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Abstract 

Skin is a complex biological composite system that serves as the outermost barrier to 

the environment and is mechanically robust.  Understanding the mechanical 

properties of skin is important to improve and compare current in vitro experiments to 

the physiological conditions as the mechanical properties have a crucial role in 

determining cell behaviour.  The mechanical behaviour of skin at the cellular level is 

expected to be dominated by the collagen fibre network within the dermis, which 

displays an anisotropic mechanical response to macroscopic loading. However, the 

three dimensional mechanical properties of skin at the nanoscale are not well 

understood.  The aim of this work is to examine the mechanical properties of skin at 

the nanoscale in three dimensions and explore the links between the nanoscale and the 

macroscopic behaviour.  Multiple sample preparation techniques are employed to 

expose the different layers of skin for mechanical testing and the elastic modulus of 

skin is evaluated by using atomic force microscopy (AFM) nanoindentation.  The 

effect of freezing skin to cryogenic temperatures on the mechanical properties is 

evaluated and found to have no impact on the mechanical response of skin, indicating 

that the composition and structure of skin are robust enough to withstand the 

cryosectioning sample preparation methods used to expose the transverse layers of 

skin.  AFM indentation was used to evaluate the elastic modulus of the dermis 

depending on the orientation of the sample and found to have an isotropic mechanical 

response. This result is opposite to anisotropy observed in macroscopic skin due to 

small scale mechanical testing ignoring collagen fibril orientation during strain.  The 

variations in the elastic modulus of skin are also evaluated by AFM indentation at 

high spatial resolution to construct a composite model of the mechanical behaviour of 

skin at the nanoscale to predict the macroscopic response.  The AFM nanoindentation 
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technique was extended to evaluate the mechanical properties of a cell derived matrix 

deposited on an electrospun nanofibre scaffold, where the results indicate increasing 

the nanofibre diameter produces a cell derived matrix with an increased elastic 

modulus for more effective scaffolds.  This work highlights the use of AFM 

mechanical testing to evaluate the nanoscale mechanical behaviour of skin, treated as 

a composite biological system, and determine the influence of the length scale and 

sample orientation on the observed mechanical response. 
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Chapter 1 – Introduction  

 

1.1 Background 

 

Skin is a complex biological composite material with multiscale structure, as shown 

in Figure 1.1. The composition of skin is well understood, and predominantly 

comprises of the collagenous dermal layer and the cellular epidermal layer. Each 

constituent layer of skin contributes to the overall composite material properties. 

However, the complexity of skin due to a structural hierarchy ranging from small 

scale constituents to larger macroscopic features makes the link between skin 

composition and resultant mechanical performance challenging. The aim of this 

thesis is to therefore explore the small scale mechanical properties of skin, such as 

elucidating the layered and sub-layer structure, and provide a relationship to the 

material properties of the whole tissue. An experimental and theoretical approach is 

taken using small scale experimental mechanical testing combined with analytical 

and computational modelling to solve this demanding problem.  



Chapter 1 – Introduction 

20 

 

 

Figure 1.1. Illustration of whole skin showing the constitute biological components, 

adapated from (MacNeil, 2007).  

 

General large scale macroscopic mechanical behaviour has been extensively 

investigated through the use of conventional mechanical testing apparatus such has 

uniaxial tension and indentation (Jachowicz et al., 2007; Ottenio et al., 2014). The 

structural complexity of skin makes it difficult to draw significant conclusions from 

the mechanical analysis of individual components or layers to the overall mechanical 

response of skin, whereas large volume testing is ideal for examining the 

macroscopic response of skin. The structure-property relationships at the macroscale 

are well defined with large scale deformations of whole skin displaying highly 

anisotropic behaviour (Gahagnon et al., 2012; Ní Annaidh et al., 2012b; Ottenio et 

al., 2014).  
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To a lesser degree, the nano/microscale mechanical properties of skin have been 

evaluated using atomic force microscopy (AFM) and other microindentation 

techniques through measurements of the constituent layers of skin. The nanoscale 

mechanical response of whole skin and the relationship to the macroscopic response 

along with the structure-property relationships are unknown. This thesis aims to 

explore the spatial changes in the mechanical properties of skin at the nanoscale and 

establish a link between nanoscale mechanical response and the macroscopic 

mechanical behaviour in three dimensions. The need to understand spatial 

mechanical properties specifically addresses the aim of evaluating the complexity of 

skin, and indeed other biological structures that exploits compositional variations in 

space to achieve mechanical function. The evaluation of skin at the nanoscale is 

additionally considered as critical in understanding the complex microenvironment 

required for the construction of engineered in vitro environments that are 

representative of the in vivo condition, which have applications in the development 

of tissue scaffolds for skin.  

 

1.2 Thesis Outline 

 

In this work the mechanical properties of skin are investigated at the nanoscale using 

atomic force microscopy (AFM) indentation measurements. Several sample 

preparation methods are evaluated to ensure the individual components of skin can 

be accurately measured at the nanoscale using AFM. The spatial variation in skin 

mechanical properties is determined and used to develop a finite element model. The 

macroscopic mechanical behaviour of skin is predicted from the nanoscale 
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mechanical measurements and a working link between the two length scales is 

established.  

The second chapter of this thesis reviews the existing literature focusing on the 

composition, structure, and mechanical properties of skin at macroscopic and 

microscopic length scales. This chapter also details the understanding and 

importance of mechanical properties and how these properties can be investigated 

using AFM. The third chapter outlines the experimental methods employed to isolate 

the skin samples and expose the individual layers of skin. The in situ AFM 

mechanical testing method is developed and validated. The fourth chapter explores 

the effects of the sample preparation methods on the mechanical response of skin to 

establish that treatments applied to skin are not influencing the mechanical 

measurements being performed. With the sample preparation method validated, the 

microscopic mechanical properties and the positional variations in mechanical 

properties of skin could be measured. The fifth chapter therefore provides insight 

into the effect of sample structure, particularly the influence of structural orientation, 

on mechanical response at the nanoscale and comparisons to the observations in bulk 

skin samples are discussed. The potential effect of the orientation of individual 

components with respect to the applied load is investigated and an explanation for 

the variations in mechanical response is established. The sixth chapter correlates the 

nano/microscale mechanical properties to macroscopic mechanical measurements 

conducted on whole skin samples. A link between the nanoscale and macroscale 

mechanics is established by applying theoretical composite material theories to the 

nanoscale mechanical properties. The complex spatial mechanical properties 

evaluated in Chapter 5 are also used to develop a finite element analysis to predict 

the macroscopic mechanical response of whole skin.  
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The seventh chapter combines the experimental techniques applied to skin samples to 

a cell derived matrix deposited on an electrospun tissue scaffold to evaluate the 

spatial changes in the mechanical properties and investigate if changes in the 

mechanical properties of the constituent components effect the overall mechanical 

response of the cell derived matrix. The composite mechanical properties of the 

engineered biocomposite are predicted and suitability as a mechanical analogue to 

skin is discussed. Finally, the eighth chapter summarises the findings of this thesis 

and future studies are proposed.  
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Chapter 2 – Literature review 

 

2.1 Introduction  

 

This chapter aims to review the existing literature on skin structure, function, and 

mechanical properties. Particular focus will be placed on the mechanical behaviour 

of skin at different length scales and the importance of understanding the mechanical 

behaviour of skin with respect to the cellular microenvironment.   

 

2.2 The structure of skin 

 

Skin is a complex composite material consisting of various components that combine 

to form the outermost structure of the body.  The skin is the largest organ in the 

human body covering the entire surface area. The skin is approximately 2 mm in 

thickness and covers more than 2 m
2
 in surface area of an adult human (Shimizu, 

2007).  At the most basic level, skin provides a physical barrier between the interface 

of the human body and the outside environment.  The skin also regulates the internal 
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temperature of the body through a sweating system and provides environmental 

information through a vast neural network.  Structurally, the skin is made up of two 

main layers, with the overall structure illustrated in Figure 2.1.  The first layer at the 

surface of skin is the stratified epithelium, or the epidermis, which is roughly 

between 75 and 150 m in thickness (Shimizu, 2007) but considerably thicker on the 

palms and soles where the thickness can be up to 0.6 mm (Shimizu, 2007).  Beneath 

the epidermis lies a much denser fibrous connective tissue known as the dermis. The 

dermis is much thicker than the epidermis and provides the majority of the structural 

stability and is where the majority of the mass in the skin is located (Shimizu, 2007).  

The dermis houses a large amount of the vascular and neural networks for the skin 

and many specialised glands related to the excretion and secretion of biological 

structures (Goldsmith, 1991).   
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Figure 2.1. Illustration of the structure of skin, showing all the components and 

layers present in the structure. Adapted from, Shimizu 2007.   

 

2.2.1 Epidermis 

The epidermis can be described as a continuous sheet of epithelial cells known as 

keratinocytes, identified by the specific production of keratin proteins which form 

intermediate fibres contained within the cell cytoskeleton (Fuchs and Green, 1980a), 

but the epidermis also contains pores for glandular structures and hair follicles 

(Goldsmith, 1991). The epidermis is a layered structure made up of four main layers, 

as illustrated in Figure 2.2, with each layer identified by specific stage of 

keratinocyte proliferation and the expression of specific proteins (Candi et al., 2005).  
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The bottom layer of the epidermis is known as the basal cell layer.  The basal cell 

layer contains the subpopulation of epidermal stem cells, also known as basal cells, 

and is the germinative layer for the epidermis (Fuchs and Raghavan, 2002). Basal 

cells proliferate and remain attached to the basal layer with some of the basal cells 

moving into the spinous layer, sometimes referred to as the stratum spinosum, of the 

epidermis (Simpson et al., 2011).  This transition from basal layer to spinous layer is 

marked by a specific change in protein expression by the keratinocyte. Specifically, 

basal cells readily expressing keratin 5 (K5) and keratin 14 (K14) as the intermediate 

filaments which contribute to the cytoskeleton of the cell (Blanpain and Fuchs, 

2009).  This protein expression switches from K5/K14 to the expression of keratin 1 

(K1) and keratin 10 (K10) when the basal cells proliferate into the spinous region 

(Simpson et al., 2011).  The expression of K1 and K10 forms a more robust network 

of intermediate filaments that reinforce the cytoskeleton and result in a structure that 

can better withstand mechanical stresses (Blanpain and Fuchs, 2009).  Above the 

spinous layer lies the stratum granulosum, or granular cell layer, which contains 

flattened keratinocytes.  The granular layer is named because of the granules of 

proteins and lipids, called keratohyalin granules, that form within the cytoplasm of 

the cell (Wickett and Visscher, 2006).   

Keratinocytes increasingly undergo a transformation into corneocytes moving 

upwards within the granular layer. Corneocytes are mechanically robust as their 

nucleus is digested and the cytoplasm replaced with a crosslinked network of keratin 

microfibrils and lipids that begin the formation of the cornified envelope. This 

cornification process utilises the proteins and lipids contained within the keratohyalin 

granules (Wickett and Visscher, 2006) and produces the cornified envelope of a 

enzymatically crosslinked insoluble layer of proteins and lipids surrounding the 
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corneocytes that acts as physical and chemical barrier protecting the body from the 

environment but also retaining liquid within the body (Candi et al., 2005).  

Corneocytes that have a fully developed cornified envelope make up the outermost 

layer of the epidermis known as the cornifed layer, also referred to as the stratum 

corneum or horny cell layer, and is approximately 15-20 cell layers in thickness but 

substantially larger on the palms and soles (Shimizu, 2007). 

   

Figure 2.2. (Left) Illustration of the layers of the epidermis from the basal layer to the 

cornified layer at the surface of the skin.(Right) Histology image of the through 

thickness skin showing the different regions of the epidermis adapted from 

Kierszenbaum et al. (Kierszenbaum and Tres, 2015) 

 

2.2.2 Epidermal-Dermal Junction 

The epidermal-dermal junction, or the epidermal basement membrane, lies between 

the epidermis and the dermis of the skin and is a critical component to the structure 

of skin as it provides structural support for the monolayer of cells that begin the 

formation of the basal layer in the epidermis (LeBleu et al., 2007). The basement 



Chapter 2 – Literature review  

29 

 

membrane is a continuous structural element of the skin and consists of four major 

components; type IV collagen, laminin, nidogen/entactin, and perlecan (LeBleu et 

al., 2007). Type IV collagen is the most abundant component of the basement 

membrane making up approximately 50% of the composition. Type IV collagen is a 

nonfibrillar collagen and is secreted from keratinocytes and fibroblasts in the form of 

protomer units that self-assemble into a network structure present in basement 

membranes (Burgeson and Christiano, 1997).  The second component of the 

basement membrane is laminin that, in terms of composition, represents the most 

abundant noncollagenous protein within the basement membrane structure. Laminin 

is a heterotrimer formed of a α-chain, β-chain, and γ-chain. The epidermal basement 

membrane contains laminin α3, β3 and γ2 chains that assemble into laminin-332, 

also known as laminin 5 (Burgeson and Christiano, 1997). This basement membrane 

assembles through the joining of both the collagen and laminin networks (LeBleu et 

al., 2007).  The interaction between collagen and laminin is stabilised by nidogen and 

perlecan components found in the basement membrane. Nidogen and perlecan make 

up the minor composition of the basement membrane and are responsible for binding 

the collagen IV and laminin networks together (LeBleu et al., 2007).  Nidogen is a 

glycoprotein that has been shown to bind to type IV collagen, perlecan and laminin 

among other protein structures. Perlecan is a heparin sulphate proteoglycan that is 

not specific to the basement membrane but provides protein binding sites for 

nidogen, type IV collagen and integrins.  Together with nidogen, the perlecans are 

integrated into the type IV collagen and laminin networks and cause additional 

binding of the collagen and laminin (LeBleu et al., 2007).   
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Figure 2.3. Illustration of the epidermal basement membrane with enlarged image of 

basal cell attachment to the basement membrane 

 

At a larger scale, the basic structure of the basement membrane is separated into two 

lamellae of lamina lucida and the lamina densa, as shown in Figure 2.3.  The layer 

directly below the basal cells of the epidermis is the lamina lucida, which is electron-

lucent and separates the basal cells from the electron dense lamina densa that 

connects to the dermis below (Burgeson and Christiano, 1997).  One of the major 

functions of the epidermal basement membrane is to join the epidermis to the dermis 

and therefore provides a clear mechanical role. The epidermis is attached to the 

basement membrane through hemidesmosomes within the basal cells, which attach, 

through the lamina luicda to the lamina densa by integrin binding sites and anchoring 
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fibrils (Pulkkinen and Uitto, 1998).  The anchoring fibrils are comprised of collagen 

XVII, which is a form of collagen commonly referred to as bullous pemphigoid 

antigen 2 or BP180 because the protein structure is 180 kDa in length (Zillikens and 

Giudice, 1999). Integrin α6β4 is located within the hemidesmosomes and causes 

basement membrane binding through to the lamina lucida (Burgeson and Christiano, 

1997). The lamina luicda is a continuous amorphous region mainly comprised of 

laminin glycoproteins with anchoring filaments oriented around hemidesomes. The 

lamina densa is also a continuous amorphous region containing mainly laminin 

glycoproteins, collagen IV, proteoglycans, and fibronectin (Andriani et al., 2003).  

Beneath the lamina densa is a region referred to as the reticular layer which contains 

mainly fibrous components such as anchoring fibrils, dermal microfibril bundles and 

collagen fibres (Shimizu, 2007).  The epidermal basement membrane is bound to the 

dermis through anchoring fibrils composed of collagen type VII (Osawa et al., 2003). 

These fibrils penetrate down from the lamina densa into the upper layers of the 

dermis and then either loop back up to the lamina densa or terminate in the dermis 

(Burgeson and Christiano, 1997).   

The primary role of the epidermal basement membrane is the adherence of the 

epidermis to the dermis through the structures described above in Figure 2.3. This 

adhesion role includes providing structural stability to the monolayer of basal cells 

that make up the base of the epidermis. The basement membrane also plays a role as 

a specialised extra cellular matrix, by providing growth factors to influence cell 

behaviour, manage cell proliferation, differentiation and migration. Typically, the 

epidermal basement membrane will be approximately 100 nm in thickness (Osawa et 

al., 2003) but is unevenly made up of the lamina lucida and the lamina densa. 
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2.2.3 Dermis 

The dermis represents the largest structural constituent of human skin.  The dermis is 

largely composed of collagen fibres, elastin fibres, and a matrix substance of 

glycosamino-proteoglycans also known as the ground substance. These components 

are controlled and regulated by dermal fibroblasts, which are the primary cells that 

live within the dermis (Goldsmith, 1991).  The major structural component of the 

dermis is collagen which makes up 77% of the dry weight in skin (Shimizu, 2007). 

Two main forms of collagen are present within the dermis; type I, type III, and type 

V with traces of type VI (Tobin, 2006).  Collagens are formed of three polypeptide 

chains that are composed of repeating amino acid structures, for each collagen type 

the three chains combine to form a triple-helical structure (Kadler et al., 1996).   

Collagen type I, III, V present in the dermis readily self-assemble to form fibrils.  

The fibrils are made up of 300 nm length triple helix collagen molecules that are 

spaced approximately 40 nm apart. The spacing between the collagen molecules 

leads to the characteristic periodic d-spacing, which leads to the periodic banding 

structure (Chakravarti et al., 1998; Kadler et al., 1996).  The nanometre sized fibrils 

combine to form fibril bundles which occur at the micrometre length scale and are 

referred to as collagen fibres (Gelse et al., 2003).  The collagen fibres combine to 

form a mesh structure within the dermis (Fang et al., 2012; Lavker et al., 1987). This 

network of collagen fibres forms the basis for the robust mechanical properties of the 

dermis (Silver et al., 2003). Observation of the structure of the dermis by 

transmission electron microscopy, shown in Figure 2.4 (Lavker, 1979), highlights the 

network nature of the collagen fibres present. The collagen network within the 

dermis forms a lattice network structure which displays a preferential orientation 

(Noorlander et al., 2002). The lattice network is composed of two collagen fibre 
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families each exhibiting a preferential angle of alignment within the tissue. The 

overall orientation direction has been shown to be consistent with the orientation of 

the Langer’s lines observed in vivo (Ottenio et al., 2014). The Langer’s lines are 

observed at the macroscopic level on the surface of the skin and represent the 

predominant direction of the collagen fibrils parallel to the surface of the skin. Ní 

Annaidh et al. have shown that the collagen within the dermis preferentially aligns at 

two angles equidistant from the overall direction of the Langer’s line (Ní Annaidh et 

al., 2012a).  

 

Figure 2.4. Transmission electron micrograph of the dermis of human skin 

highlighting the orientation of the collagen fibres, scale bar 1 µm, (Lavker, 1979) 
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Within the dermis, elastic fibres are woven within the bundles of collagen fibres and 

are responsible for restoring the morphology of the collagen fibres after any 

deformation (Tobin, 2006).  The elastic fibres form a three dimensional network 

mainly consists of elastin, fibrillins and microfibrillar associated glycoproteins 

(Silver et al., 2003; Tobin, 2006) that spans the entire dermis . The network of elastic 

fibres organises within the collagen network and near the epidermal-dermal junction 

the elastic fibres are aligned vertically in relation to the surface of the skin and 

cylindrical in shape (Lavker et al., 1987). The elastic fibres become more branched 

within the papillary dermis and become larger and ribbon-like in morphology in the 

reticular dermis (Lavker et al., 1987).   

At a macromolecular level the collagen fibrils observed are mainly collagens type I 

and V and are coated with type III, as illustrated in Figure 2.5 (Silver et al., 2003).  

Glycosaminoglycans and proteoglycans link between the collagen fibrils and form 

the extrafibrillar matrix of the dermis (Tobin, 2006).  
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Figure 2.5. The macromolecular structure of the dermis with the collagen fibrils, 

comprised of collagen type I and V coated with type III. Glycosaminoglycans and 

proteoglycans form the extrafibrillar matrix of the dermis. The dermis is linked to the 

epidermis by collagen type VII anchoring fibrils, (Silver et al., 2003).   

 

The dermis is also divided into two separate regions, the papillary dermis and the 

reticular dermis. The reticular dermis is much larger in volume than the papillary 

dermis and comprises the majority of the dermis. The papillary dermis is present 
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directly beneath the epidermal basement membrane and occupies the space between 

dermal papillae (Evans et al., 2013).  As a result, the papillary layer contains smaller 

concentrations of collagen and elastic fibre bundles to maintain a higher 

concentration of ground substance (Shimizu, 2007). Beneath the papillary dermis is 

the denser reticular dermis layer and larger diameter collagen and elastin fibres with 

a reduced concentration of ground substance. The reticular dermis accounts for the 

majority of the mechanical properties of human skin as it is the largest volume within 

skin (Silver et al., 2003).   

 

2.2.4 Force Transduction in Skin 

Skin is a particularly interesting candidate for studying the mechanical properties of 

a tissue because of its complex structure, the large volume of skin present within the 

human body and the important role the skin plays in daily function (Shimizu, 2007).  

One of the major functions of the skin is to withstand the interaction forces that are 

applied to the surface of the body. The skin should be able to withstand substantial 

forces without failure and also transmit these forces to the body while reducing the 

impact on the fragile cells and environment contained beneath the skin (Silver et al., 

2003).  The dermis provides the major region of skin and is therefore expected to 

define the mechanical properties of skin. However, the transfer of forces through all 

layers of the skin needs to be achieved and structural integrity of the skin material 

maintained. The process of understanding how force is transferred through skin 

requires evaluation of both the components of skin as well as the interfaces formed 

between each phase. A simple mechanism can be developed by considering that 

external forces are applied to the skin through the epidermis. The keratinocytes 
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joined through desmosomes in the epidermis transfer forces mainly from binding 

through keratin and actin filaments in the cytoskeleton at keratinocyte-keratinocyte 

junctions down through the epidermis (Silver et al., 2003). These forces can then be 

transferred through hemidesmosomes bringing across the basement membrane to 

integrin binding sites within the basement membrane and then down through 

collagen anchoring fibrils into the dermis, as shown in Figure 2.3 (Silver et al., 

2003). A composite model considering the epidermis, basement membrane and 

dermis is therefore expected to define the overall mechanical properties of skin 

material. However, determination of the mechanical properties of the various layers 

of skin at the submicrometre length scale requires suitable experimental techniques.  

 

2.3 Mechanics 

 

2.3.1 Basic mechanics 

A solid material of a specified geometry subjected to an external force will deform in 

response to the force. Elastic behaviour occurs when the material returns to the 

original geometry upon removal of the force. The most common method for studying 

this elastic behaviour is applying a force along a single axis that causes expansion 

(stretching) along this axis, referred to as a tensile test. The basic tensile test is shown 

in Figure 2.6, with the initial geometry and the deformation under load illustrated. 

The two fundamental quantities used to describe the deformation behaviour of 

materials are stress, σ, and strain, ε, where stress and strain can be related to the load 

and deformation by (Courtney, 2005), 
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Equation 2.2 

where F is the force applied to the material that deforms the material, of initial cross 

sectional area of A0 and length l0, to a length l. The deformation of the material is 

described by this change in the length of the material geometry, Δl, is equivalent to 

Δl = l-l0.  Examining the mechanical behaviour of materials using stress and strain 

provide quantities that are in a normalised form and provide material properties that 

are independent of the specimen geometry (Courtney, 2005).   

 

Figure 2.6. Schematic representation of a uniaxial tensile test with the cross sectional 

area of the sample A0 contracting to A under the applied load and the extension of the 

initial length of the sample l0 to the final length l.   
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Figure 2.7. Schematic representation of a linear elastic stress versus strain curve with 

the unloading curve retracing the loading curve.   

 

Elastic behaviour is observed in all classes of materials and represents the 

deformation response corresponding to the reversible deformation of the interatomic 

bonds within the material. The reversible deformation is a linear relationship 

between the stress and the strain and is illustrated in Figure 2.7.  The slope of this 

response, σ versus ε, is represented as the elastic modulus, E, of the material. The 

linear elasticity of a material can also be described by the force and deformation 

relationship which is related to Hooke’s law by (Courtney, 2005), 

 lkF   Equation 2.3 

where, k also referred to as the spring constant, is the slope of the linear force-

deformation curve.  The spring constant of the material can be related to the elastic 

modulus through a relationship including the geometry of the specimen (Courtney, 

2005), 
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Equation 2.4 

The material properties have thus far been described for a material being stretched 

under a tensile load.  When the force is applied the material extension occurs along 

the longitudinal axis of the material.  Under elastic deformation there is a contraction 

of the material along the transverse axis.  The relationship between the axial strain 

and transverse strain is through the Poisson’s ratio such that (Callister and 

Rethwisch, 2007), 
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Equation 2.5 

where, εt is the transverse strain and εa the axial strain. The transverse strain is 

typically a contraction of the material leading to a negative value in most materials 

and the axial strain is positive, all of which result in a positive value for the Poisson’s 

ratio for most materials. The elastic modulus and Poisson’s ratio provide a 

comprehensive description of the elastic behaviour of a material (Callister and 

Rethwisch, 2007). The description of the elastic mechanical properties can be 

extended to form a three dimensional mechanical response if the material is 

homogenous and the stress-strain response is equal in all directions.  If this is the 

case and the material properties are equal in all three principal directions then the 

material is considered isotropic (McClintock and Argon, 1966).  If an applied load in 

any direction results in an independent elastic response then the material is 

anisotropic (McClintock and Argon, 1966).  Anisotropic behaviour is common in 

single crystals and composite materials, where the structure of the material 

influences the mechanical response significantly.   
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The uniaxial tensile test is often used to characterise the mechanical properties of 

materials because of the simplicity of the testing set up. However, difficulties arise in 

utilising this testing method with decreasing length scale (Oyen and Cook, 2009).  

Standard uniaxial tensile testing involves gripping a large volume of sample and 

applying a load, where the measured volume of the sample contributing to the stress-

strain measurements is expected to be the total sample volume. Indentation based 

mechanical testing controllably measures smaller volume of the whole sample 

volume using contact of a probe of known geometry into the material sample to be 

investigated (McKee et al., 2011). The small measured volume using indentation 

allows for characterisation of the variations in the mechanical properties across a 

sample surface. Effectively observing the local changes in mechanical properties due 

to changes in structure or composition using indentation is an advantage over tensile 

testing where mechanical properties are averaged over the whole sample volume.  

The ability to measure small volumes is of particular interest when considering 

composite materials, which may have multiple components that result in variations in 

the local mechanical properties that would not be measured using large volume 

testing methods.  The large volume testing methods, such as tensile testing, often 

load a sample to complete failure, whereas indentation based testing subjects the 

sample to a loading and unloading cycle that can avoid failure. Throughout the 

loading and unloading cycle, the force applied to the indenter is recorded along with 

the displacement of the indenter and the duration of the testing cycle. The data is 

then represented as a force-displacement curve for analysis, which is analogous to 

the force-deformation curves previously described for the tensile testing.   

Indentation testing experiments critically require a complete description of the probe 

used to indent the sample. As the contact area between the probe tip and the sample 
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surface are used to describe the mechanical response, the probe geometry is often 

selected to be either a flat cylindrical punch, conical, spherical, or pyramidal 

geometries as these tip shapes are well established and have well defined 

experimental methods (Oyen and Cook, 2009).  The main difference between the flat 

punch tip shape and the conical/spherical/pyramidal geometries is the variation of 

contact area with increasing indentation depth.  With the flat punch, the contact area 

remains constant through the testing process to give force-deformation curves that 

are similar to the large volume testing methods, where the elastic response produces 

a linear force-deformation curve. Conical/spherical/pyramidal tip shapes provide 

contact area changes with indentation depth that result in non-linear force-

deformation curve behaviour. This work considers the use of a sharp conical indenter 

geometry, which is representative of the tip of an atomic force microscopy probe 

able to evaluate nanometre structural features found within skin structures.  

The solution for a rigid cone indenter in contact with an elastic half-space, with 

Figure 2.8 illustrating the indenter tip shape and surface deformation from the 

indentation load, was established by Sneddon and is given by the following 

relationship (Love, 1939; Sneddon, 1948), 
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Equation 2.6 

where F is the force applied to move the indenter a distance, h, into the sample 

surface, α is the half-tip opening angle of the cone, E the elastic modulus of the 

surface, and v the Poisson’s ratio of the surface.  Equation 2.6 highlights the non-

linear relationship between the applied force and the indentation depth.  The solution 

stated here is applicable for indentations that are completely elastic in behaviour.  

For indentation measurements the elastic behaviour is described as the trace of the 
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force-displacement curve during the loading is the same as the force-displacement 

behaviour when the load is removed (Oyen and Cook, 2009).   

 

Figure 2.8. A schematic representation of the conical indenter tip indenting the 

sample surface, represented as an elastic half-space.  The indentation depth, h, and 

the half-tip opening angle, α, are shown.   

 

More commonly the application of indentation loading will lead to permanent 

deformation of the sample. Permanent deformation within the loading and unloading 

curves is characterised by the lack of complete recovery of the displacement.  The 

elastic-plastic deformation behaviour is most readily analysed using the Oliver-Pharr 

method, which has become synonymous with the analysis of nanoindentation data.   

