes 

 

As previously discussed, the cantilever geometry selected for live MDCK cell AFM 

parameter tests were the PNP-TR silicon nitride, Cr/Au coated cantilevers that had a 

MDCK cell dome 

MDCK cell dome 
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borosilicate glass 5µm diameter spherical probes. Spherical geometry cantilevers were 

selected based on previous studies suggesting that spherical shaped cantilevers produce 

less membrane tethering and more evenly distributed force indentations/deformations 

compared to sharp conical/pyramidal shaped probes [159], [161], [163], [172]. Further 

to this, spherical cantilever geometries with large curve radii (around 5µm) have been 

shown to allow for improved application of the Hertz-Sneddon contact model whereby 

less effects of the underlying substrate are present for shallow indentation ranges [132].  

To compare and assess cantilever geometry for live cell MDCK AFM Young’s elastic 

moduli measurements, a cantilever probe geometry comparison was carried out to 

compare a spherical geometry cantilever with a pyramidal geometry cantilever. The 

cantilevers were calibrated in the exact same manner as described previously (Ch3. 

Section 3.7.4) and pre-warmed in liquid serum free media for the same amount of time 

(1 hour). Figure 4-2 illustrates the force indentation results produced by indenting a 

fully confluent monolayer MDCK cell, over the cell nuclear region, using the two 

different geometry cantilever probe geometries. Notably, for the cantilever comparison, 

a specified loading rate (8μm/s) and loading force (2.5nN) was used. The loading rate 

was selected as not to obtain any direct effects arising from hydrodynamic drag; The 

degree of hydrodynamic drag is often dependent on the inherent viscosity of the liquid 

media that the cells are indented in. It is suggested that loading rates over and above a 

recommended approach rate of ~10μm/s, can induce hydrodynamic drag of the 

cantilever and thus inhibit the approach and retract portions of the force-displacement 

curve from returning to the baseline ‘zero’ force point [180]. Furthermore, it is also 

recommended to keep cantilever loading velocities within optimal ranges as to reduce 

the effect of irreversible cell deformations. Therefore, lower loading rates below the 

10μm/s threshold, but not significantly low should be more suitable when acquiring 

single force indentations as well as larger force map indexes for a given MDCK cell 
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region. As a result, a selected 8μm/s was used. As an initial test, a 2.5nN loading force 

was selected to compare the two cantilever probes.   

Referring to Figure 4-2A, it is evident that the pyramidal shaped probe produced a 

greater amount of membrane tethering ,or double membrane effects  and curve shoulder 

effects, whereby the cantilever pierces through the cell membrane at the selected 

loading force [123]. This is due to the increased localised penetrative force concentrated 

at the tip of the pyramidal shaped cantilever probe. This can be avoided with either 

larger spherical cantilever geometries, or if using sharper cantilever geometries, 

carefully selecting and lesser forces and/or careful AFM protocol approaches.  

When using a spherical cantilever probe (Figure 4-2B), the force indentation curve 

produced far less membrane tethering and qualitative force curves at the selected 

indentation parameters. It should be noted that the composition of the cantilevers probes 

was also considered with regards to the pre-warming of the cantilever probes. Silicon 

nitride coated cantilevers tend to have comparatively lower force constants (spring 

constant) in comparison to gold coated cantilevers, which can make them far more 

suitable for soft biological samples such as mammalian cells. However, given that gold 

is chemically inert, gold coated cantilevers can produce far more stable reflectively of 

the laser beam to the AFM receiving photodiode. This can be seen as a more optimal 

outcome in liquid testing environments such as serum free cell culture media.  

Using the JPK SPM data analysis software, and applying the same pre-processing 

functions to the acquired force curves, the Hertz-Sneddon contact model fit for the 

spherical cantilever, and the Hertz-Sneddon contact model fit for the pyramidal 

cantilever were applied to the associated acquired force-displacement curves.  Based on 

the contact model fit, the resulting Young’s elastic moduli [E] outputs for a single 

indentation on a live MDCK cell (confluent monolayer length scale) were 6.17 kPa for a 
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pyramidal probe and 2.15 kPa for the spherical probe (for a single indentation over the 

central cell body region of an MDCK cell). Resulting MDCK Young’s moduli [E] 

values for pyramidal shaped cantilevers were in the region of AFM cell Young’s elastic 

moduli [E] values for MDCK cell undergoing AFM indentation using conical shaped 

cantilever probes – 5.7 ± 0.1 kPa (monolayer MDCK cells) [151].  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4-2. Cantilever geometry comparison. 3nN force indentation of an MDCK cell 

at the monolayer stage length scale using [A] pyramidal and [B] spherical shaped 

cantilevers. Under the same calibration conditions, the pyramidal cantilever exhibited 

extend curve artefacts such as double membrane effects, compared to the force-

displacement curve of the spherical geometry cantilever probe.  

[B] 

[A] 

Double membrane effect. A continual 

localised penetrative loading force using 

a pyramidal cantilever can rupture the 

cell membrane and produce force-curve 

artefacts such as “double-membrane” 

extend curve artefacts. This can result in 

poor fitting of the appropriate contact 

model to the force curve and thus 

inaccurate derived Young’s elastic 

moduli outputs.   
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4.3.3 JPK data processing software – Contact point determination and 

Hertz-Sneddon model fitting 

 

Following application of the JPK pre-processing functions to a force indentation curve 

(Ch 3. Section 3.10.1), an attempt was made to assess how variation in the apparent 

automatic “contact point” section of the force curve i.e. the part of the curve where the 

JPK software assumes the cantilever probe has contacted the sample surface and begins 

sample indentation/deformation, is assigned. The contact point of the curve is where the 

deflection of the cantilever first begins to gain positive force or cantilever deflection 

along the y-axis and the gradient of the extend portion of the force-displacement curve 

begins to increase. The initial automatic contact point appointed by the JPK data 

processing software was not always accurate based on visual observation of the force-

displacement curve approach portion and incline point. The JPK software does allow for 

manual control and the selection of contact point for the force-displacement curve. The 

main purpose of addressing how the contact point affects the derived Young’s elastic 

moduli for live cell indentations (using the JPK processing software) was to assess the 

fitting of the Hertz-Sneddon contact model. An inaccurately appointed contact point can 

result in poor fitting of the Hertz-Sneddon contact model and thus inaccurate derived 

Young’s elastic moduli for the sample indentation.  The JPK software thus allows for 

the manual movement (through the DP toolbox) to appoint a more accurate contact 

point. This can be force controlled, whereby the user can assign the contact point as the 

region where F > 0, or the user can fit the Hertz-contact model to a different point 

(indentation/deformation or displacement controlled) of the force indentation curve to 

derive the Young’s elastic modulus for a specified indentation depth range, within the 

limits of the Hertz elastic regime. In the example presented (Figure 4-3), by manually 

controlling and selected an appropriate contact point, the Hertz-Sneddon contact model 

is then accurately fit to the selected force-displacement curve. The fitting of the model 
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demonstrates that there is a limit as the application of the Hertz-Sneddon model past 

certain depths of sample deformation. In the example shown, the Hertz-Sneddon contact 

model accurately fits for the sample deformation to a limit of around 1µm deformation, 

past this point, the accuracy of the contact model fit it less valid. This would require the 

user to then manually select alternate regions of the curve to analyse and assess the fit of 

the contact model, and/or the elastic modulus output for higher sample deformations. In 

doing this however, the user would need to consider the total thickness of the sample, as 

well as address at what limit of deformation the underlying substrate will begin to affect 

the derive elastic modulus output.  

 

Figure 4-3. Force curve contact point determination and Hertz-Sneddon contact 

model fit. By appointing a specific contact point in the force-displacement curve, the 

Hertz-Sneddon contact model (green plot) can be accurately fit to the extend portion 

(red plot) of the force curve. In the example shown, the Hertz-Sneddon model fits to a 

limit of cell deformation at around 1µm).  

 

 Hertz-Sneddon 

contact model fit does 

not accurately 

align/fit to the whole 

region of indentation. 

There is a limit as the 

application of the fit 

past certain cantilever 

deformation limits 

where the underlying 

substrate will have an 

effect of the fit of the 

contact model and 

derived Young’s 

elastic modulus.  



120 

 

As a result of the aforementioned matter with the JPK automated contact point 

selection, careful consideration and manual selection of the accurate contact point was 

carried out for all acquired AFM force-displacement indentations. This was carried out 

such that the contact model accurately fit the portion of each force-indentation curve 

that was required for data output analysis i.e. specific cell deformations depths. This 

was carried out for all AFM outputs in this thesis.  

 

4.3.4 MDCK cell force map analysis – Cell region discrimination and 

application of the Hertz-Sneddon contact model 

Since live mammalian cells are constantly undergoing a multitude of dynamic physical 

and developmental processes, being consistent in selecting an internal cell region for 

live cell AFM analysis that can be readily identified for AFM cantilever indentation, as 

well as be present in every cell undergoing cantilever indentation is paramount for 

accurate live cell Young’s elastic moduli analysis.  It is often the case that the majority 

of AFM indentation studies on mammalian cells refer to the cell body or nuclear region 

of a cell for cantilever indentation. The nuclear of a mammalian cell is assumed where 

the largest cell organelle – the nucleus – is situated. Since all mammalian cells have a 

nuclear organelle, the cell body region represents a global regional parameter by which 

to control the location of AFM indentation for multiple cell sample indentation assays. 

Due to the great deal of heterogeneity and variation in cell height along the cytoplasmic 

region of a mammalian cell, which can result in erroneous AFM force-curve data, 

selection of the central cell body region is also preferred for AFM indentation 

experiments. Furthermore, the cell body/nuclear region is also assumed the highest 

point of a cell due to the size and structure of the nuclear organelle. Further to this, and 

as previously discussed (Chapter 2, section 2.13), when deriving a mammalian cell 

force map, appropriate application of the Hertz-Sneddon contact model is paramount for 
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deriving true Young’s elastic moduli properties from the chosen cell line. An 

appreciation for cell sample height (thickness) and the appropriate cell 

deformation/indentation limit for the Hertz-Sneddon contact model is required.  To 

investigate the application of the Hertz-Sneddon contact model on the selected cell line, 

a MDCK force map (32 × 32 map index) (at the single cell stage) was acquired. The 

MDCK force map (height channel) (Figure 4-4A) was analysed alongside the Young’ 

moduli stiffness map (Figure 4-4B). The height map for the force map index represents 

the height of the single MDCK cell sample following cantilever indention. The Young’s 

moduli force map (sometimes referred to as the stiffness map) represents the values of 

each force map pixel within the force map index (height map) Young’s moduli value. 

The Young’s moduli are derived by application of the Hertz-Sneddon contact model 

function to each map index pixel (using the JPK force-curve analysis toolbox) (Chapter 

3, section 3.10.1).  

Referring to the height and Young’s moduli maps presented (Figure 4), it is evident that 

the substrate surrounding the MDCK cell region influences the derived force map 

analysis  (Young’s moduli map) in such a way that it is not easy to discriminate any 

differences in the fitting of the contact model and derived Young’s moduli within the 

different MDCK intracellular regions.  
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Figure 4-4. MDCK single cell force map [A] height channel and [B] Young’s elastic 

modulus stiffness map. MDCK force-map analysis using the Hertz-Sneddon contact 

model results in a significant contribution (visually) of the surrounding substrate. With 

this initial analysis, little direct conclusion about the elastic material properties of the 

MDCK can be derived, not the appropriate fitting of the Hertz-Sneddon contact model.  

 

 

[A] 

[B] 

Minimum – 2.040µm 

Maximum -  8.979µm 

Minimum – 0.700 kPa 

Maximum -  132.3 kPa 
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In an attempt to better asess the Young’s moduli trends of the internal regions of the 

MDCK cell - and avoid the effects of the substrate on the MDCK force map index, the 

Young’s moduli stiffness map can be manually adjusted across different threshold limits 

(Figure 4-5). Map index Young’s moduli range limits illustrated are 50 kPa, 10 kPa and 

2 kPa. Notably, while this can allow for improved visualisation and interpretation of the 

elastic properties of internal regions of the MDCK cell, this method does not allow for 

direct data analysis i.e. precise range of Young’s moduli values within each cell MDCK 

region, nor does it correlate the height and thickness of the cell region to the derived 

Young’s moduli outputs. Therefore, a map of values is presented, but whether or not 

these values represent realistic Young’s moduli values at each cell region, is not clear. 

The surface and thickness of the MDCK can affect the true value of the Young’s elastic 

modulus values derived as a result of the underlying substrate. As a result, more precise 

analysis needs to be carried out.  

This can be achieved (still using a rudimentary approach) but selecting specific regions 

of the height map (cell body/nuclear region) – the highest region of the height map, and 

then selecting the same region on the Young’s moduli stiffness map. By carrying out the 

following steps (Figure 4-6AB), histogram plots can be obtained for the selected height 

and Young’ moduli regions (Figure 4-6C and D respectively).  The results demonstrated 

that a range of values can be derived for the selected internal cell regions. This analysis 

derived average MDCK cell body height (following cantilever indentation) of 8.780 

kPa, and Young’s moduli average of 316.5 kPa. This can begin to give a more in-depth 

analysis of the MDCK cell across selected cell body internal regions. However, this 

does not allow for proper consideration of the application of the Hertz-Sneddon contact 

model and the assumptions made about the limits of sample thickness.  
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Figure 4-5. MDCK Young’s moduli stiffness maps manually adjusted across different 

threshold limits to visualise the internal elastic property trends of the MDCK cells. Map 

index Young’s moduli range limits illustrated are [A] 50 kPa, [B] 10 kPa and [C]2 kPa. 

 

[A] 

[B] 

[C] 
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Figure 4-6. MDCK single cell force map region selected. [A] height channel and [B] 

Young’s elastic modulus stiffness maps with associated histogram plots for selected box 

regions [C] height trends for selected region and [D] Young’s elastic modulus trends for 

selected box region.   

 

 

[A] [B] 

[C] 

[D] 
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The aforementioned method of selected specific regions of the MDCK height and 

Young’s moduli stiffness maps can provide useful information about the range of elastic 

properties and heights of the cell sample, to be more precise when analysing MDCK 

force indentation and force maps, a more in-depth approach is still required. The 

specific range of cell height in relation to which regions can be appropriately fit to the 

Hertz-Sneddon contact model is required. To achieve this analysis, the follow steps 

were taken; By analysing the metadata of the force maps, force map indexes for the 

surrounding cell substrate correlated to a cantilever height of ~ 2.040µm – 3.050µm. 

The derived Young’s moduli values for data points in this range was 55,972.6 ± 

19,217.83 kPa. This region can therefore in essence be set to a zero-height channel 

value as the 0µm region (substrate region). Following the metadata values to reach a 

values that produced drastically lower Young’s moduli values in comparison to the 

neighbouring metadata for the force map index pixels, demonstrated that cantilever set-

point height values of ~3.076µm upwards, demonstrated significant reductions in 

Young’s elastic moduli outputs within the range of soft biological samples < 10 kPa 

(the metadata range was compared to force-indentation curve images to ensure full 

qualitative curves were being analysed for the metadata values obtained – no irregular 

curve artefacts were observed). Scatter plots depicting the height values and 

corresponding Young’s elastic moduli values for the MDCK force map - for the whole 

scan range (Figure 4-7) and above the 3.076µm height threshold (Figure 4-8) , allowed 

for a better representation of the range of values obtained from the MDCK cell force 

map. Reducing the range of force map height analysis to a threshold above the apparent 

substrate region allows for the analysis of apparently MDCK cell-only indentation 

points.  
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Figure 4-7. Scatter plot for cantilever height to Young’s elastic moduli values for 

MDCK single cell force map region (data points for whole map) (n= 1024). 

 

 

Figure 4-8. Scatter plot for cantilever height to Young’s elastic moduli values for 

MDCK single cell force map region. Data points above 3.076µm cantilever height 

threshold (n = 149).  
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However, referring to the data analysed and presented in Figures 4-7 and 4-8, a problem 

is still posed when deriving any conclusions about the values obtained for the apparent 

cell only MDCK cell region. This the application on the Hertz-Sneddon contact model 

to thinner cell edge regions. Along the cell boundary edge, and indeed along cell body 

and cytoplasmic regions, the thickness of the cell does not fit within the limits for 

application of the Hertz-Sneddon contact model. It is likely that the range presented 

(Figure 4-8) of Young’s elastic moduli values for the MDCK cell is still greatly 

subjective towards the material properties of the underlying substrate. As discussed in 

the introduction of this thesis. The hertz-Sneddon contact model has a limit to which the 

Young’s elastic modulus can be derived from a sample; this is around a maximum limit 

of 10% of sample thickness.  

To address the most accurate region for deriving more true cell elastic properties, the 

height of the MDCK cell was analysed using a height offset cross-section from the 

MDCK height map channel (Figure 4-9). The height cross-section offset demonstrated 

that the single MDCK has a maximal height along the cell body region of 9.8µm. In the 

height offset, the minimum z-range of 2.04µm is assigned as the base of the cell on the 

underlying substrate (relative value illustrated as 0µm in the height map). Therefore, the 

apparent maximal height of the MDCK cell following cantilever indentation is 

approximately ~ 7.76µm.  
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Figure 4-9. MDCK cell height offset cross-section for force map setpoint height 

channel. MDCK single height was found to approximately 6.94um (relative value for 

height map image where a zero value is substituted for the underlying substrate. 

Absolute values found the apparent height of the MDCK following cantilever 

indentation at approximately 7.76µm.   

 

 

 

 

 

Height offset cross-section 
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Based on the height offset cross section for the MDCK height map, a thickness of the 

MDCK cell can be approximated – this can then be utilised for the most appropriate and 

accurate region of the cell to derive true Young’s moduli values using the Hertz-

Sneddon contact model. It also demonstrates how the height of the MDCK cell along 

the cytoplasmic regions can vary considerably across the cell, surface gradients down 

from the cell body nuclear region could affect proper contact with the cantilever at 

certain uneven cell surface topographies could also result in poor analysis and 

application of the Hertz-Sneddon model.  Based on the MDCK force map height offset, 

a 10% maximal limit thickness for fitting the Hertz-Sneddon contact model would be 

10% of 7.76µm (approximately). This would mean fitting the Hertz-Sneddon contact 

model to indentation points within the cell body/nuclear organelle region to a maximum 

of a 776nm indentation depth. These values are relative as to the consideration that the 

substrate in the data is set at 0µm. In the force map raw data, this equates to fitting the 

Hertz-Sneddon contact model to cantilever height offset values of 9.085µm upwards. 

These values fall within the 10% sample thickness limit (fitting to a maximum of 

776µm) for the accurate fitting of the Hertz-Sneddon contact model and deriving the 

apparent Young’s elastic modulus of the MDCK cell at those indentation points.  

Analysis of the values in this region (Figure 4-10) demonstrated a variable Young’s 

moduli output trend. Young’s elastic moduli values for the single MDCK cell body 

nuclear region was found to be 330.89 ± 64.07 Pa. Interestingly, the cantilever height at 

indentation was also found to be variable across the nuclear region at 9.28 ± 0.23µm.  
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Figure 4-10. Scatter plot for cantilever height to Young’s elastic moduli values for 

MDCK single cell force map region. Data points above 9.085µm cantilever height 

threshold (n = 9).  

 

Referring to figure 4-10, it is evident that even at more appropriate indentation depths 

for Hertz-Sneddon derivation of the Young’s elastic modulus, the nuclear region a 

single MDCK cell presents with an interesting trend for surface mechanical properties. 

Using this approach of assessing MDCK cell height (thickness) and appropriate region 

of analysis (cell body nuclear region) for deriving the Young’s elastic modulus trends of 

the MDCK cells is this thesis was carried out. For all subsequent MDCK AFM analysis, 

the nuclear region of the cells was identified using GFP fluorescence and AFM 

calibration set-up and optical overlay. The JPK AFM at the ESRIC facility has a single 

microscope filter fitted for the addition of cell fluorescent imaging under the AFM DIC 

microscope. This filter allowed for the addition of GFP fluorescent imaging. Therefore, 

prior to AFM indentation, the MDCK cell samples were transfected to express GFP for 
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the actin protein network (as described previously (Ch.3, Section 3.8.1). GFP was 

selected for the actin protein network as it clearly highlighted the region of the cell were 

the cell nuclear organelle is located (as illustrated Ch3. Section 3.8.1), and being a 

major cytoskeletal network protein, also allowed for cell boundary discrimination in 

higher cell length scale densities such as confluent MDCK cell monolayers.  