The Oliver-Pharr analysis builds upon the initial work by Doerner and Nix, which 

established that the initial unloading region of the force-displacement curve is 

described as a linear elastic response (Doerner and Nix, 1986). According to Oliver 

and Pharr (1992), the elastic modulus is extracted from the unloading data of the 

force-displacement curve where the initial unloading is fit to the following power-

law expression (Oliver and Pharr, 1992), 
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  mfhhaF   Equation 2.7 

where a, hf and m are curve fitting parameters. These parameters are then used to 

calculate the stiffness at the maximum load, where the stiffness is defined as the 

slope of the unloading curve and given by S = dF/dh. Computation of the stiffness 

allows for evaluation of the contact depth, hc, which is the vertical distance where 

contact is made between the sample and the indenter. The contact depth is computed 

at the maximum point of the unloading curve (Fmax,hmax) and is given by (Oliver and 

Pharr, 1992) 

 

S

F
ehhc

max

max   
Equation 2.8 

where e is a dimensionless geometric parameter related to the shape of the indenter, e 

= 0.72 for a conical indenter, e = 0.75 for a paraboloid of revolution, and e = 1 for a 

flat punch geometry (Oliver and Pharr, 1992).  The contact depth is used to define 

the contact area between the indenter and the sample through the use of a calibration 

function Ac(hc).  The calibration function is determined by indenting a material of 

known elastic modulus to several different depths and using linear regression to fit a 

function to describe how the contact area of the indenter varies with indentation 

depth.  The reduced elastic modulus, Er, can be extracted by analysing the stiffness 

and the contact area which are related through the following expression (Oliver and 

Pharr, 1992), 

 

c

r
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2


  

Equation 2.9 

The reduced elastic modulus is used here to account for the contribution of a non-

rigid indenter to force-displacement curve and is defined by (Oliver and Pharr, 1992) 
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Equation 2.10 

with Es and vs being the elastic modulus and Poisson’s ratio of the sample and Ei and 

vi the same parameters for the indenter. In practice the elastic modulus of the 

indenter is several orders of magnitude higher than that of the sample, especially in 

the case of biological materials and the reduced elastic modulus is taken as the plane 

strain modulus of the sample (Sirghi et al., 2008), 

  
E

v

Er

211 
  

Equation 2.11 

For example a silicon nitride indenter will have an approximate elastic modulus of 

280 GPa with a Poisson’s ratio of 0.2 (Khan et al., 2004) and polydimethylsiloxane 

substrate with an elastic modulus of 2 MPa and an assumed Poisson’s ratio of 0.5 

(Sirghi and Rossi, 2006), the contribution from the indenter to the calculated elastic 

modulus according to Equation 2.10 would be less than 0.001%. Therefore, Equation 

2.11 is suitable for calculating the elastic modulus from the reduced elastic modulus 

value with low elastic modulus materials. It should be noted that throughout this 

thesis whenever elastic modulus, or E, is stated it refers to the linear isotropic elastic 

modulus.  

 

2.4 Atomic Force Microscopy 

 

The characterisation and mechanical testing of sample surfaces at small length scales 

by indentation can be conducted using atomic force microscopy (AFM). AFM falls 

into the class of scanning probe microscopy (SPM).  SPM is a microscopy technique 

that is based around using a probe to measure a specific interaction between a sample 
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surface and the SPM probe. The interaction varies depending on the application, for 

example scanning tunnelling microscopy uses the tunnelling current between the 

probe and the sample surface.   

In order to reconstruct an image from the measured interaction force, the probe is 

scanned across the sample surface in a predetermined rectangular pattern in the x and 

y directions, also known as raster scanning. The value of the interaction force at each 

point during the scan is recorded along with the z coordinate of the probe.  As the 

interaction force between the probe and the sample surface changes, the z coordinate 

is changed in order to maintain a predefined set point.  The set point is a specified 

value of the interaction force that the SPM system maintains throughout the raster 

scan.  A feedback loop is used to maintain the set point by comparing the value of 

the interaction to the predefined set point value and adjusting the z coordinate in 

order to return from the measured interaction value to the set point value. The x, y 

and z coordinates at each point during the scan are recorded so a three dimensional 

reconstruction can be performed (Binnig et al., 1986). 

The AFM monitors the repulsive or attractive atomic forces between the probe and 

the sample surface. The net force acting between the probe and sample surface will 

be repulsive or attractive depending on the distance between the probe and the 

sample surface. Contact between the probe and the sample surface is defined by a 

repulsive force, resulting in the probe being pushed away from the sample surface 

(Cappella and Dietler, 1999). The force acting between the probe and sample away 

from hard contact becomes attractive and is caused by long range interaction through 

van der Waals forces, which will pull the probe towards the surface (Weisenhorn et 

al., 1989). The characterisation of the forces between the probe and the sample 

surface can be described by a Lennard – Jones potential curve, shown in Figure 2.9.  
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As the distance between the two decreases the force is attractive between the two 

until a stable minimum is reached, decreasing the distance further results in a 

repulsive interaction between the two bodies (Cappella and Dietler, 1999).   

 

Figure 2.9. The Lennard - Jones potential curve describing the interaction forces 

between two atoms as a function of distance between the two atoms. 

 

The AFM was originally developed by Binnig et al. in 1986 as a method for 

measuring forces on the order of 10
-16

 N (Binnig et al., 1986).  The initial AFM 

system utilised a diamond probe mounted on a gold foil cantilever with an STM 

system as the feedback mechanism, where the tunnelling current was used to control 

the z coordinate of the probe (Binnig et al., 1986). In the modern AFM system, 

shown schematically in Figure 2.10, the probe is often mounted on a cantilever, 

which is often made of silicon or silicon nitride.  A cantilever system is used in order 

to measure small attractive and repulsive forces between the probe and the sample 
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surface.  The interaction forces are measured by monitoring the cantilever deflection, 

which is a result of the force applied to the AFM probe. An optical lever system, 

where laser light is reflected off the back of the cantilever onto a photodiode, is used 

to monitor the cantilever deflection (Lévy and Maaloum, 2001).  The photodiode is 

separated into quadrants to allow for measurement of cantilever deflection in the z 

direction but also lateral deflection of the cantilever.  The raster scanning elements 

are piezoelectric positioners in the x, y and z directions.  Individual piezo scanners 

allow for high spatial resolution and control of the z position of the probe.  

Depending on the AFM system, the piezo scanners can be mounted to the cantilever 

system or beneath the sample. This mounting allows for raster scanning by moving 

the stage or moving the probe. The cantilever itself is additionally fixed to a 

piezoelectric generator, which allows oscillation of the cantilever for dynamic 

operation as discussed below.   

 

Figure 2.10. Schematic of conventional AFM setup with optical lever method for 

detecting cantilever deflections. 
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Contact mode and semi contact mode are the two principal imaging operation modes 

for the AFM.  Each mode corresponds to a different region of the Lennard – Jones 

potential.  Contact mode operates in the repulsive region of the potential, as shown in 

Figure 2.9, and corresponds to the probe moving into physical contact with the 

surface of the sample, with the resultant repulsive force between the probe and the 

surface causing cantilever deflection away from the sample surface. In contact mode, 

the set point is a predefined amount of cantilever deflection, with a constant degree 

of cantilever deflection corresponding to a constant force being applied to the sample 

surface.  As the probe is scanned across the surface, topographical features will cause 

an increase in decrease in cantilever deflection, which will trigger the set point to 

adjust the height of the probe to return to the set point value of cantilever bending 

(Garc  a and Pere , 2002).  Placing the probe in contact with the sample surface has 

the potential to damage both the sample surface and the probe tip as the applied force 

between the probe in contact with the sample acts over a relatively small contact 

area.   

Semi contact mode, also known as non-contact or intermittent contact mode, operates 

in the attractive force region of the Lennard – Jones potential as shown in Figure 2.9.  

In semi contact mode, the cantilever is oscillated by a piezoelectric generator at the 

resonant frequency of the cantilever. The resonant frequency provides a stable 

amplitude of oscillation that can be measured by the optical lever system (Drake et 

al., 1989).  The attractive force applied through van der Waals interactions between 

the probe and the sample surface reduces the amplitude of the oscillation of the 

cantilever (Weisenhorn et al., 1989).  Reducing the distance between the probe and 

the sample surface increases the attractive force and further decreases the amplitude 

of the oscillation of the cantilever (Weisenhorn et al., 1992). The set point in semi 
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contact mode is specified as the magnitude of the cantilever oscillation. Low values 

of the set point can result in a high attractive force between the probe and the sample 

surface, resulting in probe coming into intermittent contact with the sample surface 

during oscillation and scanning.   

Within semi contact mode, phase imaging can be used to measure the material 

properties of the sample surface in addition to collecting topographical information 

with semi contact mode. The piezoelectric generator induces an oscillation at a 

known phase angle and the interactions between the probe and the sample surface 

result in a phase lag between the cantilever and the generator. Phase imaging 

measures the phase shift between the phase angle of the piezoelectric generator and 

the measured phase angle of the cantilever (Garc  a and Pere , 2002). The oscillations 

of the cantilever provide intermittent contact between the probe and sample surface 

with the resulting attractive interaction between the probe and the sample causing a 

phase lag, or phase shift, between the phase angle of the driving force and the 

cantilever (Bar et al., 1997). The magnitude of the phase shift depends on the 

stiffness of the material, where low stiffness materials will produce larger phase 

shifts because of higher attractive interactions (Bar et al., 1998). The phase shift 

information can be collected in conjunction with the topographical height 

information measured with standard semi contact mode imaging to compare the 

height information with qualitative material property information (Magonov and 

Reneker, 1997). However, changing probe contact areas with a sample surface due to 

changes in topography restrict the use of phasing imaging as a quantitative method 

for evaluating material mechanical properties. Advantages of semi contact mode and 

phase imaging are based on the probe requiring only intermittent contact with the 

sample surface during operation, which reduces the risk of damaging the probe tip 
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and the sample surface during imaging (Giessibl, 2003).  Indeed, the integrity of the 

probe tip is extremely important when studying the surface of a material as the radius 

of curvature of the probe tip determines the ultimate achievable resolution with the 

AFM (Jandt, 2001). The geometry of the AFM tip introduces convolution into the 

final reconstructed image such that large tip radii of curvature cause broadening of 

the lateral dimensions of features in the reconstruction of a sample’s surface, whereas 

a blunted or damage tip can introduce additional error into the final reconstructed 

image (Garc  a and Pere , 2002).   

One of the major benefits of the AFM is the operation in a liquid environment (Drake 

et al., 1989; Hansma et al., 1994; Weisenhorn et al., 1992, 1989). The ability to 

immerse the entire AFM system in a liquid allows for the imaging and 

characterisation of many materials that would be otherwise impossible to measure in 

air or a vacuum (Alsteens et al., 2012; Kurland et al., 2012). This operation is 

particularly important when studying biological materials such as cells or proteins, as 

they require specific imaging environments (Bastatas et al., 2012; Cross et al., 2008; 

Ge et al., 2007; Haga et al., 2000; Heinisch et al., 2012; Kurland et al., 2012; 

Lulevich et al., 2010; Sen et al., 2005; Sirghi et al., 2008; Wu et al., 1998). 

 

2.4.1 Contact Mechanics 

The local mechanical properties of a material are commonly measured using AFM 

based indentation, which requires an understanding of the contact forces that are 

involved between the two interacting bodies of the AFM tip and sample surface.  

Specifically, force applied by the AFM tip will cause mechanical contact 

deformation of the sample (Garc  a and Pere , 2002). The deformation and contact 
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mechanics between the probe and sample can be described by continuum elasticity 

theories. These theories describe the forces between two interacting bodies through 

both the contact and adhesive forces. Numerous theories have been developed that 

can be applied to studying contact mechanics depending on the type of contact that is 

taking place between the bodies. These theories relate the contact and adhesive 

forces to the material properties of the system and are therefore considered here.   

The interaction between two bodies in contact was initially studied by Hertz in 1882 

(Notbohm et al., 2012). The work conducted by Hertz applied to linear elastic 

spheres contacting planar surfaces at small displacements and assumed that there 

were no surface or shear forces between the sample and contacting sphere. This work 

was also applied to the contact between a sphere and a planar surface, referred to as 

the linear elastic half space. Two other methods proposed more complete theories 

that incorporate the adhesive forces into the description of the contact mechanics.  

The Derjaguin-Muller-Toporov (DMT) theory generally applies to stiff contacts with 

low adhesive forces and small tip interactions (Garc  a and Pere , 2002). The final 

main contact mechanics theory is described by the Johnson-Kendell-Roberts (JKR) 

model, which can be used to describe low stiffness contact with large adhesive forces 

and large tip interactions (Garc  a and Pere , 2002). The major differences between 

the DMT and JKR theories lie in the adhesion force between the sphere and the 

elastic half space. Specifically, JKR accounts for the initial deformation that occurs 

within the half space because of the applied adhesive force with the contacting 

sphere (Greenwood, 2007). Figure 2.11 illustrates this initial contact between a 

sphere mounted on an AFM cantilever and an elastic half space as modelled by each 

theory.  The Hertz model exhibits no initial adhesion between the two surfaces, DMT 

displays an initial adhesive force between the two surfaces, whereas JKR accounts 
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for the tensile force that is applied to the half space drawing it up into adhesive 

contact with the sphere.   

 

Figure 2.11. Illustration of the initial contact of Hertz, DMT, and JKR theories. 

 

Maugis showed that DMT and JKR theories represent the upper and lower bounds of 

the same contact behaviour and can be related through the Tabor parameter, µT 

(Greenwood, 2007, 1997). 
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Where R is the radius of the sphere, Δγ the work of adhesion, ε the equilibrium 

spacing, and Er the reduced modulus defined in Equation 2.10 (Johnson and 

Greenwood, 1997).  

The Tabor parameter is instructive in defining which theory to apply when 

measuring the contact behaviour between the sphere and sample surface. A Tabor 

parameter of less than 0.1 indicates that elastic deformation is negligible, which 

warrants use of DMT theory. Conversely a Tabor parameter of greater than 5 

indicates that there is significant adhesive interaction so that JKR theory can be 

applied.  Additionally, these DMT and JKR theories can also be compared by the 

elasticity parameter, λ, as proposed by Maugis (Greenwood, 1997).   
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  Equation 2.13 

Where R is the radius of the sphere, Δγ the work of adhesion, σ0 the maximum 

adhesion stress, and Er the reduced modulus. The elasticity parameter, Equation 2.13 

can again be used to select which theory describes the contact and is equal to 1.16µT.  

With λ = 0 the Hertz theory applies, λ < 0.1 DMT, and λ > 5 JKR applies.  The region 

between λ = 0.1 and 5 indicates a transition region between the DMT and JKR 

theories (Johnson, 1997).   

Magius also proposed a set of equations to define the contact in the region of 0.1 > λ 

> 5 in addition to the elasticity parameter used to describe the transition between the 

DMT and JKR theories. However, despite these equations, which were 

experimentally verified by Lantz et al., the material properties of the elastic modulus 

and the adhesive force cannot be directly determined from a simple force distance 

curve (Butt et al., 2005). Despite these shortcomings, methods can be used to model 

experimental data and extract material properties such as the elastic modulus, but 

difficulties mainly lie in selecting the appropriate theory that applies to the 

experimental conditions.  Lin et al. have shown that these theories can be applied to 

model the contact interactions of soft materials, mainly polyvinyalcohol gels and 

tissue engineered cartilage, with and without adhesive forces and comparing the 

results to macroscopic measurements with good agreement (Lin et al., 2007a, 

2007b). The theories described above are generally used to evaluate the forces 

involved in the adhesion and separation of two bodies, and are not generally suited to 

the evaluation of material properties.   
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The adhesive interactions between the AFM probe tip and the sample surface during 

an indentation curve can be incorporated into the analysis of force-displacement 

curves and a simple model was put forward by Sirghi and Rossi. The model proposes 

that the total force applied to the cantilever during the unloading curve is a sum of 

the elastic force of the sample, FE, and the adhesive force of the AFM tip-sample 

contact, FA, via, 

 
AE FFF   Equation 2.14 

  

The elastic force, for a conical indenter, is equal to Sneddon’s solution for the 

indentation of a purely elastic half-space, described in Equation 2.6. The adhesive 

forces will result in a remnant indentation depth, hf, which can be incorporated into 

the expression for the elastic force during the unloading of the indenter such that the 

expression becomes (Sirghi and Rossi, 2006), 
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Equation 2.15 
  

The contribution of the adhesive interaction between the AFM probe and the sample 

surface the work of adhesion is first considered.  Where the energy of adhesion, Wa, 

for the contact is described as (Sirghi and Rossi, 2006) 

 
caa AW   Equation 2.16 

  

where γa is the thermodynamic work of adhesion and Ac is the function describing the 

contact area between the AFM probe and the sample surface. The contact area of the 

AFM probe, modelled as a sharp conical tip, is given by (Sirghi and Rossi, 2006), 
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Equation 2.17 
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The adhesive contact energy can then be rewritten in terms of the indentation depth, 

h, as (Sirghi and Rossi, 2006) 
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Equation 2.18 
  

The adhesive force can then be expressed as (Sirghi and Rossi, 2006) 
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Equation 2.19 
  

which, for a remnant indentation imprint at a displacement, hf, modifies Equation 

2.19 to give (Sirghi and Rossi, 2006) 
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Equation 2.20 
  

The above equation leads to the total force being applied to the AFM probe tip to be 

expressed via (Sirghi and Rossi, 2006) 
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Equation 2.21 
  

Equation 2.21 can then be applied to fit the unloading curve of an AFM force-

displacement curve where the adhesive interaction is present.   

The adaptation of atomic force microscopy (AFM) systems to explore biomaterials 

and native biological materials has become increasingly popular because the AFM 

provides an accessible method for measuring the mechanical properties of biological 

materials by applying forces to different points at a sample surface (Jandt, 2001). The 

force sensitivity and high spatial resolution of the AFM allows for mechanical 

measurements to be made on the nanoscale and accurately determine the material 

properties of these small volumes (Mathur et al., 2001). Mathur et al. were able to 

use the low force sensitivity of the AFM to accurately probe endothelial, cardiac 
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muscle and skeletal muscle cells using AFM force distance curves and report the 

measured elastic modulus; approximately 100 kPa for cardiac muscle, 25 kPa for 

skeletal, and between 2 kPa and 7 kPa for endothelial cells (Mathur et al., 2001). 

Similarly, Cross et al have shown that cancerous cells show a change in overall cell 

stiffness and this has been extensively studied using AFM.  Cancerous tumour cells 

showed a statistically significant decrease, over 80% reduction, in the overall 

stiffness when compared to benign cells (Cross et al., 2008). Charras et al. utilised 

the high spatial resolution of the AFM to map the mechanical properties over the 

surface of osteoblasts and develop a finite element model for the examining the 

strains experienced throughout a cell (Charras and Horton, 2002). Such a method of 

exploiting AFM to identify local mechanical properties across a surface is of 

potential interest in exploring structure-mechanical function relationships in skin to 

address the aims of this thesis.  

 

2.4.2 Calibration of AFM Cantilevers 

The AFM is a powerful technique able to both image a sample’s surface as well as 

investigate surface mechanics, both with high spatial resolution. Mechanical 

measurements at the surface of a material are typically quantified by recording the 

interactions between the AFM probe and the surface of interest.  The AFM probe is 

the most important component of the system and directly interacts with the surface of 

the material, which makes it extremely important to understand the behaviour of the 

material. AFM probes are designed and fabricated as cantilever systems and 

generally take two forms, a rectangular design or v-shaped design. The cantilever 

design allows for direct application of Hooke’s law to the system and quantification 
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of the interactions forces.  In order to utili e Hooke’s law, the normal spring constant 

of the cantilever must be known. 

Numerous methods for calculating the spring constant of AFM cantilevers have been 

developed, both analytical and experimental, but many require the input of cantilever 

dimensions. However, accurately determining cantilever dimensions is non-trivial 

and can lead to significant errors in the resultant spring constant value. In order to 

understand the effect of the cantilever dimensions on the calculated spring constant, a 

rectangular cantilever can be modelled as a simple beam with a rectangular cross 

section and one fixed end, as shown in Figure 2.12 (Cleveland et al., 1993). The 

stiffness of the rectangular beam can be defined as 

Where k is the normal spring constant, F the force applied to the AFM probe that 

causes cantilever bending, δ the deflection of the cantilever beam and E is the elastic 

modulus of the beam material.  Equation 2.22 shows a dependence of the stiffness on 

the cube of the thickness of the beam, indicating that uncertainty in the measurement 

of the thickness could result in a large error in the calculation of the spring constant 

value.   
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Figure 2.12. Simple beam bending diagram used to represent the geometric 

approximations applied to the AFM rectangular cantilevers when calculating the 

cantilever spring constant by the Sader method.  

 

Initially Sader et al. developed a method for calibrating AFM cantilevers that 

required knowledge of the mass and the dimensions of the cantilever (Sader et al., 

1995). However, the difficulties of measuring the mass and the dimensions, 

particularly the cantilever thickness, made this impractical for standard laboratory 

use.  Sader et al. further outlined an analytical method that required knowledge of the 

cantilever resonant frequency, quality factor and plan view dimensions shown in 

Equation 2.23 (Sader et al., 1999).   

 22190.0  iff LQwk   Equation 2.23 

Where ρf is the density of the fluid environment, usually air, w is the width of the 

cantilever, L the length of the cantilever, Qf the quality factor of the cantilever in the 

fluid environment, Γi the hydrodynamic function and ω the resonant frequency of the 

cantilever.   
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Critically, all of the parameters in Equation 2.23 can be measured easily 

experimentally. The plan view dimensions can be measured with high accuracy 

optically or with an electron microscope and the resonant frequency and quality 

factor can be measured using a standard AFM set up. Liquid density and the 

hydrodynamic function, which described the motion of the cantilever in liquid, are 

also assumed based on tables and mechanics calculations respectively. The spring 

constant using Equation 2.23 is therefore easily measurable. The only drawback of 

the Sader method is that cantilevers with rectangular plan view dimensions only are 

considered (Sader et al., 1999).   

For v-shaped cantilevers, the most basic approach is to use the parallel beam 

approximation (PBA) (Sader, 1995). The PBA models the cantilever as two 

rectangular beams joined at one end. The stiffness for this model can be defined as 

(Albrecht et al., 1990) 
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Equation 2.24 

Equation 2.24 shows a strong dependence between the measured thickness and the 

calculated spring constant value in the model.  In addition, PBA describes the v-

shaped cantilever shown in Figure 2.13a only and does not accurately model 

additional v-shaped cantilever designs shown in Figure 2.13b-d.  
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Figure 2.13. The variations in cantilever designs illustrated in a) and b) represent the 

geometries used for theoretical calculations of the cantilever spring constant. 

Cantilevers c) and d) display the actual geometry of v-shaped AFM cantilevers. 

Different geometries of v-shaped cantilevers, illustrating the potential variations in 

cantilever designs and highlighting the non-ideal geometries where the spring 

constant cannot be evaluated by simplifying the geometry for an analytical 

estimations.  

 

The result of multiple v-shaped cantilever geometries has produced a range of 

equations that aim to model the cantilever and calculate the spring constant value 

(Clifford and Seah, 2005). The different analytical models are outlined in Equation 

2.23-Equation 2.26 where the dimensions are shown in Figure 2.13a-b. Equation 
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2.23 and Equation 2.24 consider the cantilever geometry a) from Figure 2.13 and are 

different results for the parrallel beam approximation. The model described by 

Equation 2.26 is applied to the idealised cantilever geometry shown in Figure 2.13b. 

It should be noted that all of the models show a dependence on the elastic modulus 

and the thickness of the cantilever.   
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(Sader, 1995)  
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These methods also assume the cantilevers are perfect in shape and free of any 

internal defects or stresses that can alter the spring constant.   

For rectangular shaped cantilevers, the method for calculating the spring constant can 

be achieved through dimensional or experimental analysis and are well defined using 

the Sader method (Sader et al., 1999) or finite element analysis (Clifford and Seah, 

2005). However, calculating the spring constant for v-shaped cantilevers can be more 

complex due to non-perfect v-shaped cantilevers that are fabricated from multiple 

materials with varying elastic modulus or additional layers deposited on the surface 

of the cantilever. Heterogeneous cantilever materials are commonly found due to the 

application of a thin film of gold sputtered onto the back surface of the cantilever to 

improve laser reflection from the back of the cantilever to the photodiode detector. 

The use of multiple layers in a cantilever complicates the use of established spring 

constant calculations based on the dimensions of the cantilever using beam bending 

theory. Therefore, a method that does not require the measurement of the cantilever 

dimensions is beneficial.   
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The measurement of thermal fluctuations is considered the current state-of-the-art 

and allows for a dynamic experimental method for calculating the normal spring 

constant of any shape cantilever using an existing AFM set up. This method was 

originally outlined by Hutter and Bechhoefer and has been expanded on by others.  

The thermal fluctuation method models the cantilever as a harmonic oscillator in 

equilibrium with the surrounding environment and therefore any changes in the 

thermal environment will cause fluctuations in the oscillator (Hutter and Bechhoefer, 

1993).  The system can be described using the mass, resonant angular frequency, 

deflection and temperature of the oscillator in the general form 
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Equation 2.27 

Equation 2.27 represents the Hamiltonian of a harmonic oscillator at equilibrium 

where p is the momentum, m the mass, ω0 the resonant angular frequency, and δ the 

deflection of the oscillator. The deflections of the oscillator, in the case of an AFM 

cantilever, are caused by thermal gradients in the environment. The deflections of the 

cantilever due to the changes in the thermal environment can also be called thermal 

fluctuations (Hutter and Bechhoefer, 1993). Each term in the Hamiltonian can be 

described by utilising the equipartition theorem which states that the average value of 

each term is kbT/2, where kb is Bolt mann’s constant and T is the temperature (Hutter 

and Bechhoefer, 1993). Knowing the value of each term in the Hamiltonian allows 

for the establishment of a relationship between the motion of the oscillator and the 

average value from the equipartition theorem, shown in Equation 2.28.   

 

22

1 22

0

Tk
m b  

Equation 2.28 
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Further, the angular resonant frequency is defined as 

 

m

k
2

0  
Equation 2.29 

with the relationship from Equation 2.29 the normal spring constant can be related to 

the deflection of the oscillator by 

 
2

Tk
k b  

Equation 2.30 

where ‹δ
2
› is the mean square deflection of the oscillator. Equation 2.30 directly 

relates the deflections of a harmonic oscillator to the normal spring constant. The 

relationship shows that the value of the spring constant increases as the mean square 

deflections of the oscillator decreases. Measurement of thermal fluctuations of a 

cantilever at room temperature have given AFM cantilever deflections of 

approximately 3 Å for a cantilever spring constant of 0.05 N.m
-1

 (Hutter and 

Bechhoefer, 1993). The relationship between mean square deflection and spring 

constant from Equation 2.30 is therefore useful for quantifying the spring constant of 

any cantilever shape based on knowing the deflections of the oscillator if additional 

environment noises are removed. In order to remove additional noise, the deflections 

must be analysed in the frequency domain at the resonant frequency of the oscillator 

as other contributions to noise are unlikely to have a resonance at the resonant 

frequency of the oscillator. The behaviour of the deflections of the oscillating 

cantilever around its resonant frequency can be described by a power spectral density 

(PSD) (Hutter and Bechhoefer, 1993). A PSD describes how the power of a signal, 

which is the deflection signal in the case of the oscillator, changes over a range of 

frequencies. The PSD for the deflections of the oscillator can be described by a 
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Lorentzian line shape and the integral of a PSD describes the power of the 

deflections and represents the mean square deflections over the range of frequencies 

sampled.  Using this information, Equation 2.30 can be rewritten as 

 

PSD

b

P

Tk
k   

Equation 2.31 

where PPSD is the value of the integral of the Lorentzian fit for the PSD of deflection 

vs frequency data. In practice, measurements of the thermal fluctuations of the AFM 

cantilever are taken over a range of frequencies away from the cantilever resonance 

in order to observe any additional noise, which can be subtracted from the system, so 

only the thermal fluctuations of the system are being analysed for the calculation of 

the spring constant.   

 

2.5 Skin Mechanics 

 

The macroscopic mechanical behaviour of skin has been studied extensively using 

traditional mechanical testing methods, such as uniaxial tension or indentation and 

other less conventional methods such as suction (Diridollou et al., 2000; Jachowicz 

et al., 2007; Ní Annaidh et al., 2012b). These testing methods provide a direct 

measurement of the bulk mechanical properties of skin at a large scale and can be 

used to describe the macroscopic mechanical environment. Uniaxial tensile testing is 

also used to determine the strength of skin in terms of the ultimate tensile strength or 

understand the failure behaviour of skin on a large scale. However, the extreme 

stresses and strains applied to skin in these testing environments are rarely 

experienced in vivo and simply serve as a method to fully understand skin as a 
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material. The elastic modulus of skin, sampled from human and mouse models, from 

several previous studies as determined by the use of different macroscopic 

mechanical testing methods are assembled and displayed in Table 2.1. These results 

show that the macroscopic elastic modulus value of skin lies between approximately 

4 kPa and 160 MPa. Such a large range of reported values for the elastic modulus 

indicates that the mechanical response of the skin is highly variable between sample 

donors and that there is an effect of the testing method on the measured response. 

The effect of the testing method on the elastic modulus is most evident when 

subjecting a skin sample to a uniaxial tensile test. Whole skin displays a non-linear 

stress-strain relationship under tensile loading, with an initial linear region, 

characterised by a small slope of the curve occurring at small strains (ε<0.1), 

transitioning to another linear region with a higher slope, as illustrated in Figure 2.14 

(Ní Annaidh et al., 2012b).  
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Figure 2.14. Stress vs stretch for a uniaxial tensile test of full thickness human back 

skin. (A) showing the maximum tensile stress, (B) the upper slope showing the 

increased elastic modulus as a result of the load transfer to the aligned collagen 

fibres, (C) the stretch ratio at which failure of the sample occurred, and (D) the initial 

lower slop region showing the low elastic modulus response. Adapted from (Ní 

Annaidh et al., 2012b).  

 

The initial slope of the stress-strain curve results in an elastic modulus between 0.54 

MPa and 1.95 MPa whereas the slope of the upper region results in an elastic 

modulus of 37.66 MPa to 112.47 MPa (Ní Annaidh et al., 2012b). The low strain 

elastic modulus region is attributed to the contribution of the elastic fibres within the 

dermis to the mechanical response and the high strain elastic modulus is the result of 

the stressing of the collagen fibres (Silver et al., 2001). The ability of the collagen 

fibres to realign within the matrix should also be considered when analysing the 

behaviour of the stress-strain curves as it is established that despite being a 
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preferentially aligned network, the collagen fibres will go through a reorientation 

process to align with the direction of the strain leading to the overall non-linear 

stress-strain behaviour (Purslow et al., 1998).  

Uniaxial tensile testing provides unique insight into the dependence of the 

mechanical response to the direction of the applied load, displaying the anisotropic 

behaviour of skin that is well established (Corr et al., 2009; Gąsior-Głogowska et al., 

2013; Melling et al., 2000; Ní Annaidh et al., 2012a, 2012b). The mechanical 

anisotropy arises from the preferential alignment of the collagen fibres within the 

dermis, where applying the load parallel to the fibre direction results in a high elastic 

modulus between 112 MPa and 160 MPa and applying the load perpendicular to the 

fibre direction reduces the elastic modulus to between 37.6 MPa and 70.6 MPa (Ní 

Annaidh et al., 2012b; Ottenio et al., 2014).  

The effect of the collagen fibre network can be simplified by representing skin as a 

two-phase composite material where the collagen fibres represent continuous aligned 

fibre reinforcement within a matrix. Applying a load parallel the fibre direction 

results in a higher elastic modulus compared to when the load is perpendicular to the 

fibre direction that results in a lower elastic modulus. The stress-strain curve 

behaviour for both the parallel and perpendicular sample alignment is similar with a 

low elastic modulus initial region transitioning to a higher elastic modulus region. 

The anisotropic effect under uniaxial tension is independent of the applied strain with 

the anisotropic response of the elastic modulus evident at across all strain levels 

under tensile loading (Melling et al., 2000). These experimental results consider 

macroscopic scale testing and applying a large strain to skin with the assumption that 

the collagen fibres will be exposed to the loading conditions. However, no studies 

currently report on the effect of the direction of the applied load on the mechanical 
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properties of the skin at the nanoscale, where directionality could have an effect on 

the microenvironment experienced by cells within the skin. 

Investigations into the mechanical properties of skin have also been conducted at the 

submicron length scale with the major findings tabulated in the second half of Table 

2.1. A large range of reported elastic modulus values for skin and the constituent 

components is observed that is similar to the measurements at the macroscale. 

Submicron scale measurements techniques, such as AFM indentation and 

microprobe indentation, allow for characterisation of the isolated constituent layers 

of skin. However, the through thickness spatial variation of the mechanical properties 

of skin has yet to be investigated. The analysis of the through thickness mechanical 

properties would provide a comprehensive mechanical description without disrupting 

the constitute components by separating the layers. Skin is a three dimensional 

microenvironment and by performing through thickness mechanical testing it would 

be possible to observe any location dependent changes in the mechanical properties. 

The potential spatial variations in the mechanical properties that could exist through 

thickness would provide a better understanding of the cell microenvironment existing 

within the skin. As skin is a complex biological composite material, the spatial 

variations through the thickness also provides an avenue to investigate the 

contribution of the individual layers to the overall mechanical properties.  
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Table 2.1. Elastic modulus values from literature of skin and skin components 

determined by various mechanical testing methods at a range of length scales. Elastic 

modulus values are represented as the average value or the range of values reported.  

Location Testing Method 
 

Elastic Modulus 

(MPa) 
Notes Reference 

Macroscopic 
  

Average or Range 
  

Full thickness Indentation in vivo 0.00567 
 

(Delalleau et 

al., 2006) 

Stratum Corneum Indentation in vitro 2.6 
 

(Geerligs et 

al., 2011) Epidermis Indentation in vitro 1.1 
 

Full thickness Indentation in vivo 0.007-0.033 
 

(Jachowicz 

et al., 2007) 

Full Thickness Indentation in vivo 0.0083 
 

(Zahouani et 

al., 2009) 

Full thickness Indentation in vitro 0.0045-0.008 
 

(Pailler-

Mattei et al., 

2007) 

Full thickness Uniaxial tension in vivo 12 
Parallel 

direction 
(Gąsior-

Głogowska 

et al., 2013) 
   

2 
Perpendicular 

direction 

Full thickness Uniaxial tension in vitro 112.47 
Parallel 

direction 
(Ní Annaidh 

et al., 

2012b) 
   

37.66 
Perpendicular 

direction 

Full thickness Uniaxial tension in vitro 160.8 
Parallel 

direction (Ottenio et 

al., 2014) 

   
70.6 

Perpendicular 

direction 

Full thickness Uniaxial tension in vitro 0.1 
Low strain 

region (Silver et al., 

2001) 

   
18.8 

High strain 

region 

Full thickness Extension in vivo 0.657 
Parallel 

direction (Khatyr et 

al., 2004) 

   
0.13 

Perpendicular 

direction 

Full thickness Suction in vivo 0.129 
 

(Diridollou 

et al., 2000) 
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Micro/nanoscale 
   

Probe Size 

(µm)  

Dermis AFM indentation in vitro 0.322 Sharp cone 
(Grant et al., 

2012) 

Dermis 
AFM 

nanoindentation 
in vitro 0.006427 Sharp cone (Petrie et al., 

2012) 

 
Mouse 

   

Dermis 
AFM 

nanoindentation 
in vitro 0.0001-0.01 5 

(Achterberg 

et al., 2014) 

Stratum Corneum 
AFM 

nanoindentation 
in vitro 1.033 6.62 

(Crichton et 

al., 2011) 

 
Mouse 

 
2.346 1.9 

Epidermis 
AFM 

nanoindentation 
in vitro 0.751 6.62 

 
Mouse 

 
2.42 1.9 

Dermis 
AFM 

nanoindentation 
in vitro 11.62 6.62 

 
Mouse 

 
32.1 1.9 

Full thickness 
Microprobe 

indentation 
in vitro 29.7 0.5 

(Crichton et 

al., 2013) 

 
Mouse 

 
11.15 1 

   
8.19 2.5 

   
3.26 5 

   
1.31 10 

   
0.86 20 

 

2.6 Scaffolds for Tissue Engineering of Skin 

 

Tissue engineering is the research and development of engineered systems that 

mimic native biological tissue and can be used to replace, repair, or improve the local 

tissue environment (Howard et al., 2008). There are two main approaches to tissue 

engineering, with the first approach being the fabrication of a porous scaffold, which 

can be used as a support structure for the in vitro disposition of cells (Yang et al., 

2004). The cells are then able to remodel the scaffold by producing their own extra 

cellular matrix materials (Howard et al., 2008). The second approach to tissue 

engineering also utilises a porous scaffold to act as a growth factor reservoir or drug 
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delivery vessel. The growth factors, or drugs, are then used to stimulate the 

surrounding cells to populate the scaffold and generate the tissue (Howard et al., 

2008).  

Tissue engineered scaffolds in function should be representative of the native ECM 

which is being replicated (Liao et al., 2006). Therefore there are several functions 

that must be considered for a scaffold for use in tissue engineering. The scaffold 

material should provide a porous structure that the cells can attach to, grow and 

differentiate both in vitro and in vivo (Chan and Leong, 2008). A scaffold with a 

porous structure provides binding sites for the cells and allows cells to freely migrate 

within; the porous design also allows for the diffusion of nutrients to promote cell 

growth and remodelling of the scaffold (Blackwood et al., 2008). The biomaterial 

selected for the scaffold system should degrade over time (Nair and Laurencin, 

2007). The degradation of the scaffold should be tailored so the implanted cells can 

remodel the scaffold system by depositing their own extra cellular matrix and 

ultimately completely replacing the scaffold with native tissue (O’Brien, 2011). In 

addition to the biodegradation of the scaffold material, the biomechanical cues 

provided by the scaffold are important in regulating cell behaviour (Engler et al., 

2006), therefore the scaffold system should provide a mechanical environment that is 

analogous to the native tissue. The scaffold must also be robust enough to withstand 

the handling that occurs in vitro (Zhu et al., 2008). This section will focus on 

fabrication and properties of porous scaffolds used as support structures for the in 

vitro study of cellular behaviour. 
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2.6.1 Fabrication of Tissue Scaffolds 

There are many different fabrication methods for producing scaffolds for tissue 

engineering. The types of scaffolds can therefore be generalised into the different 

categories of, prefabricated porous scaffolds, decellularised extracellular matrix, cell 

derived matrix, or hydrogels (Chan and Leong, 2008). Each of these approaches 

results in a porous scaffold where cells can reside. The focus of this section will be 

on the prefabricated porous scaffolds, which are often constructed using natural or 

synthetic biomaterials (Chan and Leong, 2008). Natural biomaterials are materials 

that can be derived from the native tissues and then processed to produce porous 

scaffolds (Hubbell, 1995). Natural biomaterials such as, proteins, polysaccharides, 

lipids, and inorganic ceramics provide high levels of biocompatibility therefore 

providing an platform for cell attachment and growth with limited surface 

modification (Nair and Laurencin, 2007). Synthetic biomaterials are generally 

classified into bioglasses or synthetic polymers, these materials provide controlled 

material properties when compared to the natural biomaterials allowing for the 

design of specific physical, chemical and mechanical properties of the scaffold 

(Yang et al., 2004). However, the main drawback of some synthetic biomaterials is 

the biocompatibility, leading to difficulty in maintaining cell attachment to the 

scaffold and limiting cell growth (Chan and Leong, 2008). Surface modifications are 

often implemented to improve cell attachment and biocompatibility. One example of 

surface modification is the coating of the scaffold with natural biomaterials such as, 

collagen, fibronectin or other biopolymers through adsorption (Cipitria et al., 2011). 

The mechanical environment has been shown to significantly affect cell behaviour 

(Engler et al., 2006), this is an important property that is considered during the 

selection of a material for a tissue engineering scaffold. The selected material system 



Chapter 2 – Literature review  

74 

 

should mimic the native environment thus providing the correct biomechanical cues 

for the cells to produce the ECM required for the tissue. Natural biomaterial 

scaffolds alone often do not provide mechanical properties that are representative of 

the native material but also robust enough to be handled throughout the tissue 

engineering process (Chan and Leong, 2008). Composites of natural and synthetic 

biomaterials are often used to provide the necessary biomechanical cues while giving 

the scaffold overall mechanical stability.  

Fabrication of polymer based scaffolds is generally achieved through several 

different methods. These methods include: stereolithography, selective laser 

sintering, 3D printing, fused deposition modelling, and electrospinning (Cipitria et 

al., 2011; Hollister, 2005). These methods, apart from electrospinning, are often 

referred to as rapid prototyping methods (Hutmacher, 2001). Rapid prototyping 

methods take advantage of computer aided design to develop a 3D model of the 

desired scaffold, which can then be produced layer-by-layer using synthetic 

biomaterials (Hollister, 2005). Electrospinning is a technique of producing randomly 

oriented non-woven fibre mats (Bhardwaj and Kundu, 2010). The electrospinning 

process involves applying a high voltage between a conductive polymer solution and 

collector substrate. The polymer solution forms a thin jet region which is drawn 

towards the collector, and as the jet moves towards the collector the solvent of the 

polymer solution evaporates producing solid polymer fibres. The solid polymer 

fibres, which can be on the order of nanometers in diameter, are then deposited on 

the collector substrate (Doshi and Reneker, 1995).  

Electrospun scaffolds have been widely used when trying to replicate the 

microenvironment and physical properties of skin (Chandrasekaran et al., 2011; 

Franco et al., 2011; Gümüşderelioğlu et al., 2011; Kumbar et al., 2008; Powell et al., 
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2008; Venugopal et al., 2006; Zhou et al., 2008). The randomly oriented nanofibres 

are often used to represent the collagen fibre matrix of the dermis and the overall 

flexibility of the non-woven mats mimic the behaviour of skin (Pan et al., 2006). The 

polymer systems used to produce scaffolds for skin analogues often includes 

composites of natural and synthetic biomaterials such as, collagen and 

polycaprolactone (PCL) (Gümüşderelioğlu et al., 2011; Powell and Boyce, 2009) or 

poly(L-lactic acid)-co-PCL and gelatin (Chandrasekaran et al., 2011), as these 

systems provide the mechanical stability required of a skin analogue and the 

necessary biocompatibility for cells to adhere and populate the scaffold. The 

mechanical properties of electrospun nanofibre scaffolds generally fall within the 

megapascal range, for example a collagen/PCL electrospun scaffold resulted in an 

elastic modulus of 82.08 MPa when tested under uniaxial tension (Gümüşderelioğlu 

et al., 2011). Additionally, a poly(L-latic acid) scaffold resulted in an elastic modulus 

between 30.25 MPa and 37.95 MPa (Cui et al., 2013), which is similar to the elastic 

modulus values of skin when tested by uniaxial tension, as shown in Table 2.1. 

Based on the literature, the bulk mechanical properties of electrospun scaffolds 

appear to replicate the bulk mechanical response of skin under tension, however 

there has been no investigation into the nanoscale mechanical properties of these 

scaffolds or how the mechanical properties of these scaffolds change with the 

introduction of cellular material. The contribution of each of the components of a 

scaffold, fibre and cellular material, to the overall mechanical properties is unknown, 

and investigation of these components could provide an understanding of the 

mechanical cellular microenvironment that exists within these scaffolds.  
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2.7 Conclusions  

 

This chapter provides an introduction to the structure and function of skin. The basic 

mechanical properties of materials and testing methods are discussed. The 

mechanical properties at the nanoscale can provide understanding into the 

mechanical microenvironment that exists within skin at the cellular length scale. The 

current state of research tends to investigate individual regions, isolated layers or 

macroscopic behaviour whereas a comprehensive analysis linking nanoscale 

mechanical behaviour to whole skin is lacking. This thesis attempts to evaluate the 

spatial variations of the mechanical properties through the thickness of whole skin 

and establish a composite model that can be used to predict the macroscopic 

mechanical properties from the measurement of micrometre length scale volumes.  
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Chapter 3 – Materials and Methods 

 

3.1 Introduction 

This chapter aims to provide an overview of the materials and methods used 

throughout the thesis. Skin can be considered as a multilayer composite system 

containing components with nanoscale dimensions. Several techniques are therefore 

required in order to expose the multiple layers at the nanometre length scale and 

conduct mechanical characterisation at this length scale. The techniques used to 

expose the individual layers of skin include a combination of mechanical peeling and 

cryosectioning. Atomic force microscopy (AFM) was used for mechanical 

characterisation at the nanoscale. The methods described here are used throughout 

the thesis and therefore described in detail for reference in subsequent chapters.   

 

3.2 Sample preparation 

 

The aim of the sample preparation process was to expose the individual layers of 

skin for mechanical characterisation. Two sample types were produced, the first 

exposed the dermal surface by mechanically peeling the epidermis from the dermis, 

and the second was a cross section through the thickness of the skin   
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Mouse skin samples used for mechanical peeling were taken from freshly excised 

wild type C57BL/6 mouse tails and were prepared in the matter described by Braun 

et al. (Braun et al., 2003)  This protocol disrupts the binding, using a chelating agent, 

of the epidermis to the dermis at the junction between the lamina lucida and the basal 

lamina. The separation exposes the surface of the basement membrane and the 

dermis. After mouse tails were harvested, animals were sacrificed according to Home 

Office regulations (license PPL 70/7166), and the skin cut lengthwise along the tail. 

The tail skin was then peeled off of the tail using forceps. The bulk sample was 

sectioned using a surgical scalpel into samples approximately 0.5 x 0.5 cm in size. 

The sectioned whole skin samples were incubated in 0.005 M 

Ethylenediaminetetraacetic acid (EDTA) in Dubelco’s phosphate buffered saline 

(DPBS) at 37°C for approximately four hours. The EDTA solution acts as a chelation 

agent disrupting the cation mediated joining of the epidermal layers to the dermis, 

and allows for separation of the epidermis from the dermis. The epidermis was 

gently peeled away from the dermis using forceps, rinsed with phosphate buffered 

saline (PBS) to remove any excess EDTA solution that may be still present on either 

the epidermis or the dermis and then stored in a PBS solution with 0.2% sodium 

azide and 0.05% protease inhibitor. The process of removing the epidermis was 

conducted while the skin samples were submerged in PBS to prevent any 

dehydration of the tissue. Sodium azide was added to the solution in order to prevent 

infection or the growth of bacteria, and the addition protease inhibitor slowed down 

the degradation of the extra cellular matrix. The sections of dermis were stored at 

4°C until use.   

Cryosections of mice tails where produced in order to expose the individual layers of 

skin. The skin was obtained from the same C57BL/6 mice used to prepare the dermal 
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surfaces previously. The whole skin was peeled away from the tail and then cut into 

0.5 cm x 0.5 cm sections in the same manner as described when preparing the dermal 

explants. The whole skin was then embedded in water soluble cutting compound 

(OCT Tissue-tek, Sakura, EU) and frozen over dry ice. The skin samples were 

aligned vertically within the embedding mould to ensure that the layers of skin were 

exposed during the cryosectioning. Frozen samples were maintained by transferring 

to a -80˚C free er until sectioned. Transverse sections were cut using a Lieca 

CM1860 cryostat (Lieca Biosystems, UK) using a cutting temperature of -20˚C.  

Whole skin sections were cut to 5 µm in thickness and then transferred to Superfrost 

Plus glass slides (Thermoscientific, UK). During the sectioning process the samples 

were kept at -20˚C in order to prevent the samples from dehydrating.   

 

3.3 Atomic force microscopy 

 

The characterisation and mechanical testing of the sample surfaces was conducted 

using an AFM (NTegra, NT-MDT, Rus.). AFM imaging conducted within this work 

generally used low set point contact mode applied to the sample contained in a 

phosphate buffered saline (PBS) environment. PBS was selected as it provides an 

environment that will maintain the hydration levels within the excised mouse tail 

tissue. The range of samples studied required a number of AFM configurations as 

shown in Figure 3.1. Different AFM configurations were required depending on the 

sample preparation method. For example, tissue samples could be placed into a 

stainless steel liquid cell as is illustrated in Figure 3.1a,c. Samples prepared on glass 

slides could not be loaded into the liquid cell therefore in order to access the sample 
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surface with the AFM the glass slide was mounted directly to the AFM stage, as 

shown in Figure 3.1b,d.  

 

Figure 3.1. AFM/sample configurations used with a) steel liquid cell with 

piezoelectric actuators located above the AFM cantilever. b) Configuration for 

samples deposited on glass slides with the piezoelectrics located above the AFM 

cantilever. With c) and d) the piezoelectric actuators are located beneath the sample. 

For all configurations the cantilever is mounted to a quartz crystal and the laser is 

reflected through the quartz onto the photodiode. The liquid cell has a diameter of 3 

cm and a depth of 0.5 cm.  

 

3.3.1 Calibration of AFM Cantilevers 

Multiple frequencies scans are taken near the resonant frequency of the AFM 

cantilever and averaged to produce a representative Lorentzian curve for the 

cantilever deflection. The curve fitting the cantilever deflection versus oscillating 

frequency can then be integrated and the spring constant calculated using Equation 
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2.31. A sample plot of the frequency scans fit to a Lorentzian for the thermal 

fluctuation method is shown in Figure 3.2.  

 

Figure 3.2. Plot of the fluctuations in the displacement of the tip of the cantilever vs 

the oscillating frequency. Three frequency scans of the same cantilever are plotted 

and the red curves show the fit of the Lorentzian, which is used to calculate the 

spring constant of the cantilever.  

 

The one major drawback of the approach put forward by Hutter and Bechhoefer is 

the lack of contribution of additional vibration modes leading to errors of up to 20% 

in the value of the spring constant (Lévy and Maaloum, 2001). Therefore, Equation 
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2.31 only represents the contribution of the first vibration mode. However, AFM 

cantilevers oscillate through multiple vibration modes due to thermal fluctuations. 

When measuring the cantilever deflection data from only the first vibrational mode, 

represented by the first resonant peak, Equation 2.31 must be corrected to account for 

this, and is then rewritten as (Butt et al., 2005) 

 
2


Tk

k b  
Equation 3.1 

Where β = 0.965 represents the correction factor for measuring only the contributions 

from the first vibration mode of v-shaped cantilevers (Lévy and Maaloum, 2001). 

The method of measuring the deflections of the oscillating cantilever must also be 

considered when calculating the spring constant of the cantilever. An optical lever 

method is commonly employed by the AFM system to measure the deflection of the 

cantilever. This method does not actually directly measure the physical deflection of 

the cantilever but simply measures the inclination of the cantilever. Equation 3.1 

above must be further modified to calculate the normal spring constant by 

incorporating the effective deflection, which is actually measured by the AFM 

system, and the contribution of measuring only a single vibration mode using.  

 

P

TkTk
k bb *

2

* 


   
Equation 3.2 

Where β*
 is 0.764, this value was determined using finite element analysis (Butt et 

al., 2005; Lévy and Maaloum, 2001). The correction factor simply adjusts for the 

difference in the inclination measured by the optical lever system and the actual 

deflection of the cantilever. The method of using thermal fluctuations is beneficial 

because the evaluation of the cantilever response to the thermal environment only is 
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required and not direct measurements of cantilever geometry, with associated errors 

and potential handling damage, using electron microscopy. The thermal fluctuation 

method also has relatively low uncertainty, reported to be between 5-10% by 

Burnham et al., when compared to other calibration methods with typical uncertainty 

values as high has 25% (Burnham et al., 2002). Additionally, as no dimensional 

measurements of the cantilever are required, this method can be applied to any AFM 

cantilever including rectangular and v-shaped. 

 

3.3.2 AFM indentation 

AFM is able to provide mechanical evaluation of the surface of a material in 

conjunction with corresponding surface imaging (Dimitriadis et al., 2002).  

Mechanical probing is often achieved by performing force-displacement curves on 

an area of interest by pushing the AFM probe into the sample and then removing. 

Force-displacement curves, schematically shown in Figure 3.3, are similar to 

traditional indentation techniques used to measure the hardness and elastic modulus 

of solid materials because the AFM probe is moved a fixed distance into the sample 

surface and the force and displacement of the probe are measured (Lin and Horkay, 

2008). The raw data measured from the AFM produces cantilever deflection and z-

piezo displacement but this data can be converted to measure applied force and 

indentation distance. The AFM force-displacement curve is illustrated in Figure 3.3, 

highlighting key interactions occurring during the measurement.   
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Figure 3.3. Schematic AFM force - distance curve: Steps a - b) show the approach of 

the probe to the sample surface, c) initial contact between probe and sample, d) zero 

force and deflection point, e) indentation into the sample surface. 

 

The elastic moduli of the samples used in this work were mechanically characterised 

using AFM indentation. The AFM system (Ntegra, NT-MDT, Russia) utilised 

several different piezoelectric scanners configurations but the method for conducting 

the force-displacement curves is generalised for the configuration with the 

piezoelectric scanners situated beneath the sample stage.  Force-displacement curves 

were conducted by moving the sample a specified distance and recording the 

resulting cantilever deflection signal, which is recorded in nA. The output curve from 

the AFM system is therefore a curve describing the cantilever deflection signal vs the 

displacement of the z-piezo. This data has to be translated to a curve representing the 

applied force vs the indentation depth into the sample. To perform this analysis a 

force-displacement measurement conducted on a sapphire sheet. The sapphire is 
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treated as a non-deformable sample and the force-displacement curve provides the 

relationship between the cantilever deflection signal (nA) and the total amount of 

cantilever bending (nm).  Using the relationship of nm/nA the cantilever deflection 

signal can be converted to the total cantilever bending where cantilever bending = 

(cantilever deflection signal) ∙ (ratio of nm/nA from sapphire sample). From the 

amount of cantilever bending the indentation depth into the sample by the AFM 

probe can be calculated by the indentation depth = (total z-piezo displacement) – 

(cantilever bending).  

The applied force for the indentation can be calculated from the cantilever bending 

by utilising Hooke’s Law, 

 kdF   Equation 3.3  

where F is the applied force, k is the spring constant of the cantilever and d is the 

cantilever bending.   

Extracting the elastic modulus as a characteristic mechanical property of the sample 

requires curve fitting of the force-displacement curve by first identifying the contact 

point between the AFM probe and the sample surface. The identification of the 

contact point is a critical step in the data analysis and can be influenced by any 

adhesive interactions between the AFM probe and the sample during the indentation 

process. For the samples analysed throughout this work, the initial adhesive “snap 

in” was not observed, allowing for the use of the Hertzian analysis of the contact.  

Additionally, minimal hysteresis between the loading and unloading curves was 

observed, which indicates a primarily elastic response of the sample to the 

indentation loading. The method for identifying the contact point was adapted from a 

strategy initially outlined by Lin et al for automating indentation curve analysis and 
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was applied to the recorded AFM cantilever deflection vs z-piezo height data prior to 

the adjustment to a force-displacement curve (Lin et al., 2007a, 2007b). The contact 

point is identified by fitting a linear function to the noncontact region of the curve 

and a quadratic to the indentation region of the curve and searching for the point on 

the curve where the mean square error between the two regions is at a minimum.  

The curve fitting applied to each region of the raw cantilever deflection vs z-piezo 

height curve is shown in Figure 3.4. The point on the curve where the mean square 

error between the two functions is a minimum is taken as the contact point. The 

force-displacement curve is then translated so that the contact point represents the 

start of the indentation curve. The process of locating the contact point and applying 

the curve fitting is conducted manually using a custom script in MS Excel.  
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Figure 3.4. Plot of the cantilever deflection vs piezo height showing the curve fitting 

applied to each region. The non-contact region is fitted to a linear curve shown in 

green and the contact/indentation region is fitted to a quadratic shown in red. The 

curve adjusted to the contact point is plotted in blue.  

 

Following Sneddon’s solution for the Hert ian contact between a cone and an elastic 

half space, a parabolic fit can be applied to the force-displacement curve of the form 

(Sirghi and Rossi, 2006) 

 2dBF   Equation 3.4  

where B represents the curve fitting parameter. The elastic modulus can then be 

extracted from the following relationship (Sirghi and Rossi, 2006) 
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3.3.3 Indentation of agarose gels 

Biological materials are complex systems and often comprised of heterogeneous 

structures with varying mechanical properties. In order to evaluate the testing 

methodology being employed throughout this work, a homogenous agarose gel was 

selected for initial analysis. Agarose gels can be produced with varying mechanical 

properties that are similar in order of magnitude to biological tissues. The agarose 

gels can be mechanically tested using different techniques and the resulting elastic 

modulus values can be compared to validate the experimental methodologies. 

Agarose gels were produced at two different weight percent compositions by 

dissolving the dry agarose (Agarose, low gelling temperature, Sigma-Aldrich, UK) in 

PBS overnight at 70˚C and casting the gels at room temperature in tissue culture 

plastic petri dishes. Gels were then stored at 4˚C overnight in PBS prior to testing. 50 

force-displacement measurements were conducted on each gel and the elastic 

modulus was calculated. A typical force-displacement curve conducted on an agarose 

gel is shown in Figure 3.5. The force-displacement curves were analysed using the 

Hertz method previously outlined in this chapter. AFM force-displacement 

measurements resulted in an elastic modulus of 27.26 ± 6.785 kPa (mean ± standard 

deviation) for the 1.5 wt% gel and 45.18 ± 9.712 kPa for the 2.0 wt% gel.  
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Figure 3.5. Typical AFM force-displacement curve conducted on an agarose gel. The 

loading curve (red) is retraced by the unloading curve (blue) indicating an elastic 

response of the gel. The green line shows the fit of Equation 2.6 to the unloading 

data set.  

 

The elastic modulus of 1.5 wt% and 2.0 wt% agarose gels were independently 

measured by Dr. Robin Delaine-Smith using unconfined compression (Delaine-

Smith et al., 2016). The elastic modulus was calculated from the initial slope of the 

stress vs strain curve, resulting in a mean elastic modulus of 24.66 kPa for the 1.5 

wt% gel and 43.49 kPa for the 2.0 wt% gel, details of the experimental setup can be 

found in the Appendix. The elastic modulus results from both experimental 
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techniques are plotted in Figure 3.6 and show good agreement between the 

measurement techniques with a significant difference between the two gel weight 

percentages. The agreement between the AFM force-displacement curves and the 

unconfined compression measurements indicates that the methodology being applied 

to measure the elastic modulus using AFM is both accurate and precise.  
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Figure 3.6. Elastic modulus data for agarose gels used for validation of the AFM 

force-displacement measurements. The box within the plot represents the 

interquartile range and the whiskers the 10
th

 and 90
th

 percentile. With * indicating 

significant difference between the two data sets (Student’s T-test, p < 0.01, n = 50) 

 

3.4 Statistical Analysis 

The statistical tests described in this section were used to evaluate the significance of 

the experimental data obtained throughout the thesis. The D’Agostino Pearson 

Omnibus Test was used to test if the distribution of the sample data could be 
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considered Gaussian, or normal, in shape (D’Agostino et al., 1990). The overall 

shape of the distribution is used in determining what statistical significance tests can 

be employed. In the case where the distribution of the data was interpreted as normal, 

the Student’s T-test was used. The two sample Student’s T-test evaluates if the 

means of the sample distributions are equal. When the result of the D’Agostino 

Pearson Omnibus Test indicated the sample distribution deviated from a normal 

distribution, sample transformations were employed or non-parametric significance 

tests were utilised. Non-parametric significance tests are applied when the 

distribution of the sample data is significantly non-normal and are used to evaluate if 

two sample distributions can be considered to be taken from the same distribution or 

not. The non-parametric significance test used throughout this work was the Mann-

Whitney U-Test, which evaluates if two independent samples are derived from the 

same distribution (Nachar, 2008). All statistical tests were conducted using 

OriginLabs 8 Pro (OriginLabs, USA).  

Probability density functions were constructed using MATLAB to visualise the 

sample data distributions. Lognormal probability density functions were fit to the 

distributions using the following equation (Limpert et al., 2001). 

 

 
 













 


2

2

2

ln
exp

2

1
,|








x

x
xf  ; x> 0 

Equation 3.6 
 

The mean of the lognormal probability distribution is defined as, 
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And the variance as, 

     1exp2expvar 22    Equation 3.8 
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Where µ and σ are fitting parameters and are used when comparing between different 

distributions. 

Throughout this work standard deviation and standard error of mean are used. 

Standard deviation is stated to interpret the overall variation within the data set, 

whereas standard error of mean is stated to highlight the location of the mean within 

the data set.  

3.5 Conclusions 

This chapter describes the methods used to expose the individual layers of skin so 

that the surfaces of these layers can be analysed at the nanoscale.  AFM indentation 

techniques were described as the primary method for conducting mechanical analysis 

at a submicron length scale.  These methods are described in this chapter such that 

they can be referred to in subsequent chapters.   
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Chapter 4 – Effect of freezing on the elastic 

modulus of skin 

4.1 Introduction 

 

The layered structure of skin poses numerous challenges when attempting to analyse 

the mechanical properties of the constituent components. Specifically, layers such as 

the epidermis can be easily removed through mechanical peeling, as described in 

Chapter 3, but only result in a single surface of the dermis being exposed. Exposing 

the constituent layers of skin while maintaining the physiological state of skin is a 

proposed strategy in this chapter to allow analysis of mechanical properties 

throughout the volume of skin. Such exposure is typically achieved by freezing of 

the skin samples to cryogenic temperatures and applying mechanical cross sectioning 

at this low temperature. The low temperature should aim to minimize or remove 

sample damage from the sectioning by suppressing plastic deformation of the sample 

during the sectioning process. However, understanding physiologically relevant 

mechanical properties of skin requires an increase of sample temperature, with this 
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temperature change requiring no induced change in the resultant mechanical 

performance of skin.  