 

4.3.5 MDCK fixed AFM imaging – Surface topography and fixed cell 

imaging at alternate developmental cell stages 

 

Having selected an appropriate cantilever geometry for live MDCK cell AFM 

indentation Young’s elastic moduli measurements, the selected spherical cantilever was 

assessed for the quality of AFM imaging on the selected MDCK cells at varying stages 

of cell monolayer development. It is suggested that spherical shaped cantilevers are not 

the most appropriate probe type for fixed mammalian cell topographical AFM imaging 

due their larger tip surface area. It is often recommended that conical or pyramidal 

cantilevers with higher spring constants be selected for fixed cell AFM imaging. 

Therefore, to address the suitability of the selected cantilever probe for fixed cell AFM 

imaging, MDCK cells were fixed - as described previously (Ch3. Section 3.9.2), and 

imaged using the AFM imaging mode (contact mode). The MDCK cells were fixed and 

imaged at selected stages of MDCK monolayer length scales; single cells, semi-

confluent cluster and confluent cell monolayer. For fixed MDCK cell AFM imaging, 

the imaging parameters were kept uniform for each image acquisition with loading rate 

and set-point force manually adjusted for each cell sample as to improve the resolution 

and image quality of each fixed cell sample. Image loading rates were set at 8μm/s-1, 

and set-point force up to 3nN. Figures 4-11 and 4-12 illustrate the MDCK fixed cell 

images acquired using the AFM contact imaging mode and a spherical geometry 

cantilever.  
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Figure 4-11. Fixed MDCK cell AFM imaging using spherical cantilever probes (in 

contact mode). At a nominal selected imaging force of 3nN for fixed MDCK cells, 

colloidal cantilever probe AFM images on a [A] single [B] semi-confluent cluster [C] 

and monolayer MDCK cells produced clear non-tethering AFM images. Fixed MDCK 

cell images were analysed and are presented in the error signal channel (this is the 

vertical deflection of the cantilever in contact mode). This can be used to create three-

dimensional depiction of the cell surface for each fixed cell imaging.  

 

A B 

C C 
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Figure 4-12. Fixed MDCK cell AFM imaging using the spherical cantilever. At a 

nominal selected imaging force of 3nN for fixed MDCK cells (edge of fixed MDCK 

cell semi-confluent monolayer), spherical cantilever AFM images produced clear non-

tethering AFM images. Fixed MDCK cell images were analysed and are presented in 

the height signal channel. This channel demonstrates the height of the MDCK cell 

following indentation – height channel is set at relative values (which assigns the base 

of the substrate at 0µm). 

 

Therefore, based on the results presented for fixed cell AFM imaging, the spherical 

cantilever can in fact (at the correct image scanning parameters) be used for MDCK cell 

imaging.  Having selected a single cantilever loading velocity (8µm/s-1), changing the 

selected loading velocity could influence the time scale for image acquisition. This is 

more appropriate when working with live MDCK cells that are more susceptible to 

culture environment changes over long periods. However, too great of a velocity (< 

10um/s-1) could greatly affect the mechanical response of the surface of the cell, even 

using a less penetrating spherical probe.  
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4.4 Conclusion and summary of findings 

 

The primary goal of the analyses carried out in this chapter, was to investigate how 

current AFM protocol parameters such as cantilever geometry, region of cell 

indentation, application of the Hertz-Sneddon contact model to appropriate regions of 

the MDCK cell and loading forces can be applied to a specified selected mammalian 

cell line. As previously noted, attempting to define a set of reproducible and reliable 

AFM parameters and data analysis models is paramount when attempting to make 

objective conclusions about the data outputs derived following live mammalian cell 

indentation. The results presented for the mechanical response and AFM approach of 

MDCK cell indentation using a spherical cantilever, demonstrated the most suitable 

approach for the preliminary investigation of MDCK cell Young’s elastic moduli 

outputs. The accurate selection, indentation depth and assessment of MDCK central 

nuclear region can be manually controlled. Evaluating the thickness of the MDCK cells 

using cross-section height offsets can be used to selected data points within the cell 

sample thickness threshold limit for application of the Hertz-Sneddon contact model. 

Surface topography is approachable using AFM imaging, and the spherical geometry 

cantilever preferably utilised.  
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The key AFM experimental protocol parameters defined following each troubleshooting 

assay in this chapter are; 

 

4.4.1 Selection of an appropriate AFM cantilever geometry  

Based on the results presented in section 4.3.2, localised pyramidal geometry 

cantilevers are less suitable for live MDCK cell AFM indentation. This was the case for 

the selected MDCK cell line. Spherical cantilever geometry produced more qualitative 

force-curves with less double membrane effects. Utilising spherical shaped cantilevers 

appears more suitable for the live cell AFM indentation analysis for the MDCK cell line 

selected. Ensuring both qualitive and quantitate data acquisition and cell Young’s 

elastic moduli elasticity outputs for cell monolayer analysis is paramount when 

investigating cell development and monolayer proliferation.  

4.4.2 MDCK cell force map analysis – Cell region discrimination and 

application of the Hertz-Sneddon contact model 

 

An accurate method for precisely selecting the cell body/nuclear organelle region of the 

MDCK cells was defined using live cell fluorescence microscopy with AFM indentation 

analysis. Based on the force map analysis presented (height and corresponding Young’s 

elastic moduli stiffness map), the apparent nuclear region (based on height of the cell) 

was analysed for data points corresponding to the limit of sample thickness for 

application of the Hertz-Sneddon contact model. 

 

4.4.3 Application of an appropriate reproducible method of AFM elastic 

modulus output analysis 

 

For live MDCK AFM force-displacement curves, the JPK software was utilised for all 

force curve pre-processing functions. This was followed by application of the suitable 



137 

 

indentation depth fitting of the Hertz-Sneddon contact model. Accuracy of each fit was 

assessed for each indentation force displacement curve. Manual application and 

adjustment of the Hertz-Sneddon fitting model (rather than automatic fitting) was seen 

as most suitable for deriving accurate MDCK elastic moduli outputs.  

4.4.4 AFM surface topography cell imaging 

Fixed cell AFM imaging applications are suitable using the selected colloidal cantilever 

probe. MDCK cell surface topography and surface stiffness mapping can be accurately 

obtained using each mode under defined AFM parameter conditions. A spherical 

cantilever is not often recommended for fixed cell surface imaging. However, the 

surface topography imaging presented (section 4.3.5) demonstrated that under suitable 

AFM parameters, a clear surface can be obtained for the selected MDCK cell line.  

Application and amendments to the listed AFM protocol parameters are detailed in the 

chapters to follow.  
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CHAPTER 5 

Effect of stage of cell monolayer development on atomic force 

spectroscopy Young’s elastic modulus measurements 

5.1 Introduction 

When attempting to derive the Young’s elastic modulus trends of different cell lines by 

AFM, little consideration is given regarding how the stage of cell development and 

monolayer confluence affects derived AFM output trends. Current AFM studies 

investigating multiscale trends in mammalian cell elastic moduli outputs have 

evidenced differences in single, groups of cells and monolayer outputs for similar cell-

line origins and/or cantilever geometries [109]–[113]. The variation in derived elastic 

modulus outputs for mammalian cell lines at alternate stages of monolayer 

developmental scales, ascends the question if such variations are due to differences in 

(1) cell line (species and/or tissue type), or (2) if the derived elastic moduli trends may 

result from variation in AFM methodology approaches. It may well be the case that 

selected cell lines have differences in the internal characteristics that affect the degree to 

which a selected cantilever at a given loading force deforms the cell; Mammalian cells 

transition through multiple structural morphologies with progressive monolayer 

development [109], [181], [182]. Variation in cell volume  [179],  cell height with 

monolayer confluence [183], activity of the cortical cell membrane [89], [184] as well 

as change in the intrinsic position of the nuclear organelle [185], all comprise some of 

the morphological modifications that occur as cell proliferation and monolayer 

formation ensues. However, it may also be the case that variation in derived cell 

Young’s elastic moduli trends may not be due to biological variation, but arise due to 
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the alternate indentation and deformation depths associated with greater and/or loading 

forces and more localised penetrative cantilever geometries. As stated, the Young’s 

elastic moduli outputs from AFM indentation has been reported to be sensitive to the 

indentation depth analysed [100], [111], [186], [187]. Furthermore, differences in the 

geometry of the AFM cantilever selected i.e. spherical  [110]–[112] versus pyramidal 

[113] and/or loading force i.e. 0.4nN [113], 0.2 -1.0nN [111] or 2.5nN [112],  could 

result in the variation in Young’s elastic moduli trends derived for cells at alternate cell 

proliferation length scales. As demonstrated in Chapter 4 of this thesis, the contact 

model selected to derive the Young’s elastic moduli [E] trends for mammalian cells 

lines has to be carefully applied to specified sample regions (to account for thickness of 

the sample and the limits of the contact model). While many AFM studies do indent the 

nuclear body region of the cells, utilising different cantilever loading forces could 

render derived Young’s elastic moduli [E] trends as somewhat inaccurate as a result of 

the depth of cell indentation investigated and the contact model selected.  

Few AFM studies investigating mammalian cell elastic moduli, directly account for the 

depth of indentation at selected loading forces, nor do they consider how the 

developmental stage of the cell may affect the maximal indentation depth achieved, 

therefore, as a result of the discussed cell developmental events, more attention must be 

given when selecting and implementing specific AFM parameters for live mammalian 

cell Young’s elastic moduli analysis.  

Therefore, the purpose of this chapter was to investigate, apply and analyse selected 

AFM parameters on the selected MDCK mammalian cell line at selected stages of 

progressive monolayer development. Utilising the assessed framework of AFM 

parameters from Chapter 4, This was achieved by the following experiments; 
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(1) Investigating cell indentation/deformation depths and resulting Young’s elastic 

moduli AFM outputs at alternate stages of cell monolayer development using an 

AFM loading force range (nN).  The loading force range being (0.5nN – 3nN). 

Stages of cell development selected are single cell; semi-confluent and maximal 

density monolayer cells. This range of selected cantilever loading forces was 

selected to coincide with the range of forces selected from AFM studies in the 

literature i.e. AFM studies specifically investigating Young’s moduli trends at 

increasing stages of cell proliferation and monolayer development.  

(2) Assessment of potential cytoskeletal protein contribution (actin) to derived cell 

AFM Young’s elastic moduli trends at each stage of cell monolayer 

development investigated.  

 

These assays were carried out as an initial primary investigation to demonstrate that at 

different stages of mammalian cell monolayer development and confluence, alternate 

AFM loading forces and resulting derived Young’s moduli outputs are greatly affected 

by the developmental state (cell confluence) of the MDCK cells.  The loading force 

range used was selected to encompass some of the AFM loading forces used for 

mammalian cell indentation in the current AFM literature. 

5.2 Materials and methods  

 

The specific materials and methods used to carry out the MDCK developmental stage 

AFM assay in this chapter is detailed as follows; 

5.2.1 Cell culture  

 

The MDCK cell line was selected for the AFM analysis in this chapter based on the 

culture characteristics and phenotypes described previously (Ch4. Section 4.3.1). 
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MDCK cells were cultured, maintained and prepared for AFM experimentation as 

described previously (Ch3. Section 3.4 – 3.6). Prepared sample dishes were monitored 

closely for each required group, namely single cell, semi-confluent and maximal denisty 

confluence monolayers, estbalished at ~ 24h, 72h and 288h respectively. Samples were 

always prepared at least 24 hours prior to analysis (to allow for adequate cellular 

attachment for AFM analysis).  

5.2.2 Cantilevers 

Spherical geometry cantilevers, as detailed (Ch3. Section 3.7.3- 3.7.5) were used for the 

live MDCK cell AFM indentation in this chapter.  

 

5.2.3 AFM 

 

All AFM MDCK measurements (force-displacement curves) were obtained in contact 

mode. For MDCK cell Young’s elastic moduli analysis, force-displacement curves were 

obtained over a period of no more than 1 hour per MDCK cell sample. Indentation 

approach rate (8𝜇m s-1), z-depth (4µm) and sampling rate (4096 Hz) were kept constant 

to allow for data reproducibility and implementation of the Hertz-Sneddon contact 

model. The approach rate (8µm s-1) was within the accepted limit as to not encounter 

effects resulting from hydrodynamic drag [132],[140]. For assessment of AFM loading 

force (0.5nN-3nN) on alternate MDCK monolayer development cell stages, a total of 10 

MDCK cells was analysed across each cell MDCK developmental length scale group. 

For each MDCK cell, within a monolayer stage developmental group, the nuclear 

organelle cell body region was subjected to each loading force within the 0.5nN - 3.0nN 

loading force range. A total of 10 indentations for each loading force were acquired for 

each individual cell within each cell developmental group. For all nuclear region 

indentations, only qualitative non-tethering force-displacement curves exhibiting 

defined extend-retract portions of the curves were used for subsequent data analysis.   
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5.2.4 Live MDCK AFM cell imaging – AFM optical overlay 
 

In order to accurately discriminate the nuclear and cytoplasmic intracellular regions of 

the MDCK cells during AFM experimentation, MDCK cells were transduced to express 

an actin protein bound conjugated green fluorescent protein (GFP) marker, as described 

(Ch3. Section 3.8.1). All force indentation curves obtained from each cell sample were 

gathered within the approximated nuclear region for all cells (Figure 5-1). In order to 

investigate the effects of alternate AFM loading forces (0.5nN-3.0nN) on live MDCK 

cells the nuclear region overlay protocol was used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1. Single MDCK cell AFM fluorescent micrograph in greyscale.  The 

MDCK nuclear region was identified and selected as the cell region lacking any 

prominent actin GFP fluorescence marker signal. Incremental loading force indentations 

were carried out across the selected 0.5nN – 3nN force set-point range, with each 

indentation point kept within the apparent measured nuclear region boundary [Scale bar 

20µm]. 
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5.2.5 Data processing – MDCK Young’s moduli analysis  
 

All obtained force-displacement curves were analysed by fitting the Hertz-Sneddon 

contact model for a spherical cantilever over the 0.5nN-3nN indentation force set-point 

range. The Hertz-Sneddon contact model was applied to the approach (extend) portion 

for all acquired force-displacement curves. Pre-processing JPK data processing 

functions (Chapter 3, Section 3.10.1) were used to process the raw curve files prior to 

application of the Hertz-Sneddon contact model at the selected force-curve indentation 

depths.  All acquired AFM force curve outputs for live MDCK nuclear region 

indentation analysis was then graphed and Young’s moduli trends analysed.  

 

5.2.6 MDCK actin GFP fluorescence intensity analysis  

MDCK actin GFP fluorescence intensity across each developmental stage through 

monolayer development was evaluated by 2D fluoresence microscopy. For actin 

intenstiy analyses, MDCK cells were fixed and incubated with an ActinGreen TM 

ReadyProbe Reagent (ThermoFisher) as previosly described (Chapter 3, Section 3.9.1). 

Uptake of the ActinGreen TM ReadyProbe was confirmed using an EVOS FLoid 

microscope imaging station. Actin-GFP intensity was calculated and analysed as 

described previously (Chapter 3, Section 3.8.2). Actin/GFP channel intensity was 

analysed for variations across each developmental length scale using the integrated 

density (IntDen) measurement function within the ImageJ measurements toolbox, as 

described (Chapter 3, Section 3.8.2). The ratio for total actin intensity to cell area for 

each developmental length scale was also calculated and analysed across each stage of 

MDCK development.  
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5.2.7 Statistical analysis of outcomes  

 

To effectively analyse and compare mammalian cell Young’s moduli AFM output 

measurements across each MDCK monolayer developmental length scale, certain 

statistical tests were used as described (Chapter 3, Section 3.11). Variation within each 

data set was assessed using standard error of the mean. To effectively analyse and 

compare MDCK AFM and actin GFP intensity measurements across each 

developmental length scale, the Mann-Whitney U test was used to calculate the degree 

of significance between the derived MDCK GFP intensity outputs. 

5.3 Results  

 

5.3.1 Stage of MDCK cell monolayer development and resulting AFM 

Youngs elastic moduli outputs  

 

As stated in the introduction of this chapter, few AFM studies directly account for the 

depth of cell indentation at alternate selected cantilever loading forces, nor do they 

consider how the developmental state, in terms of cell monolayer confluence of a 

mammalian cell, may affect the maximal indentation depth achieved. In the AFM assay 

carried out in this chapter, a number of AFM indentations in the identified nuclear 

region of an MDCK cell from three monolayer developmental groups, i.e. MDCK 

single cells, MDCK cells within a semi-confluent monolayer and MDCK cells within a 

highly confluent monolayer was carried out. A number of cantilever loading force set-

points, ranging from 0.5nN to 3nN was chosen for MDCK cell indentation. As a result, 

at each loading force set-point, a corresponding MDCK cell indentation depth was 

achieved for all three sample groups. The results demonstrated that the maximal 

achieved indentation depth of a MDCK cell achieved at each loading force was 

observed to be subject to the stage of MDCK cell monolayer development. The results 

are shown in Figure 5-2 and Table 5-1.  
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Referring to the results presented for final achieved cell indentation depths at each 

loading force, one can clearly observe that the indentation depth achieved using the 

same force set-point is dependent on the status of the MDCK cells, i.e. the degree of 

developmental confluence. A few interesting observations were made for the 

indentation depth outputs at each cantilever loading force. Firstly, at the lower range of 

force 0.5nN to 0.8nN, the slope of the curve between the three stages of MDCK 

development was relatively uniform. This suggests that within this region, the cantilever 

may be deforming the same material within the cells. The indentation region or depth 

for the forces described (around 500nm to 1000nm) are within the region of the actin 

cortex [90]–[93] (Chapter 2, section 2.8.3). It may be the case that the morphology of 

the cells i.e. cell height or surface topography produces an apparent difference in 

deformation depth for the three MDCK groups, however, the mechanical properties in 

this region results in a similar slope for the forces deforming this region. Therefore, this 

region of the graph may provide information about the actin cortex dynamics for this 

depth of cell deformation. Based on the slopes in the graph (between 0.5nN and 0.8nN), 

it may be the case that the actin cortex is what is being detected, yet for different 

MDCK cell stages, requires higher forces to deform at different cell monolayer stages. 

Perhaps the organisation of the actin cytoskeleton in this region is different between the 

three cell stages. Interestingly, within this loading force range, the depth of cell 

indentation has already reached the limits for the application of the Hertz-Sneddon 

contact model. It is suggested that cell deformations of around 500nm are most suitable 

for application of the contact model [123]. The AFM studies carried out investigating 

cell confluence in relation to the derived Young’s elastic modulus use cantilever loading 

forces considerably greater (~ 2.5nN for example) than the 0.5nN to 0.8nN forces 

presented here. Therefore, at what limit of deformation the contact model in these 

studies used to derive the mechanical properties of proliferating cells is important, as 
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the results presented here suggest forces greater than 0.8nN are substantially deforming 

adherent cells beyond the limit of an accurate Hertz-Sneddon contact model fit. Another 

interesting finding presented for the three curves, is that they all follow a similar trend. 

There is an initial increase in the slope of the curves, followed by a plateau, followed 

then by additional deformation and then a further plateau (in the case of the single and 

semi-confluent MDCK cells). What is interesting for these trends is that beyond certain 

depths of cell deformation, the force remains relatively constant in this region. Where 

there are higher indentation depths, one would expect the force to increase. This 

suggests that at these indentation forces, a decline in force may arise due to a separation 

of two regions i.e. a higher force resulted in the cantilever sensing the modulus two 

different materials, perhaps of the more viscous internal cytosol region of the cell.  

 

 

Figure 5-2. AFM cantilever indentation outputs across a (0.5nN to 3.0nN) loading 

force range for MDCK cells at alternate stages of cell monolayer development.  

Error bars indicate standard error of the mean for averaged measurements acquired from 

depth outputs for all sample groups.  
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Table 5-1. Maximal measured indentation depth [I. Depth] for loading force indentation 

range (0.5nN-3.0nN) on single, semi-confluent and maximal density MDCK monolayer 

confluence. Values presented are averages of each cell group with (+/- standard error of 

the arithmetical mean).  

Parameter 
Single cell 

confluence (n=10) 

Semi-confluent 

monolayer (n=10)  

Maximal confluent 

monolayer (n=10) 

Set-point 

[nN] (n=10) 
I. Depth [nm] I. Depth [nm] I. Depth [nm] 

0.5 

0.8 

1.0 

1.5 

2.0 

2.5 

3.0 

708.1 (± 74.5) 

880.1(± 99.6) 

924.8 (± 64) 

1308.5 (± 140.7) 

1299.8 (± 158.9) 

1588.9 (± 176) 

1924.1 (± 201.6) 

821.6 (± 45.2) 

1011.6 (± 53.2) 

1154.3 (± 87.1) 

1222.7 (± 77.2) 

1331.6 (± 85) 

1609.6 (± 89.8) 

1691.1 (± 106) 

503.1 (± 21.8) 

670.1 (± 32.1) 

659.7 (± 54.7) 

781.9 (± 39.8) 

890.1 (± 22.8) 

960.5 (± 24.8) 

1069.2 (± 22.1) 

 

Next, the derived Young’s elastic modulus as a result of MDCK cell confluence and cell 

indentation depths was then analysed. The results are presented in Figure 5-3 and Table 

5-2. In the case of the results presented here, the JPK data processing software for force-

curve analysis was used. As demonstrated in Chapter 4 (section 4.3.3), application of 

the Hertz-Sneddon contact model fit is only applicable for the initial indentation region 

of the MDCK cells. The Young’s modulus trends presented here demonstrate that there 

is a significant difference in the derived [E] outputs at different cantilever loading set-

points for MDCK cells at different stages of monolayer development. However, only 

low range force set-points are applicable when attempting to properly interpret the data 

as beyond certain deformation limits (the values of which are presented in Figure 5-2), 

the data is no longer compatible with the Hertz-Sneddon contact model. This is due to 

fitting the model to cell indentation depths that would present with artificial [E] outputs 

as a result of effects stemming from the underlying substrate. Therefore, AFM studies 
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utilising these loading force ranges would have to consider how the stage of adherent 

cell deformation by a cantilever could result in deformation depths beyond the limit of 

certain contact models to derive the mechanical properties of the cell following 

indentation. Stage of dell development must be considered, and appropriate corrections, 

with either lesser indentation forces or contact model corrections (Chapter 2, section 

2.13) applied. To compare the differences in the MDCK cell mechanical properties at 

low indentation forces (0.5nN to 0.8nN); a similar trend was observed in the slope for 

the [E] curves of single and semi-confluent MDCK cells, however the gradient of the 

slop for the [E] curve of maximal density MDCK cells was greater. The data presented 

suggest that high cell density results in a greater derived Young’s elastic moduli output. 

This agrees with previous findings for epithelial cell as high cell densities [110]. What 

is interesting is the shape of the slope of the curves between the three different length 

scales. At low loading forces, single and semi-confluent cells present with a similar 

slope, which suggests (as did the indentation depth results) that the same material or 

cellular component is being measured. This cellular component may be the actin cortex 

based on the indentation depths achieved. However, since the maximal density cells 

presented with a greater derived Young’s moduli trend compared to single and semi-

confluent MDCK cells, this may further corroborate the suggestion the dynamics of the 

actin cortex in this region for higher cell developmental length scales, behaves 

differently compared to earlier stages of cell monolayer development. Therefore, even 

at low force indentation ranges, the stage of adherent cell monolayer development can 

produce different elastic moduli outputs.  
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Figure 5-3. Young’s elastic moduli outputs derived for a (0.5nN to 3.0nN) loading 

force range for MDCK cells at alternate stages of cell monolayer development.  

Error bars indicate standard error of the mean for averaged measurements acquired from 

depth outputs for all sample groups.  

 

Table 5-2. Hertz-Sneddon derived Young’s elastic moduli for loading force indentation 

range (0.5nN-3.0nN) on single, semi-confluent and maximal density MDCK monolayer 

confluence. Values presented are averages of each cell group with (+/- standard error of 

the arithmetical mean).  

Parameter 
Single cell 

confluence (n =10) 

Semi-confluent 

monolayer (n=10) 

Maximal confluent 

monolayer (n=10) 

Set-point 

[nN] (n=10) 
E [Pa] E [Pa] E [Pa] 

0.5  

0.8 

1.0 

1.5 

2.0 

2.5 

3.0 

283.5 (± 47.6) 

380.3 (± 82.2) 

396.4 (± 84.5) 

400.9 (± 69.9) 

449.4 (± 91.9) 

543.6 (± 122.5) 

588.6 (± 128.7) 

317.4 (± 33.2) 

417.1 (± 40) 

436.1 (± 51.8) 

478.2 (± 42.6) 

591.8 (± 70.1) 

599.3 (± 62.7) 

680.4 (± 75.1) 

675.1 (± 50.5) 

840.7 (± 52.9) 

875.2 (± 48.9) 

1008.8 (± 82.9) 

1109.2 (± 119.4) 

1153.2 (± 111.6) 

1188.7 (± 118.1) 
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5.3.2 Cortical actin distribution in MDCK cells at different monolayer 

developmental stages 

Previous reports have demonstrated a variation in the distribution of cortical F-actin for 

epithelial cells at alternate cell developmental length scales; Vero cells have been shown 

to exhibit variation in F-actin intensity at non-confluent (higher F-actin intensity) and 

monolayer (lower F-actin intensity) developmental length scales  [111]. Therefore, 

using a similar method for cortical actin analysis, the F-actin intensity and distribution 

(in terms of cell area) of MDCK cells across the three MDCK developmental stages was 

analysed (Figure 5-5). This was carried out to investigate if the Young’s elastic moduli 

trends observed (particularly at higher cell density length scales) arise due to a 

difference in actin cortex protein expression or activity.  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4. MDCK actin GFP fluorescence analysis using ImageJ ROI selection 

and background thresholding. MDCK cell body area and actin GFP signal intensity 

measurements were obtained for each developmental length scale; [A] single cell [B] 

semi-confluent monolayer and [C] maximal density monolayer confluence [Scale bars 

20µm]. 
 

A B 

C 
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MDCK actin GFP fluorescent images acquired and analysed for variation in cortical 

actin intensity, demonstrated a significant difference (p < 0.00001) in the corrected total 

cell fluorescence for (CTCF) cortical actin between single (non-confluent) and maximal 

density confluence MDCK cells, as well as semi-confluent and maximal density 

confluence MDCK cells (p < 0.00001), and no significant difference between single and 

semi-confluent MDCK cells (p = 0.177) (Figure 5-6). As with previous reports, the total 

amount of cortical actin is reduced at higher monolayer cell length scales. In the results 

presented here, maximal density highly dense confluent MDCK cells demonstrated the 

lowest cortical actin intensity, in comparison to single and semi-confluent monolayer 

MDCK cells. The ratio between MDCK F-actin intensity and cell area (CTCF/cell area) 

(Figure 5-7) demonstrated that single cells presented with the greatest actin intensity per 

cell, followed by maximal density and semi-confluent MDCK monolayer cells.  

 

Figure 5-5.  Box plots denoting corrected total cell fluorescence (CTCF) for 

cortical actin GFP MDCK cell fluorescence. Lines within each box represent the 

median, the box itself presents the lower (25%) and upper (75%) quartiles, while the 

whiskers present the lowest and highest extreme values. Box points represent the 

average means of each cell cohort. (p-values) were calculated using the Mann-Whitney 

U test at .01 significance. (**** p < 0.00001). (n) = (41) single cells (161) semi-

confluent cells and (141) maximal density confluence cells. 
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Figure 5- 6. Box plots denoting the ratio between corrected total cell fluorescence 

(CTCF) to total cell area for each developmental length scale. Lines within each box 

represent the median, the box itself presents the lower (25%) and upper (75%) quartiles, 

while the whiskers present the lowest and highest extreme values. Box points represent 

the average means of each cell cohort. (P-values) were calculated using the Mann-

Whitney U test at .01 significance. (**** p < 0.00001). (n) = (41) single cells (161) 

semi-confluent cells and (141) maximal density confluence cells.  

 

5.4 Discussion  

Following the investigation into how current AFM protocol parameters such as 

cantilever geometry, region of cell indentation and cantilever loading force can be 

applied to a specified selected mammalian cell line (Chapter 4), the primary aim of this 

chapter was to explore how progression of cell monolayer development can affect the 

outcome and derived Young’s elastic moduli trends during AFM indentation 

experiments. How a mammalian cell responds and adapts their elastic properties during 

cell proliferation and an increasing number of cell-cell contacts is the overarching aim 

of this thesis. Current AFM studies utilise a number of alternate cantilever loading 

forces when indenting and deforming mammalian cells. A progressive increase in 
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cantilever loading force (0.5nN to 3nN) on MDCK cells at three different stages of cell 

monolayer development, demonstrated an alternate membrane response (depth of 

indentation and resulting Young’s modulus elasticity output). The stage of cell 

monolayer development and cell density i.e. single cells, semi-confluent monolayer 

cells and fully confluent maximal density cells had a significant effect on derived AFM 

Young’s elastic moduli outputs for indentation ranges within the limits of the 

application of the Hertz-Sneddon contact model. Interestingly, the Young’s elastic 

moduli trends derived are comparable to previous reported AFM findings investigating 

MDCK elastic moduli trends for alternate cell densities (cells/mm2). In those studies, 

MDCK cells presented with lower elastic moduli trends at lower isolated cell densities 

(5-10 cells/mm2), compared to higher cell densities (500 cells/mm2), at a 500nm cell 

indentation depth [110]. However, such investigations did not account for variation in 

Young’s moduli trends at highly confluent MDCK cell densities, nor do they account 

for variation in cell indentation depths for different cell density length scales and varied 

cantilever loading force set-points. Such investigations did attribute the variation in 

derived cell elastic moduli trends for MDCK cells, to the formation of mature cell-cell 

junction complexes and cell-cell junctional actin assembly. At greater cell densities and 

confluence, MDCK cells showed an increase in the presence of short microvilli in the 

apical domain, along with incrassate apical actin [110].  

 

An appreciation for stage of cell monolayer development and cell confluency is 

necessary when selecting an appropriate AFM protocol for mammalian cell analysis.  A 

number of mammalian cell lines have exhibited a variation in their derived cell elastic 

moduli outputs at alternate stages of monolayer developmental length scales; Vero 

epithelial cells presented with greater Young’s moduli outputs at the single cell length 

cell compared to monolayer cells [111]. MDCK epithelial cells (canine) presented with 

lower elastic moduli at low isolated cell densities (5-10 cells/mm2), compared to higher 
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cell densities (500 cells/mm2) (as noted) [110], while NIH3T3 murine embryo fibroblast 

cells exhibited no significant different in cell elasticity trends with variation in cell 

density/development [110]. Human umbilical vein endothelial cells (HUVEC) cells 

exhibited greater cell elasticity outputs for grouped (3-5 cell clusters), followed by 

single cells, with HUVEC monolayer cells having the lowest elastic moduli [E] outputs 

[109]. Human mammary epithelial cells (HUMEC) exhibited greater elastic moduli 

trends at the monolayer length scale, compared to cells at the single cell developmental 

stage [113]. A similar trend was presented for HUMEC cells whereby the derived 

elasticity of the cells was found to gradually decrease towards the periphery of a 

monolayer compared to single isolated cells  [114]. The underlying mechanism 

described for the observed increase in cortical membrane elasticity and tension at higher 

cell densities has been attributed to the formation of dense apical microvilli and 

incrassate actin fibres at higher cell densities [110]. In the final results section of this 

chapter (section 5.3.2), a variation in cortical actin intensity was investigated and 

presented. Highly confluent maximal density MDCK cells exhibited a lower GFP actin 

intensity compared to non-confluent (single) and semi-confluent MDCK cells. A similar 

reduction in actin GFP intensity outputs has been demonstrated for epithelial cells at 

alternate mammalian cell length scales [111]. However, the GFP analysis and results 

presented here are not wholly comparable with the presence of incrassate cortical actin 

and microvilli in the apical cell domain. Further investigation into which morphological 

attributes are most responsible for the alternate cell membrane response during AFM 

indentation is required.  In summary, by analysing variations in the derived AFM elastic 

moduli [E] trends for MDCK cells at increasing stages of monolayer development at 

alternate loading forces, it was possible to identify an inherent variation in MDCK cell 

membrane resistance towards an external deformation load. While it was shown that 

MDCK cells at alternate stages of monolayer development present with varied GFP 
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actin intensity trends, additional investigation into how and why MDCK cells 

respond/deform differently to an increase in deformation load through monolayer 

development is required. A complete appreciation as to how an MDCK cell responds 

during AFM mechanical investigations is necessary when attempting to interpret and 

define a pathway of mammalian monolayer development.  

5.5 Conclusion and summary of findings 

 

Using a precise incremental loading force range (0.5nN-3nN), the results of this chapter 

demonstrated the varied depth of deformation and resulting elasticity AFM Young’s 

moduli [E] outputs for MDCK cells probed at specific single cell, semi-confluent and 

maximal density monolayer developmental stages. The future focus and development 

for the work and results presented in this chapter will encompass further investigation 

into which morphological attributes are most responsible for the different membrane 

response of MDCK cells undergoing AFM indentation. The significance of the results 

obtained will demonstrate the requirement for future AFM studies to include an 

appreciation for specific stage of cell development in their protocols, but also highlight 

which potential mechanisms are responsible for how a single cell transforms and alters 

its mechanical properties during monolayer development.  
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CHAPTER 6 

Stage of MDCK cell development and associated AFM Young’s elastic 

moduli trends: A review of potential underlying mechanisms for 

observed outcomes 

6.1 Introduction  

The AFM indentation results presented (Chapter 5), demonstrated an interesting 

outcome for MDCK cells undergoing AFM indentation at alternate stages of 

proliferation and monolayer development. The results showed that a low range 0.5nN to 

0.8nN cantilever indentation forces, MDCK cells present with considerable variation in 

both their degree of deformation by the cantilever, as well as derived Young’s elastic 

moduli outputs. To assess what potential cell morphological attributes may be 

contributing to the results observed, a rudimentary analysis for actin-GFP intensity for 

the three MDCK cell monolayer developmental groups was then analysed. Interestingly, 

the results did not follow the Young’s elastic moduli trends observed in the literature; 

Given that highly confluent maximal density MDCK cells presented with the greatest 

elastic moduli trends, they did not exhibit the greatest actin-GFP intensity, in terms of 

total GFP fluorescence. Single and semi-confluent MDCK cells exhibited a similar 

degree of actin-GFP intensity of fluorescence. However, upon calculation of the total 

amount of actin-GFP fluorescence per MDCK cell (CTCF/cell), the reasoning for the 

results was further distorted; While single and semi-confluent MDCK cells presented 

with similar indentation and actin-GFP, they exhibited significantly different 

CTCF/cell. After single MDCK cells, maximal density cells exhibited a greater amount 

of CTCF/cell, followed by semi-confluent MDCK cells.    
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The variation in Young’s elastic moduli trends for MDCK cells across a range of AFM 

cantilever loading forces, affirmed the notion that much more consideration needs to be 

taken into account when defining an AFM protocol for live mammalian cell indentation. 

A slight variation in cantilever loading force, or little consideration of timing of stage of 

cell monolayer development, could render any conclusion about derived cell elastic 

properties somewhat inaccurate. Thus, attempting to interpret how a particular cell line 

transforms its mechanical properties would not be wholly precise.   

Based on the results presented in Chapter 5, the purpose of this chapter is to outline and 

hypothesize which cellular mechanisms and intracellular components may give rise the 

interesting AFM and actin-GFP fluorescence results presented. The structural 

components of mammalian cells which are most associated with derived Young’s 

elastic moduli properties, such as the actin cell cortex, cell junctional complexes and 

cell nucleus is discussed. This is followed by two hypotheses, each of which suggest 

what may give rise the AFM results obtained, namely (1) variation and changes in cell 

morphology with progressive cell monolayer development, and (2) development of 

increased stress along the cell interface boundary with progressive monolayer 

development and increasing number of cell-cell bonds. These hypotheses are discussed, 

and then validated in the results chapters to follow.   

6.2 The structural model of mammalian cell(s) undergoing AFM 

indentation  

 

An appreciation for the inherent structural changes that occur through mammalian 

monolayer formation is paramount when attempting to analyse derived AFM Young’s 

elastic moduli outputs.  As described and illustrated in Chapter 2, mammalian cells are 

linked together by specific types of intercellular adhesion junctions (Figure 6-1); 

adherens junctions, gap junctions, tight junctions and desmosomal or hemidesmosomal 
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junctions. Specifically, two adhesion complexes, adherens and desmosomal cell 

junctions, serve to join and integrate the internal cell cytoskeleton network with the 

outer extracellular matrix environment [46], with tight junctions serving to bind cells 

(epithelia cells specifically) tightly to one another.  Cell junctional complexes are linked 

via cadherin transmembrane complexes to a cells internal cytoskeletal network. 

 

 
 

 

 

Figure 6- 1. Mammalian cell-cell junctional complexes. Mammalian cells are linked 

to one another and the ECM via specific cell and ECM complexes (Figure taken from 

Harras, et al, 2014) [46].  

 

A cells cytoskeleton is composed of three types of filaments; microfilaments, 

intermediate filaments and microtubules as illustrated in Chapter 2 (section 2.8.2). 

These primary three filaments (Figure 6-2) each conform to their own structural 

conformation in solution at 37°C due to the thermal fluctuations acting on a 10-micron 

long filament [189]. Therefore, within mammalian cells undergoing AFM indentation in 

liquid media (37°C), the mechanical function of each filament is subject to the 
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conformation and activity of the cell cytoskeleton for a particular cell undergoing 

monolayer development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6- 2. Schematic diagram of estimated diameter, subunit packing and 

filament configuration in solution at 37°C of each of the three cytoskeletal polymer 

types [A] microtubules, [B] F-actin, and [C] intermediate filaments [189].  

 

As previously discussed, (Chapter 2. Section 2.8.3), the majority of cellular 

mechanobiology studies implicate actin microfilaments and stress fibres as the most 

significant principle modulator of external load force, cellular elastic properties and 

tension [22], [76]. The cortical region of many cell lines is comprised of a dense actin 

meshwork. Notably, although actin is present throughout the cytoplasm of a cell, the 

most concentrated region is found at the cell membrane boundary, creating a peripheral 

network of loosely cross-linked F-actin meshwork beneath the plasma membrane [190], 

[A] 

[B] 

[C] 
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[191]. This is commonly referred to as the actin cortex. The thickness of the actin cortex 

has been estimated to range from 130nm to 1µm [90]–[93], with cortical actin mesh 

densities estimated at ~ 100nm [77]. The architecture and mechanics of the actin cortex 

has been evidenced to be subject to state of cell pluripotency [89], with further evidence 

demonstrating the increase in the number of cell-cell adhesion complexes as well as 

cytoskeletal activity with progressive cell development [109], [164], [181], [184], [192]. 

The AFM results presented for the MDCK cell line at alternate stages of cell monolayer 

development, previous studies investigating MDCK Young’s elastic moduli trends at 

higher cell densities (such as maximal confluent monolayer cells) did attribute the 

variation in derived cell Young’s elastic moduli trends for MDCK cells to the formation 

of mature cell-cell junctions and junctional actin assembly; At greater cell densities and 

confluence, MDCK cells showed an increase in in dense and short microvilli in the 

apical domain, along with incrassate apical actin [110].  

 

Therefore, the results obtained in Chapter 5 could be principally be described using a 

rudimentary AFM indentation depth/cell deformation dependent model for live cell 

AFM analysis, whereby the parameters required for consideration in live cell AFM 

analysis are;  

1. Final calculated Young’s elastic modulus output is dependent on ƒ (Indentation 

depth)                                                 

2. ƒ (Indentation depth) is dependent on ƒ (F-actin cell cortex dynamics/maturity)                                       

3. Actin cell cortex dynamics is dependent on ƒ (cell monolayer length scale)           

 

If we assign variables to each experimental parameter;  

• Young’s elastic modulus [E] = x  

• Indentation depth = y 

• Actin cortex maturity = Z  

• Stage of cell development (single, semi-confluent, maximal density cell) = d 
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It is then possible to formulate an initial simplified equation for how the developmental 

stages of cell development affect live cell AFM measurement and Young’s elastic 

modulus outputs; 

 

                                              X ∏ Y|(Z|d)                                 (6-1) 

 

whereby variable x (final derived live cell Young’s elastic moduli outputs) is dependent 

on variables Y (indentation depth) that in turn are conditioned by variable Z cell cortical 

maturity) which in turn is wholly dependent on variable d (the monolayer 

developmental stage of the live cell undergoing AFM indentation.   