Some of the steps required in the temperature cycling of samples from freezing to 

thawing as well as mechanical sectioning have been considered in the literature, 

although mechanical effects are less well understood. The freezing of cells and 

biological tissues have been shown to have a detrimental effect on the structure and 

viability of those tissues and cells (Coutinho et al., 2007; Elmoazzen et al., 2005; 

Janz et al., 2012; Shi et al., 2008; Zieger et al., 1996). The formation of intracellular 

and extracellular ice crystals is believed to be the main cause of tissue and cell 

damage (Karlsson and Toner, 1996). The extracellular ice formation presents 

mechanical and biochemical effects to the cells and their environment. As ice 

crystals nucleate and grow, the cell becomes confined and mechanically deformed by 

the crystal growth leading to cell damage (Zieger et al., 1997). Additionally, ice 

crystal grow within the surround solution and are ejected from the crystal causing the 

cell to release water in order to maintain homeostasis that leads to cellular 

dehydration (Karlsson and Toner, 1996). The formation of intracellular ice during the 

freezing process can lead to mechanical deformation and damage to the cell, for 

example at the cell membrane (Karlsson and Toner, 1996). Addition of 

cryoprotective agents or additives (CPA) attempts to reduce the cellular damage 

during the freezing and thawing process. The process of cryopreservation is mainly 

focussed on maintaining cell integrity during the freezing and thawing (Fuller, 2004).  

The cryopreservation of tissues poses challenges that require specific protocols to 

preserve the cellular activity within the tissue (Zieger et al., 1997).  CPAs can be 

classified into two different categories, intracellular and extracellular, with each 

category providing a different role to mitigate the potential damage from cryostorage 
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(Karlsson and Toner, 1996). The role of an extracellular CPA, such as sucrose, is to 

stabilise the extracellular spaces and minimise the formation and growth of ice 

crystals and structurally maintain the cellular environment (Fuller, 2004). 

Intercellular CPAs, such as dimethyl sulfoxide (DMSO), aim to stabilise the internal 

structure of the cell and prevent cellular damage from dehydration (Fuller, 2004). 

However, the mechanisms by which CPAs act on the system is still not completely 

understood (Bakhach, 2009). Many of the damaging effects of freezing can be 

managed by controlling the rate of cooling, such as rapid cooling rates restrict the 

formation of intracellular ice (Baust et al., 2009).   

The many different methods used when cryopreserving tissue are often dependant on 

the tissue type and the aim of the cryopreservation process (Fuller, 2004). The 

cryopreservation of skin and skin equivalents involve the use of a range of CPAs 

including propane-1,2-diol, glycerol, DMSO and trehalose (Bakhach, 2009; Chen et 

al., 2011; Devireddy et al., 2003; Neidert et al., 2004; Newton et al., 1998; Pasch et 

al., 1999; Suhodolčan et al., 2013; Verbeken et al., 2012; Villalba et al., 1996; Wang 

et al., 2010). Similar protocols have also been used to cryopreserve keratinocyte 

monolayers (Pasch et al., 1999), collagen based tissue equivalents (Neidert et al., 

2004), and full thickness porcine skin (Zieger et al., 1997). The previous work 

investigating the effect of CPA on skin mainly examines the cell viability after 

thawing, which is improved in the presence of a CPA (Bravo et al., 2000; Pasch et 

al., 1999), but the effect of the freezing process on the mechanical properties is less 

well understood. One of the few studies indicating no detrimental effect of freezing 

on the mechanical properties of skin was provided by Foutz et al. but this work 

investigated whole skin at the macroscopic level using uniaxial tension. 
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Consideration of effects at the nanoscale level of the dermis (Foutz et al., 1992) is 

therefore largely ignored.   

Several other tissue types, including arteries and tendons (Giannini et al., 2008; 

Venkatasubramanian et al., 2006) have been thoroughly investigated to understand 

the effects of cryostorage on the mechanical properties. Venkatasubramanian et al. 

showed that freezing resulted in an increased elastic modulus of the arteries in the 

physiological regime but this change was not observed in the presence of a CPA.  

Suhodolcan et al. presented similar results in patellar tendon ligaments (Suhodolčan 

et al., 2013) and Giannini et al. showed that decreased collagen fibril density 

accompanied by decreased mechanical performance occurred within posterior tibial 

tendons after the freezing and thawing (Giannini et al., 2008). These previous works 

highlight the importance of investigating the effects of freezing and thawing on the 

mechanical properties of a biological material, but only take into consideration the 

macroscopic deformations and characteristics, such as strain to failure and ultimate 

tensile strength. Investigations on the effects of freezing and thawing on the 

nanoscale mechanical properties of complex biological tissues, such as the dermis, is 

lacking.   

This chapter aims to investigate the potential changes in the nanoscale mechanical 

properties of the dermis as a result of the freezing and thawing process and whether 

the addition of a CPA during the process can mitigate any changes in the mechanical 

properties. The results presented in this chapter will also provide validation for the 

sample preparation and testing techniques used throughout this work.   
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4.2 Materials and Methods 

 

4.2.1 Patterning of dermal samples 

Dermal explant samples were prepared from C57BL/6 wild type mice as previously 

detailed in Chapter 3 with the addition of a patterned grid deposited on the sample 

surface. The orientation of the dermal explants samples relative to the whole mouse 

tail is shown in Figure 4.1. The position of the AFM measurements was critical for 

assessing the effects of freezing and thawing on the mechanical behaviour of the 

dermal explant sample and required a method for relocating a previously measured 

area of the sample.  

 

Figure 4.1. Dermal explants sample orientation relative to the whole mouse tail. The 

location of the AFM applied load is denoted by the arrow marked F. 

 

The dermal explants produced by the mechanical peeling process do not have any 

definable surface features that can be used to accurately relocate a specific location 

on the sample surface. A coordinate system was established by patterning a micron 

scale grid onto the sample surface using a TEM grid (Agar Scientific, UK) as a 
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negative lithography pattern where the spacing between the lines of the TEM grid 

formed a specific pattern. The bar width of the TEM grid is 40 µm. The patterning 

process is illustrated in Figure 4.2, where the TEM grid was first attached to the 

dermal surface by mechanical clips and the surface water is removed from the 

sample using laboratory wipes. Waterproof ink was deposited over the area of the 

sample covered by the grid and the grid then removed from the surface, resulting in a 

microscopic grid pattern on the surface of the dermal explant. The results of this 

patterning process are shown in Figure 4.3.  The grids produced using this method 

are robust, and remain visible and well defined throughout the imaging and 

measurement process in a liquid environment. The grids also remain well defined 

after the freezing and thawing process, making this patterning process a convenient 

method for locating a specific location on a sample that does not have any easily 

definable surface features.   
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Figure 4.2. Illustration outlining the patterning process: a) TEM grid is attached to 

the sample surface by mechanical spring clips, b) after removal of surface water by 

blotting with laboratory wipes, waterproof ink is applied to the surface, c) the 

mechanical clips are removed and the TEM gird is lifted off of the surface resulting 

in d-e) a patterned surface that provides both orientation of the sample and location 

on the sample.   
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Figure 4.3. Optical microscopy image of a patterned grid on a dermal explant sample 

displaying clear features allowing for identification of location on the sample and the 

orientation of the sample relative to the AFM probe. The AFM scan area is indicated 

by the yellow box.  Scale bar = 100 µm. 

 

4.2.2 Mechanical Analysis 

Small scale mechanical measurements were conducted on skin samples using an 

AFM (Ntegra AFM system, NT-MDT, Russia) with a sample stage mounted on 

piezoelectric positioners. The Si3N4 AFM probe was positioned away from any 

remaining hair follicles on the dermal surface using in situ optical microscopy and 

AFM force displacement curves were collected over a 20 µm x 20 µm area. AFM 

indentation measurements were conducted within a non-patterned region of the 

sample using the patterned surface as reference for the orientation of the sample.  

The AFM probe tip was positioned over a specific grid location on the dermal 

explant samples to ensure the AFM probe could be returned to the same location. 
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The force-displacement measurements were carried out while the AFM probe and 

dermal explant sample were completely submerged in phosphate buffered saline 

(PBS) within a stainless steel liquid cell. The dermal explant samples were 

mechanically coupled to the bottom of the liquid cell using spring clips, and the 

liquid cell was magnetically attached to the AFM stage. Dermal samples were 

imaged in contact mode using a low cantilever set point value. AFM height images 

were taken over a 20 µm x 20 µm area. AFM indentations were conducted using a 

Si3N4 cantilever with a spring constant between 0.19 N.m
-1

 and 0.5 N.m
-1

, 

determined by the thermal fluctuation method described in Chapter 3. 400 

displacement controlled indentations were performed within the imaged area in a 

raster scan pattern with an indentation velocity of 2 µm.s
-1

 and an indentation depth 

up to 500 nm. The minimum indentation depth was at least 100 nm, which is greater 

than the radius of curvature for the AFM probe, to ensure that the conical estimation 

for the AFM probe tip geometry could be applied to the analysis of the force-

displacement curves (Radmacher et al., 1995). The duration of the indentation raster 

scan to complete 400 indentations was approximately 25 minutes. The z-piezo 

feedback loop was turned off and then back on again after completing the indentation 

scan to return the piezoelectric positioners to the initial positions, and the 400 

indentations were repeated over the same 20 µm x 20 µm area originally imaged. 

These indentation measurements were conducted on 11 individual dermal explant 

samples from three mouse tails.   

The elastic modulus of the skin at each spatial location was determined using the 

curve fitting method described in Chapter 3. The force-displacement curves recorded 

for the dermal explant samples increased probe-sample adhesion during the 

unloading portion of the force-displacement curve, illustrated in Figure 4.4, which 
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led to a modification of the indentation analysis based on the method put forward by 

Sirghi and Rossi (Sirghi and Rossi, 2006). The purely elastic response during 

unloading the force-displacement interaction of a cone in contact with an elastic half-

space was originally described by Sneddon and is defined by (Sneddon, 1948), 
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The additional contribution of the adhesive forces to the total force being measured 

by the AFM probe can be represented by (Sirghi and Rossi, 2006), 
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Equation 4.2 

where the second term of Equation 4.2 representing the contribution of the probe-

surface adhesion to the applied force during the unloading portion of the force-

displacement curve. Figure 4.4 displays a typical force-displacement curve carried 

out on a dermal explant sample and it should be highlighted that there was no 

remnant indentation on the sample surface leading to the exclusion of hf from 

Equation 4.2. The Poisson’s ratio, v, here is assumed to be 0.5, consistent with an 

incompressible material and with values previously used in the literature (Petrie et 

al., 2012). Equation 4.2 can therefore be fit to the unloading curve of the force-

displacement data and the elastic modulus data can be determined using the first term 

of Equation 4.2.   
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Figure 4.4. AFM force-displacement cantilever deflection vs z-piezo position data 

showing the loading (red) and unloading (blue) curves.  The unloading curve shows 

the adhesive interaction occurring during the retraction of the cantilever from the 

sample surface. The adhesive interaction is represented by the negative force being 

applied to the cantilever during unloading. The green line shows the fit of Equation 

4.2 to the unloading data set.  

 

The elastic modulus data was reconstructed into a colour coded map using the AFM 

raster scan position as spatial coordinates for each elastic modulus value.  The spatial 

coordinates provide positional indexing of the elastic modulus data which is 
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transformed into a matrix that was then represented as a colour coded image using 

Origin8 (OriginLabs, USA) software.    

 

4.2.3 Procedure for freeze-thaw cycling 

After the initial AFM mechanical measurements were taken, seven dermal explant 

samples were subjected to a freezing and thawing cycle.  Prior to freezing, four 

samples were treated with a cryoprotective agent (CPA) and three samples were left 

untreated. The CPA was added in order to evaluate if there was any tissue damage 

that resulted in a change in the mechanical behaviour of the tissue as a consequence 

of the freezing and thawing process. The CPA used in this work consisted of a 1 M 

solution of sucrose with 10% v/v of dimethylsulfoxide (DMSO). DMSO is a 

commonly used intracellular CPA (Gaucher et al., 2012; Kubo and Kuroyanagi, 

2004), and sucrose has been shown to perform as extracellular CPA (Chen et al., 

2011; Fuller, 2004).  Dermal explant samples were first placed in 10% v/v DMSO in 

PBS at 4˚C in individual 1 mL vials for 30 minutes. Samples were then transferred to 

a solution of 1 M sucrose with 10% v/v DMSO at 4˚C for 30 minutes. The vials 

containing the sample within the CPA solution were then placed in a -80˚C free er 

for 20 hours, with untreated dermal samples in PBS also transferred to a -80˚C 

free er. The vials were removed from the free er and allowed to return to 4˚C, 

followed by CPA treated samples transferred into 10% v/v DMSO for 30 min. 

Further hydration in PBS for 30 min at 4˚C was followed by several rinses in PBS in 

order to ensure removal of CPA, while the untreated dermal samples were allowed to 

return to 4˚C.  All the dermal explant samples were then stored in PBS at 4˚C until 

further use.   
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AFM indentations were performed at the same locations where the initial mechanical 

measurements were recorded using the grid referencing once the freeze thaw cycle 

was completed. The same indentation procedure over a 20 µm x 20 µm area was 

conducted at each of these locations.  

 

4.2.4 Analysis of the effect of freeze thaw cycling 

The AFM force-displacement curves recorded after freezing were analysed to 

determine the elastic modulus using the curve fitting method described in Chapter 3 

with the modification accounting for the increased AFM probe-sample interactions.  

The data sets of elastic modulus after thawing were then compared to the elastic 

modulus values measured on the fresh samples. The data sets were treated in pairs 

for each sample; one data set describing the fresh mechanical behaviour and the 

second describing the behaviour after thawing. Each individual data set of AFM 

indentation measurements contained 400 points in a 20 by 20 matrix. The data set 

was reduced to a 10 by 10 matrix of 100 points by averaging over four neighbouring 

indentation values. This step was taken in an attempt to limit the experimental error 

in repositioning the AFM probe after the sample was treated. A local average of each 

data point should also allow for a better representation of the elastic modulus for a 

specific region of the selected area. No changes to the experimental setup with 

regards to the position of the sample or probe tip were used. Therefore the variation 

between the repeat measurements were quantified by calculating the root mean 

square (RMS) of the difference at each point of the measured area using the 

following equation 
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Equation 4.3 

where EN,i is the value representing the difference in the measured elastic modulus at 

each point,  , between the first set of measurements (fresh) and the second (thawed). 

The data was normalised to the largest value of elastic modulus contained within 

both data sets before calculating the difference between the two data sets.  

Calculating the RMS of the data set using Equation 4.3 allowed for a comparison 

between each data set, including the variation in the position of the measurements, as 

the difference between the two data sets is calculated for a specific point in the 

indentation scan. Boundary conditions for the RMS for elastic modulus data sets can 

be defined such that two data sets collected at exactly the same indentation point 

provides an RMS value of zero, whereas larger a differences between two data sets 

would return an increasing RMS value greater than zero. The RMS value 

incorporates all of the variables that could affect the measured elastic modulus, 

including any potential changes in the composition or structure of the dermal explant 

as a result of the freezing and the changes in the position of the AFM indentations as 

a result of removing the sample from the AFM stage during the freeze/thaw cycling.   

 

4.3 Results and discussion 

 

Force-displacement curves were conducted on the exposed patterned dermal surface 

of excised mouse tails and repeat measurements of a 20 µm by 20 µm area were 

taken to establish the variation of the elastic modulus values. The elastic modulus 
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values were constructed into a distribution map where each 1 µm by 1 µm pixel 

represented an individual AFM indentation measurement and the calculated elastic 

modulus at that point, shown in Figure 4.5, comparing the measured elastic modulus.   

 

Figure 4.5. (Left) elastic modulus distribution of a fresh dermal explant sample. 

(Right) distribution plot of the repeat measurements conducted immediately after 

completion of the first set of AFM force-displacement curves. Colour scale 

represents elastic modulus in MPa. Force-displacement curves for the points 

highlighted by the red boxes are shown displayed within the Appendix.  

 

The distribution maps of the elastic modulus above show that the surface of the 

dermis and basement membrane exhibit heterogeneous elastic modulus. The 

distribution maps also show that the repeat measurements provide the same 

indication of the elastic modulus at a given point, although this is a qualitative 

evaluation. In order to make a more rigorous evaluation, quantification of this 

variation was conducted. The quantification of this variation is represented by the 
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calculation of the RMS between the data sets using Equation 4.3. For the data set 

represented in Figure 4.5 the RMS value was calculated as 0.118. The repeat 

measurements were conducted on seven samples and the RMS was calculated for 

each set of repeat measurements. Conducting the repeat measurements over a set of 

samples produces a range of RMS values that represent the variation of the 

measurement of the elastic modulus due to the experimental set up because no 

alterations have been made to the position of the sample or the AFM probe. The 

range of RMS values calculated for the repeat measurements is from 0.102 to 0.291, 

indicating that the AFM measurements at a specified point are variable.   

Of the seven dermal explant samples measured, four samples were treated with a 

CPA prior to freezing and thawing. Elastic modulus distribution maps were 

constructed for the CPA treated samples that were subjected to a freeze/thaw cycle 

and then remeasured, using the patterned grid as a reference to the position of the 

initial measurements. An example of the elastic modulus distribution map is shown 

in Figure 4.6. 
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Figure 4.6. (Left) elastic modulus distribution of a fresh dermal explant sample. 

(Right) distribution plot of the repeat measurements conducted over the same area 

after the sample was frozen and thawed. Colour scale represents elastic modulus in 

MPa. (Bottom) AFM height images of the fresh (bottom left) and after thawing 

(bottom right). 

 

Figure 4.6 again shows the heterogeneous distribution of the mechanical behaviour 

of the dermis. The large variation in elastic modulus is also evident through the 

presence of points in the image displaying elastic modulus values that are greater 

than 500 kPa when the majority of the points in the image display a modulus value in 
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the range of 10 to 50 kPa. The features of the distribution map of the initial 

measurements do not persist through to the distribution map of the thawed sample, 

therefore indicating some uncertainty in the repositioning of the AFM probe over a 

20 µm by 20 µm area of the sample. Calculating the RMS value for all of the 

samples treated with a CPA provided a range between 0.125 and 0.249.  

 

 

Figure 4.7. (Left) elastic modulus distribution of a fresh dermal explant sample. 

(Right) distribution plot of the repeat measurement of the area after the sample was 

treated with a CPA and subjected to freezing and thawing. Colour scale represents 

elastic modulus in MPa. (Bottom) AFM height images of the fresh (bottom left) and 

after thawing (bottom right). 
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Distribution maps were constructed for the untreated samples displaying the initial 

elastic modulus mapping of the fresh sample and after thawing of the sample, both 

distribution maps are shown in Figure 4.7. Similarly to the CPA treated samples, the 

features of the distributions maps for untreated samples vary between measurements. 

The heterogeneous material properties are observed before and after freezing 

including the large range of elastic modulus values measured, which is consistent 

with the previous images of Figure 4.5 and Figure 4.6. The RMS error was also 

calculated for the untreated samples and resulted in a range between 0.113 and 0.265.  

The summary of the RMS data for all three sample sets, repeat measurements, CPA 

treated and untreated, are shown in Figure 4.8a. 

The distribution of elastic modulus values was also plotted as a frequency of counts 

histogram as shown in Figure 4.8b, which displays one sample from each condition 

with the corresponding distributions of elastic modulus values from the fresh 

measurements and the measurements taken after thawing. The distributions displayed 

in Figure 4.8b appear to be lognormal in shape, and fitting lognormal distributions to 

the data sets was used to quantify the differences, as described in Chapter 3. For the 

repeat measurements, initial lognormal distribution fitting parameters of µ = 4.464 

and σ = 0.3871 were fit and the repeat measurement resulted in parameters of µ = 

4.460 and σ = 0.6254. The sample treated with a CPA initially resulted in parameters 

of µ = 3.437 and σ = 0.6941 with repeat measurements giving µ = 3.699 and σ = 

0.6837. For the untreated sample the fresh measurements the fitting resulted in µ = 

3.916 and σ = 0.4996 and after thawing parameters of µ = 4.059 and σ = 0.5059. The 

lognormal fitting parameters provide little insight into any difference that may exist 

between the fresh measurements and repeat measurements. The distributions were 
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analysed using the D’Agostino-Pearson Omnibus test and indicated that none of the 

sample distributions were normal or lognormal in shape. The Paired-Sample 

Wilcoxon Ranked Sign test was used to test the significance between the pairs of 

distributions shown in Figure 4.8b. The test results for the distributions shown in 

Figure 4.8b returned corresponding p-values of 0.00398, 7.49E-5, and 2.069E-9 

respectively, indicating that there is no consistent trend in the significance testing 

across the samples. This trend extended across all of the samples exposed to a freeze 

thaw cycling and measured with the AFM. With no consistent trend within the 

statistical analysis and the two-parameter distribution fitting, the RMS error 

calculation provides a method for evaluating the magnitude of the change between 

paired data sets using a single parameter.  
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Figure 4.8. a) Plot of the RMS values for measurements of the elastic modulus before 

and after the freeze-thaw cycle for untreated, CPA treated samples and repeated 

measurements on fresh dermal explant samples. b) Histogram plots of the frequency 

of counts for the measured elastic modulus. Histograms are shown as paired samples 

with one histogram per condition of freezing and thawing. 

 

Figure 4.8 shows that the addition of a CPA prior to the freezing and thawing cycle 

had no measurable effect on the mechanical behaviour of the dermal explant 

samples. The RMS values for samples treated with and without a CPA fall within the 

range of RMS values for the repeated measurements conducted on a fresh sample 

with no changes made to experimental set up. Potential error in the measurement of 
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the elastic modulus of the dermal explant samples after thawing is introduced 

through the repositioning of the sample relative to the AFM probe. Although a 

micron scale grid was used to locate a specific area, the positioning of the sample is 

confirmed through optical microscopy and it is unlikely that the exact position 

previously measured will be located again. The result of the RMS values of both the 

treated and untreated samples falling within the range of RMS values for the repeated 

measurements conducted on fresh samples tend to agree with the previous work by 

Foutz et al. that showed whole rat skin mechanical behaviour was unaffected by the 

freezing and thawing process, apart from the ultimate tensile strength, which was 

higher for the samples that had been frozen (Foutz et al., 1992). Previous studies 

observed similar behaviour in posterior tibial tendons, where the uniaxial tensile tests 

indicated a decrease in the ultimate tensile strength and ultimate tensile stress, which 

was attributed to the decrease in the collagen fibril density and total collagen content 

after freezing (Giannini et al., 2008). However, Giannini et al. observed no difference 

in the elastic modulus of the tendons that were tested fresh against tendons that had 

been frozen and thawed (Giannini et al., 2008). These previous observations are in 

agreement with the results of AFM indentation testing of dermal explant samples 

conducted in this work and indicate that the elastic modulus is unlikely to be effected 

by the process of freezing and thawing.   

In addition to the observations made through mechanical measurement of the sample 

surface before and after the freeze thaw cycle, the AFM imaging throughout showed 

variations in the imaged areas, leading to a degree of uncertainty around the 

repositioning of the AFM probe after thawing of the samples. Low set point contact 

mode imaging of the dermal surfaces recorded surface height images that showed a 

continuous structure with indication of a fibrous network within the dermis. Figure 
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4.6 and Figure 4.7 show representative AFM height images recorded for a dermal 

explant samples used to image the area of where the force-displacement curves were 

to be measured. Imaging a similar region after the freeze/thaw cycle displayed 

similar surface height features. The height images both before and after thawing 

display a rough surface containing a fibril like structure within a continuous matrix. 

After removing the epidermis, the expected topography would be an undulating 

topography, corresponding to the epidermal ridges that protrude into the dermis. The 

topography shown in Figure 4.6 and Figure 4.7 are rough and displays fibrous 

structures. The observation of this fibrous structure indicates that the mechanical 

removal of the epidermis is possibly removing the basement membrane or a region of 

the upper dermis and exposing the underlying collagen fibre network embedded in 

the ground substance matrix.   

The AFM images provide a method for observing any possible changes in the 

characteristics of the surface as a result of the freezing. However, no comments can 

be made on whether the freezing process has any effect on the composition of the 

tissue because the AFM imaging only measures the probe sample interactions to give 

sample height information.   

Evaluation of the force-displacement curves of the dermal explant samples provided 

a range of elastic modulus values of a sample prepared by mechanically peeling the 

epidermis from the dermis. The elastic modulus values for all the initial 

measurements of the fresh dermal explants were combined and plotted as a 

histogram of the frequency of counts for the elastic modulus values, shown in Figure 

4.9, which highlights the region of the distribution containing the majority of the 

counts. The resulting range of elastic modulus was from 0.148 kPa to 9.77 MPa.  The 

large range of elastic modulus values for the dermal surface confirms the initial 
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observation of the heterogeneous nature of the dermis observed qualitatively through 

the distribution maps.   

 

 

Figure 4.9. Histogram of the frequency of the measured elastic modulus values for 

the fresh dermal explants (both CPA and non-CPA treated samples prior to treatment 

and freezing). The range of measured elastic modulus was from 0.148 kPa to 9.77 

MPa. This plot shows a range from 0 to 800 kPa in order to show in detail the peak 

of the distribution, total n = 4435. 

 

Analysing the histogram provides a mean value of 137 kPa with a standard error of 

mean of 6.28 kPa and the median of the distribution at 44.3 kPa.  The upper limit of 

the elastic modulus measurements, ~9.77 MPa, could potentially be due to the 

incomplete removal of the epidermal layer during the mechanical peeling process, 

where the elastic modulus is expected to be higher due to the cornified elements of 

the stratum corneum, with the elastic modulus value of the epidermis shown to be 

within the megapascal range (Beard et al., 2013; Crichton et al., 2013; Geerligs et al., 

2011). Previous AFM and nanoindentation tests of mouse ear dermal explants in a 
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hydrated environment showed an elastic modulus range from 0.3 to 19.4 kPa (Petrie 

et al., 2012), although a different region of the skin with a different mouse type the 

magnitude of the measurements is consistent with the elastic modulus results 

presented in this work.  

 

4.4 Conclusions 

 

AFM indentation testing was performed at the nanoscale to measure the elastic 

modulus at the surface of dermal explant samples that were exposed to two different 

treatment conditions before freeze/thaw cycling. Although no previous work has 

investigated the elastic modulus of the dermis for mouse tail skin, the elastic 

modulus values measured here using small scale AFM based indentation techniques 

showed good agreement with previous literature on macroscopic specimens for 

measuring the elastic modulus of dermal tissue from mouse and human skin. This 

result shows that the AFM technique used throughout this thesis provides a method 

to measure the elastic modulus of skin at the nanoscale.   

The dermal samples exposed to the freeze/thaw cycling with no CPA were expected 

to have a change in the elastic properties at the nanoscale based on the changes seen 

in previous work at the macroscale with collagenous tissues and collagen based 

tissue equivalents (Devireddy et al., 2003; Giannini et al., 2008). The changes in 

observed in the density and morphology of collagen fibre bundles as a result of 

freezing were expected to impact the nanoscale mechanical response observed in the 

dermis, but the AFM indentation results showed that the variability present within 

the experimental setup is greater than any change in the elastic modulus as a result of 
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the freeze thaw cycle. This result indicates that the structure and mechanics of the 

dermal explant surface are robust enough to withstand the biophysical changes that 

occur during the freezing and thawing cycle and that dermal samples subjected to 

cryogenic temperatures are mechanically analogous to freshly excised dermal explant 

samples. This conclusion allows the further examination of structure and mechanics 

of the different layers of skin by cryosectioning through the thickness of skin.   
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5.1 Introduction 

 

The ability to measure the nanoscale mechanical properties of the dermal surface was 

established in the previous chapter. The effect of a freeze thaw cycling on the dermal 

tissue was also observed to show no significant impact on the elastic modulus of the 

tissue. The absence of significant variation in the elastic modulus as a result of 

freezing and thawing provides a clear avenue for exploration into the through 

thickness changes in mechanical properties of whole skin by cooling the tissue to 

cryogenic temperatures and sectioning through the thickness to expose the cross 

section of the different layers of skin. The ability to expose the through thickness 

surface from the dermis to epidermis without removing these layers from one another 

while maintaining the initial state allows for insight into how the mechanical 

properties of skin vary with respect to the spatial location within the tissue. The 

mechanical properties of cross sections of the dermis have been previously analysed 

in human tissue. However, no investigations that observe the variations in the 
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mechanical properties transitioning through the dermis into the epidermis exist 

although nanomechanical analysis of the dermis has been reported on cryosectioned 

tissue (Achterberg et al., 2014; Grant et al., 2012). The cross sectioning of whole 

skin samples will also provide a method for examining the changes in the mechanical 

properties of the dermis in response to a change in the directionality of the applied 

load. Previous work using transmission electron microscopy (TEM) to image the 

ultrastructure of the dermis in normal wild type mouse skin revealed that transverse 

sections are likely to reveal both the long axis of the collagen fibres and the axis 

perpendicular to the preferential direction of the collagen network. The collage fibre 

bundles are interwoven and not perfectly aligned, a reference image of wild type 

mouse skin is shown in Figure 5.1 from Tasheva et al. (2002). Areas within a 

transverse section of skin are expected to have regions that expose the long axis of 

the collagen fibres and regions that expose the cross section of the collagen fibres. 

Mechanical analysis of transverse sections may provide evidence of any contribution 

of the collagen fibre orientation on the mechanical properties at the subcellular level.  
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Figure 5.1. TEM micrograph of the collagen fibrils present in cross sections of wild 

type mouse tail skin showing fibril lengths and cross sections exposed at the tissue 

surface. (Tasheva et al., 2002) 

 

The influence of the orientation of the collagen fibre network on the anisotropic 

behaviour of skin at the macroscopic level has been extensively studied (Gahagnon 

et al., 2012; Groves et al., 2013; Huang et al., 2010; Khatyr et al., 2004; Ní Annaidh 

et al., 2012a, 2012b; Sakai et al., 2011) but cellular or subcellular length scale 

investigations are lacking. The change in the direction of the applied load combined 

with the through thickness analysis will effectively allow for a three dimensional 

(3D) mechanical analysis of skin to be evaluated. The 3D mechanical properties of 

the dermis are important to understand as changes in the mechanical environment 

have a significant effect on the cells present within the microenvironment (Levy-

Mishali et al., 2009). This chapter therefore aims to extend the mechanical analysis 

conducted on the dermal explant surface to observe the through thickness changes in 
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mechanical properties of whole skin and the potential variations that may exist due to 

the layered structure of the tissue.  

 

5.2 Materials and Methods 

 

5.2.1 Sample Preparation 

Individual layers of skin were exposed using the cryosectioning method described in 

Chapter 3. Transverse sections were taken from tail skin harvested from the same 

mouse tails used in Chapter 4 to allow for a direct comparison of the sample 

preparation methods and the applied loading conditions. The cryosections were cut 

perpendicular to the long axis of the tail samples in order to include all the layers of 

skin within the cross section. The transverse cryosectioned samples produced a 

surface orthogonal to the dermal explant samples measured in Chapter 4, a schematic 

of the sample orientation and location of the mechanical measurements is shown in 

Figure 5.2. The exposed collagen fibre network of the transverse cryosectioned 

samples therefore provides a different orientation to the collagen fibre network 

examined within the dermal explant samples of Chapter 4. The sections were cut to a 

thickness of 5 µm to ensure that the maximum z-piezo scan distance of the AFM 

allowing for the entire height of the sample to be measured. Imaging from the sample 

surface down to the glass substrate, such as beyond the edge of the sample, allows 

for accurate measurement of the sample height after cryosectioning of the tissue.   
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Figure 5.2. Schematic illustrating the sample orientation relative to the whole mouse 

tail. The location of the AFM indentations are indicated by the arrow marked F.  

 

AFM imaging provides topographical information of the sample surface but is 

limited in giving compositional information required to understand the location of 

the sectioned sample relative to the whole skin. Histological staining was therefore 

exploited to determine the location of the individual layers of skin relative to the 

overall sample. Haematoxylin and eosin (H&E), as described in the Appendix, 

staining was used to stain the DNA within the nucleus and the connective tissue 

through the extracellular fibres. The H&E staining results in nuclei that are stained a 

blue/purple colour and the extracellular matrix fibres stained a red/pink. H&E 

staining provides a method where the sample composition can be observed using 

light microscopy (Suvarna et al., 2013). This staining method also provides a means 

to measure the thickness of the epidermal layer using optical microscopy due to the 

clarity of identifying this layer. Three cross sectional samples were prepared by H&E 

staining and observed using optical microscopy at 10x magnification (Olympus 

BX60). At least three images were captured using a CCD camera (MicroPublisher 
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3.3 RTV, QImaging, UK) for each sample and the epidermal thickness was measured 

using ImageJ (NIST, USA) by counting the number of pixels from the region defined 

by the basal layer to the edge of the cornified layers and converting the number of 

pixels to a length measurement using an image of a calibration slide captured at the 

same magnification. A total of 60 measurements were recorded to provide an average 

epidermal thickness for the whole mouse tail skin. In addition, H&E staining also 

distinguished the stratified layers of the epidermis allowing for measurement of the 

thickness of the different layers of skin.   

 

5.2.2 Mechanical Analysis 

Mechanical properties of the transverse cross sections of skin were determined by 

AFM indentation and analysis of subsequent AFM force-displacement curves. Glass 

slides containing the cross section samples were removed from the freezer and the 

tissue section was encircled using a hydrophobic barrier pen (ImmEdge, Vector 

Laboratories, USA). A 1 mL drop of PBS was then placed over the section of tissue 

to maintain the sample hydration. The glass slide was then mounted to a magnetic 

sample holder using double sided adhesive tape and placed on the AFM stage. Low- 

set point AFM contact mode imaging was conducted on regions of the sample where 

no evidence of tissue deformation or tearing from the cryosectioning process was 

observed by in situ optical microscopy. Cryosectioned samples were then imaged 

over 50 µm by 50 µm areas, to ensure the full thickness of the epidermis was 

included within the imaged area. Including the edge of the sample, which provided a 

height drop from the top of the cryosectioned tissue to the glass slide substrate for 

measurement of the section sample thickness. This sample height, determined by 

AFM height line scan shown in Figure 5.3, was used to determine the maximum 
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indentation depth for the AFM force-displacement measurements that can be utilised 

before the substrate stiffness influences the measurements (Gavara and Chadwick, 

2012).   

AFM indentations were performed over a region 5 µm in width along the x-axis with 

the y-axis being the length of the visible area of the sample within the imaged area.  

Figure 5.3 highlights an area represented by AFM indentations. AFM force-

displacement curves were conducted at a spacing of 500 nm along the x-axis and at 

100 nm spacing in the y-axis. A shorter interval for the force-displacement curves 

was used for the y-axis measurements as the variations in the mechanical properties 

of skin in the y-axis direction are more significant, for example a smaller interval 

may be able to observe the changes within the epidermis from layer to layer. AFM 

elastic modulus scans were conducted over three samples from three separate tail 

cryosections. The total number of AFM force-displacements curves for each scan 

was greater than 3500 for each cryosection measured. In total, three mouse tails were 

used and one section from each mouse tail was mechanically mapped.   
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Figure 5.3. (Top) AFM height image of a through thickness cross section of mouse 

tail skin. Highlighted region (blue) represents the area measured by AFM indentation 

using force-displacement curves. (Bottom) Vertical line scan from within the 

highlighted region (green line) showing the drop off between the surface of the 

section to the glass slide.  
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The 100 nm spacing between force-displacement curves was selected for the y-axis 

to ensure the changes in mechanical properties between the different layers of skin 

were distinguished; because some of the layers of skin contain features that are 

approximately 100 nm in thickness, such as the basement membrane (Osawa et al., 

2003). The force-displacement curves were carried out with v-shaped Si3N4 AFM 

probes (Bruker, EU) with a spring constant between 0.01 N.m
-1

 and 0.5 N.m
-1

, 

calibrated using the thermal fluctuation method outlined in Chapter 3 prior to 

performing any AFM imaging or force-displacement measurements. An AFM tip 

velocity of 2 µm.s
-1

 was maintained throughout all force-displacement 

measurements. The force-displacement indentations where limited so that the final 

indentation depth of the raw cantilever deflection vs z-piezo displacement curve was 

less than 10% of the thickness of the cross section. The indentations were 

displacement controlled; limiting the final indentation depth to approximately 200 

nm across all samples. This step was taken to avoid any contribution of the glass 

substrate to the measured elastic modulus (Gavara and Chadwick, 2012).  The force-

displacement curves recorded for the cryosections displayed elastic behaviour where 

the initial indentation loading curve was retraced by the subsequent unloading curve 

indicating elastic behaviour, with a representative force-displacement curve shown in 

Figure 5.4 below.   
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Figure 5.4. Force-displacement loading (red) and unloading (blue) curve data for the 

AFM indentation of a cross section sample of mouse skin.  The retracing of the 

loading curve by the unloading curve shows the elastic response of the sample to the 

indentation load. The green line shows the fit of Equation 5.1 to the unloading data 

set. 

 

The elastic behaviour of the unloading curve indicates that the analysis of the force-

displacement curves is able to extract the elastic modulus using the approach 

previously described in Chapter 3 for the case where indentation loading and 

unloading can be modelled as Hertzian elastic contact. The following equation below 
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was fitted to the unloading curve assuming the AFM probe tip as a sharp conical 

indenter using Sneddon’s approximation: 

 

 
2

21

tan2
h

v

E
F






 Equation 5.1 

where F is the applied force, E the elastic modulus of the indented sample region, α 

the half tip opening angle of the AFM tip taken to be 17.5˚ from the manufacturer’s 

specifications and confirmed by scanning electron microscopy (as shown in the 

Appendix), v is the sample’s Poisson’s ratio was taken as 0.5 to be consistent with 

the previous measurements on the dermal explants, and h the displacement of the 

indenter into the sample. The calculated elastic modulus values were constructed into 

colour coded maps, using the location of each AFM force-displacement curve within 

the AFM scan to provide spatial coordinates using Origin8 (OriginLabs,USA) to 

illustrate the variations in the elastic modulus through the full thickness of the skin.   

 

5.3 Results and Discussion 

 

A representative optical microscopy image of the haematoxylin and eosin staining of 

cryosections from whole mouse tail skin is shown in Figure 5.5 and displays clear 

indications of the regions defining the stratum corneum, epidermis, and dermis. In 

Figure 5.5, the stratum corneum is identified as the outermost compressed layers, 

which are pink/brown in colour. The epidermis is defined in Figure 5.5 from the 

monolayer of blue nuclei to the beginning of the stratum corneum, and the dermis 

being the region below the epidermis with the pink colouration. Measurement of the 

thickness of the epidermis, including viable epidermis and stratum corneum, showed 

a total thickness of 23.3 µm ± 3.65 µm (mean ± standard deviation, n = 60). The 
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thickness of the stratum corneum and epidermis was taken into account when 

selecting the area of the cross section to examine using AFM.   

 

Figure 5.5. Optical microscopy image of H&E staining of cryosection of wild type 

mouse tail skin. All the regions of skin are present in the image. Circular regions just 

below the epidermal layer are hair follicles that were present within the tissue 

section. Scale bar is 100 µm. 

 

AFM imaging of the transverse cryosections in Figure 5.6 revealed that the 

sectioning process did not yield a completely flat surface but one with varied height 

topography. The AFM height images also display height features that show the 

transition regions between the different layers of skin, although these transitions 

cannot be confirmed directly from the AFM images. The appearance of the defined 

layers could potentially arise from the different stiffness of the layers. The changes in 

stiffness in skin may change the sectioning processes using the microtome blade and 

the sample surface, causing heterogeneous sectioning that results in a variable 
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sample topography. The AFM height images for the imaged cryosections are shown 

in Figure 5.6 

 

 

Figure 5.6. AFM height images with of the mouse tail cryosections. The clearest 

interface appears between the epidermis and the stratum corneum while the transition 

between the epidermis and the dermis is less clear.  

 

Force-displacement curves measured over the region including the epidermis and 

dermis were used to derive an elastic modulus of the sample at each contact point. 

One transverse section from each of the three mouse tail samples used in Chapter 4 

were analysed and the elastic modulus values were constructed into distribution maps 

with the colouration showing the range of elastic modulus as shown in Figure 5.7.   
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Figure 5.7. Elastic modulus distribution maps for three cryosection samples of wild 

type mouse tail skin showing the changes in elastic modulus within the skin with the 

epidermis at the top of the image and the dermis below. Elastic modulus 

measurements were conducted at 100 nm intervals in the Y direction and 500 nm 

intervals along the X direction. Scale of colouration is in MPa.  
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All three of the distribution maps shown in Figure 5.7 display a clear change in the 

elastic modulus with respect to the position within the skin. The dermis, starting at 

the bottom of the images, shows a lower elastic modulus than the epidermis located 

at the top of the images. The mechanical variations observed within the distribution 

maps are poorly defined and a gradient of elastic modulus values progressively 

increasing in stiffness as the position moves from within the dermis, starting at the 

bottom of Figure 5.7, towards the outer most layers of the epidermis is apparent. The 

gradient change in elastic modulus, particularly within the stratum corneum, can be 

explained by the terminal differentiation process of keratinocytes during the lifetime 

of the cell. Keratinocytes progress from basal stem cells and move upwards towards 

the skin surface while changing their internal cell composition. Initial changes switch 

of expression of K5 and K14 to K1 and K10, where K1/K10 fibres are more robust 

intracellular component and stiffen the cell (Fuchs and Green, 1980b; Poumay and 

Pittelkow, 1995). Keratinocytes will subsequently form the cornified envelope and 

the cell will become completely crosslinked. This crosslinking results in stiffening of 

the cell and can be represented by the high elastic modulus regions of the map 

distributions of Figure 5.7. The gradient of elastic modulus within the epidermis 

makes it difficult to perform any statistical analysis to provide a mean or median 

value of the elastic modulus for the epidermis Reporting a value for these quantities 

would therefore be unrepresentative due to the changing composition and stiffness of 

the epidermal structure.   

The dermal region displays a narrower range of elastic modulus in line with the more 

consistent composition of the dermis as a collagen fibre network surrounded by a 

proteoglycan matrix. However, evidence of collagen fibres, which would be 
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characterised by a significantly higher elastic modulus, within the dermal regions of 

the distribution maps is lacking. Histograms of the elastic modulus values for the 

dermal region cross sections, at least 20 µm from the surface of the sample to avoid 

inclusion of measurements recorded for the epidermis, are shown in Figure 5.9b.  

Combining the dermal elastic modulus data from all three cryosections measured 

results in a mean elastic modulus of 60.9 kPa ± 0.721 kPa (standard error of mean, n 

= 6035 indentations), where the range of elastic modulus falls between a minimum of 

20.4 Pa and 598 kPa. The range of elastic modulus indicates that no direct 

indentation of the AFM probe with collagen fibres is observed as direct indentation 

of a collagen fibre would result in a measured elastic modulus in the range of 1-2 

MPa (Grant et al., 2008). The higher elastic modulus values measured could be 

influenced by the proximity of the indentation to the collagen network. The 

indentation probes a volume of material so it is possible that surrounding the 

collagen fibril network could influence the measured elastic modulus by stabilising 

the matrix ground substance.  

The histogram in Figure 5.9b displays a long tail and a D’Agostino-Pearson omnibus 

test indicated that the data set was not taken from a normal distribution, based on this 

result the median was calculated for the data set to be 44.8 kPa. Previous AFM 

indentation of human skin reported an elastic modulus value of 1.0 kPa for the 

abdominal dermis using a 5 mm glass sphere attached to an AFM cantilever 

(Achterberg et al., 2014) and Grant et al. reported a mean of 322 kPa with a range of 

25.8 kPa to 1.18 MPa for the normal human dermis using an AFM tip (Grant et al., 

2012) indicating a large range of elastic modulus has been observed for the dermis 

for human samples, which is also a similar range to the values calculated for AFM 

indentation of the mouse tail dermal cryosections. Preparing skin samples by 
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cryosectioning provides a clear method for exposing the distinct layers of skin for 

mechanical characterisation and also for the mouse tail samples used here also 

provides a method for changing the orientation of the applied for relative to the 

dermal surface by sectioning in orthogonal planes. The dermal cryosections sampled 

from the same excised tails used in Chapter 4 allowed for a direct comparison of the 

measured elastic modulus. The change in sample orientation is illustrated in Figure 

5.8 where the effective change is a rotation of the applied load by 90˚. Within Figure 

5.8 the direction labelled 1 represents the loading condition applied to the dermal 

explant samples examined in Chapter 4. The direction labelled 2 in Figure 5.8 

indicates the sample orientation and loading condition explored on the transverse 

cryosections. This comparison will provide evidence of anisotropic behaviour 

occurring at the nanoscale within the dermis.  

 

Figure 5.8. Illustration of the collagen fibre alignment within the dermis with respect 

to the two applied loading conditions. Arrow (1) represents the load applied during 

the indentation of the dermal explant samples and arrow (2) showing the potential 

orientation of the collagen fibres within the cryosections of whole skin.  

 

The histograms for both the dermal explant samples and the dermal region of the 

cryosections are shown in Figure 5.9 for comparison. The two data sets have a 

median value in the 40 kPa range of elastic modulus, indicating that no orthotropic 
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behaviour occurring within these samples as the dermis has an isotropic response to 

the indentation loading at the nanoscale. An orthotropic response would produce a 

higher elastic modulus within one of the distributions. The isotropic response is 

characterised by the overlap of the elastic modulus distributions shown in Figure 5.9. 

Probability density functions were constructed for each data set using MATLAB 

(MathWorks, USA) and displayed in Figure 5.10. The binning conditions for each 

data set were the same and non-parametric distribution functions were fit to the data. 

The peak of the distribution function for the data from the elastic modulus of the 

cryosection is higher than the peak for the dermal explant samples. This result 

indicates that there is not complete agreement between the data sets when comparing 

the elastic modulus of the dermis. Statistical analysis of the histograms indicates that 

the distributions are neither normal nor lognormal using the D’Agostino-Pearson 

Omnibus test. However, fitting lognormal distributions to the dermal explant data set 

results in most likely estimate parameters of µ = 3.873 and σ = 1.337 leading to a 

most likely value for the distribution of 48.09 kPa. For the cryosection, the 

lognormal most likely estimate parameters are µ = 3.822 and σ = 0.7670, which 

provides a most likely value of 45.69 kPa for the cryosection data. The most likely 

value estimates indicate that there is similarity between the distributions of elastic 

modulus for the dermal explant and the cryosection samples. A Mann-Whitney U-

test returned a p value of 0.747 when comparing the dermal explant data to the data 

from the cryosection, (n = 4435 for the dermal explant and n = 6035 for the dermal 

region of the cryosection) representing no significant difference between the two 

distributions and further indicating mechanical isotropy of the dermis at the 

nanoscale.   
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Figure 5.9. Histogram of the frequency of counts for the elastic modulus 

measurements recorded for dermal explants (n = 4435) and cryosection samples (n = 

6035). Elastic modulus values shown between 0 and 200 kPa to highlight the shape 

of the distributions.  
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Figure 5.10. Probability density plots of the elastic modulus for the dermal explant 

(blue) and the cryosection (red).  

 

The isotropic response of the dermis at the nanoscale suggests that the indentations 

are not directly applying a load to the individual components of the dermis and the 

mechanical response is not dominated by the stiff collagen fibre network.  This result 

shows that the indentation forces are insufficient to directly strain the collagen 

network and the mechanical response is dominated by the matrix ground substance.  

Such a result is unexpected as previous work has shown at the macroscale that the 

orientation of the collagen network has an effect on the initial slope of a uniaxial 

tensile test, with the fibres aligned in the direction of the load giving a higher initial 

slope in a stress-strain plot (Groves et al., 2013; Ní Annaidh et al., 2012b). 

Therefore, the expectation was that some significant contribution of the orientation 

of the sample to the mechanical response would be measured but no significant 

change in the elastic modulus is observed at the nanoscale. The macroscopic 

anisotropy is a result of the alignment of the collagen fibres within the dermis where 
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the alignment of the collagen fibres has a significant effect on the mechanical 

properties, including the elastic modulus (Ní Annaidh et al., 2012b). The collagen 

fibres within the dermis form a lattice structure that has a preferential alignment 

along the Langer’s lines. The lattice network of collagen fibres is also aligned 

parallel to the surface of the epidermis. In a uniaxial tension test conducted parallel 

to the preferred fibre orientation angle, the load will be applied along the long axis 

direction of the collagen fibres yielding an increased measurement of elastic 

modulus.  

The initial AFM indentation measurements conducted on dermal explants in Chapter 

4 applied a load perpendicular to the collagen fibre network, introducing a bending 

force to the fibres within the dermal matrix represented by the arrow marked 1 in 

Figure 5.8. The loading case for the transverse sections is therefore dependent on 

which orthogonal plane the section is taken from. If the section is taken from the 

plane perpendicular to the collagen alignment then the indentation loading of the 

transverse section would be along the axis of the collagen fibres as shown in Figure 

5.8 by the arrow marked 2. A section taken parallel to the orientation angle may 

result in a loading condition similar to the dermal explant and be perpendicular to the 

long axis of the collagen fibres. AFM force-displacement measurements taken from 

sections perpendicular to the long axis of the fibres result in the collagen fibrils 

undergoing a buckling deformation where the contribution to the mechanical 

response would be minimal, which would potentially result in a reduced measured 

elastic modulus (Böl et al., 2015).  

The mechanical response to indentation loading in transverse sections is expected to 

differ from the dermal explant samples as the orientation of the collagen network has 

changed due to collagen fibre bundles within the plane no longer aligned 
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perpendicular to the applied load. However, little difference in the elastic modulus 

between dermal explants and the transverse sections is observed as shown in Figure 

5.9 and Figure 5.10, suggesting that the mechanical response at the nanoscale is not 

dependant on the structure or alignment of the collagen network of the dermis. The 

lack of a change in the mechanical response suggests that the length scale being 

observed is independent from the orientation of the collagen network contributing to 

the mechanical response of the dermis that is dominant at macroscopic length scales. 

This result of mechanical isotropy in the dermis indicates that the AFM indentation 

data from the dermal explant samples and the transverse sections can be combined to 

construct a three dimensional description of the elastic mechanical response of the 

dermis under nanometer deformations. This representation of the dermal mechanical 

environment potentially indicates that at small length scales, such as the cellular level 

where cells are applying small forces to the local microenvironment, the response of 

the surrounding material is independent of the direction of the applied force. The 

elastic modulus maps for the dermal explant and the transverse cross section are 

combined to illustrate that the elastic modulus of the dermis is independent of the 

orientation in Figure 5.11.   
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Figure 5.11. A 3D representation of the distribution of elastic modulus values for 

microscopic volumes of the dermis. The volume represented is proportional to the 

volume a cell may be exposed to in vivo or in vitro within a three dimensional 

environment. Scale for elastic modulus colouration in MPa.  



Chapter 5 – 3D nanomechanical mapping of skin 

143 

 

 

The three dimensional representation of the mechanical behaviour of skin at the 

nanoscale, assuming the orientation of the collagen network is different between the 

samples, highlights the suggested isotropic nature of the dermis at this length scale, 

specifically as the elastic modulus in the xz plane in Figure 5.10 are the same, within 

error, as the elastic modulus values in the xy plane. The difficulty in producing 

dermal explant samples, due to the mechanical peeling required to remove the 

epidermis, indicates that mechanical properties of the dermis can be extracted from 

transverse sections, which are easier to prepare, due to the mechanical isotropy.  

The mouse dorsal skin is a location often used studying the wound healing behaviour 

of skin (Ashcroft et al., 1999; Wu et al., 2007). However, separating the epidermis 

from the dermis at this location using the mechanical peeling method to analyse the 

mechanical properties of the dermis is difficult because of the significantly thinner 

epidermis present in the dorsal skin. The epidermal layer for the dorsal skin was 

thinner than the tail skin with a mean thickness of 8.31 µm ± 1.63 µm (mean ± 

standard deviation) when H&E staining images were quantified as previously 

described for the tail skin cryosections. Measuring the mechanical properties of 

transverse sections allows for analysis of the mechanical behaviour of the whole 

skin. Force-displacement curves were conducted on transverse cryosections of dorsal 

skin from two wild type mice over a region encompassing the epidermis and the 

dermis.  

The elastic modulus values of the dermal region for the two cryosectioned dorsal 

skin mouse samples were combined into a histogram to visualise the distribution of 

elastic modulus values, as shown in Figure 5.12. The distribution for the elastic 
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modulus of these samples provides a range from 0.122 kPa to 167 kPa with a mean 

of 13.2 kPa ± 0.247 kPa (standard error of mean, n = 2606) and the median of the 

distribution falling at 9.65 kPa.  The elastic modulus values presented here for the 

dermis are significantly lower than that of the dermis from the cryosectioned tail skin 

of the same breed of mice reported earlier in this chapter and displayed in Figure 5.9. 

This result suggests that there is a compositional change within the dermis depending 

on where the skin is located within the body, which results in variations in the skin 

elastic modulus.   

 

Figure 5.12. Frequency of counts for the elastic modulus measurements conducted on 

a dermis of dorsal cryosections of wild type mouse. Elastic modulus data shown 

between 0 and 100 kPa, total n = 2610 

 

The variations in mechanical response of skin at the macroscopic level have been 

previously shown to vary with the anatomical region considered in the human body 

(Ryu et al., 2008; Smalls et al., 2006). The amino acid hydroxyproline is a major 

component of collagen and often used to quantify the collagen content within a tissue 
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(Maccarana et al., 2009; Prockop and Kivirikko, 1995). The biochemical 

composition of skin wild type mice was previously shown to vary through 

quantification of the hydroxyproline content of the skin, which was shown to 

significantly change based on the region of the skin that was sampled (Manne et al., 

2013). Hydroxyproline is a component of collagen and a variation in the total content 

is expected to cause variability in mechanical performance, as collagen is an 

important stabilising component within the skin as established previously in this 

chapter. The biochemical analysis provides insight to the whole dermis and does not 

indicate special location for compositional changes within skin. However, collagen 

content varies depending on anatomical location and is thus likely to have an effect 

on the mechanical properties of the skin such as observed in elastic modulus 

variations between the tail skin and the dorsal skin here.   

The variation in the total amount of collagen within the tissue and the resulting 

change in elastic modulus further indicate a potential stabilising effect of the 

collagen fibre network on the overall nanoscale mechanical response of skin. 

Decreasing collagen content and corresponding loss of collagen fibre density, which 

could be observed as a decrease in total hydroxyproline content within the dermis, is 

expected to result in a reduced elastic modulus. A region of the dermis with a higher 

density of collagen fibres will produce a higher elastic modulus due to a higher 

volume fraction of stiff collagen fibrils to reinforce the surrounding matrix ground 

substance. To understand this proposition further, the collagen fibres within the 

dermis are considered as the reinforcing material of a continuous fibre reinforced 

composite. A rule of mixtures, or the Voigt model, for the elastic modulus of a 

composite material (Wong and Bollampally, 1999) is applied using 
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ffmfc EVEVE  )1(  Equation 5.2 

where, Ec is the elastic modulus of the composite, Vf the volume fraction of the fibre 

reinforcement, Em the elastic modulus of the matrix, and Ef the elastic modulus of the 

reinforcing fibres can be instructive in understanding the effect of increase collagen 

fibril content on dermis mechanics. Assuming Ef > Em, the relationship shows that 

increasing reinforcing fibre volume fraction causes an increase in composite elastic 

modulus Ec. Therefore, increasing stiffer collagen content within a softer ground 

substance provides a similar effect of increasing the elastic modulus of the 

(composite) dermis. This composite approach would suggest that the collagen fibre 

network within the dermis is potentially stabilising the ground substance under 

deformations at the nanoscale and the degree of influence on the ground substance is 

dependent on the total amount of collagen present.  

 

5.4 Conclusions 

 

AFM force-displacement curves were used to measure the elastic properties of 

through thickness whole skin cryosections. The spatial distribution of the elastic 

modulus of skin was recorded to visualise the local variations in mechanical 

properties at the cellular length scale. The mechanical properties of the epidermis 

were shown to be significantly higher than the dermal region, with the epidermis also 

exhibiting a graded mechanical structure, which may be linked to the terminal 

differentiation and stratification of the keratinocytes present within the epidermal 

layers. The mechanical measurements of the dermal region of the cryosections 

resulted in elastic modulus values were comparable to the values of the mouse tail 

dermal explants. Similarity between the mechanical response of the dermis to two 
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different loading orientations suggests that the dermis may behave as an isotropic 

material at the nanoscale when probed by AFM nanoindentation.  
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Chapter 6 – Analytical modelling of skin using 

composite considerations 
 

6.1 Introduction 

 

The nanoscale mechanical properties of skin, with emphasis on the spatial variation 

through the thickness of skin, have been established in Chapter 5 along with the 

apparent isotropic mechanical response of the dermis at the nanoscale. The complex 

multicomponent structure of skin makes the evaluation of the individual components 

significantly challenging. However, the overall structure of skin can be simplified 

into a two phase composite system composed of the epidermis and the dermis. The 

ability to measure the spatial variations in the mechanical properties of whole skin 

provides the potential to estimate the mechanical response of a bulk sample under 

nanoscale loading conditions. Composite mechanical properties are generally 

estimated using the mechanical properties of two matrix and reinforcement phases, 

and the respective volume fraction of each phase present within the composite 

system. The orientation and structure of the reinforcement phase, as well as the 

loading conditions applied to the material, define the composite models that can be 

applied to estimate the overall composite mechanical properties. Here we consider 

established composite models but apply to skin where the mechanical properties have 
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been measured directly in the previous chapter. Thus, the relationship between 

nanoscale mechanical properties and the prediction of overall macroscopic tissue 

mechanical behaviour is considered.  

The basic model of a composite considers two plates perfectly bonded and a tensile 

force applied such that each phase is exposed to an equal stress (isostress) or an equal 

strain (isostrain), as illustrated in Figure 6.1.  

 

Figure 6.1. Illustration of the (left) isostrain and (right) isostress loading conditions 

for a two phase composite system.  

 

The configuration where the applied strain is the same across both phases can be 

considered from the isostrain condition and the composite elastic modulus becomes a 

volume fraction weighted average of the elastic modulus of each component. The 

composite elastic modulus can be expressed as, 

 
2211 EVEVEc   Equation 6.1 

where Ec represents the elastic modulus of the composite, V2 the volume fraction of 

the reinforcement phase, E2 the elastic modulus of the reinforcement, V1 the volume 

fraction of the matrix, and E1 the elastic modulus of the matrix. This representation 

of the isostrain conditions is also referred to as the rule-of-mixtures or the Voigt 
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composite model. The loading condition where the stress across both phases is equal, 

or isostress, can be represented by a similar volume fraction based expression given 

by, 
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  Equation 6.2 

Equation 6.2 is often referred to as the inverse rule-of-mixtures or the Reuss 

composite model. The combined Voigt-Reuss (V-R) models represent the theoretical 

upper and lower bounds of the elastic modulus of a material. However, the practical 

applications of these models are often limited as the combination of 

reinforcement/matrix orientation and applied loading conditions are often not 

satisfied. The development of sophisticated volume fraction based composite models, 

particularly the Hashin-Shtrikman (H-S) model, attempts to eliminate the 

dependence of reinforcement geometry and loading conditions while providing 

tighter limits to the possible elastic modulus values. The H-S model considers a two 

phase composite system of matrix and reinforcement where the reinforcement is 

homogenous, isotropic, and of arbitrary geometry (Hashin and Shtrikman, 1963). 

The limits of the H-S model are calculated using the bulk modulus, shear modulus, 

and the volume fraction of each phase, with the upper bounds given by (Wong and 

Bollampally, 1999) 
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and the lower bounds via 
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where K is the bulk modulus and G the shear modulus. The bulk and shear moduli 

can be related to the elastic modulus through the following relationships (Hull and 

Clyne, 1996) 
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Therefore, the upper and lower limits of the H-S model in terms of elastic modulus 

can be express respectively as (Lee, 1993) 
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Equation 6.10 

  

The H-S bounds provide less variation between the upper and lower limits due to the 

more rigorous modelling of the composite, when compared to the V-R model, for the 

calculated elastic modulus of a two phase composite system. The H-S bounds 

potentially provide a more accurate estimation of the composite modulus depending 

on the volume fraction of reinforcement. The V-R and H-S models provide a 

theoretical limit on the elastic moduli of a composite material, and using these 

models provides an avenue to potentially predict the bulk mechanics of a complex 

composite system using nanoscale mechanical measurements of small volumes.  
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This chapter attempts to utilise the nanoscale mechanical description to define the 

mechanical properties of bulk skin as a composite system. Theoretical composite 

models used to describe engineering material composite systems are applied and 

evaluated against the macroscopic measurements of skin conducted at low strain 

levels. This chapter is also used to develop a finite element model based on the AFM 

nanomechanical measurements to be used as a platform for exploring the effects of 

the distribution of elastic modulus values, at the nanoscale, on the whole sample 

mechanical response under nanometer deformations at low strain levels.  