Referring to the aforementioned model, it is evident that certain cellular characteristics 

need to be further investigated in order to complete the model. As stated in the 

introduction of this chapter, two possible hypotheses surrounding which cellular 

mechanisms within this model could be most responsible for the results obtained is to 

be investigated in the results chapters to follow.  

6.3 Hypothesis 1: Morphological variation of MDCK cells across three 

stages of cell monolayer development 

 

One possible reason for the alternate AFM Young’s elastic moduli trends observed in 

MDCK cells, is the variation and adaptation in cell morphology with progressive cell 

development and monolayer formation. During cell development, morphological 

changes such as variations in cell volume, height, shape, thickness of the cell cortex, as 

well as location of the nuclear organelle, all comprise some of the morphological 

modifications that occur as cell proliferation ensues (Figure 6-3). The biological process 

whereby cells adapt their morphology during cell division and proliferation has 

repeatedly been attributed to the actomyosin cortex, microtubules as well as additional 
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associated cytoskeletal elements such as membrane transport proteins, which in turn 

regulate internal cell hydrostatic pressure and cell functions [193], [194]. Incremental 

increases in AFM cantilever loading force and resulting derived Young’s elastic moduli, 

are therefore subject to the presence of the aforementioned biological changes that arise 

through mammalian cell monolayer development. Therefore, investigation of various 

MDCK structural characteristics across each monolayer developmental length scale, by 

means of fluorescence cell morphological imaging, could clarify if the progressive 

change in cell structure and size are most accountable for the AFM results observed. 

The investigation of this hypothesis is carried out in the results chapter to follow – 

Chapter 7. 

 

 

Figure 6-3. Mammalian cell morphology transitions with monolayer development. 

Example mammalian cell morphology transitions that occur during cell monolayer 

development and proliferation. How particular morphology variations affect derived 

AFM Young’s elastic moduli measurements are not fully accounted for.   
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6.4 Hypothesis 2: Progressive cell development of MDCK cells results 

in the alteration of MDCK cortical region Young’s elastic moduli 

properties as well as variation in physical stress at the cell-cell 

membrane boundary 

 

As previously noted, mammalian cells readily adapt their morphological structure 

during progressive cell and monolayer proliferation. Such morphological adaptions 

have been attributed to multiple internal cytoskeletal and membrane signalling 

pathways. At both single cell and confluent cell monolayer length scales, the interplay 

between these mechanisms has been evidenced to generate greater cell cortical elasticity  

trends in mitotic cells as they progress through each stage of cellular mitosis and 

monolayer development [79], [195]. Gradients in cortical elasticity trends within the 

cortical actin layer has been associated with multiple cell developmental events such as 

cell migration, formation of cell-cell junction complexes and cell division (mitosis) 

[13], [79], [80], [81], with a down-regulation of cortical actin density along the cell-cell 

junction interface evidenced in multiple mammalian cell lines; MDCK  [84], cancerous 

cells [85], zebrafish [83], and xenopus gastrula cells [86]. Furthermore, as well as 

cytoskeletal processes affecting derived AFM Young’s elastic modulus outputs at 

alternate cell developmental stages, there is suggestion that spatial and lateral 

confinement of epithelial monolayers results in greater intracellular pressure; Micro-

pillar arrays designed to create spatial confinement mimicking that of proliferating 

epithelial monolayers demonstrated that without sufficient micro-pillar flexibility, 

compacted epithelial cells lack adequate space for optimal cell rounding and cell 

division. As a result, driven by an increase in actomyosin contraction and hydrostatic 

pressure with mitotic cell rounding, epithelial cells migrate up micro-pillars to reduce 

cell confinement and undergo unperturbed cell mitosis [80]. Cell migration with surface 

area restriction in vitro, often results in a process whereby cell “domes” form with 
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extended proliferation and a reduction in substrate surface area for proliferation [196], 

[197].The presence of apical microvilli, with incrassate cortical actin, increased cortical 

elasticity outputs hydrostatic pressure with spatial restriction (Figure 6-4), suggests an 

additional plausible underlying mechanism for the greater derived Young’s elastic 

moduli trend outputs with increase in MDCK monolayer development observed in 

Chapter 5.  Further to this, the reported variation in the mechanical properties along 

cell-cell junctional boundaries suggests a possible cell mechanical mechanism, whereby 

cells adapt (through their respective cell junction complexes) to increasing cell numbers 

and stress along the cell interface boundaries (Figure 6-5).  

 

 

 

 

Figure 6-4. Progressive development of MDCK cells and resulting formation of 

specific structural cytoskeletal components. The presence of apical microvilli, 

incrassate cortical actin, increased MDCK cortical elasticity, hydrostatic pressure and 

spatial restriction with MDCK monolayer development could all encompass the 

physical mechanisms that give rise to increased cortical tension and resulting AFM 

Young’s moduli [E] outputs. 
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Figure 6-5. [A] Schematic for proposed of cell cortical elasticity trends with 

progressive cell monolayer proliferation and cell-cell bond formation. As a result of 

the development and maturation of cell-cell junction complexes, upon AFM cantilever 

deformation [1], cell-cell junctions react to membrane load compression [2]. As a result 

of the stability of the cell-cell bonds, an increase in stress arises within the cell-cell 

junctional region, which could result in the alternate deformation response resisting the 

downward load of cantilever deformation on the apical surface of the cell and cell 

junction regions. Depending on the stage and maturity of cell-cell bond integrity and 

stability, this may directly affect the resulting resistance [3] and derived Young’s elastic 

moduli of the apical membrane towards an external deformation force.  

 

Therefore, force mapping analysis of MDCK cells undergoing incremental stages of 

monolayer development (single, divided doublet pairs, cell cluster to maximal density 

monolayer) could clarify if the development of the varied elasticity trends in the cell 

cortical and cell-cell boundary region is most responsible for the AFM results obtained 

in Chapter 5. Does the progression of cell development with increasing cell bonds and 

maturation of cell bonds at higher cell densities directly account for the different 

membrane response for MDCK cells existing at different stages of monolayer 

development? Referring to the mechanical properties of the mammalian cell cortex, the 

effect that the formation and maturation of the cell-cell junction region has on the 
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mechanical properties of the actin cell cortex at higher cell monolayer length scales will 

be investigated by analysing the cell cortical region at increasing stages of MDCK cell 

monolayer development. This will be achieved by using a cantilever deformation force 

that will deform the MDCK cells at a depth associated with the thickness of the cell 

actin cortex region. However, care and consideration will be carried out for the 

application of the Hertz-Sneddon contact model. The Young’s elastic modulus is to be 

derived for indentation depths at a maximum of 10% sample thickness. This will be 

achieved by carrying out cross section height-offset analyses of the MDCK cell 

monolayer scales using the method investigated in Chapter 4 (section 4.3.4). For the 

MDCK cell-cell junction region, a similar method will be carried out as to ensure only 

appropriate MDCK cell sample thickness was analysed and any effects of the 

underlying substrate does not affect the derived Young’s elastic moduli trends. The 

Young’s elastic moduli outputs derived along the cell MDCK cell cortical region, and 

cell-cell junction regions will elucidate if a progressive increase in MDCK proliferation 

(cell density), and formation and maturation of cell-cell bonds with monolayer 

formation, can result in a variation in stress within the cell cortical region and along 

cell-cell junctions. Notably, although the Young’s elastic modulus is used in the case of 

this research thesis to investigate mammalian cell mechanics, many assumptions are 

made by the Hertz-Sneddon model about the cells. Mammalian cells are biological 

materials, and are not in essence linearly elastic materials (as the Hertz contact model 

assumes). As a non-linear material, if the mammalian cell is compressed or stretched 

along its boundary, the apparent Young’s elastic modulus of the mammalian cell, as 

non-linear material, will increase. Therefore, if this is the case, where the maturation 

and material properties of the MDCK cell junction region and interaction of the 

junctional complexes with the cortical region cytoskeleton progresses, this could result 

in an apparent increases stress along the cell-cell junction region as well as an increase 
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in the Young’s moduli trends along the cell cortical region. The investigation of this 

hypothesis is carried out and the results are presented in Chapter 8. 

6.5 Summary and Conclusion 

 

In summary, based on the results presented in Chapter 5, it is possible that two different 

cell mechanical frameworks are most responsible for the variation in MDCK cell AFM 

Young’s elastic moduli trends with progressive cell monolayer development. (1) 

Changes in cell morphology with progressive cell division and/or (2) the development 

of increasing actin cortex elasticity (Young’s elastic modulus) with increase in cell 

density and stress along cell-cell junctional regions are the two primary hypotheses 

proposed to account for the results observed in Chapter 5. Investigating each of these 

hypotheses by means of cell morphological analysis (Chapter 7), and further AFM 

indentation, using force mapping (Chapter 8), will highlight which of the two theories is 

most applicable when investigating MDCK AFM Young’s elastic moduli trends, and 

formulation of an appropriate AFM protocol for mammalian cell mechanical analysis 

with progressive cell development.  

 

 

 

 



168 

 

CHAPTER 7 

Hypothesis 1: Morphological variation of MDCK cells across three 

stages of cell monolayer development 

7.1 Introduction  

 

The purpose of this chapter was to investigate potential variations in MDCK cell 

morphology through monolayer development as a means to determine if it could affect 

the derived AFM Young’s elastic moduli outputs of MDCK cells between different 

stages of cell monolayer formation, as demonstrated in Chapter 5; single MDCK cells in 

comparison to semi-confluent and maximal density monolayer cells. Fluorescent 

microscopy methods (FLoid EVOS imaging and 3D confocal imaging) were used to 

analyse and measure variations in MDCK cell (1) height, (2) cortical layer thickness and 

(3) size, as well as (4) shape and volume of the internal nuclear organelle at each stage 

of MDCK monolayer development.  

The biological process whereby a mammalian cell adapts its shape and height for cell 

division and proliferation has repeatedly been attributed to the actin cortex, 

microtubules as well as additional associated cytoskeletal elements and membrane 

transport proteins regulating internal cell hydrostatic pressure and cell mechanical 

function during mitosis  [193], [194]. At both single cell and confluent cell monolayer 

length scales, the interplay between these mechanisms has been evidenced to generate 

greater cortical tension in mitotic cells as they progress through each stage of cellular 

mitosis and monolayer development [79], [195]. Variation in cell volume  [179],  cell 

height [183], and activity of the cortical cell membrane [89], [184] as well as change in 

the intrinsic position of the nuclear organelle [185], all comprise some of the 
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morphological modifications that occur as cell proliferation ensues.  Further to this, and 

as noted in Chapter 6, as the number of cell bonds increases with cell division and 

monolayer confluence, cell motility declines with a reduced surface area for cell 

division. This results in cell compaction and shrinkage, and a transformation in the 

cytoplasmic-nuclear surface area ratio. Continued cell division slows as a result of the 

aforementioned physical constraints – collectively referred to as contact inhibition of 

cell proliferation [198]. It has been evidenced that contact inhibition in MDCK cell 

development is more influenced by mechanical constraint as opposed to an increase in 

the number of cell-cell contacts [198]. It should be noted that how cell size and growth 

are co-ordinated is only partially understood. When a cell divides to produce daughter 

cells and are mitotically active, they must double and segregate their genetic contents 

(DNA) as well as internal cellular organelles. The commencement of intracellular 

proliferative events have been evidenced to affect cell growth, with adaptation and 

uniformity in cell size being a consistent characteristic of healthy tissue cells [199]. 

 

As a result of the aforementioned morphology transitions that mammalian cells progress 

through, differences in the selection of an appropriate AFM protocol steps i.e. cantilever 

loading force, and cell indentation/deformation depths with respect to cell monolayer 

development can have a great effect on derived AFM Young’s moduli [E] output trends. 

Any morphological heterogeneity (at both the macro whole cell and micro intracellular 

scale) may greatly affect the Young’s elastic moduli outcomes of AFM indentation 

assays investigating mammalian cell proliferation and monolayer development. 

7.2 Materials and methods  

 

The specific materials and methods used to carry out the MDCK developmental 

morphology assay are detailed as follows; 



170 

 

7.2.1 Cell culture  

MDCK cells were cultured, maintained and prepared for AFM experimentation as 

described previously (Chapter 3. Section 3.4 – 3.6). MDCK cell samples for 

morphological analysis were monitored closely for each required group, namely single 

cell, semi-confluent and maximal denisty confluence monolayers, established at ~ 24h, 

72h and 288h respectively.  

7.2.2 Fixing of MDCK cell samples for fixed cell imaging and 

morphology analysis  

 

For experiments where the cell samples were required to be fixed for 3D confocal 

fluorescent imaging, cell samples were fixed prior to imaging and image analysis. 

Fixing of MDCK cells and preparation of samples was carried out to assess the selected 

cell line for 3D morphological variations across a cell developmental length scale using 

3D confocal microscopy. MDCK cells were fixed as previously described (Chapter 3, 

Section 3.9.1).  

7.2.3 Confocal microscopy  

 

MDCK cell morphology from single cell through monolayer development was 

evaluated by confocal  fluoresence microscopy. MDCK cells were prepared for confocal 

microscopy image acquisition and subsequent image analysis as described previously 

(Chapter 3, Section 3.9.3). To analyse and assess 3D MDCK morphological variations 

for the selected cell line, cell height, nuclear organelle z-diameter (height) and cortical 

membrane thickness was analysed from the aquired confocal stackes using the Imaris 

software XYZ stack section viewer toolbox. z-projections for each  cell developmental 

length scale were  analysed for morphology variations across each developmental length 

scale. To analyse variation in MDCK cell body as well as nuclear organelle area, 
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MDCK nuclear/Hoescht and actin/GFP fluorescent images were converted from RGB 

colour to 32-bit greyscale images. MDCK cell body (GFP channel) integrated intensity 

were detected and analysed by individually outlining and selecting each MDCK cell 

body using the ImageJ ROI measurement toolbox. MDCK cell body and nuclear area 

measurements were obtained for each MDCK developmental length scale; single cell, 

semi-confluent monolayer and maximal density monolayer confluence.  

7.2.4 Statistical analysis of outcomes  

 

To effectively analyse and compare MDCK morphology measurement outputs across 

each developmental length scale, certain statistical tests were used as described (Chapter 

3. Section 3.11). Variation within each data set was assessed using standard error of the 

mean. To effectively analyse and compare MDCK morphology outputs across each 

developmental length scale, the Mann-Whitney U test was used to calculate the degree 

of significance between the derived MDCK morphology outputs.  

7.3 Results  

7.3.1 MDCK confocal and fluorescence imaging   

MDCK cell morphology through monolayer development was evaluated by 2D and 3D 

fluoresence microscopy. For nuclear organelle and cell boundary morphology analysis, 

MDCK cells were bathed in Hoechst 33342 nucleic acid cell-perment nulcear 

counterstain (ThermoFisher), followed by fixation in 4% paraformaldeyde, and 

incubation with an ActinGreen TM ReadyProbe Reagent (ThermoFisher). Uptake of cell 

fluroesnce for each MDCK cell length scale was confirmed via a sample image test 

using an EVOS FLoid microscope imaging station (Figure 7-1). 3D confocal 
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fluorescent image stacks were aquired and analysed across each MDCK developmental 

length scale (Figure 7-2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-1. MDCK cell fluorescent EVOS Floid imaging station micrographs. Live 

MDCK cell labelling was carried out using an ActinGreenTM GFP ReadyProbe Reagent 

probe and Hoescht 33342 nucleic acid stain. Live MDCK cell staining was carried out 

for all three MDCK developmental groups [A] single cell (arrow detonating single 

MDCK cell), [B] semi-confluent monolayer and [C] maximal density monolayer 

confluence [Scale bars 20µm]. 
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Figure 7-2. MDCK plating density for AFM elasticity and morphological analysis. 

AFM brightfield micrographs [A, C, and E] and confocal fluorescence [B, D and F] for 

single, semi-confluent and maximal density monolayer MDCK cells respectively. The 

AFM cantilever (colloidal probe) can be seen in the brightfield images. MDCK cell 

length scales were plated to develop cell densities of ~ 5, 38 and 155 cells/mm2. Scale 

bars represent 50µm on the brightfield images and 20µm on the confocal images. 
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To analyse and assess morphological variations in MDCK cell height, nuclear organelle 

z-diameter and cortical membrane thickness (Figure 7-3), MDCK stacks at each length 

scale were projected using the Imaris XYZ stack section viewer toolbox (Figure 7-4A). 

MDCK z-projections for each MDCK cell developmental length scale (Figure 7-4B) 

were then analysed for morphology variations across each MDCK developmental length 

scale.   

MDCK cell morphology was analysed and measurments aquired using the Imaris 

imaging analysis software. Following the generation of isosurface bodies for the nuclear 

organelle (Hoescht 33342) channel using the Imaris Surpass toolbox (Figure 7-5), 

nuclear organelle volume, surface area, and sphercity values were obtained for nuclei 

across each MDCK developmental length scale. 2D MDCK cell area (cell body) as well 

as nuclear organelle area were analysed using Image J (Figure 7-6).  

 

 

 

 

 

 

 

 

Figure 7-3. MDCK morphology measurement schematic. MDCK confocal stacks 

were analyzed across the Nuclear/Hoescht and Actin/GFP channels for each 

developmental length scale. MDCK morphological measurements (i) nuclear z-diameter 

(ii) actin cortical thickness and (iii) cell height were acquired from Imaris XYZ section 

slices.   
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[A] Imaris XYZ section toolbox (MDCK maximal confluence monolayer stack) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

[B] MDCK z-projection slices 
  

 
 

 

 

 

 

 

 

Figure 7-4. MDCK cell morphology measurements across each developmental 

length scale were acquired from [A] XYZ slices in the Imaris sectional toolbox [B] z-

projection slices were used to measure and analyze variations in nuclear z-diameter, 

actin cortical thickness and cell height for each MDCK developmental length scale; 

single (top panel) semi-confluent monolayer confluence (middle panel) and maximal 

density monolayer confluence (bottom panel). [Scale bars 20μm]. 
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Figure 7-5. Nuclear organelle IsoSurface rendering [A] single, [B] semi-confluent 

monolayer  and [C] maximal density monolayer confluence. MDCK cell 3D confocal 

stacks. Nuclear organelle surfaces were genertaed from the nuclear/Hoescht confocal 

stack channel. Nuclear organelle volume, surface area, and sphercity measurments were 

aquired for each cell developmental length scale [Scale bars 20µm]. 
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Figure 7-6. MDCK 2D morphology analysis using ImageJ ROI selection and 

background thresholding. 32-bit greyscale images. MDCK cell body selection [A1] 

Single cell [B1] semi-confluent monolayer and [C1] maximal density monolayer 

confluence. MDCK nuclear organelle selection [A2] Single cell [B2] semi-confluent 

monolayer and [C2] maximal density monolayer. [Scale bars 20µm]. 
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7.3.2 MDCK cell morphology variation with progressive cell and 

monolayer development 

 

MDCK cells were subjected to confocal and FLoid EVOS fluorescent imaging and 

morphology analysis in order to investigate how the morphology and state of cell 

development across an increasing developmental length scale may contribute to 

variation in MDCK cell indentation depth(s) and associated Young’s moduli [E] trend 

outputs. MDCK cell area, and height, as well as nuclear organelle area and height were 

acquired and analysed for variation in MDCK morphology across each developmental 

scale. The results presented (Figure 7-7) demonstrated a significant difference (p < 

0.00001) in MDCK cell height between all three development length scales, with single 

MDCK cells presenting with the greatest height (8.3 ± 2.4µm) followed by maximal 

density (4.3 ± 1.1µm) and semi-confluent MDCK cells (3.2 ± 0.72µm). The increase in 

cell height between the semi-confluent and maximal density MDCK cells is in 

accordance with previous findings [198].  A significant difference (p < 0.00001) in 

MDCK cell area between single and semi-confluent as well as semi-confluent and 

maximal density MDCK cells, with no significant difference (p = 0.284) between single 

and maximal density confluent MDCK cells was observed. Semi-confluent MDCK cells 

presented with greatest over-all cell area (526.3 ± 151.9µm) followed by single (217.9 ± 

68.1µm) and maximal density (205.1 ± 68.8µm) MDCK cells.  