 

6.2 Materials and Methods 

 

6.2.1 Sample Preparation 

The mouse tail samples used in this chapter were harvested from wild type CD1 mice 

and the tail samples were prepared in the same manner similar to the method 

described in Chapter 3. The animals were scarified according to Home Office 

regulations (license PPL 70/7166). Two tails were cut along the length of the tail and 

to isolate the whole skin was peeled away from the tendon. The whole skin sample 

was then cut into smaller sections approximately 3 cm x 3 cm in area.   

Three whole skin tail samples were embedded in OCT and frozen down to -80°C for 

cryosectioning. The cryosectioning was carried out as previously described in 

Chapter 3 to produce transverse sections of the whole tail skin. Samples were fixed 

in methanol at -20°C for 15 minutes immediately after sectioning the. After fixation, 

the samples were rinsed three times in PBS at room temperature and then stored at 

4°C in PBS until further use.   
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Figure 6.2. H&E staining of wild type CD1 mouse tail with the right edge showing 

the stratified layers highlighted by strong pink staining, the epidermal layers stained 

blue, and the dermal connective tissue showing light pink staining. Black arrows 

indicate locations where a hair follicle is present. Scale bar 20 µm.  

 

Sample H&E staining was carried out using the protocol described in the Appendix 

to visualise the structure of the CD1 tail sections. The H&E staining was used to 

distinguish between the different layers of skin and the stained sections were then 

imaged using transmission optical microscopy (Olympus BX60) using a 10x 

objective lens. Images of a calibration grid were also captured using the same 

objective lens and camera settings. Optical images were captured using a CCD 

camera (Micropublisher 3.3 RTV, QImaging, UK). The epidermal thickness and 

whole sample thickness were quantified by importing the images into ImageJ 

alongside the calibration image. The epidermal thickness was manually measured 

using the draw line tool and converting the number of pixels to a length. The 
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epidermis was defined by the region from the layer of basal cells, which appear as a 

blue monolayer of nuclei within the image, to the edge of the stratum corneum, 

which is the edge of the sample. The thickness of the whole skin was also measured 

using the same quantification method. The whole skin thickness was only measured 

at points were the section was continuous and evidence of tearing or separation 

within the section was absent. The whole skin thickness was measured from the edge 

of the staining for the connective tissue within the skin to the edge of the stratum 

corneum. Four sections from two mouse tails were measured, and three images for 

each section and a minimum of ten measurements within each section were taken for 

each sample. The measurements of thickness for the whole skin and the epidermal 

layer were then used to calculate the volume fraction of epidermis and dermis. The 

volume fraction of the dermis was taken as  
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Equation 6.11 

 1 ED VV  
Equation 6.12 

where, VD is the fraction of dermis and VE the fraction of epidermis within the CD1 

tails, tE is the thickness of the epidermis as measured by optical microscopy from the 

H&E stain, and tW is the whole skin thickness. The fraction of epidermis and dermis 

are used later within this chapter as parameters for constructing a two phase 

composite model of skin.   

 

6.2.2 Macroscopic mechanical analysis 

Macroscopic indentation tests were performed using an MTS Bionix 100 (MTS, 

USA) equipped with a 1 mm cylindrical flat punch indenter and a 50 N load cell.  
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Whole skin samples were tested to 20% strain using displacement velocity of 0.01 

mm.s
-1

. Indentation of samples was held at 20% strain for 10 seconds prior to 

unloading at a rate of 0.01 mm.s
-1

. For each mouse, three samples of whole skin were 

tested and three indents were conducted at least 0.5 cm apart on each sample.  

Indentation the time, load, and displacement were recorded throughout all of the 

indentation of skin experiments. 

The indentation data for the skin samples was plotted as force vs displacement and 

the initial linear loading curve was fit assuming an elastic Hertzian contact condition. 

For a cylindrical flat punch indenter in contact with an elastic half space, the force is 

described by the following equation (Williams and Dwyer-Joyce, 2000), 
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Equation 6.13 

where, F is the applied force, R the radius of the cylindrical punch, v the Poisson’s 

ratio of the sample and E is the elastic modulus of the sample under the indenter.  

The whole skin samples were assumed to have a Poisson’s ratio of 0.5 to be 

consistent with the values used for the nanoscale measurements conducted 

previously in Chapters 4 and 5. The initial loading region was only considered for 

analysis of the elastic modulus as the force-displacement curve became non-linear 

after 10% strain. As a result, 10% strain was selected as the threshold strain to which 

the elastic response to the indentation load could be applied.   

 

6.2.3 Finite element Analysis 

Finite element analysis (FEA) was conducted using commercially available software 

ABAQUS (Dassault Systèmes, FR). For all the FEA conducted in this work, the 
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ABAQUS standard/explicit modelling environment was used. The elastic modulus 

values measured in Chapter 5 for the transverse sections of mouse tail skin were used 

as the material data for the FEA models.   

The AFM datasets of the elastic modulus values contain the spatial information of 

the measurements in addition to the mechanical properties and are constructed into a 

FEA mesh. The mesh was constructed by assigning each AFM data point an element 

number and corresponding nodes in the order in which the measurements were 

conducted. The element size was determined by the spacing between the AFM force-

displacement measurements, with each element representing an area of 100 nm x 500 

nm for the transverse cross section samples of skin. Each element was assigned the 

measured elastic modulus value from the AFM elastic modulus map according to the 

position within the raster scan and the Poisson’s ratio defined as 0.499. Throughout 

the FEA modelling the elements and the sample system were considered to be 

homogenous and linear elastic isotropic. This assumption is based on the previous 

Chapters results of the linear elastic behaviour observed at the nanoscale but overall 

serves as a simplification of the bulk mechanical properties of skin. Therefore, the 

modelling results presented throughout this Chapter are only applicable to nanoscale 

deformations within the linear elastic response of skin.  

The FEA conducted in this work considered the meshes produced from the cross 

section samples as an axisymmetric model. This method of analysis was selected to 

simplify the model definitions and analysis techniques required. The model therefore 

considered two dimensional 4-node bilinear axisymmetric solid continuum elements, 

CAX4, where the degrees of freedom are in the X-axis and Y-axis of a standard 

Cartesian coordinate system. A custom MATLAB script was used to automatically 

produce the mesh for importing into ABAQUS. A mesh was produced for each of the 
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transverse sections of mouse tail skin analysed by AFM indentation in Chapter 5. 

The MATLAB script assigned an element to each elastic modulus value from the 

AFM analysis arranged in the order the AFM force-displacement measurements were 

conducted. The resulting mesh contained the positional information of the AFM 

analysis alongside the mechanical description of the sample at that point. The unit 

system of time was seconds, distance in nanometres, and stress in GPa.  

The boundary conditions applied to the individual mesh models are shown in Figure 

6.3. Within the ABAQUS modelling environment the global directions and axes of a 

three dimensional system are defined such that the X-direction is U1, the Y-direction 

is U2, and the Z-direction is U3. Rotation around an axis is defined, for example 

about the X-axis, as UR1. The model is designed to simulate the unconfined 

compression of a bulk sample in response to a predefined level of strain. The 

compression loading condition was selected in order to ensure the entire sample 

measured by AFM indentation was included in the finite element analysis. The first 

boundary condition is applied to the axis of symmetry within the model, which for 

this analysis is represented as the Y-axis. The boundary conditions are such that there 

is no displacement in the X direction or rotation of the nodes lying along axis of 

symmetry (U1 = UR2 = UR3 = 0). The second boundary condition applies to the 

nodes representing the base of the sample where there is no displacement in the Y 

direction (U2 = UR1 = UR3 =0). The final boundary condition is applied to the top 

surface of the sample and represents the compression loading through a defined 

displacement of the nodes at the top surface where U2 = -25 nm. The displacement 

defined in this fashion represents a uniaxial loading condition where no end plates 

constrain the sample, so that the sample edges are free to deform in the U1 direction. 

The composite elastic modulus was determined from the model system through 
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analysis of the total internal energy of the system as a result of the deformation. The 

strain energy, U, of the deformation under uniaxial loading conditions can be defined 

through the deformation, Δ, and the initial dimensions of the sample by (Bowes et 

al., 1984) 
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  Equation 6.14 

The strain energy of the whole model is considered and plotted against the 

deformation. The resulting plot of energy vs deformation is fitted to a second order 

polynomial and the elastic modulus extracted from the leading coefficient as the 

initial cross sectional area, A0, and initial length, L0, of the model are known. The 

axisymmetric FEA model is cylindrical in shape, so the cross sectional area of the 

model is calculated by using the width of the mesh in the X-direction as the radius.  

Boundary conditions were defined in order to simulate the compression of an 

axisymmetric body. Meshes were defined that contained elements using a single 

value for the elastic modulus to give the compression condition and the FEA was 

conducted. The elements within these meshes also used CAX4 elements but had the 

dimensions of 100 nm by 100 nm with a total mesh size of 400 nm by 1000 nm. 

Elastic modulus values of 1 MPa and 10 kPa were used for this validation. Three 

additional meshes were produced with varying compositions of 1 MPa and 10 kPa 

elastic modulus elements. The compositions described by the volume fraction of 1 

MPa elements within the mesh as V1MPa = 0.2, 0.5, and 0.8, were used to understand 

the FEA description of a composite sample. The variation of the composition within 

the sample and the orientation of each phase is illustrated in Figure 6.3c. The verified 

boundary conditions were then applied to the meshes generated from the AFM data 

sets of the mouse tail skin cross section, which were analysed in Chapter 5.   
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Figure 6.3. (a) ABAQUS representation of mesh used for validation of the illustrated 

boundary conditions. (b) Schematic of the applied deformation with the dashed 

yellow line representing the axis of symmetry for the model. (c) Illustration of the 

variation of the five constructed meshes used to observe the composite behaviour of 

the FEA with red representing the 10 kPa elements and blue the 1 MPa elements.  
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6.3 Results and Discussion 

 

Indentation of whole skin mouse tail samples using a displacement controlled flat 

punch produced force-displacement measurements as shown in Figure 6.4. The 

cylindrical indenter contact area with the sample does not change with increasing 

indentation depth, indicating an expected linear force-displacement relationship. 

Figure 6.4 shows that the initial loading was linear followed by non-linear behaviour 

after a threshold strain in the loading force-displacement curve.  

 

 

Figure 6.4. (a) Full force-displacement curve of whole skin using a 1 mm indenter 

showing non-linear behaviour beyond a threshold indentation depth between 50 µm 

and 75 µm. (b) Linear relationship within the highlighted region of the force 

displacement curve and linear fit line used to extract the elastic modulus using 

Equation 6.13.  
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The non-linear force-displacement behaviour observed when performing flat punch 

indentation is suggested as being due to the response of the collagen network to the 

applied load. Whole skin when subjected to a uniaxial tensile test responds with a 

non-linear stress-strain behaviour, which has been extensively reported (Gahagnon et 

al., 2012; Groves et al., 2013; Ní Annaidh et al., 2012b; Vexler et al., 1999). The 

non-linear behaviour leading to an increased linear stiffness has been associated with 

the alignment of the collagen network under loading (Groves et al., 2013; Ní 

Annaidh et al., 2012b). As the strain is increased, the collagen fibres within the 

dermis align with the applied load and thus increases the stiffness of the dermis 

(Eastwood et al., 1998; Groves et al., 2013; Ní Annaidh et al., 2012b). This non-

linear behaviour also has an effect on the unloading behaviour of the force-

displacement curve. In order to draw comparisons between the nanoscale mechanics 

measured in Chapters 4 and 5, and macroscopic skin mechanics, only initial loading 

is considered and the large strain behaviour is ignored. The small strain behaviour of 

the macroscopic test applies a similar loading condition to the AFM force-

displacement measurements conducted in Chapters 4 and 5. The elastic modulus of 

the initial loading was calculated by fitting Equation 6.13 to the initial linear region 

of the force-displacement indentation curve as shown in Figure 6.4b. A resultant 

average elastic modulus of 78.36 kPa ± 8.338 kPa (standard error of mean, n = 17 

indents across six samples from two mouse tails) was found using this approach. The 

standard deviation of the measurements was 34.38 kPa and the range of elastic 

modulus was from 35.81 kPa to 139.5 kPa. Both values are considered large 

compared to the mean, indicating a large amount of variability of the mechanical 

behaviour. This variability is also observed at the nanoscale in the measurements 

previously carried out in Chapter 4 and Chapter 5, suggesting that the variation in 
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mechanical properties is inherent in biological samples regardless of the length scale 

observed. A relationship between the nanoscale mechanical properties and 

macroscopic behaviour is thus suggested here and, indeed, expected.  

The indentation uses a 1 mm diameter flat punch when contacting the skin and is an 

established macroscopic length scale measurement. The resulting elastic modulus 

recorded for the whole skin is anticipated as being derived from the mechanical 

properties of the dermis and the epidermis, with the elastic modulus value potentially 

a function of the contribution of each phase, or layer, to the overall mechanical 

response. The volume fraction of epidermis and dermis present must be determined 

in order to evaluate the individual contribution of each layer to the overall 

mechanical response. An approach is therefore used here to link the nanomechanical 

information, captured from AFM techniques in the last chapter, to macroscopic 

measurements by considering the structural composition of skin.  

Histological techniques were used to analyse the structure of the skin samples used in 

this work. Analysis of the histological sections of the transverse CD1 mouse tail skin 

showed the whole skin to have an average thickness of 268.8 µm ± 29.99 µm 

(standard deviation, n = 20) with the epidermis having an average total thickness of 

67.30 µm ± 13.17 µm (standard deviation, n = 40). Figure 6.2 shows a representative 

image of the H&E staining. The hair follicles of the tail skin are clearly visible 

within the section, denoted by black arrows in Figure 6.2. The regions of the skin 

where hair follicles were visible were not included in the measurements of the 

epidermal thickness because the region around the hair follicle is not representative 

of the thickness of the epidermis. The volume fraction of the epidermis within the 

whole skin was calculated using Equation 6.11 and Equation 6.12, using the average 
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values for the thickness of the whole skin and epidermis, and found to be VE = 

0.2503 or 25.03% of the whole skin volume is epidermis.   

Several theoretical models for two phase composites have been previously discussed, 

specifically the Voigt-Reuss bounds, Equation 6.1 and Equation 6.2, and the Hashin-

Shtrikman lower bound given by Equation 6.9 and Equation 6.10. These models 

were implemented to estimate the composite modulus but the elastic modulus of each 

component and the corresponding volume fraction of the components must be 

known. For the macroscopic indentation tests conducted, only the composite elastic 

modulus and the volume fraction of the dermis and epidermis are known. However, 

the previous chapter provides dermis and epidermis values that critically may 

provide a link between nanoscale mechanical behaviour of overall skin mechanics.  

The modulus values obtained in Chapter 5 provide a unique approach to constructing 

a composite model for whole skin.  Each data set for AFM indentations on transverse 

cross sections of skin contains elastic modulus values for both the dermis and the 

epidermis. Information about the fraction of each phase is therefore contained within 

the AFM data sets. The Voigt-Reuss model can be easily applied to each AFM data 

set by treating the individual elastic modulus values as individual components. The 

Voigt-Reuss model is modified to encompass all of the AFM data so that the Voigt 

model becomes 
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where n is the total number of AFM indentations that were recorded, Ei is the 

individual elastic modulus value corresponding to a specific point within the data set, 

and Ec is the composite model. Equation 6.15 and Equation 6.16 are subsequently 

used to calculate the composite modulus of the whole skin and incorporates 

variations in mechanical behaviour across the measured area. The Voigt-Reuss 

bounds provide theoretical limits for the composite modulus of skin using a multi-

phase composite model. The values of elastic modulus produced using Equation 6.15 

and Equation 6.16 for each AFM data set are plotted in Figure 6.5 alongside the 

composite modulus value obtained from the macroscopic testing of whole skin.  
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Figure 6.5. Bar chart of the composite elastic modulus calculated from the individual 

AFM measurements recorded from mouse cryosections. The Voigt model illustrates 

significantly higher predicted elastic modulus when compared to macroscopic 

measurements, while the Reuss model provides an improved estimation of the 

composite modulus. 

 

Figure 6.5 indicates that the elastic modulus of skin is significantly overestimated 

using the Voigt model and consistently underestimated using the Reuss model when 

compared to the experimental macroscopic value. However, this simple approach 

fixed the epidermis and dermis volume fraction, which is unrealistic as different 

volume fractions of each phase are present throughout the tissue as shown in Figure 
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6.2 by the varying epidermal thickness throughout the cross section. An 

improvement to the approach is therefore to incorporate the volume fraction of each 

phase with the AFM mechanical data to provide a more accurate calculation of the 

composite skin elastic modulus. To achieve this, the elastic modulus data collected 

on the cryosections of mouse tail skin from Chapter 5 was plotted against the depth 

into the skin to evaluate the volume fraction of epidermis and dermis present within 

the measured area of the cryosection, as shown in Figure 6.6a, for one of the 

cryosection data sets.  
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Figure 6.6. a) Plot of the elastic modulus with respect to the vertical position of the 

AFM indentation measurement with each curve representing the x axis location. The 

plots show a transition from low elastic modulus dermis from position 0 to higher 

elastic modulus values of the epidermis towards the edge of the sample. b) 

Cumulative elastic modulus plot, where the elastic modulus of each row as averaged 

and the cumulative elastic modulus plotted to highlight the transition point between 

dermis and epidermis. c) The derivative with respect to position of the cumulative 

elastic modulus to confirm the transition from dermis to epidermis.  
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Figure 6.6a shows a relatively low elastic modulus starting from within the dermis 

that significantly increases in value. The cumulative modulus in Figure 6.6b 

highlights the inflection lying beyond position 240, which corresponds to an 

epidermal thickness of approximately 24.0 µm. In conjunction the plotting the 

positional variation in the elastic modulus, a plot of derivative of the cumulative 

modulus with respect to position was produced to visualise the transition point 

between the epidermis and the dermis, as shown in Figure 6.6c.  

The transition from dermis to epidermis allows an average elastic modulus for each 

phase to be calculated. Data points from line 0 to line 240 were used to define the 

dermis volume and a numerical average was used to give the elastic modulus for the 

dermis. The ratio of the number of data points taken for the average dermal elastic 

modulus over the total number of data points is used to provide the fraction of dermis 

for each AFM data set. The average elastic modulus of the epidermis is determined 

by the average elastic modulus of the remaining points in the data set. The average 

epidermal and dermal elastic modulus curves describing the Voigt and Reuss 

composite modulus behaviour can be constructed by taking an average value for the 

elastic modulus of the epidermis and dermis across all of the samples measured and 

calculating the composite elastic modulus for a given volume fraction of epidermis 

present. The average V-R bounding curves are shown in Figure 6.7 along with the 

composite elastic modulus of whole skin calculated from each individual AFM data 

set.   
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Figure 6.7. Elastic modulus versus volume fraction of epidermis plot indicating the 

variation between the average V-R bounds, the composite modulus calculated from 

the AFM elastic modulus measurements and the macroscopic measurement of whole 

skin.  

 

The average V-R bound curves and composite elastic modulus values for the 

cryosection samples shown in Figure 6.7 illustrate that the V-R bounds are not 

suitable for estimating the composite modulus of skin from the AFM data sets. The 

V-R model predicts composite elastic modulus values for the AFM data sets that fall 

outside of the average V-R bound limits and display no dependence on volume 

fraction of epidermis. The poor prediction of elastic modulus for skin using Voigt-
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Reuss bounds are derived from continuous fibre reinforced two phase composite 

materials where perfect stress transfer occurs between the fibres and the matrix (Hull 

and Clyne, 1996) and the force is longitudinal or transverse to the fibre direction 

resulting in an isostrain or isostress condition respectively, which is not the case 

within the structure of skin. Thus, the poor prediction of skin macroscopic 

mechanical properties using Voigt-Reuss approaches is perhaps expected. Hashin-

Shtrikman bounds provide more general bounds for materials of arbitrary phase 

geometry (Hashin and Shtrikman, 1963). The Hashin-Shtrikman (H-S) bounds are 

derived in terms of the bulk modulus and the shear modulus. These additional 

parameters are calculated using the same average elastic modulus values used to 

calculate the Voigt-Reuss (V-R) bounds. The bulk and shear moduli are calculated 

for an AFM data set from Equation 6.7 and Equation 6.8 using values for the 

Poisson’s ratio of 0.49, 0.499, and 0.4999 and then computing the H-S bounds, with 

Figure 6.8 detailing the plot of the bounds with the varying Poisson’s ratio. Values of 

Poisson’s ratio close to v = 0.5 are used as a boundary condition as v = 0.5 would 

cause the bulk modulus of each phase to tend to unity. Little deviation between the 

bounds when the Poisson’s ratio is varied is observed in Figure 6.8 so that remaining 

calculations were carried out assuming a Poisson’s ratio of 0.499.   
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Figure 6.8. Elastic modulus versus volume fraction plot of a defined elastic modulus 

material with the composite modulus calculated using the H-S bounds illustrating 

little effect of varying the Poisson’s ratio between 0.49 and 0.4999. 

 

The functions describing the composite modulus as a function of volume fraction of 

epidermis were constructed using Equation 6.11 and Equation 6.12 as well as 

average elastic moduli of epidermis and dermis for all the cross section samples 

measured. The function describing the H-S bounds is plotted in Figure 6.9 alongside 

the data points representing the calculated lower bound for the individual AFM data 

sets and the macroscopic experimental measurements. The V-R bounds are also 

represented along with the data points showing the composite modulus calculated 
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from the Reuss model using the average modulus values for the epidermis and the 

dermis within each AFM data set.  

 

Figure 6.9. Elastic modulus versus volume fraction of epidermis plot for the H-S 

bounds applied to the average dermis and epidermis elastic modulus values from the 

AFM force-displacement measurements. Good agreement between the AFM 

measurements, the prediction from the H-S bounds and the macroscopic result is 

found. The V-R composite modulus for the average AFM data is also shown as the 

open triangles with the values still not representative of the macroscopic 

measurement.  
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Figure 6.9 shows agreement between the curve describing the lower H-S bound and 

the data points calculated from the individual AFM data sets with an R-squared value 

of 0.998. Additionally, the macroscopic measurement of the elastic modulus whole 

skin falls on the curve of the predicted composite elastic modulus. Comparatively, 

the V-R bounds also provide a good fit to the individual data points, R-squared value 

of 0.991. However the Reuss model underestimates the composite modulus of whole 

skin when compared to the experimental measurement of whole skin. This result 

indicates that the bulk mechanics of skin can be predicted through the measurement 

small volumes and the application analytical models, although through the 

application of the Hashin-Shtrikman estimation there is a loss of the spatial 

distribution of the elastic modulus data as averages of the epidermis and dermis must 

be taken. In order to include all of the spatial data information, more complex 

computational methods through finite element analysis were employed.  

 

6.3.1 Finite Element Analysis 

The FEA of a mechanically homogenous material was conducted in order to validate 

the boundary conditions being applied. Two materials of different elastic modulus 

were analysed, with the difference in elastic modulus being two orders of magnitude, 

10 kPa and 1 MPa. These values of elastic modulus are of a similar order of 

magnitude to observations in the mouse tail cross sections for the dermis and the 

epidermis. The FEA provided an elastic modulus of 9.987 kPa and 1.00001 MPa for 

the homogenous 10 kPa and 1 MPa samples respectively, which gives an indication 

that the applied boundary conditions are suitable for analysing the elastic modulus of 

the sample under a compressive deformation. With the validation of a homogenous 

material satisfied, analysis of a two phase composite sample was conducted in order 
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to interpret how the FEA package describes composite materials. The results of the 

analysis of the elastic modulus of three composites with varying compositions of two 

phases are shown in Table 6.1. Included in Table 6.1 for comparison are the 

predicted composite moduli using the Reuss model and the Hashin-Shtrikman lower 

bound. The elastic moduli are displayed in Figure 6.10 as a plot against the volume 

fraction of the stiffer phase in addition to the functions describing the Reuss model 

and the H-S lower bound.  

Table 6.1. Comparison of the predicted composite elastic modulus values using 

various methods with the finite element analysis result.  

Fraction of 

1 MPa 

phase 

FEA elastic 

modulus 

(MPa) 

H-S predicted elastic 

modulus 

(MPa) 

Reuss predicted elastic 

modulus 

(MPa) 

1 1.00001 1 1 

0.8 0.072137 0.097127 0.048077 

0.5 0.022719 0.033357 0.019802 

0.2 0.013568 0.015954 0.012469 

0 0.009987 0.01 0.01 
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Figure 6.10. Skin elastic modulus results from the FEA of a predefined composite 

material illustrating that the finite element results fall between the V-R and H-S 

bounds for the composite elastic modulus.  

 

The data in Table 6.1 and in Figure 6.10 show that the FEA is resulting in elastic 

modulus values that lie between the Reuss and H-S bounds. The elastic modulus of 

the validation mesh falling within the two sets of bounds indicates the boundary 

conditions applied to the model are sufficient.   

Three FEA meshes were produced using the AFM data sets from the analysis of the 

cross sectioned mouse tail skin. The meshes produced included all the individual 
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elastic moduli from each point within the data set. The results of the FEA to 

determine the composite elastic modulus of the whole sample are shown in Figure 

6.11 alongside the Reuss and H-S bounds from the average modulus of the dermis 

and epidermis.  

 

Figure 6.11. Plot of the results of the FEA from the meshes based on the AFM 

measurements. The results show FEA output that is significantly lower than the H-S 

and V-R models regardless of mesh complexity.  

 

The open triangles represent the elastic modulus using the entire AFM data set and 

results in elastic moduli that are significantly lower than the Reuss model. The low 
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value of elastic modulus can be explained by the presence of significantly softer 

regions relative to the remainder of the mesh, as these regions will have greater 

deformations at much smaller loads. Therefore the applied deformation will be 

localised within these soft regions resulting in an analysis that is not inclusive of the 

entirety of the sample but rather a small percentage, so the elastic modulus value 

expressed from this model is not representative of the whole sample.  

The main variations of the elastic modulus of skin occur through the thickness from 

the epidermis to the dermis. To maintain these variations in elastic modulus, while 

improving the FEA model, the average elastic modulus value was calculated along 

each row of the mesh. The average elastic modulus for the row was then assigned 

each element of that the row and the FEA was repeated. The elastic modulus values 

resulting from the FEA of the averaged row samples are shown in Figure 6.11 as the 

open circles. Figure 6.11 indicates a slight elastic modulus increase for rows 

compared to point considerations, but the contribution of the entire sample is not 

being included in the analysis. The model was simplified further by using only the 

overall average elastic modulus values for the epidermis and dermis as the material 

property inputs. For each sample the same number of elements, volume fraction, and 

dimension of the mesh were consistent and the FEA was conducted again.  
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Figure 6.12. FEA result of the strain in the direction of the applied deformation. (left) 

the mesh using all of the AFM elastic modulus measurements where specific regions 

are displaying significantly higher deformation than the surrounding regions. 

(middle) the mesh using the average row value of elastic modulus and (right) the 

mesh using an average elastic modulus for the dermis and epidermis.  

 

The effect of simplifying the model components can be seen in the overall strain in 

the direction of the applied deformation. Within the E22 deformation, as shown in 

Figure 6.12 for all three model types, the distribution of deformation behaviour is 

lost through the simplification of the elements to average elastic modulus values. The 

model including all of the individual elastic modulus data displays the regions where 

significant deformation is occurring relative to the surrounding region, further 
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highlighting the effect of the distribution of mechanical properties on the overall 

elastic modulus. Averaging across the rows of the mesh reduces the effect of the 

spatial distribution of the elastic modulus, with the maximum strain in the E22 

direction being an order of magnitude lower when compared to the previous model. 

The simplification of the model to a two phase system further reduces the effect of 

location deformations. The reduction in the deformation of single elements by 

removing the spatial variation results in an increase in the composite elastic modulus 

of the model.  

The elastic modulus results of the FEA with the simplified two phase models are 

represented by the open diamonds in Figure 6.11. The position of these results on the 

plot shows an increase in the calculated elastic modulus of the bulk sample and 

additionally the sample with a volume fraction of 0.76 shows a significant increase in 

elastic modulus. Although the FEA elastic modulus values lie within the Reuss 

bound, the values are still significantly lower than the macroscopic measurement and 

the H-S bound. The progressive simplification of the model and the resulting 

increase in elastic modulus indicates that the model is sensitive to the variations in 

mechanical properties distributed throughout the mesh. The relatively small volume 

being considered in the FEA compared to the macroscopic sample may be a 

contributing factor within the FEA resulting in an underestimation of the elastic 

modulus of a bulk sample. Asymmetric distributions of soft regions throughout a 

small volume would be compensated in a larger volume by surrounding stiffer 

regions but the soft regions are free to deform within a small volume sample. The 

volume of the sample was therefore considered as a parameter that could be used to 

improve the accuracy of the model.  
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Plotting the difference in elastic modulus between the predicted modulus from the 

Hashin-Shtrikman bounds and the modulus calculated from the FEA, for each of the 

cross section samples, against the total sample volume for each mesh is shown in 

Figure 6.13. The volume was taken as V = πr
2
h from the axisymmetric model 

construction of the sample mesh. A fourth data set was produced by reducing the 

sample volume of the AFM data set with an epidermis volume fraction of 0.27 in 

order to further understand if there is a relationship between the total sample volume 

and the difference between the H-S model and the FEA.  
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Figure 6.13. Plot of the difference in elastic modulus between the H-S model and the 

FEA result versus the total volume of each phase (epidermis and dermis) present in 

the mesh. Dependence between the difference in elastic modulus and the total 

volume of dermis is observed but little effect of the volume of the epidermis on the 

elastic modulus result is found.  

 

Figure 6.13 indicates that there is no relationship between the total sample volume 

and the difference in the elastic modulus. The FEA results showed that the majority 

of the sample deformation was occurring within the region of the model representing 

the dermis. Plotting the difference in elastic modulus against the volume of the 

dermis within each sample, as shown in Figure 6.13, displays an effect of the volume 
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of the dermis on the elastic modulus produced from the FEA. Additionally, a similar 

plot of the volume of the epidermis against the difference in elastic modulus displays 

no correlation as represented by the red data points in Figure 6.13. No correlation 

between the difference in elastic modulus and the total volume of the sample or 

volume of the epidermis indicates that these two factors are not contributing to the 

resulting elastic modulus, where the volume of the dermis is shown to have a clear 

impact on the result of the FEA. The trend relating the volume of the dermis to the 

difference in the elastic modulus can therefore be used to calibrate the FEA model.   

A power law function can be used to describe the trend between the volume of the 

dermis and the difference in elastic modulus, with the regression fit shown in Figure 

6.13, with a corresponding adjusted R
2
 of 0.971 given by,  

 183.11010652.1  xc  Equation 6.17 

where c represents the difference in elastic modulus and x the volume of the dermis 

within the sample. The calibration factor for the FEA is calculated using Equation 

6.17 based on the volume of the dermis and then added to the FEA elastic modulus 

using Ea = E0 + c, where Ea is the initial FEA elastic modulus, c is the calibration 

factor based on the function of the total sample volume, and Ea is the calibrated FEA 

result. The physical representation of this calibration factor suggests that as the 

volume of the dermis tends to infinitely large volumes, the value of the calibration 

will approach zero, while as the volume of the dermis approaches zero the calibration 

function will increase and at a volume of zero the function breaks down. This 

asymptotic behaviour is appropriate as the model is assuming a two phase composite 

system where a zero dermis volume causes an invalid composite system, as the 

composite modulus cannot be predicted based on a one phase model.  
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Figure 6.14 shows the calibrated elastic modulus values against the H-S prediction 

with the plot showing the improvement in the elastic modulus from the FEA. The 

volume based correction factor improves the FEA result such that the elastic 

modulus values lie on the H-S curve predicting the composite elastic modulus of 

whole skin. This result indicates that there is a large contribution of the volume of 

the sample on the elastic modulus calculated from the finite element software. The 

larger sample volume therefore provides a FEA elastic modulus closer to the H-S 

bounds. Each individual measurement in smaller sample volumes provide a greater 

effect on the overall analysis such that a single uncharacteristically soft region could 

have a disproportionate effect on the calculated overall composite modulus. In the 

case for larger sample volumes, the individual regions are less likely to have an 

effect on the bulk mechanics and the FEA is more representative of the bulk system.  
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Figure 6.14. Plot of the elastic modulus versus volume fraction of epidermis 

indicating that the FEA model can be calibrated to the elastic modulus of whole skin 

from nanoscale AFM measurements.  

 

The macroscopic indentation showing the whole skin elastic modulus lie on the H-S 

bound alongside the corrected FEA modulus, indicating this model can be used to 

predict the composite bulk elastic modulus under nanoscale deformations from the 

individual nanoscale AFM measurements. However, it should be noted that these 

results are only applicable to the linear elastic region of skin and are not 

representative of mechanical behaviour at higher strains. Subjecting skin to higher 

strains results in a non-linear response, which has been shown in this chapter using 
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flat punch indentation. This model also demonstrates the potential for using finite 

element analysis to predict the effect of local changes in the elastic modulus on the 

mechanics of the overall system within a specific range of nanoscale linear elastic 

deformation. For example, the local changes in a tissue could be due to disease or 

wounding that alter the mechanical properties of tissue at the nanoscale. These 

changes in elastic modulus could be substituted into the FEA model and used to 

predict the overall isotropic linear elastic modulus of skin in an altered state when 

sufficient samples may not be available for experimental testing. 

 

6.4 Conclusions 

 

Indentation measurements were conducted on whole skin samples from mouse tail at 

low strains to determine the macroscopic mechanical properties. High spatial 

resolution mechanical measurements of whole skin cryosections were used to predict 

the composite material behaviour using the Voigt-Reuss and Hashin-Shtrikman 

bounds. The elastic modulus predicted from the small volume measurements using 

the two-phase Hashin-Shtrikman bound agreed with the macroscopic mechanical 

measurements recorded. Finite element analysis was used to evaluate a complex 

multi-phase composite material with the computed elastic modulus showing a 

dependence on the volume of the soft dermis phase present within the model. Finite 

element analysis using a calibration gave an elastic modulus that showed good 

agreement with the experimental macroscopic result from small scale testing.  
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Chapter 7  – Electrospinning and cell culture 
 

7.1 Introduction 

 

The ability to quantify the spatial mechanical properties of skin has been 

demonstrated in previous chapters. This information provides an opportunity to 

consider the suitability of appropriate tissue scaffolds that can provide mechanical 

properties that mimic those of the native tissue. Polycaprolactone (PCL) is a common 

synthetic biodegradable polyester that has become commonly used in tissue culture 

scaffolds and is a candidate biomaterial in skin applications, and proposed in this 

chapter as a mechanical analogue to skin (Franco et al., 2011; Ghasemi-Mobarakeh 

et al., 2008; Kim, 2008; Tan and Teoh, 2007). PCL has been FDA approved for use 

in clinical applications such as slow release drug delivery and as a suture material 

(Woodruff and Hutmacher, 2010). PCL has a long degradation time period with bulk 

PCL having a total degradation period between 2-3 years (Nair and Laurencin, 

2007). Processing PCL through electrospinning methods, where PCL is produced as 

fibres with diameter control from sub-micron to many microns, provides a potential 

method for constructing a suitable tissue engineering scaffold. PCL has been 

routinely electrospun into fibres by preparing solutions of the bulk polymer using a 

range of solvents including chloroform, dimethylformaide (DMF)/tetrahydrofuran 
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(THF), dichloromethane (DCM), trifluoroethanol (TFE), hexaflouro-2-propanol 

(HFP) and acetic acid/formic acid solutions (Bordes et al., 2010; Charitidis, 2011; 

Croisier et al., 2012; Denis et al., 2014; Gautam et al., 2013; Ghasemi-Mobarakeh et 

al., 2008; Liu et al., 2010; Zhang et al., 2005). The concentration of PCL in solution 

can range from 10-40 wt/v% (Cipitria et al., 2011). Electrospun scaffolds of PCL 

have been used for in vitro cell culture research using many different cell types 

including, but not limited to, human dermal fibroblasts (Zhang et al., 2005), mouse 

lung fibroblasts (Cipitria et al., 2011), and human epidermal keratinocytes (Chong et 

al., 2007). PCL scaffolds have also been developed for skin regeneration using 

dermal fibroblasts (Chandrasekaran et al., 2011). 

One of the drawbacks of using PCL as a cell culture scaffold is the hydrophobic 

nature of the material. Hydrophobicity results in poor wetting behaviour and can lead 

to limited cell adhesion, affecting the viability of the structure as a cell culture 

scaffold (Zhang et al., 2005). The hydrophobic behaviour of PCL can be overcome 

by surface treating the polymer after electrospinning. Surface treatments generally 

used to alter the PCL surface chemistry are plasma treatment, chemical treatment, 

deposition of common ECM proteins, or combining bioactive components into the 

electrospun fibre network (Cipitria et al., 2011). PCL can also be combined with 

other synthetic or natural polymers to alter the properties of the fibres such as further 

improve the biocompatibility, change the degradation rate, or effect the surface 

wetting properties of the fibres depending on the requirements of the fibre. PCL is 

commonly combined with collagen, gelatin, or other biodegradable polyesters such 

as PLA (Cipitria et al., 2011) to define the degradation properties. Combining PCL 

with gelatin when electrospinning scaffolds improves the overall biocompatibility of 

the scaffold because gelatin is derived from collagen. Gelatin also has the effect 
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improving the liquid droplet wetting properties of electrospun scaffold.  Ghasemi-

Mobarakeh et al. have shown that the addition of gelatin, at a ratio of [70:30] 

(PCL/gelatin) with PCL in the electrospinning solution reduced the water contact 

angle from 120˚ on a scaffold of composed of only PCL, to 32˚ on the PCL/gelatin 

composite scaffold. The contact angle was further reduced to complete wetting, or 0˚, 

using a PCL/gelatin ratio of [50:50] (Ghasemi-Mobarakeh et al., 2008).   

PCL/gelatin composites have been used frequently for developing a dermal 

replacement or wound dressing as both PCL and gelatin are biocompatible and 

affordable materials (Chong et al., 2007; Gümüşderelioğlu et al., 2011). The addition 

of gelatin or collagen to the electrospun fibre increases the biodegradation rate as 

shown by Gümüşderelioğlu et al., and demonstrated a 20% loss in weight after 7 

days, in PBS at 37˚C, of a PCL/gelatin scaffold compared to the PCL scaffold, which 

showed a negligible loss in weight (Gümüşderelioğlu et al., 2011). The increase in 

biodegradation rate is promising for a dermal substitute that can be remodelled and 

ultimately replaced by naturally produced extra cellular matrix material.  Many of the 

studies conducted used scaffolds comprising of fibres with a diameter of 200-400 nm 

(Chong et al., 2007; Duan et al., 2013) and did not quantify the fibroblast migration 

into the scaffold. Increasing the electrospun fibre diameter could result in a larger 

pore size and promote further cell migration into the scaffold.  

The mechanical properties of PCL/gelatin (50:50) scaffolds have been reported to lie 

in the 1.2-1.6 MPa range, when tested in dry conditions by uniaxial tension (Duan et 

al., 2013). Critically, the elastic modulus of electrospun PCL scaffold has not been 

assessed throughout the cell culture or within a hydrated environment as the presence 

of the cell culture environment may impact the mechanical properties of the scaffold 

(Duan et al., 2013).  The mechanical properties of a PCL/gelatin scaffold therefore 
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require characterisation to understand the spatial changes in the mechanical 

environment at the nanoscale, with AFM indentation a suitable technique that 

provides mechanical information spatially. AFM indentation also provides 

mechanical evaluation of both the individual fibres and entire scaffold to ensure the 

properties of the scaffold are similar to the measured modulus values of a hydrated 

dermis. The elastic modulus is also obtainable in vitro by AFM indentation, and 

allows for analysis of the effects of biodegradation on the mechanical stability of the 

scaffold and any contribution of the cultured cells on the mechanics of the system. 

The complex three dimensional microenvironment that fibroblasts are exposed to 

within the dermis is key to understanding the behaviour and activity of the cells (Lo 

et al., 2000; Rehfeldt et al., 2007; Saez et al., 2005; Solon et al., 2007). The 

introduction of a 3D environment leads to a significant change in cellular behaviour 

when compared with a flat 2D in vitro environment (Cukierman et al., 2001). 

Fibroblast migration, proliferation and signalling have shown marked differences in 

vitro when compared to a 3D cell derived matrix (CDM) and a flattened 2D CDM 

(Green and Yamada, 2007).Specifically, Green et al. showed human primary 

fibroblasts cultured in a 3D CDM had a proliferation rate that was double the rate of 

human fibroblasts cultured on a fibronectin substrate, and that cell migration within 

the 3D environment was more persistent and migrated at a higher velocity. 

Mesenchymal stem cell fate has also been shown to be directly influenced by the 

mechanical environment used to culture stem cells (Engler et al., 2006). The stiffness 

of the microenvironment or ECM is therefore critical in determining the behaviour of 

the cell and is expected to vary according to the 3D organization found in the dermis. 

CDMs provide an interesting platform for investigating the effects of a 3D 

environment on cellular behaviour as these naturally produced structures mimic the 
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in vivo characteristics of the stromal tissue present in the dermis (Ishikawa et al., 

1997; Kutys et al., 2013). In situ analysis of the 3D microenvironment is important to 

understand the variations that may exist in the mechanical properties of different 

tissue culture scaffolds.  

This chapter aims to further extend the mechanical analysis techniques established in 

the previous chapters. The link between the nanoscale mapping of mechanical 

properties to the bulk mechanics of a heterogeneous material has been developed and 

is extended here to investigate the mechanical properties of a tissue scaffold. The 

bulk material properties of a CDM/scaffold biocomposite can be estimated by using 

AFM spatial mechanical mapping over a small volume of the material to determine 

the suitability of engineered scaffolds as mechanical analogues to skin.  

 

7.2 Materials and Methods 

 

7.2.1Polymer Solutions 

Polycaprolactone pellets (Sigma Aldrich, UK) with an average molecular number of 

80,000 and type A gelatin from porcine skin (gel strength 300, Sigma Aldrich, UK) 

were used as the polymer base for the electrospun scaffolds. The polymer solutions 

used in this work were formed with a combination of acetic acid (glacial, Sigma 

Aldrich, UK) and formic acid (reagent grade, Sigma Aldrich, UK) as the solvent at a 

ratio of 9:1 (Acetic acid/Formic Acid). Acetic acid dissolves both PCL and gelatin 

separately, but combining the PCL and gelatin solutions lead to partial precipitation 

of the gelatin. The addition of formic acid aids in the dissolution of the gelatin into 

solution and decreases the apparent viscosity of the solution, which is important in 

allowing electrospinning of the solution. Acetic acid and formic acid were selected 
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over other solvents, such as hexafluoroisopropanol and trifluoroethanol, to reduce the 

risk of residual toxic solvent being released from the electrospun scaffolds during the 

cell culturing process. The polymer solutions of PCL and gelatin are prepared 

separately and mixed under forced agitation using a magnetic stirring bar until no 

particulates of the base polymer are observed within the solutions. The polymer 

solutions were prepared in two weight percentage concentrations of 15.5 w/w% and 

17.5 w/w%. The gelatin solution was then added to the PCL solution to form a 

PCL/gelatine solution at a ratio of 8:2 (PCL/gelatin).   

 

7.2.2Electrospinning 

Electrospinning was used to generate the desired nanofibre scaffold. Electrospinning 

is the process that applies an electric field to a polymer solution under constant 

pressure to form a charged jet of polymer. The polymer jet is then drawn towards a 

collector substrate by the force of the electric field. Solid polymer fibres are 

produced as the solvent of the polymer solution evaporates during deposition  as a 

random nonwoven sheet onto a collector substrate (Doshi and Reneker, 1995; 

Reneker and Chun, 1996).  

A custom built electrospinning setup using a single needle in a vertical orientation 

was used and is schematically shown in Figure 7.1.   
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Figure 7.1. (Left) Schematic of the electrospinning setup where the polymer solution 

is fed through a needle at a controlled rate and the voltage is applied directly to the 

needle with a metallic ground collector plate. (Right) Photo of the electrospinning 

setup with the sample target on the left and the needle on the right. The distance 

between the needle and the target is approximately 20 cm.  

 

A horizontal electrospinning setup was used to avoid the possibility of any solution 

droplets falling from the needle onto the electrospun fibre mat and dissolving regions 

of the fibres (Blackwood et al., 2008; Cipitria et al., 2011; Li et al., 2002). 

The polymer solution was supplied at a constant flow rate of polymer solution to the 

needle through PTFE tubing from a syringe pump (Genie, Kent Scientific, UK) 

located outside of the electrospinning chamber. High voltage was applied between 

the needle and the target substrate, typically square sheets of aluminium, by directly 

attaching the voltage supply (FC Series, Glassman High Voltage Inc., USA/EU) 
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between the needle and the target. The substrate used in this work was an aluminium 

sheet approximately 15 cm x 15 cm x 0.1 mm. Each polymer solution required a 

specific set of electrospinning parameters including the applied voltage, flow rate, 

and total time of electrospinning that are shown below in Table 7.1. The two 

different solution concentrations were electrospun for at least 2 hours in order to 

produce relatively thick (>0.5 mm) scaffolds that would not deform when removed 

from the aluminium substrate.  

 

Table 7.1. Electrospinning working conditions applied to two PCL/gelatin polymer 

solutions used for tissue scaffolds.  

Polymer 

Solution 

Working  

Distance (cm) 

Applied  

Voltage (kV) 

Flow Rate 

 (mL/hr) 

Relative 

Humidity 

15.5 w/w% ~20 ~23.0 1.0 ~25% 

17.5 w/w% ~20 ~23.0 1.0 ~22% 

 

The electrospinning process typically produces nanometre sized fibres in a dense 

nonwoven network. The nanofibre network produced was difficult to observe using 

light microscopy as the fibre dimensions are approaching the diffraction limit of 

optical microscopy. Therefore, scanning electron microscopy (SEM) was employed 

as the imaging technique for characterising the electrospun scaffolds.  

The scaffolds are produced from polymers, which only contain low atomic number 

elements (carbon, oxygen, hydrogen, nitrogen and sulphur) that do not yield many 

secondary electrons when exposed to the electron beam of the SEM. A 

gold/palladium coating was applied to the surface of the scaffold in order to improve 
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the electron yield without distorting the dimensions of the polymer fibres using an 

Agar Auto Sputter Coater (Agar Scientific, UK). The Ag/Pd coating was sputtered 

onto the surface and was approximately 4 nm thick. Imaging of the scaffolds was 

conducted using SEM with an accelerating voltage of 5 kV, 3.5 spot size, and a 

working distance of 10 mm. Images were captured using secondary electrons at 

several different magnifications in order to observe the topography and dimensions 

of the fibres produced. For quantification of the fibre diameter, six images taken at 

20,000x magnification of random areas of the scaffold were captured for each 

scaffold and at least 50 individual fibres were measured per image, providing a 

distribution of the fibre diameter across the scaffold. The individual fibre diameters 

were measured using ImageJ (NIH, USA) by counting the number of pixels across 

the width of the fibre perpendicular to the long axis of the fibre and using the 

calibration scale of the SEM image to convert the number of pixels into a length in 

micrometres.   

 

7.2.3Cell culture 

The cell culturing and maintenance of the cells was carried out by Georgios 

Theocharidis at the Centre for Cell Biology and Cutaneous Research, Barts and the 

London School of Medicine and Dentistry, Queen Mary University of London.  

Human foreskin dermal fibroblast HCA2 cell line immortalised with human 

telomerase reverse transcriptase (hTeRT) were cultured in T75 polystyrene culture 

flasks with Dulbecco’s Modified Eagle’s Medium (DMEM) containing 

GlutaMAX
TM

 (Gibco, Invitrogen, Paisley, UK), 10% fetal bovine serum (FBS) 

(labtech.com, Uckfield, UK) and 1% penicillin and streptomycin (Gibco, Invitrogen) 

at 37°C in a humidified atmosphere of 5% CO2/95% air (Stephens et al., 2004). The 
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culture medium was changed every two to three days and the cells were passaged at 

70 to 80% confluency. 

Polystyrene cloning rings were attached to the scaffold surface to ensure that 

fibroblasts only attached to one surface of the scaffold during cell seeding. An 

illustration of the positioning of the rings and seeded cells is shown in Figure 7.2.   

 

 

Figure 7.2. Illustration of the cloning rings used to confine the cell seeding to one 

surface of the electrospun scaffold. The green regions denote the cell area with the 

nuclei coloured blue. The pink region represents the cell culture media contained 

within the cloning ring.  

 

The cloning rings were attached to the scaffolds by depositing a thin layer of 

petroleum based grease and pressing the ring onto the scaffold surface. The rings 

deformed the edge of the scaffold where pressure was applied to ensure adhesion 

between the rings and the scaffold. However this region of deformed scaffold edge 

was not considered when any further analysis was conducted.   
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The scaffolds and cloning rings were sterilised prior to seeding the cells to the 

scaffold surface. The sterilisation process is outlined in Table 7.2 and all the steps 

were carried out in a sterile laminar flow cabinet. This process is necessary as the 

cell culture environment should be free of any external contamination that may have 

an effect on the behaviour of the cells or cause an infection of the culture. After the 

sterilisation process was complete, the scaffolds were stored in a 12 well cell culture 

plate in PBS sealed with parafilm at 4˚C until the cells culture studies were initiated.   

 

Table 7.2. Sterilisation protocol applied to the electrospun fibre scaffolds prior to 

seeding fibroblasts onto the scaffold surface.  

Procedure Time 

UV light exposure 30 min 

100% Ethanol 30 min 

Air dry 30 min 

Wash with PBS 3x 

 

HCA2 dermal fibroblasts were plated at a density of 60,000 cells per well and 

cultured overnight in 37°C, 5% CO2 to achieve full confluency by next day. Media 

supplemented with 50 μg/ml ascorbic acid (L-ascorbic acid, Sigma-Aldrich) was 

added and subsequently changed every two days. Cells were cultured for 7 days to 

create their own ECM structures, which serves as a tissue scaffold analogue 

(Cukierman et al., 2001; Ishikawa et al., 1997). The addition of ascorbic acid 

promotes the synthesis of collagen by fibroblasts in culture (Murad et al., 1983). 

Scaffolds were removed and prepared for mechanical analysis following the 7 day 
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culture procedure. The scaffolds were cross sectioned using the procedure outlined in 

Chapter 3, with the cryosections cut to a thickness of 10 µm. Cross-sectioned 

scaffolds provided a surface of the electrospun scaffold with the addition of the 

CDM, where both layers and the interface between them could be mechanically 

probed using AFM. Six samples were produced for cell culture and the experiment of 

producing CDM on electrospun scaffolds was repeated three times for both of the 

electrospun scaffolds using PCL/gelatin concentrations of 15.5 w/w% and 17.5 

w/w%,.  

The CDM could not be differentiated with clarity using optical microscopy due to the 

thickness of the electrospun scaffold so immunofluorescence microscopy was 

employed as the method for observing the CDM. Fibronectin (FN) was selected as 

the primary protein for identifying the thickness of the CDM as FN is produced 

throughout the CDM by fibroblasts (Cukierman et al., 2001). Cryosectioned samples 

were first fixed using 4% PFA in PBS for 10 min at room temperature and then 

rinsed in PBS. Permeabilisation of the sections was then conducted using a 0.2% 

triton X-100 (Sigma Aldrich, UK) solution for 10 minutes and then rinsed in PBS. 

The samples were subsequently incubated with a blocking buffer of 4% bovine 

serum albumin (Sigma Aldrich, UK) for 1 hour at room temperature and further 

incubated with the primary antibody overnight at 4˚C in a humidified chamber. The 

primary antibody used was anti-fibronectin extracted from a rabbit (Sigma Aldrich, 

UK). The samples were rinsed several times in PBS and incubated in the secondary 

antibody solution, Alexa Fluor 555 goat anti-rabbit (Life Technologies, UK), for 1 

hour at room temperature in a dark environment. Samples were further stained with 

Alexa Fluor 488 phalloidin (Life Technologies, UK) and DAPI (Sigma Aldrich, UK) 

to highlight the F-actin cytoskeleton and the nucleus respectively to identify the 
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regions of the samples comprised of cells. Samples were then rinsed in PBS three 

times followed by one rinse of distilled water and a cover slide was attached using 

polyvinylalcohol based Mowiol mounting media. Images of the CDMs were acquired 

on a Leica MM DM4000 microscope using MetaMorph software at 10x and 20x 

magnifications. The thickness of the CDM was identified as the region of the 

fluorescence image where the FN staining was present and quantified using ImageJ. 

The ImageJ line tool was used to manually measure the thickness of the CDM. For 

each PCL/gelatin concentration, three samples were imaged and six images of 

random areas across the samples were acquired. For each of the six images, at least 

50 measurements of the CDM thickness were conducted 

Degradation of the PCL and resultant dimensional changes to the electrospun 

nanofibres was assessed using SEM. Portions of the scaffold were incubated in cell 

culture media at 37˚C for 7 days without the addition of cells. At days 1, 4, and 7 

separate Samples were removed and prepared and imaged using SEM to measure the 

diameter of the fibres within the scaffold. For each section of scaffolds, 6 images 

were taken at 20,000x magnification and 30 fibres were measured per image. We 

note that the same image evaluation method was used to define both the initial 

electrospun fibre diameter and variation of fibre diameter due to degradation, thus 

allowing comparisons to be made.  

The elastic modulus of the cryosectioned electrospun fibre mat with CDM was 

analysed using the in situ AFM indentation technique established in Chapter 5. V-

shaped Si3N4 AFM probes (Bruker, EU) with a spring constant between 0.01 N.m
-1

 

and 0.5 N.m
-1

 were used for imaging and AFM indentation. The AFM probe was 

positioned over a random area of the cross section and a 50 µm by 50 µm area was 

imaged using contact mode. The edge of the sample was included within the imaging 
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area to ensure the entirety of the CDM was included. A continuous section within the 

imaged area was selected to perform AFM indentation over with dimensions of 5 µm 

by 10-15 µm where the long dimension was orthogonal to the electrospun/CDM 

interface. The AFM indentations were conducted over the entire CDM and into the 

electrospun fibre mat. The indentations were spaced at 100 nm intervals along the 

long dimension and 500 nm intervals along the short dimension. The indentations 

were performed with a tip velocity of 2 µm.s
-1

 with the indentation depth limited to 

300 nm. The force-displacement curves conducted on the cryosection samples 

showed no evidence of probe tip to sample adhesion during the unloading curve. 

Therefore, the curve fitting analysis outlined in Chapter 3 was applied to the force-

displacement curves to determine the elastic modulus electrospun fibre/CDM 

composite.  

 

7.3 Results and Discussion 

 

The electrospinning process was successfully used to produce nonwoven nanofibre 

substrates using two different weight percent polymer solutions. Continuous fibres 

were produced without the presence of any significant geometric defects such as 

beading, ribbon-like structures or fibre splitting. Figure 7.3 shows a representative 

SEM micrograph of fibres produced from each polymer solution. Larger fibre 

diameters spun from the higher polymer concentration solution can be observed 

qualitatively in Figure 7.3, with SEM micrographs used to quantify the average 

diameter of the fibres produced from each polymer solution. The distribution of fibre 

diameters is shown in Figure 7.4. 
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Figure 7.3. SEM micrograph of the (left) fibres electrospun from the 15.5 w/w% 

solution and (right) fibres electrospun from the 17.5 w/w% solution providing 

increased fibre diameter. Scale bar 1 µm.  

 

Figure 7.4. Histogram of the frequency of counts for the fibre diameter of each 

polymer solution with the (top) 15.5 w/w% solution showing a narrower distribution 

of fibre diameters when compared to the n = 350 (bottom) 17.5 w/w% polymer 

solution n = 333.  
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The electrospinning of the 15.5 w/w% PCL/gelatin solution resulted in a mean fibre 

diameter of 167.1 nm ± 63.69 nm (mean ± standard deviation, n = 350), and the 17.5 

w/w% PCL/gelatin solution resulted in a mean diameter of 280.7 nm ± 159.5 nm 

(mean ± standard deviation, n = 333). The fibre distributions shown in Figure 7.4 and 

the mean values of the fibre diameter indicate a difference between the fibres 

produced from the two polymer solutions, with the difference in the mean fibre 

diameter being statistically significant (Student’s T-Test, p < 0.01). The distribution 

and the standard deviations indicate that the 17.5 w/w% solution, while resulting in 

larger diameter fibres, also provide a wider distribution of fibre diameters. The 

increase in fibre diameter is expected to be due to the increase in the weight percent 

of polymer present in the electrospinning solution as all other electrospinning 

conditions remained constant throughout the production of the fibre scaffolds.  

The degradation behaviour of the fibres is shown in Figure 7.5, with fibres exposed 

to the cell culture environment produced at the same time as the fibres initially 

measured by SEM. The degradation was measured as the change in the mean fibre 

diameter over the course of 7 days, which was the same time period selected for the 

culturing of fibroblasts for the production of a CDM. The changes in the value of the 

mean fibre diameter are shown in Table 7.3. The 17.5 w/w% fibres showed an 

overall decrease in diameter and the 15.5 w/w% appears to remain at a constant 

diameter, but over the 7 days there was no significant change in the mean fibre 

diameter in either the 15.5 w/w% or 17.5 w/w% fibre mats. Indeed, minimal changes 

in fibre diameter were expected, as observed, as bulk PCL is reported to take up to 

several years to significantly degrade (Nair and Laurencin, 2007). The work here 

adds gelatin to the PCL but this appears to have little effect as no initial increased 

degradation behaviour of the fibres is observed in Figure 7.5 or Table 7.3.  
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Figure 7.5. (Top) SEM images showing the effect of the cell culture environment on 

the structure of the nanofibre scaffold after 1, 3 and 7 days, scale bar 1 µm. (Bottom) 

quantitative analysis of the fibre diameter versus time with the error bars showing 

standard error of mean (n ≥ 30 for each time point), with the open circles showing 

fibres spun from the 17.5 w/w% solution and the open triangles showing fibres spun 

from 15.5 w/w% solution.  
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Table 7.3. Fibre diameters for each polymer solution shown as mean ± standard error 

of mean.  

 Day 1 Day 3 Day 7 

15.5 w/w% 

Fibre diameter 

(nm) 

219.2 ± 5.175 232.9 ± 5.778 228.6 ± 5.432 

17.5 w/w% 

Fibre diameter 

(nm) 

393.6 ± 11.62 387.5 ± 14.12 372.8 ± 12.96 

 

A qualitative change between the initial state of the fibres, when observed before 

incubation in cell culture media, and the fibres observed after 24 hours of incubation 

can be considered in Figure 7.5 despite no significant change in the diameter of the 

fibres over the 7 day period recorded in Table 7.3. Fibres exposed to the cell culture 

environment appeared curved and bend in Figure 7.5, compared to the control fibres, 

which appear straight and non-deformed. The lack of significant change in the fibre 

diameter over the duration of the cell culture time period indicates that a stable fibre 

scaffold has been produced and can be used to evaluate the effect of nanofibre 

diameter on the extracellular matrix produced by fibroblasts.  

The culturing of fibroblasts on a nanofibre scaffold was carried out in order to 

produce an engineered biological sample that could be evaluated mechanically at the 

nanoscale using AFM techniques. The CDM produced by the fibroblasts over the 

culturing period was observed by fluorescence microscopy, with a representative 

image of the cross sections of the fibre scaffold and CDM shown in Figure 7.6. The 

region of each cross section with the higher fluorescence intensity is the fibronectin 
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staining that was used to define the thickness of the CDM. All of the images captured 

displayed autofluorescence of the fibre scaffold so thresholding of the images was 

conducted prior to evaluation of the CDM thickness, as shown by the binary images 

in Figure 7.6. The CDM thickness was quantified and the results are shown in Figure 

7.7. Thicker fibres produced from the 17.5 w/w% polymer solution resulted in an 

overall increase in the mean thickness of the CDM when compared to the CDM 

thickness on the fibres produced from the 15.5 w/w% polymer solution (Student’s T-

Test, p < 0.001, N = 3). The composition of the fibre mats electrospun from the two 

PCL/gelatin solutions are the same, with the ratio of PCL/gelatin constant at 8:2, so 

the variation in the CDM thickness is expected to be from the effect of the diameter 

of the fibres within the scaffold or the mechanical properties of the scaffold. 