Nuclear organelle height and area morphology measurements demonstrated a significant 

difference (p < 0.00001) in nuclear organelle height across all three monolayer 

developmental length scales, with single MDCK cells presenting with the greatest 

nuclear organelle height (5.6 ± 1.9µm) followed by maximal density (3.0 ± 0.93µm) 

and semi-confluent cells (2.1 ± 0.70µm). A significant difference (p < 0.00001) in 

nuclear organelle area between single and semi-confluent, as well as semi-confluent and 

maximal density MDCK cells, with no significant difference (p = 0.190) between single 
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and maximal density confluent MDCK cells. Semi-confluent MDCK cells presented 

with greatest over-all nuclear organelle area (161.3 ± 34.2µm) followed by maximal 

density (72.7 ± 18.1µm) and single (71.3 ±18.7µm) MDCK cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 7-7.  Box plots of MDCK morphology measurements for cell body height 

and area [A and B] and nuclear organelle height and area [C and D]. Lines within 

each box represent the median, the box itself presents the lower (25%) and upper (75%) 

quartiles, while the whiskers present the lowest and highest extreme values. Box plots 

display MDCK morphology output measurements for single, semi-confluent and 

maximal density confluence MDCK cell developmental length scales. (n) = number of 

MDCK cells per length scale analysed. (p-values) were calculated using the Mann-

Whitney U test at .01 significance. (**** p < 0.00001).  
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The ratio between MDCK nuclear organelle area and cell body area or the – Nuclear to 

Cytoplasmic ratio (N: C) is shown in Figure 7-8A. The (N:C) ratio of a mammalian cell 

has typically been used as an indicator of cell maturity and/or nuclear mutation (in the 

case of cancer cell development). Typically, as a cell matures, the size of the nuclear 

organelle decreases, as is seen with multiple blood type mammalian cells; erythroblasts, 

leukocytes and megakaryocytes [200]. The results presented here demonstrate a reversal 

in the (N:C) ratio with cell length scale. However, development in terms of cell-cell 

number is not to be confused with cell-cycle maturity. The results here demonstrated 

that the nuclear organelle to cell body ratio remains relatively constant across each 

developmental length scale, and therefore, is not likely to have a direct significant 

contribution to the indentation and Young’s elastic moduli results presented in Chapter 

5. The ratio between nuclear organelle height and MDCK cell height was also analysed 

(Figure 7-8B), with semi-confluent monolayer MDCK cells presenting with the lowest 

nuclear to cell height ratio, followed by maximal density monolayer and then single 

MDCK cells.  
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Figure 7-8. Scatter plots depicting the ratios between MDCK cell height and 

nuclear organelle morphology. Comparison between MDCK nuclear organelle area 

and cell body area [A] as well as the ratio between nuclear organelle height and cell 

height [B] for MDCK cells at single, semi-confluent and maximal MDCK monolayer 

confluence development length scales.  
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The MDCK cell area results presented here correlate with the compressive model 

narrative  describing a reduction in cell area with increase in cell density [198]. 

Therefore, it is plausible to assume that a compressive state is evoked upon MDCK cells 

as they progress through monolayer development. Intermediate monolayer length scales 

(semi-confluent cells) present with varied cell morphological outputs compared to 

higher density monolayer length scales. As such, differences in the activity and 

architecture of the apical actin cell cortex is likely to be varied and affect the derived 

AFM outputs.  

MDCK nuclear organelle sphericity, both (2D) and (3D), was analysed from EVOS 

FLoid and confocal fluorescence images (and stacks).  The sphericity of an object is 

defined as the measure of object elipticity or platiness [201], and is derived by 

quantifying the ratio between the largest inscribed sphere (3D) or circle (2D) placed 

over an object and smallest inscribed sphere (3D) or circle (2D) within the object 

(Figure 7-9). A sphericity ratio tending to 1.0 describes an object of near complete 

sphericity (spherical). Nuclear organelle sphericity values demonstrated no significant 

difference for (2D) (Figure 7-10A) sphericity at each MDCK developmental length 

scale. Mean sphericity values for each MDCK length scale were acquired as 0.64 ± 0.14 

(single cells) 0.69 ± 0.08 (semi-confluent) and 0.69 ± 0.11 (maximal density cells) 

Therefore, in (2D) the shape of the nucleus remains fairly uniform across the 

developmental length scale.  

However, (3D) sphericity analyses demonstrated a significant difference in the 

sphericity of single (0.73 ± 0.10) and semi-confluent (0.64 ± 0.10) MDCK monolayer 

cells (p < 0.001), as well as between semi-confluent and maximal density (0.77 ±0.09) 

confluence MDCK monolayer cells (p < 0.001) (Figure 7-10B), with no significant 

difference in the (3D) sphericity of single and maximal density MDCK nuclear 
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organelles. Since AFM indentation of the nuclear region of MDCK cells is a 3D 

process, 3D nuclear sphericity is of more relevance. The sphericity of MDCK nuclear 

organelles is fairly regular with sphericity ratios predominately above 0.5. This suggests 

a biological process whereby changes and the establishment of increasing cell-cell 

bonds may affect the inherent shape of the internal cell nuclear organelle.  

 

 
 

 

 

Figure 7-9. Particle shape determination (sphericity chart) (Figure, Rodriguez et al 

2008) [201]. 
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Figure 7-10.  Box plots denoting (2D) and (3D) MDCK nuclear organelle 

sphericity. Lines within each box represent the median, the box itself presents the lower 

(25%) and upper (75%) quartiles, while the whiskers present the lowest and highest 

extreme values. Box plots display MDCK morphology output measurements for (2D) 

and (3D) single, semi-confluent and maximal density confluence. MDCK cell 

developmental length scales. (P-values) were calculated using the Mann-Whitney U test 

at .01 significance. (**p < 0.001).  (n) = (14) single cells (32) semi-confluent cells and 

(31) maximal density confluence cells.  

 

The thickness of the actin cell cortex has been estimated to range from 130nm to 1µm 

[90]–[93], with cortical actin mesh densities estimated at ~ 100nm [77]. As a result, it is 

highly probably that actin cortical thickness values for MDCK cells at different stages 

of monolayer development could affect the MDCK cell cortical membrane response and 

resistance to an external loading force such as AFM cantilever deformation. Therefore, 

the actin cortical thickness of MDCK cells across each monolayer developmental length 

scale was derived.  Cortical membrane thickness measurements for MDCK cells are 

presented in Figure 7-11. The results here demonstrated no significant difference (p = 
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0.022) between the actin cortical thickness of single (1.15 ± 0.55µm) and maximal 

density (0.90 ± 0.44µm) MDCK cells, with significant variation (p < 0.0001) between 

single and semi-confluent (0.644 ± 0.13µm), and between semi-confluent and maximal 

density MDCK cells (p < 0.001).  Across the MDCK cell developmental length scale, 

cortical membrane thickness decreased most significantly between the single cell and 

semi-confluent monolayer cells (~ 1µm to 0.6 µm), followed by a slight increase (~ 

0.6µm to 0.9µm) between semi-confluent and maximal density MDCK cells. 

 

Figure 7- 11. Box plots denoting MDCK cortical membrane thickness. Lines within 

each box represent the median, the box itself presents the lower (25%) and upper (75%) 

quartiles, while the whiskers present the lowest and highest extreme values. Box plots 

display MDCK cortical membrane thickness for single, semi-confluent and maximal 

density confluence. MDCK cell developmental length scales. (P-values) were calculated 

using the Mann-Whitney U test at .01 significance. (**p < 0.001).  (n) = (14) single 

cells (32) semi-confluent cells and (31) maximal density confluence cells.  
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7.4 Discussion  

Differences in AFM loading force with respect to cell developmental and confluence 

has a significant effect on derived AFM Young’s modulus elasticity output trends 

(Chapter 5). Given the morphological transformations that arise as a mammalian cell 

transitions through monolayer formation [181], [183], as well as the evidenced 

transition in cell morphology and proliferation with increasing cell constraint  [198], 

differences in cantilever loading force with respect to cell monolayer developmental 

state and confluence can have a great effect on derived AFM Young’s elastic moduli 

output trends, and create a potentially great deal of disparity among AFM assays 

investigating mammalian cell elastic properties. Notably, referring to the derived 

MDCK live cell morphology measurements, it is evident that cells undergo considerable 

morphological transitions as the degree of cell proliferation and monolayer confluency 

increases. The affect that such morphological variations may have on acquired AFM 

measurements could be accounted for by referring to the maximal 

indention/deformation depth and resulting elastic moduli outputs for each cell 

monolayer developmental scale. At similar cantilever loading set points, marginal 

increases in indentation depth between single, semi-confluent and maximal density cells 

resulted in considerable variation in calculated elastic moduli outputs with increasing 

cell monolayer length scale. For example, referring to an approximated cortical 

membrane depth of deformation (~1µm), a loading force set-point of 1.5nN (for single 

cells) 0.8nN (for semi-confluent) and 3.0nN (for maximal density) was required to 

deform the MDCK cells to the specified deformation depth. This suggests an inherent 

physical difference in cell membrane resistance to deformation forces, given the 

differences observed for cortical membrane thickness, cell height and nuclear organelle 

morphology. This is confirmed when referring to the calculated elasticity values for 

each increasing stage of cell development. i.e. cells presenting with a greater resistance 
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to deformation (maximal density MDCK cells) displayed stiffer elastic moduli trends 

across the range of loading forces, and cells presenting with less membrane resistance to 

deformation – single and semi-confluent cells, produced the greater indentation depth 

profiles, with softer elastic moduli trends.  

Total MDCK cell height measurements were in accordance with previously published 

MDCK cell height measurements for confluent MDCK cells [179], [202]. Less evidence 

for cell height measurements is accounted for at the single cell length scale. Evidence 

for MDCK cells at ~ 15 days post seeding demonstrated columnar morphology with ~ 

10-18µm heights [203]. Therefore, given the reported morphological variations that 

occur as a cell develops from a single cell into a maximal density fully confluent cell 

monolayer, changes in cell structure – particularly in cell height - could affect the 

response of the cortical nuclear region following AFM cantilever indentation at selected 

loading set-points. Furthermore, by investigating MDCK fluctuations in cell area at 

single and multi-cell developmental scales, it was observed that in order for cells to 

maintain a fixed volume as they oscillate in size (with mitosis and proliferation), they 

would need to enlarge in height by 20% [179]. As well as fluid exchange between 

increasing numbers of neighbouring cells, the role of the cytoskeletal protein myosin-2 

was confirmed as a key regulator of MDCK cell volume control, with a 50% reduction 

in cell volume fluctuations following a myosin-2 blebbistatin inhibition assay [179]. 

Given the fact that myosin-2 is a key actin binding protein, and therefore major 

contributor to cell cortical stress and function, cytoskeletal control and morphology 

induced variations across MDCK cell developmental stages will likely have a 

substantial contribution to the varied [E] trends at alternate developmental length scales.  

Fluctuations in cell volume in response to cell proliferation and collective cell 

movement with monolayer development may in fact result in incremental variations in 
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the structure and morphology of the internal nuclear organelle, as cell division and 

monolayer development progresses. As a result, the elasticity output generated from a 

deformation load over the nuclear region of a developing cell will be dependent on the 

height, volume and stage of cell mitosis in which the cell is undergoing. The results 

presented in this chapter, demonstrate a considerable variation in nuclear organelle 

morphology for the three MDCK cell development stages, with single MDCK cells 

presenting with the greatest nuclear organelle height compared to both monolayer 

length scales. The nuclear organelle trends here are in agreement and correlate with 

previous evidence demonstrating the variation in nuclear organelle height for adherent 

cells; single (isolated) cells have nuclear organelle heights (4-10µm) greater than those 

of monolayer cells (1-6µm) [204]. However, the results presented here demonstrated 

less variation in MDCK nuclear organelle sphericity. Therefore, is it possible to assume 

that the shape of the nuclear organelle remains fairly regular across the developing cell 

stages.   

As well as MDCK cell height, area and nuclear organelle morphology dynamics, the 

thickness and presence of the actin cortical layer could also greatly contribute to the 

variation in indentation and resulting [E] trends for each MDCK developmental stage. 

The thickness and density of the actin cell cortex is a major controlling factor towards 

overall cortical mechanical function with thickness estimates ranging from 130nm to 

1µm [90]–[93], and cortical actin mesh densities estimated at ~ 100nm [77]. A recent 

dual-colour resolution STED microscopy assay identified a mean 230 (+105/-125) nm 

distribution in the width between the peripheral actin cortex and cell membrane [93], 

with recently derived evidence revealing two different actin density populations (weak 

and robust)[205]. This suggests that actin polymerization varies within the defined 

superficial cortical shell beneath the cell membrane. Furthermore the presence and 

density of actin filaments within the cell cortical region has been shown to greatly affect 



189 

 

the elasticity profiles of cells undergoing AFM  measurements, with elasticity outputs at 

shallow indentation depths (100-500nm) largely controlled by the macro-scale 

properties of the cell cortex [186], [206]. The resulting variance in AFM Young’s 

elastic moduli outputs across different cell lines (and through monolayer development) 

could therefore possibly arise due to changes in the membrane cortex thickness and 

dynamics or density of the two defined sub-membrane actin populations. Given that 

cortical actin is one of the primary elements controlling cell-cell adhesion as well as cell 

shape, an increase in cell number with monolayer development i.e. cell migration, 

mitosis and volume fluctuations, will greatly affect cortical actin function and thus 

outward resistance to a deformation force. 

Referring the results presented for the cortical thickness of the three alternate MDCK 

developmental stages, the apparent cortical membrane thickness reduction between 

single and semi-confluent MDCK cells may arise as a result of internal morphological 

events that arise with increase in cell area, and/or cell height. The partial increase in 

cortical thickness between semi-confluent and maximal density MDCK cells may 

however arise due to developmental of dense and short microvilli in the apical domain 

[178], along with incrassate apical actin [110].  

While shallow AFM cantilever deformations ( < 500nm) are less likely affected by any 

repulsive response  from the nuclear organelle at deeper indentations ( > 2000nm) 

[114], variation in actin cortical thickness, cell heights as well as nuclear organelle 

morphology at alternate developmental length scales may affect and complicate any 

derived conclusions from mammalian cell AFM Young’s elastic moduli  investigations. 

Few AFM studies directly account for the depth of indentation at selected loading 

forces, nor do they consider how the morphological state of the cell may affect the 

maximal indentation depth and/or internal size and location of the cell nucleus. 
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Furthermore, evidence has suggested that variations in AFM elasticity outputs are 

greatly affected by whether the loading depth (as a function of cantilever probe) is 

within the cortical superficial membrane cell surface, or greater cytoplasmic region 

[164]. Both regions are subject to a great amount of morphological variation through 

cell monolayer development.  

7.5 Conclusion and summary of findings  

 

In this chapter, the first hypothesis proposed in Chapter 6 - changes and transitions in 

MDCK morphology with monolayer development - may account for differences in 

AFM Young’s elastic moduli outputs at alternate stages of monolayer development was 

investigated. MDCK cell morphology through progressive proliferation and monolayer 

development was analysed using fluorescent image analysis. The results demonstrated 

that at the alternative monolayer development stages investigated under cantilever 

indentation/deformation at a specific loading force, MDCK cell height, area, cortical 

thickness as well nuclear morphology can vary significantly with progressive cell 

monolayer proliferation. It should be noted that some structural indices were not 

significantly varied with cell monolayer proliferation, and remained somewhat constant. 

Therefore, certain MDCK cell morphological elements may not present as a valid 

contribution to the AFM Young’s moduli  trends obtained in Chapter 5. The hypothesis 

presented in Chapter 6, suggested that morphological attributes such as cell volume, 

height, shape, thickness of the cell cortex, as well as location of the morphology of the 

nuclear organelle may contribute to apparent varied membrane response of MDCK cells 

following cantilever indentation/deformation at different monolayer developmental 

stages.  The results in this chapter showed that the most significant variation in MDCK 

morphology between the three developmental length scales (where statistical 

significance was observed between all three groups) was; cell height and nuclear 
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organelle height. It is plausible to assume that changes in cell height and nuclear 

organelle height can affect the process of cell membrane indentation. As a result, it is 

imperative that such events are to be considered when planning and/or attempting to 

interpret and compare live cell AFM mechanical property measurements for mammalian 

tissue analysis. A change in cell height and internal morphology of the nuclear organelle 

both encompass physical biological processes that would involve reorganisation and 

activity of the internal cell environment and cytoskeletal components. Therefore, one 

could assume that these two morphological changes are indirectly responsible for the 

AFM Young’s elastic moduli MDCK cell indentation trends observed in Chapter 5.  

Following on from this hypothesis, and expanding on the internal mechanisms at play 

during morphological alternations in MDCK development (such as cortical cell tension) 

will add further validation of the alternate indentation and resulting Young’s elastic 

moduli trends observed in Chapter 5.  
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CHAPTER 8 

Hypothesis 2: Progressive cell development of MDCK cells results in 

the alteration of MDCK cortical region Young’s elastic moduli 

properties as well as variation in physical stress at the cell-cell 

membrane boundary  

8.1 Introduction  

The purpose of this chapter was to investigate if the variations observed in MDCK cell 

Young’s elastic moduli trends through monolayer development (Chapter 5), arise due 

the second cellular mechanism hypothesized in Chapter 6: The progressive division and 

development of MDCK cells as a cell monolayer forms results in increased cellular 

stress and variation in the Young’s elastic modulus along the cell cortical region and 

cell-cell membrane boundary. In Chapter 7, the most notable morphological 

transformations of MDCK cells at three different stages of monolayer development was 

presented. It was observed that while certain MDCK morphological attributes did in fact 

change between different MDCK monolayer length scales, only some were significantly 

different through different stages of cell monolayer development. Whether or not 

MDCK cell morphology is solely responsible for the varied indentation results produced 

in Chapter 5 is still unclear. However, it should be noted that whole cell structural 

changes are inherently governed by internal cytoskeletal components such as the actin 

filament meshwork in the cell cortex.  Therefore, investigation, by means of further 

AFM indentation; force mapping analysis of MDCK cells undergoing incremental 

stages of monolayer development was carried out in this chapter. This was carried out to 

clarify if the Young’s moduli trends observed in Chapter 5 arise as a result of the 

variation and increased stress in the MDCK actin cortical layer and MDCK cell-cell 
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boundary region as a result of the formation and maturation of increasing cell-cell 

junction complexes. The thickness and density of the actin cell cortex is a major 

contributing factor towards Young’s elastic moduli outputs trends, with actin cortex 

thickness estimates ranging from 130nm to 1µm [90]–[93], and cortical actin mesh 

densities estimated at ~ 100nm [77].Furthermore, given the evidence demonstrating the 

downregulation of cortical actin density along the cell-cell junction interface for 

multiple cell lines [82]–[86], the aim of this chapter was to analyse the theory of actin 

cortex gradient transitions and downregulation at cell-cell interface junctions by 

analysing AFM Young’s moduli elasticity outputs pertaining to the inner cell cortical 

layer across a more precise incremental MDCK cell developmental length scale. To do 

this, 8 × 8 force map indexes were acquired for the nuclear cortical region of MDCK 

cells at incremental stages of cell division and monolayer development, as well as along 

the cell-cell boundary interface (at 32 × 32 map indexes). The MDCK developmental 

stages specifically analysed using AFM indentation were (1) single, (2) cell doublet 

pair, (3) internal cell cluster cell, (4) periphery cell cluster cell and (5) semi-confluent 

and (6) maximal density monolayer confluence cells.  

 

To ensure that Young’s elastic moduli trends pertaining to the inner actin filament 

cortex was examined, force map indexes at a loading force of 0.8nN were acquired for 

each MDCK cell sample stage. Based on the indentation depths achieved for each 

developmental length scale at 0.8nN (Ch5. Section 5.3.1), a 0.8nN loading force was 

selected such that it would encompass a suitable range of deformation depth for the 

actin cortical region thickness (130nm – 1µm) previously evidenced [90]–[93]. By 

using a relatively low loading force, any mechanical affects pertaining to the presence 

of the inner nuclear organelle at deformation depths of ~2-4µm could then be avoided 

[114].  
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Derived AFM Young’s elastic moduli results for each MDCK cell developmental 

parameter were then analysed for trends across the MDCK cell developmental stages 

using two approaches; (1) Young’s elastic moduli trends for MDCK cortical regions at 

developmental stages using appropriate indentation depths for the nuclear region of the 

MDCK cells at the limits discussed for the Hertz-Sneddon contact model, and (2) AFM 

Young’s moduli [E] trends for MDCK cell (whole cell force mapping) at incremental 

stages of cell monolayer development to analyse the cell junctional regions (at 

appropriate cantilever deformation depths for correct application of the Hertz-Sneddon 

contact model.   

8.2 Materials and methods  

 

The materials and methods used to carry out the force mapping AFM assays in this 

chapter are detailed as follows; 

 

8.2.1 Cell culture  

 

MDCK cells were cultured, maintained and prepared for AFM experimentation as 

described previously (Chapter 3. Section 3.3 – 3.6). As with previous MDCK AFM 

indentation assays, only properly attached MDCK cells were selected for AFM 

indentation. To prepare the MDCK cell AFM samples at the selected incremental cell 

length scales, MDCK cells were suspended and plated at low seeding densities (~2 x 

103) to ensure the presence of single attached cell phenotypes. Prepared AFM sample 

dishes were monitored closely for each required cell length scale phenotype. Single, cell 

doublet pair, cell cluster and cell monolayer (semi-confluent and maximal density) cells 

were indentified (on average) at around 24h, 24-48h, 48h ,72h and 288h  respectively. 
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8.2.2 Cantilever probes 
 

Colloidal geometry cantilevers, as detailed (Chapter 3. Section 3.7.3- 3.7.5) were used 

for the live MDCK cell AFM indentation in this chapter.  

 

8.2.3 AFM 

 

All AFM elasticity measurements (force-displacement curves) were obtained in force 

mapping contact mode (described previously Chapter 3. Sections 3.7.7). For nuclear 

region force mapping, force map indexes of 8 × 8 pixels (64 force-displacement curves) 

were acquired with a 0.8nN loading force. For nuclear region force mapping at 0.8nN, a 

total of 10 MDCK cells per developmental stage (6 groups) was acquired. For MDCK 

cell boundary and cell-cell junction force mapping, force map indexes of 32 × 32 pixels 

were acquired with a 0.8nN loading force. All MDCK force maps were gathered over an 

experimental period of no more than 1 hour per sample dish. As previous, indentation 

extend speed (8 𝜇m/s-1), Z-length (4 µm) and sampling rate (4096 Hz) parameters were 

kept uniform for each consecutive experiment to allow for data output reproducibility 

and accurate application of the Hertz-Sneddon contact model. For force mapping of 

MDCK cell-cell interface boundary regions, the amount of 32 × 32 force map indexes 

for each developmental length scale are; (4) single cell maps, (3) doublet pair maps, (2) 

cluster of cells maps, (3) semi-confluent monolayer maps and (4) maximal density 

monolayer maps.   

 

8.2.4 Live MDCK cell fluorescent imaging – AFM optical overlay 

 

MDCK cell nuclear regions were identified using a live cell transfection protocol for 

GFP targeting the actin protein network (Chapter 3. Section 3.8.1). AFM direct optical 

overlay (Figure 8-1) was carried out to locate nuclear organelle regions.   
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8.2.5 MDCK actin GFP fluorescence intensity analysis  

MDCK actin GFP fluorescence intensity through monolayer development was 

evaluated by 2D fluoresence microscopy. For actin intensity analyses MDCK cells were 

fixed and incubated with an ActinGreen TM ReadyProbe Reagent (ThermoFisher) as 

previously described (Chapter 3.Section 3.9.1). Uptake of the ActinGreen TM 

ReadyProbe was confirmed as descibed previously (Chapter 3. Section 3.8.2). 

Actin/GFP channel intensity was analysed for variations across each developmental 

length scale using the integrated density (IntDen) measurement function within the 

ImageJ measurements toolbox, as described (Chapter 3. Section 3.8.2).  

 

8.2.6 Data processing – MDCK Young’s elastic moduli analysis 

All obtained force-displacement curves were analysed by fitting the Hertz-Sneddon 

contact model for a spherical cantilever to the force curves obtained for all 0.8nN 

loading force maps. The contact model was applied to indentation ranges within the 

limits described for the appropriate application of the Hertz-Sneddon contact model.  

 

 

8.2.7 Statistical analysis of outcomes  

To effectively analyse and compare MDCK Young’s elastic moduli measurement 

outputs across each MDCK monolayer developmental length scale, certain statistical 

tests were used as described (Chapter 3. Section 3.11). Variation within each data set 

was assessed using standard error of the mean. To effectively analyse and compare 

MDCK Young’s elastic moduli outputs across each developmental length scale, the 

Mann-Whitney U test was used to calculate the degree of significance between the 

derived MDCK Young’s elastic moduli outputs.  
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Figure 8-1. Single MDCK cell AFM fluorescent micrograph in greyscale. The 

MDCK nuclear region was identified as the cell region lacking any prominent actin 

GFP fluorescence marker signal. [A] Nuclear region 8 × 8 Force map scan indexes (64 

indentations in total) were selected for the chosen 0.8nN loading force of the MDCK 

cells. Each MDCK force map index was kept within the apparent measured nuclear 

region boundary. [B] MDCK cell boundary and cell-cell junction interface regions were 

analysed by acquiring whole cell 32 × 32 force map indexes for MDCK cells at each 

development length scale [Scale bar 20µm].  

 

 

 

CellLight Actin/GFP 

F
o
rc

e 
m

ap
p
in

g
 

Nuclear organelle region 

8 pixels 

8
 p

ix
el

s 

3
2
 p

ix
el

s 

32 pixels 

Complete cell(s) region 

AFM cantilever 

MDCK(s) 

AFM cantilever 

0.8nN 

F
o
rc

e 
m

ap
p
in

g
 

0.8nN 

[A] [B] 



198 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8-2. MDCK actin GFP fluorescence analysis using ImageJ ROI selection 

and background thresholding. MDCK EVOS FLoid Actin/GFP fluorescent images 

were converted from RGB colour to 32-bit greyscale images. MDCK cell body (GFP 

channel) edges and integrated intensity were detected and analysed by individually 

outlining and selecting each MDCK cell body using the ImageJ ROI measurement 

toolbox. MDCK cell body area and actin GFP signal intensity measurements were 

obtained for each developmental length scale; [A] single cells [B] doublet pair cells [C] 

cells forming a cell cluster (internal and periphery), and [D] semi-confluent monolayer 

and [E] maximal density confluence MDCK cells [Scale bars 20μm]. 
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8.3 Results  

 

8.3.1 Live MDCK cell AFM optical overlay for defined increasing cell 

developmental length scale 

 

Optical overlay micrographs for MDCK cells at each stage of cell monolayer 

development length scale (Figure 8-3) were acquired using the AFM image overlay tool 

to position the cells within the 100µm/100µm AFM force map scanning range limits 

(Ch3. Section 3.7.5). The nuclear region of the cells was identified as the non-labelled 

(central) portions of the cells.  

 

8.3.2 MDCK cell cortex Young’s elastic moduli trends with increase in 

stage of cell monolayer development and confluence  

To ensure that the derived MDCK Young’s elastic moduli trends were those pertaining 

the inner actin filament cortex, force map indexes were acquired at a loading force of 

0.8nN. This loading force was selected to achieve suitable deformation depths that 

would encompass a suitable range of deformation depth for the actin cortical region 

thickness (130nm – 1µm) previously evidenced [90]–[93]. By using a low loading 

force, it was also possible to attempt to avoid any mechanical contribution of the inner 

cell nuclear organelle at greater deformation depths of ~2-4µm [114]. MDCK cortical 

region Young’s elastic moduli trends across incremental stages of cell monolayer 

development was analysed by AFM force mapping. To do this, force map indexes for 

the nuclear region of the MDCK cells at each stage of confluence and monolayer 

development was acquired. As demonstrated in Chapter 4 (section 4.3.4), the nuclear 

cell body region is most appropriate for deriving and analysing Young’s moduli trends 

for live mammalian cells due to the thickness and height of the cell body region falling 

within the limits of sample thickness for an appropriate Hertz-Sneddon model fit. The 

cell body region of the MDCK cells was found to encompass cell heights (thickness) 
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limits that could allow for application of the Hertz-Sneddon contact model. For the 

force mapping Young’s elastic moduli data acquired in this chapter, the same 

consideration regarding the height and thickness of the MDCK cell samples was taken 

into account when deriving the Young’s elastic moduli outputs using the Hertz-Sneddon 

contact model. The height of the sample was acquired from the height set-point channel 

of each acquired force map. This then allowed for the calculation of what the most 

suitable indentation depth would be to apply the Hertz-Sneddon model fit i.e. A 

maximum of 10% total MDCK cell sample thickness (the nuclear cell body region 

being the indentation point of reference). In the case of the nuclear body region force 

maps acquired the heights of the MDCK cell samples were found to be as follows; for 

single MDCK cells, 5.6µm- 9.1µm. For doublet pair MDCK cells, 6.6µm – 8.6µm. For 

MDCK cluster cells (internal of the cluster), 5.4µm – 8.2µm. for MDCK cluster cells 

(periphery external cluster cells) 5.6µm – 7.6µm. For semi-confluent MDCK monolayer 

cells, 5.9µm – 7.5µm. For fully confluent maximal density MDCK monolayer cells, 

5.8µm – 6.7µm.  

 

In each MDCK cell sample, for each instance (depending on the precise maximal height 

of each MDCK cell within a sample group) consideration was given such that only a 

maximum of 10% of the thickness of the cell sample was analysed using the Hertz-

Sneddon contact model. In the case of the MDCK cell groups, this resulted in the fitting 

of the Hertz-Sneddon contact model to MDCK cell indentation/deformation depths (at 

the cell nucleus/body region) as follows; For single MDCK cells, 562nm-901nm, for 

doublet pair MDCK cells, 663nm-860nm. For MDCK cluster cells (internal cluster 

cells), 546nm – 824nm. For MDCK cluster cells (periphery external cluster cells), 

575nm – 761nm. For semi-confluent MDCK monolayer cells, 598nm -704nm. For fully 

confluent maximal density MDCK monolayer cells, 588nm – 672nm. The MDCK 
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deformation limits analysed with the Hertz-Sneddon contact model were within the 

region and range of the inner actin cortex layer referenced in the literature.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-3. Example AFM optical overlay micrographs for actin GFP labelled live 

MDCK cell samples.  Optical overlay images were acquired prior to all AFM 

indentation experiments for each cell length scale parameter [A] single cells [B] doublet 

pair cells [C] cells forming a cell cluster (internal and periphery), and [D] semi-

confluent monolayer and [E] maximal density confluence MDCK cells [Scale bars 

20μm]. 
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Figure 8-4 illustrates an example Young’s moduli stiffness map and corresponding 

height map for the nuclear region of a single MDCK cell. The example shown 

demonstrates the colour scale of data (Young’s elastic moduli) for a Hertz-Sneddon 

model fit to 10% of the sample indentation range.  

 

 

Figure 8-4. Example JPK Young’s elastic modulus stiffness map [A] and 

corresponding height map [B] for a single MDCK cell (nuclear region) analysed to 

derive the Young’s elastic modulus at 10% of the maximal indentation height (thickness 

of the MDCK sample).  

 

[A] 
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A MATLAB re-plot for the nuclear region of the MDCK cell height and Young’s 

moduli stiffness map was carried out for a more precise presentation and visualisation 

of the values derived (Figure 8-5).  Each point of the height and stiffness map represents 

a single indentation within the MDCK force map index.  

 

  

  

Figure 8-5.  MDCK JPK force map index [A] height map and [B] Matlab re-plot with 

resulting JPK [C] Young’s elastic modulus stiffness map and [D] Matlab replot.  The 

representative derived Young’s elastic modulus value of each force map pixel of the 

MDCK nuclear region is shown by the Youngs elastic modulus channel. Derived 

Young’s elastic modulus points across nuclear region force maps demonstrated the 

mechanical properties are nonhomogeneous across the nuclear region of an MDCK cell.  
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The MDCK height and Young’s elastic moduli force maps presented, demonstrated that 

while the height of an MDCK cell appears to peak in an approximate central region of 

the map, the resulting derived Young’s elastic modulus values are not uniform across 

the nuclear region of the MDCK cell. Peaks in Young’s elastic moduli values can be 

seen across multiple locations of the MDCK force map. This suggests an inherent 

heterogeneity in the mechanical function of the MDCK cell cortical region.  

 

In order to assess and compare MDCK nuclear region force map indexes acquired here 

to the results obtained for the nuclear region indentation results presented in Chapter 5, 

single, semiconfluent and maximal density MDCK cells were first analysed for Young’s 

elastic moduli trends (Figure 8-6A and B).  Young’s moduli trend the for the actin 

cortex region (deformation depth analysed) for the MDCK cells demonstrated a 

significant (p < 0.00001) variation in the derived Young’s moduli trends across the 

three MDCK monolayer confluence developmental lengths scales. The resulting derived 

Young’s moduli trends demonstrated an increase in MDCK cortical stiffness (Young’ 

elastic modulus) between single (231.2 ± 114.6 Pa) and semi-confluent (346.5 ± 139.1 

Pa) length scales, followed by a decrease between semiconfluent and maximal density 

confluence MDCK cells (245.9 ± 63.8 Pa). The results here do not agree with the 

indentation trends results demonstrated in Chapter 5. Here, higher MDCK cell length 

scales do not result in increased derived Young’ elastic modulus trends as demonstrated 

in Chapter 5. This was the case for the data presented in Chapter 5 at the 0.8nN loading 

force. The difference in the trends presented here, may arise due to the method of 

analysis of the force indentation curves. Here, the data points for each MDCK 

developmental group were assessed for sample height (thickness) such only an 

appropriate region of the indentation curve was used to apply the Hertz-Sneddon contact 

model (a maximum of 10% sample thickness). 
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Figure 8-6.  [A] Box plots and [B] histogram distributions denoting the 0.8nN force 

map Young’s elastic moduli distributions for MDCK monolayer length scales. 

Lines within each box represent the median, the box itself presents the lower (25%) and 

upper (75%) quartiles, while the whiskers present the lowest and highest extreme 

values. Box points represent the means of each cell data cohort. (p-values) were 

calculated using the Mann-Whitney U test at .01 significance. (**** p < 0.00001). (n) = 

number of data points gathered for each MDCK developmental condition.  
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The results here demonstrate that the material properties of the MDCK cells do vary at 

specified indentation/deformation depths. Previous literature has shown that at higher 

cell densities and confluence, MDCK cells show an increase in dense and short 

microvilli in the apical domain, along with incrassate apical actin [110]. The presence of 

such biological components was thought to contribute to the increased Young’s moduli 

trends presented in Chapter 5. However, in this chapter, the whole indentation range at 

alternate cantilever loading forces was not addresses, but rather, the material properties 

of the MDCK cells at a specified cantilever loading force to investigate the actin cell 

cortical region. The results presented here further demonstrate (and coincide) with the 

narrative presented in chapter 5, that care must be given when utilising different 

cantilever loading force ranges in mammalian cell AFM studies. What cell property and 

parameter are being investigated can be different depending on the deformation depth as 

well as contact model (correct application of the contact model) chosen. Apical region 

transformations through MDCK monolayer development could contribute to the 

variation in MDCK cell membrane resistance and AFM derived Young’s elastic moduli 

outputs for each MDCK cell monolayer developmental stage.  

To further investigate and address how MDCK cortical Young’ elastic moduli trends 

are affected by the initial formation and development of cell-cell bonds, force map 

indexes for the nuclear region of MDCK cells at an incremental cell developmental 

length scale were then analysed (Figure 8-7A and B).  The same consideration was 

taken in terms of application of the Hertz-Sneddon contact model to derive Young’s 

elastic moduli trends within the limit of MDCK cell sample thickness. This was carried 

out for MDCK doublet pairs, as well as peripheral cluster and cells within a cell cluster, 

and were included in the length scale analysis.  
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Figure 8-7.  [A] Box plots and [B] histogram distributions denoting the 0.8nN force 

map Young’s elastic moduli distributions for intermediate MDCK monolayer 

length scales. Lines within each box represent the median, the box itself presents the 

lower (25%) and upper (75%) quartiles, while the whiskers present the lowest and 

highest extreme values. Box points represent the means of each cell data cohort. (p-

values) were calculated using the Mann-Whitney U test at .01 significance. (**** p < 

0.00001, *** p < 0.0001, **p <0.001). (n) = number of data points gathered for each 

MDCK developmental condition.  
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Young’s elastic moduli trends derived the MDCK nuclear cortical region for 

incremental stages of monolayer development (doublet pair, and cluster cells) 

demonstrated a significant (p < 0.00001, and p < 0.001) variation in the Young’s moduli 

elastic properties across the incremental developmental stages of cell proliferation.   

Referring to figure 8-7A, it was found that an increase in cell number (division of one 

cell to a doublet pair cell(s), resulted in an increase in the cortical region elastic output 

properties for the cell (within the actin cortex layer). As the MDCK cells continue to 

proliferate and divide, forming cell clusters, MDCK cells lying on the outer region of 

the cluster exhibited a reduction in the actin cortical region Young’s elastic moduli 

outputs. Conversely, cells within the internal central region of the clusters presented 

with higher Young’s elastic moduli trends compared to single, doublet pair and 

periphery cluster cells.  Further cell proliferation and monolayer formation through to 

the semiconfluent monolayer length scale, resulted in a moderate reduction in Young’s 

elastic moduli values for the MDCK actin cortex region, and a further decrease at high 

density confluence MDCK monolayer cells. In order of greatest Young’s moduli 

outputs (for the MDCK cell actin cortical layer region), doublet pair cells presented with 

greatest Young’s moduli trends (397.1 ± 219.3 Pa) followed by cells within the centre 

of a cluster (354.7 ± 120.6), then cells within a semi-confluent monolayer (346.5 ± 

139.1), cells on the periphery of a cluster (268.6 ± 174.8 Pa) followed by maximal 

density monolayer cells (245.9 ± 63.8 Pa) and single MDCK cells (231.2 ± 114.6 Pa).  

Based on the results presented for the intermediate MDCK developmental stages 

(doublet pair, and cluster cells), it is evident that the state of cell development and 

division has a great effect on the overall derived Young’s elastic moduli values for the 

cortical actin region of MDCK cells. The results presented here, further demonstrate (as 

with the results presented in Chapter 5), that stage of cell development needs to fully 
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considered when implanting an AFM experiment to investigate the Young’s moduli 

trends of mammalian cells. The establishment of cell-cell bonds (from the single to cell 

doublet pair) resulted in a significant increase in MDCK cell cortical Young’s elastic 

moduli outputs and cell membrane stiffness. Further cell division and development (cell 

cluster density) resulted in a further increase in MDCK cell cortical region Young’s 

elastic moduli trends for cells within the centre of the developing cluster. Interestingly, 

MDCK cells within the two different cell monolayer densities (semi-confluent and 

maximal density) exhibited greater Young’s moduli trends than cells along the 

periphery of a cluster as well as single cells.  