Additionally, each scaffold showed no evidence of significant migration of the cells 

into the scaffold indicating that the spacing between the fibres is not sufficient to 

allow cell mobility throughout the scaffold.  
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Figure 7.6. Immunofluorescence staining for fibronectin (red), phalloidin (green) and 

DAPI (blue) of the (top) 15.5 w/w% fibre scaffold with CDM and of the (bottom) 

17.5 w/w% fibre scaffold showing the difference in overall thickness of the nanofibre 

scaffold. Scale bar 100 µm.  

 

 

Figure 7.7. Bar chart of the CDM thickness in µm as measured from the fibronectin 

staining, represented as mean ± standard error of mean. (n = 220 for each bar) 

 

The CDMs were also observed by SEM to evaluate the surface morphology with 

secondary electron images shown in Figure 7.8. The SEM images showed the CDM 
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deposited as a continuous layer on the nanofibre scaffold. The cracked regions within 

the SEM image are likely due to the dehydration process used during sample 

preparation. At higher magnifications, evidence of fibroblasts and CDM located 

beneath the some of the nanofibres of the scaffold is found, suggesting some degree 

of penetration of the cells into the scaffold although this penetration is not of a large 

enough magnitude to be observed using optical microscopy techniques.  

 

Figure 7.8. SEM images of the CDM deposited on the electrospun nanofibre 

scaffold. Scale bar (left) 20 µm and (right) 5 µm.  

 

Fibroblasts at the surface and within the nanofibre scaffold provide a region of 

interest to examine tissue mechanical behaviour. Specifically, the use of electrospun 

fibres to promote tissue growth also requires replication of mechanical properties 

found in the native tissue that is being replaced. This region can therefore be 

characterised using the AFM techniques that were employed to measure the elastic 

modulus of the whole skin cryosections. Typical AFM height images of the 

cryosections for the CDM and scaffold samples are shown in Figure 7.9. 
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Figure 7.9. (Top) AFM height images captured in low set point contact mode of the 

cryosections of (left) CDM deposited on the scaffold electrospun from the 15.5 

w/w% solution and (right) showing the CDM deposited on the scaffold electrospun 

from the 17.5 w/w% solution. The yellow box indicates the regions selected for 

mechanical analysis using AFM indentation. (Bottom) AFM line scans 

corresponding to the blue lines in the above AFM height images. Within the line 

scans there is a clear drop off between the cryosection and the glass slide.  

 

The AFM height images in Figure 7.9 correlate with the SEM images in Figure 7.8, 

such that the CDM region appears continuous along the surface of the scaffold. The 

mechanical analysis conducted only considered the continuous regions of the sample, 
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highlighted in Figure 7.9, as performing nanoindentations in the porous fibrous 

would deform the fibres in a complex manner, such as fibre bending or AFM tip 

sliding into spaces between the fibres, requiring non-continuum mechanical analysis 

not considered here.  

AFM-based nanoindentation of the regions shown in Figure 7.9 produced force-

displacement curves indicated in Figure 7.10.  



Chapter 7 – Electrospinning and cell culture 

209 

 

 

Figure 7.10. Sample force-displacement curves conducted on (top) CDM and 

(bottom) nanofibre regions.  

 

The force-displacement curves in Figure 7.10 showed elastic behaviour through the 

loading curve being retraced by the unloading curve for force-displacement curves 

conducted on CDM and fibre regions of the cryosectioned CDM/fibre composite 

samples. The lack of observed adhesion forces between the indenting AFM tip and 
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sample allowed for the Hertzian contact mechanics to be applied to the analysis of 

the force-displacement curves. The force-displacement curves were analysed using 

the methodology previously applied in Chapter 5 to the cryosections of mouse tail 

skin and the elastic modulus was extracted at each point, resulting elastic modulus 

distribution maps as shown in Figure 7.11 each scaffold fibre diameter.  

 

Figure 7.11. Elastic modulus distribution map of the interface between the (top) 

CDM and (bottom) electrospun scaffold from the corresponding highlighted regions 

of Figure 7.9. (Left) shows a elastic modulus map of the fibre scaffold electrospun 

from the 15.5 w/w% solution and (right) shows the CDM deposited on a scaffold 

electrospun from the 17.5 w/w% solution. The colouration scale is in MPa.  
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The elastic modulus distribution maps shown in Figure 7.11 both display two distinct 

regions, which represent the stiffer fibres and softer CDM. The interface between the 

fibre region and the CDM is not completely discrete, with the CDM observed to 

integrate into the electrospun fibrous network. Qualitatively, the elastic modulus 

maps display elastic moduli ranging between 0.25 MPa and 1.5 MPa for the smaller 

and larger fibre diameters respectively, indicating a similarity in stiffness for both 

both fibre scaffolds. Quantitative analysis of the data in Figure 7.10 gives an elastic 

modulus for the fibres electrospun from the 17.5 w/w% solution as 876.5 kPa ± 

855.9 kPa (mean ± standard deviation) whereas the fibres electrospun from the 15.5 

w/w% solution have an elastic modulus of 548.8 kPa ± 483.6 kPa (mean ± standard 

deviation). Comparing the average elastic modulus of the fibre regions provides an 

indication that the larger fibres diameters spun from the higher concentration 

polymer solution give higher elastic modulus values, but this result is not significant 

(p > 0.1) with a large degree of variation in the values for each of the fibre scaffolds. 

At a material level, individual electrospun fibres have been shown to increase their 

elastic modulus with decreasing fibre diameter due to enhance polymer chain 

orientation (Stachewicz et al., 2012). Such literature suggests that fibres spun from 

15.5 w/w% solutions would be expected to give higher elastic modulus values, which 

is not observed here. The higher elastic modulus of the larger diameter fibres thus 

indicates that the AFM approach is not testing the mechanical properties of the single 

fibres by indentation to give an elastic modulus. Indeed, geometric effects are 

perhaps a stronger influence on the recorded mechanical response under the action of 

the indenting AFM tip and can be simply examined using a fibre bending analysis. 

Specifically, a fibre modelled as a beam that is deflecting under an applied load from 
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an AFM tip gives a bending deflection, δ, for a concentrated load, P, on a fixed fibre  

described as (Stachewicz et al., 2012) 
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Equation 7.2 

where I is the moment of inertia of the cross sectional area of the beam, L the length, 

d the diameter of fibre and E the elastic modulus of the fibre material.  

The peak stiffness (P/δ) of six force-displacement curves recorded within the fibrous 

regions of the composites produced from the 15.5 w/w% and 17.5 w/w% solutions 

were measured. The average peak stiffness for the 15.5 w/w% fibres was calculated 

to be 0.01163 nN/nm and 0.01789 nN/nm for the 17.5 w/w% fibres. The higher peak 

stiffness of the fibres from the 17.5 w/w% polymer solution compared to the 15.5 

w/w% polymer solution indicates that the geometry of the fibres is influencing the 

mechanical response of the material. The difference in elastic modulus between the 

fibres produced from the two different polymer solutions required measurement of 

the individual fibre diameter and length. The average fibre diameter was previously 

measured after 7 days of incubation in cell culture media in this chapter by SEM, 

resulting in an average diameter of 228.6 nm ± 5.432 nm for the 15.5 w/w% fibres 

and 372.8 nm ± 12.96 nm for the 17.5 w/w% fibres. The average length between 

fibre connections was also measured using SEM and the ImageJ line tool with the 

appropriate image calibration. The average fibre length for the 15.5 w/w% was found 

to be 749.8 nm ± 184.1 nm and 851.1 nm ± 236.6 nm for the 17.5 w/w% fibres. The 

elastic modulus of the individual fibres was then predicted according to Equation 7.1 

using the average fibre length, average fibre diameter, and the average peak stiffness. 
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The elastic modulus of the 15.5 w/w% fibres was predicted to be 1.408 GPa and 

189.2 MPa for the 17.5 w/w% fibres. The difference between the predicted elastic 

modulus of the fibres using the beam bending theory against the elastic modulus 

measured using AFM force-displacement curves therefore indicates that the 

geometry is indeed effecting the measured mechanical response of the fibrous region 

of the composite.  

The force-displacement measurements on the CDM of each nanofibre scaffold 

resulted in an elastic modulus of 121.5 kPa ± 141.9 kPa (mean ± standard deviation) 

for the fibre scaffold electrospun from the 17.5 w/w% solution and 67.88 kPa ± 

62.05 kPa for the fibre scaffold electrospun from 15.5 w/w% solution. Plotting a 

histogram of each distribution of elastic modulus, Figure 7.12, shows that the two 

CDMs have peaks in the number of counts at similar elastic modulus values.  
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Figure 7.12. Truncated elastic modulus distribution histograms showing the 

frequency of counts from the measured elastic modulus for CDM deposited on 

fibrous scaffolds electrospun from a (top) 15.5 w/w% polymer solution (n = 4250) 

and a (bottom) 17.5 w/w% polymer solution (n = 4750).  

 

Figure 7.12 indicates a wider distribution of elastic modulus for fibres spun from a 

higher concentration polymer solution when compared to the lower concentration 

solution, which was previously indicated earlier in this chapter by the standard 

deviation associated with the mean value of the elastic modulus. Comparison of the 

two distributions using the average elastic modulus from each CDM produced (n = 7 

for the two different polymer solution) by the Mann-Whitney U-test gives a p-value 
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of 0.4540 indicating that there is no significant difference between the two 

distributions. The similarity between the two distributions can also be observed by 

plotting the density functions, as shown in Figure 7.13, highlighting little significant 

difference in the location of the peaks. The results of the frequency of counts for the 

elastic modulus and the density function plots indicate that the elastic modulus of the 

CDM is independent of the nanofibre diameter of the scaffold. The lack of 

dependence between the CDM mechanics and the mechanical properties of the 

nanofibres, as displayed in Figure 7.13 through the overlapping distributions of 

elastic modulus, indicates that the substrate mechanics are not having an effect on the 

mechanical properties of the CDM. The substrate does have an effect on the rate at 

which the CDM is produced, as shown in Figure 7.7 displaying the CDM thickness 

for each substrate after 7 days of cell culture. The increased rate of CDM production 

can be assumed by the overall thickness that was previously measured by the 

fibronectin staining after the full culturing time period. 

Additionally, the elastic modulus distribution display peaks between 10 kPa to 30 

kPa in Figure 7.13 for the CDM on both the smaller and larger fibre diameter 

scaffolds is lower than the previously measured values of elastic modulus for the 

dermis reported in Chapters 4 and 5 of approximately 44 kPa. The reduced elastic 

modulus of the CDM compared to the dermis could be contributed to the fact that the 

CDM is only produced from fibroblasts, and not all of the components of the dermis 

are present resulting in a CDM structure that is less stable than the dermis. 

Integrating the low elastic modulus CDM within a higher elastic modulus 

electrospun fibre scaffold produced a composite system comprised of two phases, 

with the CDM as the matrix phase and the electrospun fibres as the reinforcement 

phase. The volume fraction of each phase can be adjusted to tailor the overall 
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mechanics of the composite system. The relatively high average elastic modulus of 

the fibres scaffold, approximately 500 kPa to 800 kPa, combined with the low 

average elastic modulus CDM, approximately 50 kPa to 100 kPa, provides a range of 

mechanics that can be tailored to mimic that of the whole skin mechanics modelled 

in Chapter 6.  

 

 

Figure 7.13. Probability density function plots of the distribution of elastic modulus 

values for each CDM sample. With CDM15 showing the elastic modulus data 

measured from the CDMs deposited on 15.5 w/w% scaffolds and CDM17 the elastic 

modulus data for the 17.5 w/w% scaffolds.  

 

The volume fraction of fibres/CDM present within the composite system influences 

the overall mechanical response. The variation in elastic modulus of the fibre/CDM 
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composite as a function of fibre volume fraction must be understood to see if the 

composite system mimics the mechanical behaviour of whole skin. The elastic 

modulus on the cryosection samples of the CDM and nanofibre scaffold can be 

analysed using the analytical techniques previously employed in Chapter 6. The 

Hashin-Shtrikman (H-S) bounds were applied with the average elastic modulus of 

the CDM and the elastic modulus of the fibres used to represent the two phases. 

Therefore, two composite systems were evaluated based on the two fibre scaffolds 

used in cell culture. A composite elastic modulus was calculated for each 

CDM/scaffold sample and plotted against the volume fraction of fibres present 

within the measured area, as shown in Figure 7.14. To compare the predicted elastic 

modulus of the CDM/scaffold samples to the whole skin mechanics, the H-S bound 

calculated in Chapter 6 for whole skin as a function of epidermal volume fraction 

was included in Figure 7.14.  
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Figure 7.14. Variation of elastic modulus with volume fraction of fibres for the 

calculated composite modulus of the CDM/scaffold composite material. The solid 

curves are generated from the average values of the measured elastic modulus for the 

CDM and the electrospun scaffold. The dashed line represents the composite 

modulus curve for whole skin.  

 

The scatter of the data points for both the fibres spun from 15.5 w/w% and 17.5 

w/w% solutions indicate that the elastic modulus of the samples vary significantly 

and no clear trend observed with increasing fibre volume fraction. Combining all of 
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the elastic modulus data of the CDM and the measured elastic modulus for each fibre 

scaffold continuous H-S curves were produced to model the two composite systems. 

The curves in Figure 7.14 indicate that the elastic modulus of the composites show a 

continuous increase with fibre volume. The H-S bound produced from the elastic 

modulus data of the 17.5 w/w% fibre scaffold was consistently higher when 

compared to the composite using the fibres from the 15.5 w/w% polymer solution. 

The consistently higher composite elastic modulus produced from the thicker fibres 

of the 17.5 w/w% solution results from the higher elastic modulus when the fibre 

region of the cross section samples was measured by AFM indentation when 

compared to the measured elastic modulus of the fibrous region of the 15.5 w/w% 

solution.  

Examining the continuous H-S bound curves in Figure 7.14 for the composites 

produced with fibres spun from 15.5 w/w% solution and the curve describing the 

whole skin shows that the linear elastic mechanics of whole skin could potentionally 

be mimicked by the composite system for volume fraction of fibres between 0.1 and 

0.9. The samples produced using fibres spun from a 15.5 w/w% polymer solution 

resulted in a composite with similar elastic modulus values to whole skin. 

Furthermore, the macroscale mechanical measurement of whole skin carried out in 

Chapter 6, denoted by the open circle in Figure 7.14, which measured an elastic 

modulus of 78.4 kPa with an epidermal volume fraction of 0.25 can be replicated by 

a composite produced using a 0.22 volume fraction of fibres spun from a 15.5 w/w% 

polymer solution. These results indicate that a mechanical analogue to whole skin is 

produced by combining CDMs and electrospun fibres produced from a 15.5 w/w% 

polymer solution.  
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The composite modulus serves as a method for estimating the composition required 

if the CDM/scaffold was used as a mechanical substitute for whole skin. The CDMs 

produced here do not penetrate into the nanofibre scaffold, so two distinct layers are 

formed, as seen in the immunofluorescence images of Figure 7.6 . An ideal dermal 

analogue composite system would consist of a nanofibre network completely 

embedded within a CDM matrix. The nanofibre scaffold would provide a 

mechanically robust framework while the CDM would be a highly biocompatible 

material and over time the nanofibre scaffold would degrade and be replaced by new 

extracellular matrix material. The lack of penetration into the scaffold is due to the 

spacing between the nanofibres, approximately 5 µm if the assumption that the fibre 

spacing is taken as 10 times the fibre diameter of a random nonwoven fibre mat, 

which is smaller than the size of the fibroblasts thus preventing migration into the 

scaffold. The spacing between the fibres would increase with increasing fibre 

diameter (Lowery et al., 2010) and the 17.5 w/w% polymer solution produced 

consistent fibres with the largest diameter using a solvent of acetic acid and formic 

acid. Further increasing the spacing between the fibres would in turn allow cell 

penetration into the fibre scaffold and greater integration of the CDM within the fibre 

scaffold.  

 

7.4 Conclusions 

 

Electrospun polymer fibre mats were fabricated for use as a cell culture scaffold with 

fibroblasts used to deposit a cell derived matrix within the scaffold. The composite 

electrospun scaffold and cell derived matrix were mechanically evaluated at high 

spatial resolution using AFM indentation as established in the previous chapter, with 
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results indicating that the geometry and material properties of the electrospun 

scaffold do not influence the mechanical properties of the cell derived matrix. 

However, the total volume of matrix deposited within the scaffold was found to 

increase when the scaffold was comprised of larger diameter fibres. Scaffolds 

composed of larger diameter fibres with a higher individual fibre stiffness resulted in 

increased CDM deposition. Established two-phase composite material theories were 

applied and showed that the mechanical properties of the scaffold and CDM are 

comparable to the mechanical properties of mouse whole skin. These results indicate 

that the scaffold/CDM composite material could potentially be used as a mechanical 

analogue to whole skin. The evaluation of the small scale spatial variations in 

mechanical properties of engineered biocomposites were also shown to estimate 

macroscopic linear isotropic elastic modulus and thus link multi-length scale 

mechanical behaviour within a complex biological system.  
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Chapter 8 – Conclusions and Future Work 

 

8.1 Summary of the thesis 

 

In the first chapter the rationale behind the research into the spatial variations in the 

mechanical properties of skin at the nanoscale was established. The work produced 

for the thesis was outlined and the overall objects of the study were defined. Chapter 

2 provided a comprehensive review of the current state of the literature regarding the 

mechanical properties of skin at the macroscale and the micro/nanoscale. The 

structure and composition of skin were summarized, and the importance of the 

structure on the mechanical response was reviewed. The mechanical properties of 

materials were also discussed and the benefits of nanoindentation for analysis of 

small volumes highlighted. The function and ability of AFM to analyse the surface of 

materials at the nanoscale was outlined along with the analytical methods that can be 

applied to use AFM as a tool for probing the mechanical properties at the nanoscale. 

The literature review particularly focused on the current gap in knowledge regarding 

the link between the mechanical behaviour observed at the nanoscale to the 

observations recorded during macroscopic testing. The review of the literature 
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provided the reasoning for investigating the relationship between nanoscale and 

macroscale mechanics of skin.  

Chapter 3 discussed the AFM setup and the testing methodology applied in order to 

measure the elastic modulus of skin at the nanoscale within a hydrated environment. 

A range of sample preparation methods applied to mouse tail skin were considered so 

that the dermal surface of skin was exposed by mechanically peeling off the 

epidermal layers. Individual layers of skin exposed through cross sectioning at 

cryogenic temperatures were used to mechanically test the variations in spatial 

mechanical properties. The calibration of AFM cantilevers was outlined along with 

the data processing required to extract elastic modulus information from AFM force-

displacement measurements. The AFM force-displacement measurements were 

validated using agarose gels of known elastic modulus to establish the AFM elastic 

modulus measurements are both precise and accurate.  

The AFM force-displacement measurement technique outlined in Chapter 3 was 

applied to dermal tissue samples from mouse tail skin in Chapter 4 to establish the 

mechanical properties of the dermis at the nanoscale and draw comparisons to the 

literature values. The dermal samples were also subjected to treatment of 

cryoprotective agents and a freeze thaw cycle in order to determine the effects of the 

freezing and thawing process on the elastic modulus of mouse tail skin. The data 

recorded from AFM force-displacement measurements indicated that there was no 

effect on the elastic modulus of the tissue as a result of the freezing and thawing 

process, thus indicating that mechanical properties of samples frozen to cryogenic 

temperatures, cross sectioned and thawed would be consistent with the initial freshly 

excised state.  
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In Chapter 5, the AFM force-displacement technique was used to map the elastic 

modulus of through thickness whole skin cryosections to characterise the spatial 

variations in mechanical properties. The elastic modulus of the dermal region of the 

mouse tail skin was found to have little variation whereas a gradual increase in the 

elastic modulus was observed within the epidermis. The outermost layers of the 

epidermis displayed the highest elastic modulus values. The gradient of elastic 

modulus within the epidermis was attributed to the stratification process 

keratinocytes undergo during terminal differentiation. The elastic modulus 

information for the dermal region of the cryosection samples was compared to the 

measurements conducted on the dermal explant samples and indicated that the 

resulting change in sample orientation had no impact on the measured elastic 

modulus. The lack of variation between the two sample orientations indicates an 

isotropic response of the dermis at the nanoscale. This isotropic response was 

attributed to the material properties of the dermis at the nanoscale being dominated 

by the soft ground substance matrix of the dermis with the stiff collagen fibril 

network providing mechanical stabilisation. A mechanism where loads applied at the 

nanoscale are insufficiently large to deform the collagen fibrils but instead displace 

the collagen network within the ground substance matrix was proposed. The spatial 

mapping through the thickness of skin provided mechanical information for the 

different layers of skin and the ability to extract whole skin mechanical properties 

from these values was studied in the subsequent chapter.  

Chapter 6 focused on exploring the link between the spatial variations of the elastic 

modulus of whole skin to the overall mechanical properties of whole skin as 

measured at the macroscale. Large scale indentations of whole skin were conducted 

using a 1 mm indenter at low strains to record elastic modulus values using a similar 
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loading condition to the AFM force-displacement curves. Theories to predict the 

elastic modulus of composite materials were applied to the elastic modulus maps 

described in Chapter 5 to evaluate the whole skin elastic modulus from a small 

volume of material. A two phase Hashin-Shtrikman model, when applied to the AFM 

elastic modulus maps, showed good agreement between the elastic modulus of whole 

skin predicted from the nanoscale measurements and the direct large scale 

macroscopic measurement of whole skin. The use of a two phase model constructed 

from nanoscale measurements meant that the spatial resolution and distribution of 

mechanical properties was lost within the analysis. Therefore, finite element analysis 

was used to construct an analytical model from the elastic modulus maps. The whole 

skin linear elastic modulus from the finite element analysis showed a strong 

dependence on the total volume of the dermis within the sample. Calibrating the 

model against the volume of the dermis resulted in accurate prediction of the whole 

skin elastic modulus consistent with the macroscopic mechanical tests.  

In Chapter 7, the established experimental and analytical techniques of the thesis 

were applied to an engineered biocomposite material composed of an electrospun 

nanofibre scaffold and a cell derived matrix (CDM) produced by dermal fibroblasts. 

Measurement of the elastic modulus of the CDM and electrospun scaffold indicated 

that the structure and material properties of the nanofibres had little effect on the 

mechanical properties of the CDM but influenced the total amount of CDM 

produced, indicating that the geometry and structural properties of a tissue scaffold 

may be more important than the elastic modulus. Analysis of the CDM/nanofibre 

composite also showed that overall elastic modulus was similar to the whole skin 

elastic modulus. The similarity of the elastic modulus values shows that the 

biocomposite system could serve as a mechanical analogue to whole skin.  
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8.2 Future Work 

 

The work presented in this thesis provides a novel method for analysing the 

mechanical behaviour of materials and relating the nanoscale mechanical properties 

to the bulk macroscale properties. This method of material analysis provides a tool 

that is not limited to the characterisation of biological materials and could be applied 

to a broad scope of materials. Within the biological material regime, many 

opportunities of future work are expected, with one avenue being extending the finite 

element analysis to provide a platform for evaluating the effect of abnormal tissue 

regions, such as diseased states or wounded regions, within skin and predicting the 

resulting effect on the bulk mechanical properties of the tissue. This could be 

achieved by either performing AFM force-displacement measurements on through 

thickness sections of tissue samples containing the alternate state skin and generating 

a finite element model from the mechanical measurements as was conducted in 

Chapter 6. The second potential avenue would be to modify the existing finite 

element model to incorporate regions of the mesh with mechanical properties 

measured from alternate tissue states if through thickness sections were unavailable. 

Both of these methods would provide a platform for predicting the mechanical 

response of alternate tissue states at the macroscale. The AFM technique also shows 

promise as a method to provide experimental data uses to predict bulk mechanical 

properties of a tissue. Such an approach may be useful where sample volume is 

insufficient to conduct more traditional large scale testing such as uniaxial tension.  
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8.3 Major Findings of the Thesis 

 

The thesis provides a systematic approach to exploring the mechanical properties of 

skin. The major findings of this work that perhaps extend the research field beyond 

current understand can be defined as: 

 

 A freezing and thawing process required to prepare skin samples via cross 

sectioning at cryogenic temperatures was found to have no effect on the 

measured elastic modulus of the dermis of mouse tail skin. Sectioning 

methods while retaining inherent skin mechanical properties was therefore 

developed. 

 

 Nanoscale mechanical measurements of the dermis displayed isotropic 

behaviour in response to a change in the direction of the applied load.  

 

 The spatial variation in the elastic modulus of skin was observed at the 

nanoscale. The dermis displayed a consistent elastic modulus while the 

epidermis exhibited a gradient from the softer basal layers to the stiff outer 

cornified layers.  

 

 The low strain isotropic linear elastic modulus of whole skin was estimated 

from nanoscale measurements of small volumes of skin using a two phase 

Hashin-Shtrikman model. Finite element analysis was implemented to 

calculate elastic modulus values of the whole skin from high spatial 

resolution elastic modulus measurements of through thickness skin when 
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nanoscale deformations were applied and linear isotropic elastic behaviour 

was assumed.  

 

 The spatial variation in a biocomposite composed of nanofibres and cell 

derived matrix was accurately measured and the elastic modulus of the CDM 

shown to be independent of the material properties of the scaffold material. 

However, the geometry of the scaffold directly influenced the overall 

production of CDM.  

 

 Composite material theories directly applied to the nanofibre/CDM 

biocomposite estimated the bulk tissue mechanical properties and indicated 

the potential suitability of the composite as a mechanical analogue to tissue. 

This result combined with the latter highlight suggests the importance of 

scaffold geometry once a mechanical analogue to the tissue is achieved. 
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Appendix 

 

Characterisation of AFM Probe Tip 

A SEM image of the AFM cantilevers, MLCT type (Bruker, EU), used throughout 

the thesis is shown in Appendix Figure 1. The SEM image shows that the AFM 

cantilever cannot be represented by the parallel beam approximation or any other 

simplified geometry. Appendix Figure 2 displays an SEM image of a typical AFM 

probe tip prior to using the probe for any scanning. The opening angle of the tip is 

approximately 37°, which indicates a half-tip opening angle of 18.5°.  

 

Appendix Figure 1. SEM image of AFM cantilevers used. Scale bar, 100 µm 

 

 



Appendix 

247 

 

 

Appendix Figure 2. SEM image of AFM probe tip with the opening angle of the 

probe highlighted in yellow. The opening angle of the imaged tip is approximately 

37°. Scale bar, 1 µm.  

 

Mechanical Testing of Agarose Gels 

The unconfined compression testing of agarose gels was undertaken by Dr. Robin 

Delaine-Smith, at the School of Engineering and Materials Science, Queen Mary, 

University of London, following the testing methodology described in Delaine-Smith 

et al. 2016 (Delaine-Smith et al., 2016), and is briefly described here.  

Unconfined compression testing was performed using a screw-driven MTS synergie 

100 (MTS Systems, USA) using a 50 N load cell and a 7 mm diameter stainless steel 

plate, throughout testing the gel samples were submerged in PBS at room 

temperature. The schematic of the testing set up is shown in Appendix Figure 3.  
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Appendix Figure 3. Schematic of the experimental setup for unconfined compression 

of agarose gels. With Øp being the diameter of the plate, Øs the diameter of the 

sample, and Ts the thickness of the sample. Figure adapted from (Delaine-Smith et 

al., 2016).  

 

The gels were loaded to 20% strain at a rate of 1% strain per second and held at 20% 

strain for 3 minutes. The loading phase was followed by an unloading phase at a rate 

of 1% strain per second until the sample reached 0% strain. The mechanical 

properties of the gels was calculated from the stress vs strain curves, with an example 

curve shown in Appendix Figure 4. The elastic modulus was determined by taking 

the slope between 2.5% strain and 7.5% strain of the loading curve. A total of n = 6 

samples were measured for each gel concentration.  
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Appendix Figure 4. Representative stress vs strain curves for the unconfined 

compression of agarose gels to 20% strain. It should be noted that for this work the 

agarose gels used are represented by the 1% (red) and 1.5% (green) curves. Figure 

adapted from (Delaine-Smith et al., 2016) 

 

Force-Displacement Curves Dermal Explant Samples 

Sample force-displacement curves are shown below in Appendix Figure 5 for the 

highlighted boxes of Figure 4.5. The force-displacement curves highlight the 

differences between the extreme high and low elastic modulus values found within 

the data set. Despite the difference in elastic modulus, each curve still displays the 

shape that can be fit to Equation 4.2 to determine the elastic modulus.  
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Appendix Figure 5. Force-displacement curves for the highlighted boxes of Figure 

4.5. The (top) curve represents a significantly low elastic modulus value compared to 

the mean of the data set. And the (bottom) curve is a significantly high elastic 

modulus value point.  
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Haematoxylin and Eosin Staining Protocol 

The following protocol was used when conducting Haematoxylin and Eosin (H&E) 

staining on cryosections throughout the thesis: 

Slides were first mounted within a stainless steel staining rack and then subjected to 

the following procedure in order: 

Solution Time 

Distilled Water 3 minutes 

Haematoxylin (Gill’s 1x, Sigma Aldrich 

UK) 

5 minutes 

Tap water (running) 5 minutes 

Acid Alcohol (1% HCl in 70% EtOH) Dipped 3-5 times 

Tap water (running) 3-5 minutes 

Eosin Y (Sigma Aldrich, UK) 2 minutes 

Tap water (Running) 3-5 minutes 

70% EtOH 2 minutes 

90% EtOH 2 minutes 

100% EtOH 2 minutes 

100% EtOH 2 minutes 

100& Xylene 2 minutes 

100% Xylene 2 minutes 

 

After the final xylene rinse, cover slides were mounted using DPX mounting media 

(Sigma Aldrich, UK) and left to dry for 12 hours.  

 