 

8.3.3 MDCK cell-cell junctional region Young’s elastic moduli trends 

with increase in monolayer developmental length scale and confluence 

 

Given the evidence demonstrating the down regulation of cortical actin density along 

the cell-cell junction interface for multiple cell lines [82]–[86], the theory of actin cortex 

gradient transitions and down regulation at cell-cell interface junctions was next 

investigated. The results presented for the force mapping of the cell body nuclear 

regions – at force deformation depths pertaining to the inner actin cortical region – 

demonstrated and interesting outcome. Firstly, as with the results presented in chapter 5, 

the stage of cell development is as important as the current AFM protocol 

considerations when designing an experiment to investigate Young’s elastic moduli 

trends for mammalian cells. Secondly, based on the second hypothesis presented in 

Chapter 6, the derived Young’s moduli trends at incremental stages of MDCK cell 

proliferation demonstrated that cell division and increase in number of cell-cell bonds 

can result in a variation in Young’s elastic moduli trends. Therefore, the cell-cell 

junctional regions were investigated across each stage of MDCK cell proliferation and 

monolayer development.  
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This analysis was carried out to assess if the apparent down regulation in cortical actin 

along cell-cell interface zones is associated with the variation in derived MDCK cortical 

Young’s moduli measurements along the MDCK cell cortical region. An important 

consideration – in terms of data analysis – has to be noted for the data analyses in this 

chapter. As with the force indentations carried out previously, consideration as the 

thickness of the MDCK cell sample along cell-cell junction regions was investigated, as 

to ensure only appropriate maximal deformation depths were analysed by application of 

the Hertz-Sneddon contact model. This was achieved by carrying out height offset cross 

sections for all MDCK force maps for each developmental length scale (Figures 8-8 to 

8-11). From these offset cross-sections, the reduction in MDCK cell sample height 

(thickness) along the cell-cell junction regions was analysed, and the Hertz-Sneddon 

contact model only applied to the maximal limits for fitting of the contact model to 

these regions. This was carried out for all force map pixel data points within the cell-cell 

junction regions.  Cell junction regions were analysed for MDCK cell doublet pairs, cell 

cluster cells and cells within semi-confluent and maximal density monolayer cells. 

Height offsets for MDCK cells analysed found cell-cell junction region heights at an 

estimated 3.54µm for maximal density MDCK monolayers, 3.40µm for semi-confluent 

MDCK monolayer cells, 9.91µm for MDCK doublet pairs, and 12.5-14µm for MDCK 

cluster cells.  As with the analysis of the MDCK nuclear cell body region, in each 

MDCK cell sample, for each instance (depending on the precise maximal height of each 

MDCK cell within a sample group) consideration was given such that only a maximum 

of 10% of the thickness of the cell sample was analysed. In the case of the MDCK cell 

groups, this resulted in the fitting of the Hertz-Sneddon contact model to MDCK cell 

indentation/deformation depths (at the cell-cell junction regions) as follows; For doublet 

pair MDCK cells, 591nm. For MDCK cluster cells 350nm. For semi-confluent MDCK 

monolayer cells, 340nm. For fully confluent maximal density MDCK monolayer cells, 
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350nm. Data points along the minimum height offset channel points (along the cell-cell 

junction regions) were analysed from MATLAB replots of the setpoint height channel 

[C] and Young’s moduli elastic moduli force maps.  

 

 

 

 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-8. MDCK cell-cell junction region Young’s elastic moduli [E] analysis for 

maximal density monolayer cells.  MDCK setpoint height channel and height offset 

cross section [A and B] were used to assess sample thickness at the cell-cell junction 

regions. MATLAB replots of the setpoint height channel [C] and Young’s moduli 

elastic moduli force map [D]. Referring to minimum of height offset (3.54µm), maximal 

350nm cell deformation was analysed by the Hertz-Sneddon contact model. 

 

 

 

H
ei

g
h

t 
[m

] 

Y
o
u

n
g
’s

 e
la

st
ic

 m
o
d

u
lu

s 
[P

a
] 

H
ei

g
h

t 
[µ

m
] 

[A] [B] 

[C] [D] 



212 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-9. MDCK cell-cell junction region Young’s elastic moduli [E] analysis for 

semi-confluent monolayer cells.  MDCK setpoint height channel and height offset 

cross section [A and B] were used to assess sample thickness at the cell-cell junction 

regions. MATLAB replots of the setpoint height channel [C] and Young’s moduli 

elastic moduli force map [D]. Referring to minimum of height offset (3.40µm), maximal 

340nm cell deformation was analysed by the Hertz-Sneddon contact model. 
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Figure 8-10. MDCK cell-cell junction region Young’s elastic moduli [E] analysis 

for doublet pair cells.  MDCK setpoint height channel and height offset cross section 

[A and B] were used to assess sample thickness at the cell-cell junction regions. 

MATLAB replots of the setpoint height channel [C] and Young’s moduli elastic moduli 

force map [D]. Analysing height setpoint channel data points, for the doublet pair force 

map, all data points at 6.64µm was found to be underlying substrate. Cell cytoplasm 

regions (cell edges) were found at 7.5µm. Analysing cell junction regions in height 

offset cross sections found region to be approximately 12.5µm to 13.5µm. Subtracting 

baseline at minimum of height of cell junction region 12.5µm – 6.64µm results in 

5.91µm. Therefore, a maximum of 591nm cell deformation was analysed by the Hertz-

Sneddon contact model.  
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Figure legend on following page 
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Figure 8-11. MDCK cell-cell junction region Young’s elastic moduli [E] analysis 

for cluster cells.  MDCK setpoint height channel and height offset cross section [A and 

B] were used to assess sample thickness at the cell-cell junction regions. MATLAB 

replots of the setpoint height channel [C] and Young’s moduli elastic moduli force map 

[D]. Analysing height setpoint channel data points, for the doublet pair force map, all 

data points at 8.93µm was found to be underlying substrate. Cell cytoplasm regions (cell 

edges) were found at 10.53µm. Analysing cell junction regions in height offset cross 

sections found region to be approximately 12.5µm to 14.0µm. Subtracting baseline at 

minimum of height of cell junction region 12.5µm – 8.93µm results in 3.50µm. 

Therefore, a maximum of 350nm cell deformation was analysed by the Hertz-Sneddon 

contact model.  

 

Having shown the Young’s elastic moduli trends for MDCK cell body nuclear regions 

with increase in stage of cell confluence and monolayer development (section 8.3.2), 

next, the Young’s elastic moduli trends for the MDCK cell-cell junction regions was 

analysed. The Young’s elastic moduli outputs for the cell junction regions are presented 

in Figure 8-12A and B.  

 

Young’s elastic moduli trends for the cell junctions demonstrated a significant (p < 

0.00001, p < 0.001) difference between the [E] trends for MDCK cell junction regions 

for intermediate stages of MDCK monolayer development. The results were as follows, 

in order of greatest averaged Young’s elastic moduli outputs for cell junction regions of; 

external cells of a MDCK cluster (794.5 ± 218.4 Pa), followed by internal cells within a 

MDCK cell cluster (682.2 ± 197.3 Pa), followed by maximal density MDCK monolayer 

cell junction regions (489.5 ± 244.6 Pa), followed by doublet pair MDCK cell junction 

regions (364.9 ± 126.9 Pa), and lastly cell junction regions of semi-confluent MDCK 

monolayer cells (290.9 ± 108.2 Pa).  
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Figure 8-12. Box plots denoting the Young’s elastic moduli outputs for MDCK cell 

cell-cell junctional regions. Lines within each box represent the median, the box itself 

presents the lower (25%) and upper (75%) quartiles, while the whiskers present the 

lowest and highest extreme values. Box points represent the means of each cell data 

cohort. (p-values) were calculated using the Mann-Whitney U test at .01 significance. 

(**** p < 0.00001, ** p <0.001). (n) = number of data points gathered for each MDCK 

developmental condition.  

 

[A] 

[B] 
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The Young’s elastic moduli results presented for the cell junctional regions of MDCK 

cells at alternate stages of monolayer development, demonstrated that the stage of cell 

proliferation can greatly affect the derived Young’s elastic moduli trends for the cell 

junction regions. The organisation of the cell junction regions, with respect to 

cytoskeletal organisation and the physical characteristics of the cell junction ECM 

components may change and adapt at different stages of MDCK monolayer 

development.  

 

8.3.4 Cortical actin distribution in MDCK cells at different stages of 

monolayer development.  

The variation in cortical F-actin density was previously demonstrated for MDCK stages 

of development; single cell, semi-confluent and maximal density monolayer cells 

(Chapter 5, Section 5.3.2). The analysis was carried out based on previous reports 

demonstrating the variation in the distribution of cortical F-actin for epithelial cells at 

alternate cell developmental length scales; Vero cells have been shown to exhibit 

variation in F-Actin intensity at non-confluent (higher F-actin intensity) and monolayer 

(lower F-actin intensity) developmental length scales  [111]. Furthermore, at greater cell 

densities and monolayer confluence, MDCK cells showed an increase in dense and 

short microvilli in the apical domain, along with incrassate apical actin [110]. 

Therefore, to address how the expression of F-actin varies at intermediate stages of 

MDCK monolayer development, the actin-GFP intensity of MDCK cell doublet pairs 

and cell clusters, alongside MDCK single and monolayer length scales was analysed 

(Figure 8-13). MDCK F-actin (GFP) fluorescent images acquired and analysed for 

variation in cortical actin intensity, demonstrated a variable significant difference (as 

well as little significant difference), in the corrected total cell fluorescence for (CTCF) 

cortical F-actin across the full MDCK monolayer developmental groups.  
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Therefore, it appears that intermediate stages of MDCK monolayer development do not 

follow the same trends presented as previous i.e. higher cell densities such as MDCK 

cell cluster cells do not present with a reduction in F-actin intensity in comparison to 

single and cell doublet pair MDCK cells. Therefore, MDCK stages of intermediate cell 

development events (in terms of F-actin intensity) are not as obvious in comparison to 

Young’s elastic moduli trends presented across the same stages of MDCK monolayer 

development.  

 

Figure 8-13.  Box plots denoting corrected total cell fluorescence (CTCF) for 

cortical actin GFP MDCK cell fluorescence. Lines within each box represent the 

median, the box itself presents the lower (25%) and upper (75%) quartiles, while the 

whiskers present the lowest and highest extreme values. Box points represent the 

average means of each cell cohort. Box plots display MDCK actin GFP fluorescence 

output measurements for single, semi-confluent and maximal density confluence 

MDCK cell developmental length scales. (p-values) were calculated using the Mann-

Whitney U test at .01 significance. (**** p < 0.00001) (*** p < 0.0001). (n) = (41) 

single cells (161) semi-confluent cells and (141) maximal density confluence cells, (30) 

doublet pair cells, (69) cluster periphery cells and (84) internal cluster MDCK cells.  
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8.4 Discussion  

The purpose of this chapter was to investigate if the variations observed in MDCK cell 

Young’s elastic moduli trends through monolayer development (Chapter 5), arise due 

the second cell mechanism hypothesized in Chapter 6: The progressive division and 

development MDCK cells as a monolayer forms, results in increased cellular stress and 

derived Young’s elastic moduli properties along the cell cortical region and cell-cell 

membrane boundary. MDCK cell force mapping analysis of MDCK cells undergoing 

incremental stages of monolayer development was carried out to clarify if the 

development of increased stress in the cell cortical and cell-cell boundary region is most 

responsible for the AFM results obtained in Chapter 5, and if this proposed mechanism  

is more probable than that of the cellular scale morphological variations presented in 

Chapter 7. To derive MDCK force maps, a single selected loading force of 0.8nN was 

selected in order to analyse MDCK [E] trends of the upper actin cell cortical layer. The 

majority of cellular mechano-biology studies implicate the inner actin microfilament 

cortical layer as the most significant and principle modulator of external cellular 

stiffness and tension [22], [68], [76], [181], [207]–[209]. The actin cortex is described 

as the thin network of crosslinked actin protein filaments bound to the inner surface of 

the plasma membrane, and is present in almost all mammalian cells [77]. Gradients 

within the cortical actin layer have been associated with multiple cell developmental 

events such as cell migration and cell division [13], [79], [80],  as well as with 

associated cell shape transformations during cell development [81]. Interestingly, 

towards the end of cell division in mitosis, the gradient of cortical cell tension becomes 

localised towards the cell centre, which is thought to drive cell furrow ingression and 

cleavage of the cell [82]. A similar process has been evidenced during the formation of 

cell-cell adhesion contacts; a gradient decrease in cortical tension is observed towards 

the cell-cell interface zones in developing zebrafish progenitor cells [83]. The down 
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regulation of cortical actin density along the cell-cell junction interface has been 

evidenced in multiple mammalian cell lines; MDCK  [84], cancerous cells [85], 

zebrafish [83], and xenopus gastrula cells [86]. Therefore, the progressive establishment 

of cell-cell contact and adhesion complexes with tissue development encompasses a 

transition in cell tension with an increase in stage of cell development. Further to this, 

evidence has demonstrated that an increase in cell density (cell-cell contacts) with 

monolayer proliferation, results in a bi-phasic transitional process whereby physical 

constraint or compression of cells leads to a reduction in cell area, increase in cell 

height, which, along with interfacial cell-cell contact formations, leads to a reduction in 

cell division and proliferation [198]. This biphasic response of proliferating cells within 

a cell monolayer, challenges the conventional notion and theory of cell contact 

inhibition being the sole inducer responsible for the cessation of cell division and 

monolayer proliferation. Thus, the process of contact inhibition as a result of 

mechanical interaction and constraint within a monolayer is bi-phasic, and does not 

arise simply from intercellular contact(s) formation alone. The concept of spatial and 

lateral confinement of epithelial monolayers resulting in greater intracellular pressure 

has also been investigated; Micro-pillar arrays designed to create spatial confinement 

mimicking that of proliferating epithelial monolayers demonstrated that without 

sufficient micro-pillar flexibility, compacted epithelial cells lack adequate space for 

optimal cell rounding and cell division. As a result, driven by an increase in actomyosin 

contraction and hydrostatic pressure with mitotic cell rounding, epithelial cells migrate 

up micro-pillars to reduce cell confinement and undergo unperturbed cell mitosis [80].  
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Addressing the results for the cell body actin cortex region for MDCK cells undergoing 

monolayer proliferation, if one attempts to interpret the results based on proliferative 

activity of the MDCK cells; divided doublet pair cells presented with the greatest 

Young’s moduli trends along their actin cortical region, however they exhibited lesser 

Young’s moduli outputs along their cell junction regions compared to higher cell 

densities. The maturation of cell junctions at this stage of development has not yet 

ensued, and the cell-cell junction region following the division of a single cell will be 

relativity newly established. Therefore, the actin cortical region, following cell division 

- which involves multiple cell cytoskeletal re-organisation events such as actin cortex 

furrow formation, and the actin ring that forms to divide cytoplasmic contents during 

cytokinesis will present with greater derived Young’s moduli values compared to single 

cells. Following cell proliferative activity, cells lining the external region of a cell 

cluster, which, similar to doublet pair cells are readily dividing more actively than cells 

on the internal region of cluster (this may arise due effects stemming from contact 

inhibition of cells within the internal region of cell cluster), external cluster cells, 

presented with lower actin cortex Young’s moduli trends, compared to internal cluster 

cells, but greater cell junction Young’s moduli trends compared to internal cell cluster 

junction regions. Interestingly, cell junction regions of MDCK cells at the cluster 

(periphery and external regions) presented with the greatest Young’s elastic moduli 

outputs along their cell-cell junction regions compared to all other developmental length 

scales. Again, if one imagines how the proliferative activity of the mammalian cells 

ensues between the cell cluster and monolayer length scales, between the cell cluster 

and higher density semi-confluent monolayer length scale, cell division activity declines 

as a result of contact inhibition pathways. At this length scale however, there is still 

capacity for further cell division (as is the case with internal cell cluster cells). As 

demonstrated in previous reports, contact inhibition does result in the complete 
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cessation of cell division [198].  This may result in the similar actin cortex trends 

presented for MDCK cell cluster and semi-confluent cell length scales. However, along 

their cell-cell bond regions, cluster cells presented with greater derived Young’s moduli 

trends. This may arise as result of differing activity and transmission of mechanical 

stress across these regions for more mature cells bonds (semi-confluent cells) as 

opposed to cluster cells (more actively dividing and less mature cell-junctions).  

Moving onto to higher cell length scales, maximal density MDCK monolayer cells 

present with higher Young’s moduli trends compared to lesser semi-confluent densities 

along the cell junction region. At this stage of cell development, cell-cell bonds have 

been firmly established, and cell division activity declines. The activity of the actin 

cytoskeletal network for events that dominate at lower cell length scales, such as cell 

membrane furrow formation and cytokinesis, and establishment of new cell contact 

junctions, will decline. This may explain the reduced Young’s elastic moduli trends 

presented for the cell body actin cortical region of maximal density MDCK monolayer 

cells. Interestingly, the results presented here for AFM indentation of adherent cells at 

high cell densities do not agree with previous reports demonstrating an increase in 

derived Young’s elastic moduli trends with increase in cell density [111]. This may be 

due to a variation in AFM protocol approaches (the primary topic discussed in Chapter 

4 of this thesis). Differences in the chosen cantilever indentation force, as well as proper 

application of the selected contact model to derive elasticity outputs could produce a 

difference in results between AFM studies. It may be the case that different cell 

properties as a result of differing indentation depths are being investigated and 

presented. For example, the material properties of the actin cortex versus the material 

properties of the internal cell cytoplasmic region.  
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To attempt to understand or propose a mechanical mechanism through which cell 

development can be described (through interpretation of the derived Young’s elastic 

modulus in these AFM experiments), referral and discussion into the activity of the 

intracellular microfilament actin network is required. Notably, at both single cell and 

semi-confluent cell monolayer densities, the interplay between cytoskeletal mechanisms 

has been evidenced to generate greater cortical tension in mitotic cells as they progress 

through each stage of cellular mitosis and development [79], [195]. As the number of 

cell bonds increases with cell division, cell motility declines with a reduced surface area 

for cell division. This results in cell compaction or shrinkage, and the cytoplasmic-

nuclear surface area ratio declines. Continued cell division slows, but does not stop, as a 

result of the aforementioned physical constraints, collectively referred to as contact 

inhibition of cell growth [198]. It has been evidenced that contact inhibition in MDCK 

cell development is more greatly influenced by mechanical constraint as opposed to an 

increase in the number of cell-cell contacts and junction formation [198], therefore, 

derived Young’s moduli trends presented for cells with reduced mechanical constraint 

(single cells, doublet cells and periphery cells of a cell cluster) may arise as a result of 

inherent biological variances pertaining to the inner activity of the dense actin cortex, 

with cells at higher orders of mechanical constraint (internal cluster cells, semi-

confluent monolayer cells and maximal density compacted cells) producing mechanical 

properties that are influenced by actin cortical cytoskeletal activity as well as increased 

mechanical constraint. Furthermore, when investigating the mechanical properties of 

cells using external mechanical perturbations on the surface of the cells, many of the 

established models used by researchers characterise the response of cells to the actin 

microfilament network that resides beneath the plasma cell membrane. Much of the 

discussion in the mechanical properties of mammalian cells, and indeed this research 

thesis, has attributed the actin cortical layer as the primary force bearing element of a 
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mammalian cells. Notably, many of these models predict that external applied loads to 

the cell surface are transmitted across and through the cell body equally at all points, 

and arise solely from the actin cell cortex. However, there are opposing models that 

counter these predictions; A tensegrity model predicts that external mechanical stresses 

are transmitted across the cell surface and through the cytoplasm by distinct internal 

molecular networks that are physically coupled to the external anchors of the cell i.e. the 

ECM and cell junction adhesion complexes [210]. More specifically, this model states 

that a mammalian cell is pre-stressed tensegrity structure, and local mechanical stresses 

will result in large scale cytoskeletal structural rearrangements, even across relatively 

large distances. According to this model, as a result of the discrete molecular elements 

within the cells, the internal load-bearing cytoskeletal network will change orientation 

following an external load until a new equilibrium is attained. These orientation changes 

differ from the conventional “actin cortex only” models of cell mechanics in that the 

application of an external load stress will result in both local and deep structural 

rearrangements of the cell, from the surface membrane to the internal cytosol region 

[210]. Therefore, based on the results presented in this chapter, if we consider the cell 

tensegrity model, the derived Young’s moduli trends at different stages of monolayer 

development will be subject to the degree of cell-cell adhesion and cell-ECM adhesion. 

Where the maturation and formation of cell bonds has been well established at higher 

monolayer developmental length scales, the transferal of stress or tension across these 

domains into the actin cortex may be relativity less as a result of the reduced activity of 

these discrete molecular components linked to the internal microfilament network. This 

may result in reduced stiffness (in the case here, the Young’s elastic modulus) along the 

actin cell cortical region compared to cells undergoing more active proliferation and 

formation of cell-cell bonds. The degree of structural rearrangement is dependent of the 

presence and activity of the discrete internal molecular proteins within a cell. For 
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example, the dynamic deformation of the actin cell cortex has been linked to particular 

actin binding proteins (ABPs). One such ABP, namely myosin-2, has been described as 

the most significant ABP linked to the generation of contractile tension in the actin 

cytoskeletal network [77]. As described in Chapter 2 of this thesis (section 

2.8.3),Myosin proteins are described as motor proteins whose function is to move along 

actin microfilaments through the coupling hydrolysis of ATP, thus driving the 

movement and contraction of actin microfilaments [58]. The family of myosin proteins 

has been evidenced to play a critical role in the function of many cell membrane related 

functions. For example, myosin-1 and myosin-5 have been shown to bind the internal 

region of the plasma membrane as well as membranes of the intracellular organelles 

such as the nucleus and mitochondria, with myosin-1 serving as linker protein between 

the plasma membrane and the actin microfilament bundles of the cell microvilli brush 

border [58]. Therefore, as the tensegrity model implies, it is plausible to assume that 

proteins such as myosin’s, which are bound to both the actin cortex and other internal 

cell structures are important in the transmission of external mechanical loads and 

conferral of cell-cell and cell-ECM associated stresses. Notably, evidence has shown 

that myosin-2 activity is the predominant factor affecting overall actin cortical tension 

[92], with the induced inhibition of myosin-2 activity resulting in a near 80% decrease 

in cell cortical tension [77]. Therefore, it is possible that multiple internal cytoskeletal 

mechanisms within the cell cortex (actin as well as mysosin-2 activity and dynamics) 

are involved in the formation and transition of cortical and intercellular tension and 

stress through cell monolayer development.  
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8.5 Conclusion and summary of findings  

In this chapter, the Young’s elastic moduli trends for the actin cortical nuclear region 

and cell-cell junction regions of live MDCK cells across incremental stages of cell 

division and monolayer development was investigated. The results in this chapter 

demonstrated that cell activity (in terms of cell division with less contact inhibition) and 

the formation of cell-cell bonds at the cell junction regions can have a considerable 

effect of the derived Young’s moduli measurements at different stages of cell 

monolayer development. The discussion of the results presented in this chapter draw on 

previous reported evidence and models of cell mechanical analysis to state that 

conventional actin cortex only models describing differences in derived cell mechanical 

outputs may be incomplete. Based on the differences of the derived Young’s elastic 

moduli for the cell junction regions at different stages of monolayer development (with 

consideration to the actin cell cortex region), suggests that the cell tensegrity model 

[210], may better describe the differences observed between the different monolayer 

length scales. The transmission of cell mechanical cues and differences in cell Young’s 

moduli properties as a result of the formation and maturation of cell bonds, with respect 

to cell division and proliferative ability (governed to a limit by contact inhibition) can 

be explained with referral to the cell tensegrity model.  

The results of this chapter further demonstrate that it is imperative to consider stage of 

cell monolayer development when planning and/ attempting to interpret and compare 

live cell mechanical measurements for mammalian cell AFM analysis. Referring to the 

literature that has investigated differences in cell density and monolayer development, 

little consideration is given for potential variations in the mechanical properties of 

intermediate (cell doublet and clusters) as well as monolayer subgroups (semi-confluent 

and maximal density confluence) when investigating mammalian cell mechanical 

properties.  
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CHAPTER 9 

Looking back, and working forward 

9.1 Introduction  

As discussed in the onset of this thesis, the human body comprises a multitude of 

different types of heterogeneous tissue structures, each of which are formed by millions 

of layers of cells. However, less evidence exists to explain how single cells contribute to 

the mechanical integrity and behaviour of tissue or organ in a collective way, despite 

efforts made in an attempt to investigate how the mechanical properties of tissue 

components at each hierarchical scale (e.g. subcellular, cellular and tissue scales). 

Among all the mechanical properties that one can measure from biological tissue 

samples, the Young’s elastic modulus [E] has become a hallmark parameter, which has 

been demonstrated to be a key factor in a multitude of cell developmental and 

pathological events such as mitosis, apoptosis, senescence and mutations (cancer cell 

development). As discussed, and presented in this thesis, there are multiple methods 

available for investigating cell mechanical outputs. In this thesis, AFM was chosen as 

the primary tool for mammalian cell mechanical characterisation. Due to its capability 

of producing high resolution three-dimensional images, which combined with force 

spectroscopy, an AFM is able to define and assign surface properties, such as surface 

topography and elastic modulus to specific cellular regions  in an in vitro culture 

environment [16]. However, given its capabilities, much of the AFM studies focussing 

on mammalian cell [E] analysis do not account for certain protocol considerations such 

as state of cell development in terms of how intracellular physical changes can affect 

conventional AFM protocol set-ups and experimental outcomes. The mechanical 
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properties (Young’s elastic modulus in particular), of mammalian cells is often 

investigated at the single or monolayer length scale, thus making the measurement 

values and conclusion drawn from different cell length scales in certain published 

studies impossible to compare.  

This thesis had two major goals; the first was to establish and test an appropriate AFM 

protocol for investigating mammalian cell Young’s elastic moduli trends for a selected 

mammalian cell line (MDCK) (Chapter 4). This was followed by an investigation into 

how the defined AFM parameters are affected by the stage of cell monolayer 

development. Three specified MDCK monolayer developmental stages (single, semi-

confluent and maximal density monolayer) were investigated (Chapter 5). In Chapter 5, 

the stage of cell development was shown to affect the final derived indentation depth 

and derived Young’s moduli trends for the MDCK cells. In order to interpret the results 

observed in Chapter 5, the second goal of this thesis was to then discuss and propose 

which biomolecular components of the MDCK cells was giving rise to the results 

obtained. In this approach, two hypotheses were suggested (Chapter 6); morphological 

variation in cell development (investigated in Chapter 7), and the development of 

increased stiffness along the cell cortex or cell-junction regions (investigated in Chapter 

8). In Chapter 8 of this thesis, a more precise appreciation for the derived Young’s 

elastic moduli [E] outputs trends of the MDCK mammalian cell line across defined 

incremental stages of cell development was carried out.   

9.2 Chapter conclusions   

The specific conclusions that were made from each chapter of this thesis are 

summarised as follows;  
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Chapter 4: Application of current AFM protocols for mammalian cell Young’s 

elastic moduli analysis: Adapting the experimental approach 

 

In this chapter, a suitable AFM protocol for live MDCK cell AFM indentation 

measurements were investigated. The key AFM experimental protocol parameters 

defined following each troubleshooting assay in this chapter are; 

(1) Selection of a suitable cantilever geometry – Spherical cantilever 

(2) Accurate method for precise selection the cell body/nuclear organelle region using 

live cell fluorescence microscopy with AFM indentation analysis.  

(3) Application of an appropriate method of deriving the Young’s elastic modulus [E] 

for live MDCK AFM force-displacement curves. The JPK software was used to 

analyse all obtained force-displacement curves. Application of a suitable indentation 

depth fitting of the Hertz-Sneddon contact model was achievable, with accuracy of 

fit assessed for each indentation force displacement curve.  

(4) Force mapping as well as fixed cell imaging applications is suitable using the 

selected spherical cantilever.  

 

Chapter 5: Effect of stage of cell monolayer development on atomic force 

spectroscopy Young’s elastic modulus [E] measurements 

The results presented in this chapter demonstrated that stage of MDCK cell 

development i.e. single, semi-confluent and maximal density monolayer cells, has a 

significant effect on the resulting indentation depth and derived Young’s elastic moduli 

[E] outputs for MDCK cells deformed at specified cantilever loading force ranges.  The 

key experimental outcomes presented in this chapter are; 
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(1) Maximal density monolayer MDCK cells presented with the lowest indentation 

depth and greatest derived Young’s moduli [E] trends following AFM indentation 

over the nuclear region of the MDCK cells, followed by semi-confluent and the 

single MDCK cells. This was observed at multiple indentation loading forces (nN). 

However, results derived at low range forces (0.5nN to 0.8nN) resulted in 

deformations within the limits for application of the Hertz-Sneddon contact model. 

Indentations depths beyond 0.8nN were not within the linear-elastic regime and 

therefore are not accurate for the application of the Hertz-Sneddon contact model 

to derived true Young’s elastic moduli measurements.  

(2) The total amount of actin GFP fluorescence is reduced at higher stages of MDCK 

cell development (maximal density monolayer); maximal density MDCK cells 

demonstrated the lowest cortical F-actin amounts, in comparison to single and 

semi-confluent monolayer MDCK cells. The ratio between MDCK F-actin 

intensity and cell area (CTCF/cell area), demonstrated that single cells presented 

with the greatest F-actin intensity per cell, followed by maximal density and semi-

confluent monolayer MDCK cells. 

Chapter 6: Stage of MDCK cell development and associated AFM Young’s elastic 

moduli trends: A review of potential underlying mechanisms for observed 

outcomes 

 

The purpose of Chapter 6 was to highlight and discuss the possible mechanisms most 

responsible for the AFM indentation results derived in Chapter 5. Topics such as 

mammalian cell internal structure, evidenced cytoskeletal mechanical functions and 

contribution to cell mechanics was emphasised. Based on the derived Young’s elastic 

modulus trends from Chapter 5, and literature evidence, two hypotheses, namely (1) cell 

morphological variation and (2) actin cortical properties, was proposed as potential 

explanations for the interesting results presented for MDCK cells at different stages of 
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monolayer development. The two hypotheses were then addressed and investigated the 

results chapters that followed.  

 Chapter 7: Hypothesis 1: Morphological variation of MDCK cells across three 

stages of cell monolayer development  

 

The results presented in this chapter demonstrated the morphological transitions of 

MDCK cells as they develop through progressive proliferation and monolayer 

formation (single, to semi-confluent and maximal density monolayer cells). This was 

achieved using fluorescent image analysis. The results of this chapter demonstrated that 

MDCK cell height, cell body area, cortical thickness as well nuclear morphology can 

vary significantly with progressive cell monolayer proliferation. However, only certain 

aspects were shown to be statistically significantly different across the three monolayer 

developmental stages. Therefore, at this stage of the thesis, it still remained somewhat 

unclear as to what mechanisms were most responsible for the results presented for the 

MDCK indentation results presented in Chapter 5. None-the-less, the key experimental 

outcomes presented in this chapter were; 

 

(1) Single isolated MDCK cells have the greatest cell height, followed by maximal 

density and semi-confluent monolayer MDCK cells. 

(2)  Semi-confluent MDCK cells presented with greatest over-all cell area followed 

by single and maximal density monolater MDCK cells.  

(3) Single MDCK cells presented with the greatest nuclear organelle height 

followed by maximal density and semi-confluent monolayer cells  

(4) Semi-confluent MDCK cells presented with greatest nuclear organelle area 

followed by maximal density and single MDCK cells.  

(5) Single MDCK cell nuclear organelle has the greatest volume followed by semi-

confluent and maximal density cells nuclear organelle volume.  
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(6)  MDCK nuclear organelle surface area was greatest for maximal density 

MDCK cells, followed by single and then semi-confluent MDCK cells.  

(7) No significant variation was observed in 2D nuclear organelle sphericity for 

single, semi-confluent and maximal density monolayer MDCK cells, with a 

sphericity range of 0.64-0.69.   

(8) 3D nuclear organelle sphericity demonstrated a notable variation for single, 

semi-confluent and maximal density monolayer MDCK cells, with a sphericity 

range of 0.64-0.77.   

(9) Cortical membrane thickness was found to vary across the MDCK 

developmental length scale with single MDCK cells presenting with the 

thickness cortical membrane, followed by maximal density and semi-confluent 

MDCK cells. The cortical membrane thickness range for MDCK cells was found 

to be ~0.6µm-1µm. Variation in cortical membrane thickness as well the 

presence of apical microvilli, and incrassate actin filaments are the morphological 

entities suggested to contribute most the AFM [E] trends presented in this 

chapter.  

Chapter 8: Hypothesis 2: Progressive cell development of MDCK cells results in 

the alteration of MDCK cortical region Young’s elastic moduli properties as well 

as variation in physical stress at the cell-cell membrane boundary  

 

In this chapter, the Young’s elastic modulus profiles for the actin cell cortical region 

(over the cell body/nuclear region) and cell-cell junction regions of live MDCK cells 

across the three initially investigated developmental stages (single, semi-confluent and 

maximal density) as well as intermediate developmental stages (doublet pairs and cell 

clusters) was analysed. This was carried out in supplement to the morphological results 

and indentation results presented in Chapter(s) 5 and 7, in an effort to determine if the 

activity and stiffness of the actin cortex is more accountable for the derived Young’s 
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moduli trends presented in Chapter 5. The key experimental outcomes presented in this 

chapter are; 

(1) Intermediate stages of cell monolayer development (cell doublets and internal 

cell within a cell cluster) exhibited the greatest average actin cortex Young’s 

moduli trends, followed by semi-confluent monolayer cells, external cluster cells 

and then single MDCK cells.  

(2) AFM Young’s moduli stiffness map(s) for MDCK cells along the cell junction 

regions at different stages of monolayer development demonstrated higher 

Young’s elastic moduli trends compared to the cell body region.  

(3) MDCK cluster cells and doublet pair cells presented with greater Young’s 

elastic moduli trends compared to semi-confluent (lowest derived values) and 

maximal density monolayer cells. 

(4) The outcomes presented for both the MDCK cells at higher cell densities 

(maximal cell density) did not agree with previous literature findings that 

demonstrates higher density cells as having greater elastic moduli outputs 

compared to low density monolayers. This may be there result of different AFM 

experimental approaches or the method to derive the Young’s elastic moduli 

outputs (contact model application to different regions of cell 

indentation/deformation). 

(5) Analysis of F-actin intensity for MDCK cells at different stages of development 

was analysed to address how the expression of F-actin varies at intermediate 

MDCK developmental stages. MDCK cell doublet and cell cluster 

developmental stages, alongside single and monolayer length scales was 

analysed. MDCK F-actin (GFP) fluorescent images acquired and analysed for 

variation in cortical actin intensity, demonstrated a variable significant 
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difference in the corrected total cell fluorescence for (CTCF) cortical F-actin 

across the incremental cell developmental length scales. 

 

Referring to literature and evidence previously discussed, it has been suggested in the 

reported findings that mammalian cell Young’s moduli outputs are predominantly due 

to the density and alignment of the sub-cortical F-actin meshwork, which was 

confirmed by the chemical inhibition of fibre activity and resulted in reduced Young’s 

moduli outputs [109]. Additional studies investigating intracellular regional [E] trends 

through cell division (cytokinesis) have also implicated variations in cytoskeletal 

activity and cell stiffness in the division ‘furrow’ of actively dividing cells, with the 

greatest Young’s moduli values observed immediately following cell division [13]. 

Furthermore, supporting evidence has demonstrated the greatest concentration of focal 

and traction forces at the periphery of cell clusters [211].  Such outcomes are in some 

way consistent with the results derived in Chapter 8, whereby the greatest derived 

Young’s moduli trends across the developmental length scale was derived for cells 

within MDCK cell clusters. Therefore, great consideration regarding the developmental 

state, number of cell-cell bonds, has to be considered when carrying out an AFM cell 

indentation assay. Even at relatively low loading forces, cell geometry and stage of cell 

monolayer development can greatly affect the derived Young’s elastic moduli values 

through alterations in actin cortex dynamics and cell junction assembly and force 

transmission.  

9.3 Limitations 

 

 

There are certain limitations to consider for the scope of this research. The mechanical 

modelling of living biological samples is subjective as to the stage of cell monolayer 

development (as presented and discussed in this research thesis), but further to this, 
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accounting for the precise internal developmental process (cytoskeletal arrangement and 

movement of additional large organelles (such as the mitochondria) could also 

contribute to variation in derived mechanical outputs for mammalian cells. Furthermore, 

although highly useful, the AFM and selected contact models used to analyse 

mammalian cell elasticity consider the cells as linear elastic bodies. However, in reality 

mammalian cells have viscoelastic behaviour, although this may have been mitigated by 

using a low indentation rate. Another limitation in the results acquired and scope of this 

research lies with the contact model utilised to derive the Young’s elastic modulus from 

the AFM force-displacement curves; The contact model used to fit and derive the elastic 

properties from the force-displacement curves (Hertz-Sneddon model) does not wholly 

fit the physical parameters of the derived AFM indentation measurements, which is not 

uncommon for most AFM studies. It should be noted here that the scope of this thesis 

was not to investigate or develop new contact models for AFM analysis, nor was it to 

investigate the limitations presented with the Hertz contact model for mammalian cell 

mechanical analysis, and therefore, the Hertz-Sneddon contact model was accepted as a 

suitable model for mammalian cell (MDCK) cell AFM analysis. The Hertz contact 

model (and remodelled Hertz-Sneddon model) does have its limitations. However, the 

advantage of using the Hertz-Sneddon theorem is that the limitations are well reported 

and understood. As such, it is possible to refer to the limitations and varying 

experimental approaches i.e. maintain forces and set-points and indentation depths 

within the limits of the contact theorem to combat any affects that it may have on the 

data outputs and ensure accurate and appropriate fitting of the model to the derived  

indentation curves.  
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9.4 Working forward  

 

Aspects of the results presented in this thesis presented promise and scope for future 

work and investigations. Specifically, the results presented could help improve the 

method(s) and approaches of AFM mammalian cell elasticity investigations and 

techniques currently used for mechanical studies on soft biological samples and cell 

mammalian lines. Further investigation into the contribution of the key inter and 

intracellular cytoskeletal components to the derived Young’s elastic moduli outputs for 

MDCK cells, could further elucidate which cellular components contribute most to the 

results presented across defined stages of cell monolayer developmental.  

The following future investigations are proposed, that would advance this thesis into 

greater depth for biological mechanical measurements;  

Further investigation into the development of an appropriate AFM model for live 

mammalian cell AFM analysis:  

Based on the work presented in Chapter 5; defining an AFM indentation depth 

dependent model for live cell AFM analysis. Such a model (as presented in Chapter 6, 

Section 6.2), could include and consider factors such as; final calculated [E] outputs in 

relation to cantilever indentation depth for particular mammalian cell lines. Indentation 

depth (for different cell lines) in relation to F-actin cortex dynamics and maturity. The 

overarching question being; do different cell lines respond differently towards similar 

AFM indentation deformations?                                              

Further investigation into the morphological adaptations of MDCK cells through 

monolayer proliferation and development: 

Based on the work presented in Chapter(s) 7 and 8; The morphological adaptations and 

transitions of MDCK cells through cell proliferation could be further investigated. 

Additional imaging analysis to investigate added MDCK cell morphological attributes 
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across MDCK development, such as cell volume (using an efficient cell mask 

fluorescent probe), cortical actin stress fibre density and alignment analysis, apical actin 

microvilli intensity and fluorescent analysis could be investigated. In addition to this, 

added appreciation as to the morphological components that most affect MDCK AFM 

Young’s moduli outputs, the cell cortical region and cell junction regions could be 

further investigated using chemical perturbation. By directly destabilizing the actin 

cytoskeleton using chemical reagents such as cytochalasin D (prevents actin 

polymerization) and phallodin(s) (stabilizes actin polymerization) or preventing the 

binding of myosin-2 to actin using blebbistatin, could elucidate which cytoskeletal 

mechanism is most responsible for the derived Young’s moduli output trends across 

incremental cell monolayer developmental stages. This would involve incubation of the 

MDCK cells with the different molecular reagents followed by repeat of the AFM as 

well as morphological investigation assays.   

 

Further investigation into the Young’s moduli trends of MDCK cells through 

monolayer proliferation and development: Cancer cell AFM analysis through 

proliferation  

Based on the work presented in Chapter(s) 7 and 8, as well as any promising results that 

may be obtained through chemical perturbation of various cytoskeletal components (see 

above), a follow on from the MDCK cell AFM analysis could be adapted to investigate 

how the AFM protocol and developmental analysis (cell cortical Young’s moduli trends 

and cell junction region mechanical properties) presents in cancerous cell lines. 

Moreover, how pathological changes in a cell(s) function, for example tumour growth, 

produce highly variable mechanical outputs when investigated across different stages of 

cell development.   
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